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CHAPTER SEVEN
ANALYSIS OF RIGID
RAFTS SUPPORTED BY
GRANULAR PILES




7.1 INTRODUCTION

In the previous two chapters solutions have been presented
for the magnitude and rate of settlement of flexible foundations sup~
ported by clay reinforced by large numbers of granular piles. In this
chapter the settlement of widespread rigid foundations constructed on

soil stabilised by stone columns is considered.

The concept used in Chapter 5, that except near the edges of
the loaded area the behaviour of all pile-soil units ig the same and
thus only one pile-soil unit need be analysed, is again utilised.
Analytic expressions from elasticity are derived for the stresses and
displacements within a pile-soil unit resting on a rigid base which

undergoes equal surface displacement.

The vertical stresses in the pile and soil computed from the
elastic analysis are then used to compute moment distributions in the
raft when subjected to a uniform applied pressure. Solutions are
presented which show the effect of pile spacing and the material pro-
perties of the pile and soil on the settlement of the foundation and
the distribution of moments across the foundation. Finally, finite
element solutions to Biot's equations of consclidation are presented

for the rate of settlement of the rigid raft.

7.2 ANALYSIS OF SETTLEMENT

7.2.1 bDescription of Problem

Fig. 7.1 shows schematically, a smooth rigid raft overlaying

— A o, sl .
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a layer of clay stabilised by the introduction of a large number of

fully penetrating stone columns.

In general the stone ceclumns will have been placed on a
regqular grid. There are three possible regular arrangements; the
columns may lie on the vertices of an equilateral triangle, a square
or a regular hexagon. These arrangements are illustrated in Fig. 7.2.
The last case is of limited practical importance and will not be con-

sidered in detail.

Chapter 5 introduced the concept that, because of the assump-
tion of a large number of columns, each column and the area surrounding
it will respond in virtually the same fashion as those adjacent; this
concept is utilised again. It follows from considerations of symmetry
that the area surrounding a column (or the domain of influence) corres-
ponding to a spacing on the vertices of equilateral triangles is a re-
gular hexagon of side s/v¥3; that based on a square, is itself a square
of side s; that based on the regular hexagon is an eguilateral triangle

of side V3 s.

It also follows from symmetry that the sides of the domains
of influence are shear free and undergo no normal displacement. In
order to reduce the complexity of analysis each domain is approximated
by a circle of effective diameter de' the perimeter of which is shear
free and undergoes no radial movement .ind which has the same area as
the actual domain. This assumption leads to a considerable simplifi-
cation ¢of the geometry of the problem, as shown in Fig. 7.3. The ‘be-
haviour of the stone column and the clay is approximated by assigning

to them elastic Young's meduli El' E2 and Poisson's ratios vl' “2 res-
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pectively, where the glastic woduli are chosen to be representative
of the particular stress range \under consideration (Davis and Poulos,
1963; Lambe, 1964). The analysis of settlement then reduces to the
analysis of the compression, of the cylindrical body shown in Fig.
7.3, between smooth (the raft) and rough (the substratum) plates,

while laterally restrained by a smooth rigid wall.

Although the approximation of the actual domain by an equi-
valent circular domain has considerably simplified the analysis, an
examination of the problem shows that a complete solution depends

upon the five dimensionless parameters a/b, h/b, E1/E2, Ul, vz.

Initially a finite element analysis was performed for rep-
resentative values of these parameters., An examination of these re-

sults revealed that

(i) the vertical displacement was almost uniform on any
horizontal plane and varied almost linearly from zero
at the base to a maximum value at the surface

{(ii) the shear stresses developed along the substratum were
in general small

(iii) wvalues of field guantities remote from the substratum
were insensitive to wheter it was assumed to be per-
fectly rough or perxfectly smooth.
These observations suggested that it might be possible to find an ap-

proximate sclution to this problem, analytically.




7.2.2 Analytic Solution

As a first approximation it seems natural that the elastic
body suffers no lateral strain; this will be called Solution A, and

the stresses and displacements in regions 1, 2 are given below;

TABLE 7.1
SOLUTION A
A Region 1 Region 2
£ E €
Zz
ur 0 Q
o, Ale A2e
Ue Ale Azs
o, (Al + 2G1JE (Az + ZGZJE

where it has been convenient to introduce Lame's parameters A, G defined

as

EV

A= v (=Y {7.1a)
G = =———— = Shear Modul 7.1b

= F(aew - ear ulus {(7.1b)

and where
1 1

+ = = =

(A 26) m Coefficient of Volume decrease (7.1e)

?ﬁ&iﬁﬁkgh

Y

(7.14)
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A comparisun of solution A with numerical scolutions revealed
quite reasonable agreement, e.g. for a typical case where h/d = 10,

b/sa

2 and El/E2 = 20 (where d is the diameter of the columns = 2a),
the error is 20%. The discrepancy is due to solution A not being exact
since it implies a discontinuity of radial stress Acr = (lz - Ai)e at

the pile~soil interface.

In order to cobtain an exact solution it is necessary to add
to solution A, a seconé solution B, which corresponds to zero movement
of the raft and the application of a radial traction equal and opposite
to Aor at the pile-soil interface. This problem can be solved exactly
if it is assumed that the substratum is perfectly smeoth; for in this
case the elastic cylinder is in a state of plane strain. Solution B

is given in Table 7.2.

b TABLE 7.2
SOLUTION B

A B Region 1 Region 2

£ 0 0.

xr aé (b? - r?

Y. +Ga r b2 - a2
28a b?
-Z(Al + Gl) 8/a b az (Az + 62 + 6, =5

-Z(Al + Gl) 6/a

—211 é§/a

The value of 8§ (the radial displacement at the interface) is

chosen so that when the two solutions are added the radial stress is
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continuous across the pile-soil interface so that

8a = F.E {7.2a)

(Al-lz)(bz-az)
where F. = e (7.2b)
1 2[a2(A2+G2 Al Gl) + bz(A1+Gl+G2)]

The complete solution for a smnoth substratum is obtained

by addition of solutions A and B and is given below.

TABLE 7.3

SOLUTION FOR SMOOTH SUBSTRATUM - (C)

C Region 1 Region 2

[ [ 38

2 (p%-r?)

Ur ki (F) 5 “pimaz I€
2a’F 2
o (A, = 203, + G)F,]e [\, + croF (A, + G, + 6, 27 le
2a%r b
Og D‘l - Z(Al + Gl)Fl]e: “2 * orToE ()\2 + GZ,— G, F—)]s
Fy a?
o, [J\l + 2(3l - 2Al Flle [)\2 + 2G2 + 2A2 mlc

The relation between the strain € and the average applied
stress g, <an now be cbtained by integrating the verxtical stress across

the s0il surface and it is found that

2 _ 2 2o 2y _ a2y o
qa, b = I(Al + 2G1)a + (A? + 2G2J(b a“) - 2a (Al Az)Flla

{(7.3a)
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This may be alternatively written in the form
{7.3b)

where E; is the volume average of the compressibility defined by the

relation

2
3 - + (7.3c)
m mvl M2

v

and where F2 is a dimensionless factor

P (7.3qQ)

Solution C is of course not an exact solution for the situ-
ation where there is a perfectly rough base. However, as mentioned
previously, numerical studies indicate that the surface vertical dis-
placement, horizontal displacement and contact stresses are insensitive
to the base condition. For example, when h/d = 5, where d is the di-
ameter of the stone columns, and de/d = 5, which corresponds to a very
shallow layer (h/de = 1), the qiscrepancy in surface vertical displace-
ment and contact stresses between a finite element solution and the
analytic solution is less than .5%. The discrepancy in surface hori-
zontal displacement at the column-clay interface is 1.6%. Solution C

can therefore be used with confidence to calculate these quantities.

This analytic approach has several advantages over a purely

numerical approach. Firstly, the anal&tic solution is relatively simple

B ,-53:%;@”
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and can be calculated swiftly, in contrast a purely numerical approach
would involve either, access to and the time consuming preparation of
data for a finite element program; or the avallability of a parametric
study in the five dimensionless parameters.a/b, h/b, El/Ez' Vs Vg

Secondly, the inspection of the analytic solution reveals several im-

portant and interesting aspects of the problem, viz:

(i) The contact stress between the rigid raft and the soil

is uniform over the pile and uniform over the soil:

g9, ® 49 = [(Al+2Gl) - 2A1 Fl] F2 m, 9 (7.4a)
for the pile
Pl a? _
g, = 4, = [(A2+262) + 2A2 Sf:;f] F,m, q, (7.4b)

for the soil

This observation leads to a relatively simple computation
of bending moments and shear forces in the raft. It is

worth noting that Tanimoto (1973) adopted uniform contact
stress distributions for bearing capacity and settlement
computations for structures founded on clay stabilised by

granular piles.
(ii) The stress state in the pile is triaxial:

o, = 9 ' (7.4c)
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Al - 2(A1 + Gl)Fl

o = g, = — q (7.4d)
r B Al + 2G1 le Fl 1

Solution C can alsc be used with a little modification to
obtain solutions when the clay is undrained but the stone columns
drained by adopting a value of E2 = Eu2 (the undrained modulus) and

allowing v, =+ v, = %. It is then found that solution C takes the
form D which is given in Table 7.4.
TABLE 7.4
SOLUTION D - (CLAY UNDRAINED)

D Region 1 Region 2

b
U\l + Gl +G2) 3z

a? b?
3 (G, ~6,) g7+ (A, + G, +G,)) -7~ 216, -G)] €

(7.5b)

A parametric study has been performed using solutionsC and D
to investigate the effect of the dimensionless parameters a/b, h/b,

El/Ea, vl and UZ on the stresses and uisplacements ‘within the cylindri-

i1 -
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cal unit. The solutions are not affected by the dimensionless para-
meter h/b, due to the smooth base; furthermore, this parameter is re-
latively unimportant for the rough base. The stone column material
de forms under drained conditions; a representative value of vl = 0.3

has been adopted for these analyses,

In Fig. 7.4 the vertical strain is plotted against a/b for
El/E2 equal to 10, 20, 30 and 40 and vl = U2 = 0.3. The gquantity
Ez/qhmuzis the reduction in settlement of the clay due to the presence
of the stone columns. Thus, when a/b is zero (no stone ceolumns) there
is n. reduction in settlement whereas if a/b is one the clay is comp-

letely replaced by stone columns and the reduction in settlement is

the ratio of the compressibilities of the stone column material and

the clay.

’ Under undrained conditions the Poisson's ratio of the clay

is % whereas under drained conditions v, would normally lie between

v 2

2
.25 = ,45. 1In Fig. 7.5 the ratio of the vertical strain of the rein-

forced clay to the vertical strain when v, = .3 (Fig. 7.4), is plotted

against the complete range of Poisson's ratios v2' Therefore, for a

particular Pnisson's ratio Uz: interpolation of Fig. 7.5 gives a cor-

rection factor to be applied to the strain obtained from Fig. 7.4.

Thus, the undrained and total final settlements can be calculated.

The results also illustrate the relative importance of the consolidation
settlement compared with the initial undrained settlement. The conso-

lidation settlement is reduced by decrewusing the spacings of the piles.

The effect of the ratioof stiffnesses El/E2 on the vertical

stress in the stone column is shown in Fig. 7.6 when Vv

mm?mﬁﬁﬁiﬂﬂ!mmnﬂw&ﬂa ey Ay e it
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The stress concentration on the column initially increases rapidly
with El/Ez' These results suggest that the columns are used most
efficiently when the raft is rigid. For a flexible raft the load

is shared in the ratioc of the areas of the stone columns and

natural clay. As the flexibility of the raft reduces the stress

in the stone column increases which results in more load being
carried by the stiffer material. The ratio of the vertical to hori-
zontal stresses in the stone column arxe shown in Fig. 7.7. These
ratios in stress will cause confined yielding within the pile in
which there is a triaxial stress state. Therefore, this confirms

the approach suggested by Greenwood (1970} for estimating the ulti-
mate load of a single column which was discussed in Chapter 2. 1In
Chapter 5 it has been shown that although confined yielding occurs
within the pile and the surrounding clay, the increase in settlement
due to yielding is not significant. Thus, the results from the elas-
tic theory are still applicable when an appropriate stiffness ratio
El/E2 is assigned to a given stress range. The possibility of
passive failure of the clay can be estimated from the radial displace-

ment at the column-clay interface (Fig. 7.8).

When the loéd is initially applied to the reinforced clay the
‘ contact stress on the clay may be greater than on the stone column.
This occurs because the clay is undrained and thus behaves as an in-
compressible material. As the excess pore pressures are dissipated

by radial flow to the stone columns, the relative stiffness of the
stone columns and clay changes; under drained conditions the soil ske-
leton of the clay is less stiff than the granular material of the

stone columns. The contact stress on the stone columns is now greater

than ¢on the clay. This ‘'swap-over' in the magnitude of contact stresses
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from the undrained to-drained conditions is illustrated in Fig. 7.9
fur b/a = 2. Therefore, as consolidation occurs the moment and shear
distributions in the raft foundation alter. However, when the clay
is deformed under undrained conditions, the contact stress is nearly
uniform and thus the moments and shears are small when compared to

those for drained conditions.

7.2.3 Effect of Domain of Influence on Solutions

The concept of equivalent diameter is widely used in Geo-
mechanics and has led to a considerable simplification of the analysis
of settlement for rigid rafts and flexible foundations (Chapter 5).

It is interesting to test its validity in this context. To do this,
consider the situation shown in PFig. 7.10 of a smooth base and the
piles having a square domain of influence. The solution can again be
obtained by superimposing two scolutions; the first corresponds to uni-
form vertical strain and no horizontal movement, ie. solution A, and
invelves a discontinuity of radial stress at the pile-soil interface.
The second is the plane strain solution of the body shown in Fig. 7.11
which is subjected tc a radial traction egual in magnitude Eut opposite
in sign to that induced by the first solution. It is not possible to
find an analytic solution to this second problem for a non-circular
domain of influence; it is however possible to find a numerical solution
using a standard two dimensional finite element analysis. Once this
analysis has begn performed, the complete solution is given in Table

7.5,
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TABLE 7.5

SOLUTION FOR NON-CIRCULAR DOMAIN OF INFLUENCE

Region 1 Region 2
£ £ £
Z
* L
ux f uxl f uxz
u £ u * Fu _*
Yy yl Y2
* *
o Alt—: + f 0xl Aze + f 9.2
+ * + *
oy Ale £ cyl Aze f UyZ
* *
oz (,\l + ZGl)e + f Ozl (A2 + 2G2)£: + f 022
o £ g* £ o*
xy xYl XY2
. (J\l - Az)e
N T
o

where u_*, u *, g *,.... denote values of displacements and stresses
x1 vl xl
obtained by the finite element analysis of problem 2 with an outward

radial traction ’I‘0 applied at the pile soil interface.

Once a nuierical sclution to problem 2 has been found, the
average load acting over the raft can be calculated by integrating the

vertical stress whereupon remembering that g, * o= ul(axlf + g lf) and

1 Y
g *» =vw_(0_* + 0 __.*) under conditions of plane strain it is found
z2 2 x2 v2
that

q, x Area of Domain = (Al+2Gl)£ x Area of Region 1

+ (12+262k:x Area of Region 2

+ f[ffcrzl* daa + ffczz* da} (7.6)
Regicn ) Region 2
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The results for the particular situation in which El/EZ = 10,
vl =V, = 0.3 and de/d = 2 have been obtained. The finite element mesh
used for the plane strain analysis in which a radial traction is applied
to the column is shown in Fig. 7.12. Only a quarter of the square need
be considered. The solution assuming this square has an equivalent cir-
cular domain of influence (solution C) has been compared with the solu-
tion obtained from the procedure outlined above for a non-circular do-
main of influence. Contours of percentage difference between the two
solutions, for the contact stresses have been plotted in Fig, 7.13. The
maximum discrepancy occurs at the interface of the column and clay
diagonally opposite the corner. The agreement between the two solutions
is therefore very good which indicates that solution C can be used for
non-circular domains of influence using the equivalent diameter (Fig.

7.2).

7.3 ANALYSIS OF THE RAFT

In this section the reaction distrihutions derived in the
previous section will be used to calculate the bending moments and

o

shear forces within the raft.

7.3.1 Method of Analysis

If the vertical deflection of the raft is w then from

Timoshenko and Woinowsky-~Krieger (1959),

vqw = P/D (7.7}
where P = q -4 is the net load distribution acting on the
raft
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= thae pressure exerted by applied loads
q = the reaction pressure exerted by the underlying
columns and soil
D = flexural rigidity of the raft.
The bending moments Mx' My and Mxy and the shear forces Qx' Qy are

then given by

_ 52w 32w
E Moo= ST 4 v oY) (7.8a)
]
g;ﬁ
N @ 2 2
: M DIZF + V 527 (7.8b)
K -% 2w
‘: Mxy = D{l-v} W (7.8c)
0. = - =2 (VR (7.8d)
s ' % on )
ey ! 0 = - =2 (V3w (7.8e)
A K y ay "

N S e b

where v is the Poisson's ratio of the raft.

s P ILN

There is some difficulty in applying these formulae to the
case of a rigid raft (D + ). This may be overcome by observing that
for a specified net pressure p = qA - qR the bending moments and shear

forces are independent of D and thus that these values apply when

D + =, provided of course that the correct net load p, viz. that cor-

responding to rigid movement of the raft and soil, is used.

The concept of a domain of influence applies equally well

to the raft as to the soil. As before,

the domain of influence may be

an equalateral triangle, a sguare or a regular hexagon. Tie boundaries
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Pl a
g £ .
BW a r b (7.10b) _:
It may be shown that the solution o1 this equation which satisfies the _ﬁ;
.
A
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of the domain of influence will experience no shear and will have

zerc slope in a direction normal teo the boundary.

It was shown in the previous section that the contact stress
between the pile an. raft and the contact stress betwaen the soil and
raft is very nearly constant. In many practical situations the applied
load will be uniformly distributed over the raft and attention will be
restricted to this case. Thus, if pl is the net pressure acting on
the raft immediately above the pile and P, ig the net pressure acting

on the raft immediately above the surrounding seil, it follows from

equilibrium that:

(7.9)
(AP/AD 1)

where Ap is the area of the pile

and AD is the area of the domain of influence.

The domain of influence is approximated by a circle as was
the case for the analysis of settlemert. This assumption simplifies
the problem considerably and it is possible, because of the circular

symmetry, to obtain a simple analytic solution.

For circular symmetric deflections equation 7.7 becomes
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condition of zero normal slope ow/9r at the ouvter boundary and which
satisfies the continuity requirement that w and its first three deri-
vatives must be continuous across r = a, leads to the expressions for

moments and shear given in Table 7.6.

The expressions given in Table 7.6 provide a convenient
method for evaluating the bending moments and shear force in the raft.
However, before these may be used with any confidence it is necessary
to check that the approximation of the actual domain of influence by

an equivalent circle has not induced any significant error,

In order to do this consider the rectangular domain of in-
fluence, |x| & A; |y| € B shown in Fig. 7.14. Since the net loading
function p is periodic with periods n/A in the x direction and period

/B in the y direction the net load distribution can be expressed as

a double Fourier series having the form:

o
p = z ; Emn Pmn(A,B) A. B. cos @ X cOS Bny (7.11)
n=0 m=0
where €0 = ¥
Eo = 15 m#O0Q
eon = 1 n#o
emn = 1 m#ZOQO, n#0Q
and am = m /A
Bn = n 7n/B

Expressions feor the coefficients Pmm(A,B), when the net pressure

has a constant value P, above the piles and the constant value P, =

[FT— .
IR e T, L

¥

557

45

T



¢

280

e : .

lb, e
TR e

¥

T
e- I
G - U gk 2 =
[N X ua
q (zB-z9) (zB=: T (;e-,q) e e-,q e e lq
[ (= uy_qp-_q+ e + ¢ e A LTI - — uy £ 2% | z- S A
T 0T M)~ WT).4,% " a1 {T+ag) ] (g v gy - D)+ & (T4ag) 5
4 [4 z H 9T~
T
q B=zq | (zB-;0),3 2% - 24 e e-.q e e °d
[z U8 qp-,qe,0) 225 4 22 + (n+e)] - (G U £ - DA+ + 22 (asg) E—
3 O B S I 2 T 2% " o1-
Q3 a3 e BxXs0
Z uotbay T vuorbay
BONINTINI 40 NIVWOQ AVINIUID Y04 SYYIHS GNV SLNTNOW
9*L dIavli
E 3 4 R it R e AT I B e e B T e e . R

il
3
£
-1
3
z




.

. — y S T et e = e e Tl T N T T e LT gt et e e e e T
ww T e e R s . - P g EE
. = i : r . . I . - . - .-
. R T S T T T g Tt N
PO

2oL € b it A A

A L S

sl = 2k s

i g

Sait sy b

AR e F B S e

R,

281

v 4 “

H
| <
-

A

K

FIG.7-14 DEFINITION OF TERMS FOR ANALYSIS OF

——

MOMENTS

IN A SQUARE DOMAIN_ OF

:;! .

INFLUENCE

DTS T LS TR NN e wa ¥ 10F
4 E B R Sl

Yt ne

MLEL

e R T T

o
._'. -

i
ef.



282

Py Ap/(AD - AE; above the soil, are given below for the case of a rec-

tangular pile |x| € ¢, Jy] £ d and a circular pile r < R:

POO = 0 (since the net-pressure must be {(7.12a)

self equilibrating)

= - .12
Pmn (pl pz)an {7.12b)
TABLE 7.7
Case an
(m,n} # 0,0
Rectanqgular 4ca Sin ac  sin B d
Pile AB % G . 8 d
x| s e, |v| <4 m n
R
Circular Pile HR2 Jl(Yﬁn )
r €R AB (v_ B
Fl 3
= + 7.

and Jl is the Bessel function of the first order.

The deflection of the plate can now be written in the form

kN

pP,p, ® @ g __0Q
w = w o+ 2 5 g -1 (cos a_x cos B y-1) (7.13)
o D - Y m n
m=0 n=0 mn

B o N e

where wo is the deflection at the origin, which can be determined fromw
the deflection of the underlying soil. Substitution of equation 7.13

into'equation 7.7 leads to the expressions for moments and shears given

T e R

in Table 7.8, These expressions can be used to calculate moments and

shears for a square Jdomsin of influence by taking A = B = g. They may

alsc be used to calculate these guantities for a hexagonal domain of

influence, as follows. Referring to Fig. 7.2(c) it can be seen that the
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TABLE 7.8
M © @ (e 2+uB ?
X m n
N = = )X z € n an —— %~ Ccos a_Xx cos Bny
x  p;-P, =0 n=0 Ymn
M ® @ (va 2+ B %)
= _‘fL— Z ) €on © HHEL;——~— COS O X COS Bny
Y P,7P, m=0 n=0 ml Yon m
M o -] a B (1~v)
N = **%X— r I € on o] L o sin @ x sin Bny
*y Py p2 m=0 n=0 mn Ymn m
R o (=] i
b m
Q.= - LI L & Q ——sina x cos By
® P;7P, m=0 n=0 ™ ™ Ymn m n
R w B
Q = __3L~ - I I € n an 7;;-cos o X sin Bny
Y PP, =0 n=0 mn

net load exerted on the raft

can be considered to be composed of a uni-

form pressure (p,-p,) over the piles with centres (i ns, * mY3 s) and a

uniform pressure (pl-pz) over piles with centres (g-i_n s,

gether with a uniform pressure p2 over the entire raft.

the following expressions fo

r moments and rchears

Mx = (91-92) [Nx' * N)C"]
MY = (py-p,) [Ny‘ + Ny"]
My = (p,-P,) {ny' + ny"]
Q. = f(p;-p,) [R' + RZ]
Qy = (py-P,) [Ry' + R; ]

3s
2

+ ms) to-

This leads to

{7.l4a)
(7.14b)
(7.14c)
(7.14d)

{7.14e)

[
T

et T,
el b A AR nmin RS

et s

eI

TS LA S TR 8 e et et

=

o rmmans ot Ty
e

.‘J' = :




Y

284

: V3
where Nx = Nx(x,y, s/2, ji-s) {7.14f£)
"o s /3 3
Nx = Nx(x + =,y + > s, s/2, 5 s) etc. (7.14q)
and p, = - P AP/(AD—AP) (7.14h)

/3 s?2
=Py A/ e - A

Similar expressions involving the superposition of four terms can be

found for the triangular domain of influence.

7.3.2 Effect of the Domain of Influence on the Moment and Shear

Distributions Across the Raft

An investigation of the effects of the domain of influence on

the moment and shear force distributions was made using the solutions

presented in the previous section. Initially a comparison was made

between the distribution of moments obtained using the sclution for a
circular domain of influence when de/d = 1.5 and those obtained from

an analysis of the eqguivalent square domain of influence for the edge

HK (Fig. 7.14).

Firstly, the pile was assumed o be rectangular as these solu-

tions are more easily oLtiiunapble than those for a circular pile. Along

the edge HK the moment Mxy is zero and thus M and MY are principal

moments. The comparison showed that the distribution of moments Mr and

Mx are approximately the same. However, the distributions of Mt and MY
are considerably different with the sign of the moment having opposite

signs at the shear-free edge. In order to determine whether this dis—

crepancy is duve to the assumption of a rectangular pile, the solutions

cdas
TR R R . T e i O T
i AT

S

,
Enstes
"a. AR T e

M



for a circular pile were obtained. The results of these comparisons

are shown in Fig. 7.15. For completeness, the distribution in prin-
Cipal moments Ml' M2 were obtained for the equivalent arrangement of
Piles {ie. a hexagonal zone of influence). The distributions of the
maximum anpd minimum principal moments are plotted in Figs. 7.16 and

7.17 for the square and triangular arrangements along with the egui-

valent circular zone of influence.

Thus, if tﬁe design of the raft is one in which the profile
of principal moments is to be employed (Wood, 1968) then the analytic
solutions praesented in the previous section can be used to determine
the profiles for the given spacing of piles. If however, the design
is merely based on the maximum and minimum moments, then the solutions

for a circular domain of influence can be used to determine these with

sufficient accuracy. Also, inspection of the results presented in Figs.

7.16 and 7.17 shows that, in practice, the magnitude of the maximum
negative moment could be taken équal to the maximum positive moment

which occurs at points above the centres of the piles.

The distributions of radial moment Mr and tangential moment
Mt obtained from the solution for a circular domain of influence are
shown in Figs. 7.18 and 7.19 for representative values of b/a. These
results show that increasing the spacing of the piles causes a signi-
ficant increase in the maximum positive bending moment whereas the
maximum negative moment is constant. In Figs. 7.20 and 7.21 the
effect of the stiffness ratio El/B2 on the distribution of moments is

shown when b/a = 2 and V., = V_ = 0.3. Thus,

1 2 the advantage of increasing

the stiffness ratio El/Ez when censidering the settlement of the raft

is partially offset by the increase in maximum bending moment.
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FIG. 718 RADIAL BENDING

MOMENT DIAGRAMS
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The shear force diagrams for the triangular and square arrange-
ments of the piles, corresponding to an equivalent circular domain of
influence in which de/d = 1.5, are shown in Fig. 7.22, These diagrams
are not coincident at the shear free edge because the requirement that
the domains of influence have equal area results in the distance from
the centre to an edge being dependent upon the shape of the domain.

The shear force profile is less sensitive than the moment distributions
to the arrangement of the piles. The discrepancy is not significant
and thus the distribution of shear for the equivalent circular domain
of influence can be used for both the trianqular and sguare arrangement

of piles.

The shear force diagrams for the circular domain of influence
are shown in Fig. 7.23 for representative values of b/a. The maximum
shear force occurs at the pile-socil interface with zero shear at the
centre of the piles and the edge of the domain. The magnitude of this
maximum shear force is determined by the diameter of the piles and the
reaction pressure P, which increases with b/a. Thus, for a given dia-
meter of piles, an increase in the spacing results in a larger maximum
shear force. The shear force is also a function of the stiffness ratio
El/E2; the effect of the stiffness ratio on the shear force distributions
is shown in Fig. 7.24 when b/a =2 and v, = v_ = 0,3. As would be ex-

1 2

pected, increasing the stiffness ratio results in larger shear forces.

7.4 ANALYSIS OF THE TIME-DEPENDENT BEHAVIOUR

In this section the different pile arrangements are analysed

using an equivalent circular domain of influence, and the time-dependent
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FIG. 7-23 SHEAR FORCE DIAGRAMS FOR CIRCULAR DOMAIN
OF INFLUENCE
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FIG.7-24 EFFECT _OF _STIFFNESS RATIO E,/E,_ON

THE SHEAR FORCE DISTRIBUTION
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behaviocur of the rigid raft is investigated using an axi-symmetric
finite element solution teo the equations of consolidation derived by
Biot {1941). These equations combine the effects of diffusion and the
elastic deformations resulting from the dissipation of the excess pore
rressures. The numerical method used for solution of Biot's eguations
in this chapter is the same as used in Chapter 6, and is identical to

that presentad by Booker and Small (1975).

When the load is initially applied the scil behaves as an
incompressible material but there is a small initial settlement of the
raft due to the presence of the compressible stone coluwns. 1f the
raft is inpermeable and seated directly on the soil the excess pore
pressures in the soil dissipate by radial flow to the colums. Barron

(1948} has presented a solution for the excess pore pressure at any

peint within the soil mass subjected to equal vertical strain in which

both a resistance to flow into the well (stone column) and smear around
the well are taken into account. However, this colution assumes that
the initial excess pore pressures in the scoil are non-uniform whereas
initially the bulk stress and therefore the excess pore pressures will

o

be constant.

In Fig. 7.25 the boundary conditions are defined and the finite
element mesh used for the analyses is shown. The rate of consolidation
from analyses using this mesh (mesh No.l) and a finer mesh (Fig. 7.26)
were initially compared and the discrepancy found to be insignificant.

In addition, close agreement was obtained when the effective stresses at
the completion of consolidation (mesh 1) were compared with those com—
puted from Solution C. The results of these comparisons are shown in

Figs. 7.27 :and 7.28. Thus mesh 1 was employed for a parametric study of
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the factors affecting the rate of settlement of the raft.

The rates of consolidation are shown in Pigs., 7.29 to 7.33
for de/d = 1.5, 2, 2.5, 3.5 and stiffness ratios under drained condi-

tions E:l/E2 = 1, 10 and 40 when vl = v2 = 0.3. The stone columns are

assumed to be infinitely permeable whereas the soil is assigned a hori-

zontal permeability kh. A ‘time factor Th is defined in terms of the

radial coefficient of consolidation crl where

k Ezfl-vz)

h
c = {(7.15)
-2
rl yw(1+v2)(l U2)
The degree of settlement U5 is defined as

5 -5,

US = g‘t—:gi (7.16)
TF i

where St = sgettlement of raft at time t
Si = injitial settlement of raft
STF = total final settlement of raft,.

Also plotted with these results are the average dégree of pore
pressure dissipation Up, obtained from Barren's solution. The finite
element solutions are in reasonable agreement with the Barron solution
when El/E2 = 1 but for practical values of this ratic the Barron solution
predicts a slower rate of consolidation. This discrepancy arises because
the Barron solution takes no account of the relative stiffnesses of the
column and clay materials whereas the results from the elastic Biot
theory show that, for a given spacing of columns, as the gtiffness ratio
increases, the columns take a greater proportion of the applied load and

the rate of consolidation increases. However, numerical studies show
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that the effect of the ratio El/E2 on the rate of consolidation is not
significant for the case of a uniform applied pressure (ie, free strain)
which was considered in the previous chapter. This difference in be-
haviour between the equal and free strain cases may arise because for
equal strain the load intensity on the clay is largely time-dependent.
The load intensity on the clay is initially greater than that on the
column but as consolidation proceeds this is reversed and at the comple-
tion of consolidation the intensity on the column is far greater than on
the clay (for realistic values of El/Ez). Thus, the rate of change of
the bulk stress with time %g {egquation 6.1) in the clay is sionificant
and dependent on El/E2 {ie. it has an increasing effect as the ratio of
El/E2 increases). 1In contrast, for the free strain case the load in-
tensity on the clay is insensitive to El/E2 and nearly constant with
time and this may therefore account for the rate of consoclidation being

nearly independent of El/E2 and for the much closer agreement between

the Biot and diffusion theory solutions for this case.

In Fiq. 7.33 the results are shown of a comparison between
the Biot theory solutions for the degree of settlement and the Barron
solutions for average degree of pore pressure dissipation for both
cases of free and equal vertical strain. It is evident that an ano-
maly exists; the Barron solution for the free strain case is in closer
agreement with the Biot theoxy for a rigid raft (El/E2 = 1) than the
eégqual strain solution. This is largely due to Barron's solution for
the equal strain case being derived from a physical argument regarding
flow in which the initial excess pore pressure distributieon is non-
uniform whereas that obtained from the theory of elasticity is uniform.
However, a uniform initial distribution is adopted for the Barron solu-

tion of the free strain case which results in the anomaly that this so~
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lution gives closer agreement with the Biot theory solution than the

equal strain solution.

In some practical situations the raft would be separated
from the stabilised soil by a layer of permeable sand or gravel. In
this gituation dissipation of the excess pore pressures in the soil
occurs by radial flow to the columns and vertical flow to the per-
meable top surface. For a typical case, ie. h/d = 10, de/d = 2, El/52=
10 and vl = v2 = 0.3, solutions were obtained for both cases of an imper-
meable and permeable top surface. The soil was taken to be isotropic.
This comparison showed that the vertical component of flow did not cause
a significant increase in the rate of consolidation (Fig. 7.30) and thus

the solutions for radial flow only, can be used to predict the rate of

settlement of a raft placed on a gravel mat overlying the stabilised soil.

As consclidation proceeds and settlement takes place, the st-ain
of the stone columns increases causing an increase in the contact stress
g, between the columns and raft and a decrease between the soil and raft
from equilibrium. The contact stresses are shown in Fig. 7.34 for various
times for the case where de/d = 2, El/E2 = 40 and vl = v2 = 0,3, As ex-
pected, due to the one-dimensicnal strain conditions, the rate of in-
crease in the uniform stress on the stone celumns is jdentical to the
rate of settlement. Thus, if the non-uniform contact stress distribution
on the so0il is replaced by an equivalent uniform stress, the results pre-

santed in the previous section can be used to estimate the magnitude of

the moments and shears at various times. The rate of increase of the

moments and shears is then identical to the rate of settlement.
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7.5 SUMMARY AND CONCLUSIONS

In the last three chapters solutions for the magnitude and
rate of settlement of foundations supported by soil reinforced with
granular piles have been presented, In the present chapter considera-
tion has been given to the situation in which the foundation is rigid

and supported by a regular array of fully penetrating granular piles,

An analytic solution using elasticity has been developed for
the settlement of the rigid foundation by considering a typical cylindri-
cal pile=-soil unit. Expressions for evaluating the moment and rhear
distributions across the foundation are given, The two regqular arrange-~
ment of piles used in practice (square and triangular} have been consi-
dered in detail. For these arrangements each pile-soil unit has a sguare
or hexagonal plan area respectively. The effect of treating this area
as an equivalent circular area has been investigated by use of a finite
element analysis (for settlement} and the development of expressions for
the moments and shears in a square and hexagonal domain of influence.

The results presented show that the errors in the stresses {and thus
settlement) by assyming an equivalent circular area are negligible.
However, although the shear force distribution is relatively insensitive,
the moment distributions are largely dependent on the arrangement of
piles. Thus, in a sophisticated analysis of the raft where the profiles
of principal moments are to be employed, the axpraessions giwven in this
chapter enable these profiles to be evaluated. If however, the design

is to be based on the maximum and minimum values of the moments, then the

solutions for the cylinder can be employed. 4

Numerical solutions to Biot's theory of consolidation have been
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presented for the rate of settlement of the raft. These scolu-ions
quantify the increased rate of consolidation of the reir forced soil
with increasing stiffness ratios of the piles and soil. Finally,

it is of interest te note that the solutions show that by increasing
the stiffness ratio of the piles and soil the settlements are reduced

and the rate of settlement increased but to counteract these, the mo-

e Rty S S il e vl s A e R S

ments and shears are increased in the raft,
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8,1 INTRODUCTION

In this chapter the results of two experimental programmas
are presented. The first of these programmes was undertaken to pro-
vide more evidence as to the applicability of the finite element ana-
lysis presented in this thesis for the analysis of a single granular
pile. Also, the analy.is for the settlement of small groups of gra-
nular piles (Chapter 4) is used to predict the results of an experi-
ment, The second programme was designed to verify the theoretical
predictions using elastic theory (Chapter 7) for the magnitude and

rate of settlement of a rigid raft seated on a clay reinforced by

large numbers of granular piles.

The first experimental programme consisted of a set of four
model footing tests which were performed in a closed pressure vessel
in order that the clay (kaolin) was normally consolidated. The ex-
perimental results are compared with the theoretical predictions and

the agreement is found to be good for the load-settlement response of

a single granular pile. However, for a small group of granular piles,

the analysis presented in Chapter 4 seriously underestimates the set-

tlement of the model rooting.

The primary aim of this experimental program was to investigate

the reduction in settlement of a circular footing supported by conventional

piles and stone columns.

1¥S1l5S TNAT CNe Secliement Cdl L8 proeulciou LY CUNDSLIUTE LY ULS plis=suil
unit was used in the design of the experimental set-up.
filled with kaolin was consolidated under one-dimensional conditions by

a rigid raft and the settlement for a given stress range compared to

A P.V.C_.cylinder
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the settlement when the clay was reinforced by a granular pile, This
enabled a settlement reduction for a given diameter of pile to be com-
puted. The results of the experiments are shown to be in close agree-

ment with the elastic theory.

8.2 PRESSURE VESSEL TESTS

Four pressure vessSel tests were performed in which the load
carrying capacity of model circular footings (10,16 an diameter) placed
on the surface of a normally consclidated bed of kaolin was determined.

The following model footings were loaded to failure

1) a circular footing
2) a circular footing supported by an aluminium pile
3) a circular footing supported by a granular pile

4} a circular foi: ing supported by a group of three granular piles,

8.2.1 Apparatus

The pressure vessel in which the clay was consolidated and the
footings loaded to failure is shown diagrammatically in Fig. 8.1. The
vessel has an inside diameter of 30.48 cm and a depth of 38.1 am. The
lid of the vessel N and the base L were secured to the body M by socket
headed bolts. A groove was machined into the flanges at the tcp and
base of the vessel so that a 33 cm diameter rubber O-ring could be fitted
to give a water-tight seal. A central hole P in the base of the vessel
allowed the pore water drainage system to be connected, a similar tap-
ping Q was provided at the top of the veséel to allow two~way drainage.

The 1id of the vessel contained the pressurised water for consolidation.
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A rubber membrane 0, separated the water from the footing and clay
beneath. A screw-in sealing cap S was provided on top of the footing
to secure the rubber membrane to the footing. A hole in the 1id en-

abled a loading plunger to be seated onto the footing.
The pressure was supplied via an air-water exchange bottle
using a Norgren (0-413kPa) pressure regulator coupled with a Budenberg

Standard Test Gauge.

8.2.2 Test Procedure

The kaolin had a liquid limit of 41% and a plastic limit
of 322% and was mixed at 50% moisture eontent and placed into the vessel
under vibration in an attempt to reduce the air content to a minimum.
The clay was then consolidated under a pressure of 173kPa. A back
pressure of 69kPa was used in order to dissolve any trapped air in the
system. Thus at the completion of this consclidation the effective
stress was 104kPa. After this initial conscolidation the pressures were
reclieved and the lid removed. A 'dishing' effect of the top surface of
the clay occurs because the centre settles considerably more than the

sides.

The surface of the clay was then levelled and the footing
(10.16 cm in diameter} placed on the surface although for the latter
three tests the piles were installed at this stage and then the footing
seated on th: viles. For the installation of the aluminium pile a hole
2.54 cm in diameter and 12.7 cm in length was bored in the clay and the

pile seated into the hole. The same procedure of forming the hole was

~ . ?’#.‘?’M’.
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used for the 'gravel' piles, which were composed of Nepean River Sand
and poured into the hole in three 'lifts'. After each 1lift the sand

was firmly tamped with a brass rod. The footing was then placed con-
centrically onto the piles and the lid secured to the body of the vessel.
The clay was then further consolidated under a pressure of 207kPa and a
back pressure of 69kPa. When the consolidation was completed the

drainage taps were closed and the loading plunger seated ontoc the footing.

The load was applied at a constant rate of penetration with
the maximum load being applied within one minute so that conditions
could reasonably be expected to be undrained. The load-deformation be-
haviour was recorded automatically using direct current load and dis-
placement transducers which were connected to a Hewlett—Packard 7046A

X-¥ recorder.

8.2.3 Experimental Results and Theoretical Predictions

The tests were performed in order to verify the results of
the finite element analysis presented in Chapter 4. In order to predict
the locad-deformation behaviour of the model footings using this analysis,

the material properties of the clay and piles are required.

The results of four Ko' triaxial tests on the kaolin are shown
in Table B8.1. The .apparatus and test procedure used in these tests is
identical to that outlined in detail by Dawvis and Poulos {(1963) and thus

no detailed description of either is given here,

TRy € ¥ A,
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TABLE 8.1

Test Undrained Cohesion Coefficient of lateral
c, kPa earth pressure K '
<
1 55 0.37
2 62 0.40
3 62 0.37
4 - 0.50

In these tests the final vertical effective stress was 138 kPa which
corresponds toc the effective stress in the pressure vessel prior to
loading the footing. The Young's modulus obtained from these tests
showed considerable scatter. The modulus used in the finite element
analyses was therefore backfigured from the elastic portion of the

load deflection curve obtained from the first model footing test.
Standard drained triaxial tests were performed on the sand
to obtain the strength and deformation properties. A summary of the

results from nine tests is shown in Table 8.2,

TABLE 8.2

Cell Pressure Young's Modu%us (Eso) Angle of
kFPa kN/m bilatancy
Average Range Average Range
68.9 19300 . 15800-24800 10° lo°=11°
103.4 26200 16200-37200 5e 4e-~7°

172.4 33100 28300-37200 4 0°=-6°
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The drained cohesion c¢' was zero and the angle of internal friction

¢ was 40°, The Poisson's ratio Vs' was found to be 0.37.

The circular footing test will be considered first. This

test provided a means of backfiguring the Young's modulus of the kaolin

i

3% and verifying the valuw hesion and Ko' measured from the Ko' tri-
E axial testing You. modulus of the kaolin was backfigqured using
" é an elastic fin. +  mualysis by adjusting the value until the
4 theoretical and e - - al responses were in agreement. A value of
15500 kN/m? was ok ... and was used for the subsequent analyses.

i
t
:
j
5
4
'

The mechanism of failure of the rigid circular feooting was
by 'punching' into the kaolin. This is shown schematically in Fig. 8,2.

This 'punching' or shearing of the kaolin at the edge of the footing can

be taken into account in a finite element analysis by inserting dual

g nodes along the rupture plane and allowing slip to cccur when the nodal
forces in the direction of shear reach their limiting wvalues. This pro-
cedure has been investigated and used successfully on a variety of prob-
lems by Rowe and Davis (1977) with particular emphasis on anchor plates,
The finite element mesh used to analyse the circular plate is shown in

Fig. 8.3. Dual nodes are inserted along the rupture plane.

From the results of the Ko' triaxial testing the coefficient

of lateral earth pressure was taken as 0.40 and the undrained cohesion

as 60 kPa. The friction angle ¢u was assumed to be zero. The kaolin

was assigned the backfigured Young's modulus Eu of 15500 kN/m2 and

O

1B Poisson's ratio Uu = 0.48. The comparison between the measured load-
settlement response and the results of the finite element analysis are

shown in Fig. 8.4. The good overall agreement suggests that the '
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" Punching”
Failure
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(b) At failure

FIG. 8-2 SCHEMATIC DIAGRAM OF FAILURE MECHANISM
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measured values of the material properties are in close agreement with
the actual values and the failure mechanism has been modelled correctly.

The growth of the plastic zZzone obtained from the finite element analysis

is shown in Fig. B.S5.

The size of the sand pile (12.7 cm long, 2.54 cm diameter)
used in the second test was not sufficient to cause a significant
increase in the load carrying capacity of the circular footing. However,
because the sand is stiffer than the clay, reduced settlements were
measured. The finite element analysis used to reproduce the results of
this test alsc (!lowed for a rupture plane at the edge of the footing
in additioh to slip at the granular pile-clay interface and yielding
within the clay and sand. The finite element mesh used for this analysis

and also the analysis of the aluminium pile is shown in Fig. B.e.

From the results of the triaxial testing, the sand was assigned
zero cohesion, a friction angle ¢ of 40° and an angle of dilatancy Y = 7°.
The Poisson's ratio vs' was taken to be 0.37 and a Young's modulus ES'
of 22000 kN/m? was considered appropriate. The coefficient of lateral
earth pressure Ko' was assumed to be 0.4. The properties of the kaolin
were taken to be the same as used in the previous analysis, ie. a cohesion
of 60 kPa, 4, = 0, £, = 15,500 kN/m?, K ' =0.4 and v = 0.,48. The
results of the finite element analysis are shown in Fig. 8.7 along with
the experimental results. While the agreement is fair, it could be im=-
proved if the cohesion of the clay were increased and the angle of fric-
tion of the and reduced. The elastic response obtained from this ana-
lysis is in close agreemenv with the measured responsa. The growth of

e plastic zone is shown in Fig. 8.8.
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The applicability of the solutions presented in the Previous
chapter for the magnitude and rate of settlement of a rigid raft was
investigated in the second programme. The assumption used in the ana-
lysis that the settlement can be predicted by considering one pile-soil
unit was used in the design of the experiﬁental set-up. A P.V.C.cylinder

filled with kaolin was consolidated under one-dimensional conditions by

a rigid raft and the settlement for a given stress range compared to
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The use of an aluminium pile to support the circular raft
resulted in a significant increase in the load carrying capacity of
the raft when compared to a sard pile with the same dimensions. The
results of a fipite element analysis are shown along with the experi-
mental r2sults in Fig. 8.9. The aluminium was assigned a Young's
modul us Ep = 68,95 x 10° kN/m2 and a Poigson's iratio of 0.3, 1In this
analysis failure of the pile material was not taken into account. The
pile-clay adhesion ¢ was taken to be equal to the cohesion c¢,. The

overall agreement between the predicted and measured results is

reasonable.

Finally, the results from the finite element analysis of a
single granular pile can be used in conjunction with the interaction
factnrs presented in Chapter 4 to estimate the load-settlement response
for the circular raft supported by three sand piles. The method of
constructing the load-settlement curve is outlined in detail in section
4.3.1. The piles of diameter 2.54 cm were placed on the vertices of an
equilateral triangle with sides 2.54 cm. From Fig. 4.15 the sum of the
interaction factors for this arrangement of piies is apprualmately 1.6.
In Fig. B8.10 the load-settlement curve for t‘he rigid circular raft con-
structed from the results of th- single granular pile analysis is cor

pared with the experimenta] results. The “heoretical and experimental

results are in poar agreement. This disecrepancy may be due to the use

of elastic interaction factors for the construction of the entire load-

" I

deflection curve. However, more theoretical and experimental (field
and laboratory) work is required before firm conrlusions can be reached

regarding the settlement of small groups of granular piles.

In Table 8.3 the results are shown of comparisons between the
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predicted and measured settlements for these four tests at load levels
of 0.5 and 1 kN. Although the overall agreement between the predicted
and measured load-deflection behaviour in these four model tests is
only reasonable, gocd agreement is obtained, (except for the group of

three piles) at load levels representative of the normal working load

s

-

range.
TABLE 8.3
COMPARISON BETWEEN MEASURED AND PREDICTED DEFLECTIONS
P = 0.5 kN P =_1.0 kN
Experimental Theoretical Experimental Theoretical
(mm) {mm} {mm) (mm)
[
No Pile .30 .30 .38 .38
Granul ar Pile .31 -30 .48 .38
Aluminium File .10 .10 .28 .23
3 Granular Piles .10 .078 .33 .15

In conclusion, the results of these four model tests indicate
that when the material properties and insitu stresses are known, the
finite element analysis giwves 31 reasonable prediction of the load-settle-
ment response of a single granular pile. Howaever, this analysis used in
conjunction with elastic interaction factors for the analysis of small
groups of granular piles may lead to a significant underestimate of

settlement.
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8.3 CYLINDER TESTS

The elastic theory presented in the previcus chapter was used
to predict the settlement of a rigid die seated on the surface of a
cylinder of clay reinforced by a fully penetrating granular pile. The
experimental protedure consisted of measuring the settlement of the rigid
die for a given stress range and then comparing this to the settlement
when the clav is reinforced by a granular pile. This enabled a settle-
ment reduction for a given diameter of pile to be computed which was

compared with the theoretical predictions.

8.3.1 Apparatus and Test Procecdure

The c¢cylinder was cut to a length of 30 cm from P.V.C. tubing
which was 10.16 om inside diameter and .5 em thick. The tubing was cast i
into a concrete base for stability. A purspex disc in which a hole had
been drilled was placed on the bottom of the cylinder and a Klinger

cock screwed in to allow control owver drainage. This apparatus is shown

schematically in Fig. 8.11.

The diameter of 10.16 cm enabled _nvestigations of practical values

of de/d.

greased with petroleum jelly. A comparison between the coefficient of

volume decrease (mv) measured in the cylinders a.ad small oedometer tests
indicated that this was effective. Kaolin mixed at 60% moisture content
was then paured into the c¢ylinder and the clay consolidated to a vertical

stress of 45 kPa.

At the completion of thi: initial consolidation the rigid die
' " L@




b1
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The test procedure was as follows: firetly, in an attempt to
ensure that the cylinder had smooth shear-free sides, the tubing was

greased with petroleum jelly. a comparison between the coefficient of

volume decrease (mVJ measured in the eylinders and small cedometer tests

indicated that this was effective, Kaolin naxed at 60% moistu s content
was then poured into the cylinder and the clay consoll-ated to = «@rtiecal

stress of 45 kPa.

At the completion of this initial consolidation the rigigd die
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and applied loads were removed and the height from the top of the cy-
linder to the surface of the clay recorded. Also, in this initial con-
solidation stage, any clay which may have squeezed between the rigid
die and the cylinder was removed. The die was then seated on the clay
and the clay reconsolidated to 45 kPa. At the completion ot this re-
consolidation, an increment of 27.4 kPa was then applied and the total
final settlement of the die determined from the censclidation curve.

A further 54.9 kPa were added and the corresponding settlement recorded.
Thus, for the stress ranges of 45-72.4 kPa and 72.4-127.3 kPa, values

of m, for the clay were determined.

The only difference in the experimental procedure used for
the granular piles was that before the reconsolidation to 45 kPa, a
sampling tube of the reguired diameter was pushed inte the clay t» the
base of the cylinder. The clay on the interior of the tube was tnen
removed and the tube slowly withdrawn. The clay was sufficiently stiff
for the hole to remain open. A coarse fraction from the Nepean River
sand was then poured into the hole in several 'lifts’. Water was
added after each 'lift' so that the sand was fully sai.urated., The sand
was then tamped firmly with a brass rod to achieve maximum density.
However, excavation of the piles at the completion of the tests showed
that neither the applied loads or tamping caused significant migration
of the sand into the clay and that the initial diameter of the sand
pile had not increased. The amount of sand used for construction of the
pile was recorded and used to calculate the unit weight of the piles.
The average unit weight achieved was approximately 15.7 kN/m3 The
two increments in pressure (27.4 and 54.9 kN/m’?) were then applied and
the time-settlement behaviour recorded. The reductions in settlement

due to the presence of the granular pile were then computed.
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B8.3.2 Comparison Between Theoretical and Experimental Results

Four tests were conducted to determine the compressibility
of the sand. In these tests the cylinder was filled with sand and a
pressure of 45 kPa applied. The stress increments of 27.4 and 54.9
kN/m? were then applied and the total final settlements recorded.
Consolidation was almost immediate. A Poisson's ratic of 0.3 was
estimated for the coarse fraction of the MNepean River fand and the clay
{w.lex Jdrained conditions) and thus these tests enabled a ratio of the
Young's modulus of the sand (El) and clay (Ez) to be determined. The

ratio of El/E2 varied between approximately ten and twenty.

The theoretical settlement reductions from the previous
chapter are reproduced in Fig. 8,12 along with the experimental results
for values of a/b (radius of granular pile to radius of c¢ylinder) equal
to 0.25, 0.5 and 1.0 {(all sand). Thus, although the tests are simple
the agreement is good and thus some experimental evidence has been ob-
tained which indicates that the properties of the clay and gravel can be

determined from ocedometer tests of this size.

In Chapter 7 solutions for the rate nf settlement ¢f a rigid
die supported by clay reinforced with gravel piles were presented.
Assuming the modular ratio of the sand and clay El/E2 is 10 and the
Poisson's ratios Ul and v, are both 0.3, interpolation of these results
enable the ratio of times at 30% consolidation (tso) to be computed for
the two cases, ie. no pile {unc-dimensional consclidation) and the fully
penetrating pile (predominantly radial flow to the pile). These ratios

have been evaluated for the two cgeometries considered, ie. a/b = .25 and

.5, using the average t50 obtained from the no-pile tests. A comparison

-
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between the measured ratios and the theoretical values are shown in

Taple 8.4, The agreement between the measured and theoretical values

i fim mnia T g S e B e L S

1 is good.

3
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1 TABLE 8.4

ﬁ

§ a/b Ratio of Times for

B/

4 50% Conscolidation

;f:{ ' . Theoretica’ Experimental

7 .027

! -5 .024 .023

0

; .031

J

; .147
.25 160 .121

.182
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8.4 CONCLUSIONS

In this chapter two experimental programmes have been described

and the results presented. The experimental results for the load-settle-

ment response of a single granular pile are in good agreement with the
finite element analysis presented in this thesis for the analysis of single
granular piles. In addition, the elastic settlement analysis and the

finite element solutions for the rate of settlement of a rigid raft are

in good agreement with the results obtained from a series of cylinder or

oedometer tests,

However, the analysis of settlement for a small group of gra-
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nular piles underestimates the settlements and more experimental (field

and laboratory, eviden.: is required before reliable conclusions regarding

the reasons for this lack of agreement can be made,
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In this thesis methods of analysis have been developed which
enable a rational assessment of the load-settlement response of foun-
dations supported by single stone columns or small groups of stone

columns, or by an extensive area stabilised by large numbers of stone

columns.

The most fundamental problem to consider is the ultimate load
carrying capacity of a single stone column (granular pile}. The pile's
load carrying capacity generally decreases as the rate of load applica-
tion increases. When the load is applied rapidly enough the soil will
behave as a purely cohesive incompressible material whereas the response
of the vile material will be that of a purely frictional dilatant material.
Thus, an analytic solution to this problem is only possible if radical
simplifications are made. A finite element analysis has been precented
in which the three modes of failure most likely to occur in the granular

pile-soil system are taken inte account. These are:

(a} interface slip between the granular pile and soil
(b} failure under undrained conditions within the soil mass

{c) failure under drained conditions within the granular pile.

The formulation for slip at the interface overcomes the need for a va-
riable stiffness approach to be adopted as the nodal forces at the inter-
face, and not the deflections, are treated as unknowns. The analysis

allows for adhesive, adhesive-frictional, and dilatant interface behaviour.

This analysis has been used to identify the most important

parameters affecting the ultimate load of a single column. These parame-—

ters are
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{a) friction angle of pile material
{b} depth to which the pile is installed

{({c) cohesion of the insitu soil.

The analysis has alsc been used to reproduce the results of a previously
published full scale load test. The data presented has enabled an in-
tuitive assessment of the reguired properties for the soil and pile ma-
terials. The results from this comparison have shown that, if the ma-
terial properties are well defined, the analysis is capable of predic-
ting the response of a single column accurately when the interface
strength is specified as purely adhesive. iowever, the eguation developed
by Hughes and Withers (1974) for the ultimate load of a single stone
column also closely predicts the measured ultimate load and thus pre-
sents itself as a convenient alternative to a “ime-consuming finite ele-
ment analysis. If however, the site is non-uniform, the finite element
analysis eliminates the element of subjectivity required in applying the

Hughes and Withers equation.

A comparison has also been made between the results of this
load test .nd the results from the analysis presented by Mattes and
Poulcs (1969) for determining the leoad-deflection behaviour of conven-
tional piles. The overall agreement is poor although the initial elastic
settlement is in good agreement with the measured values when appropriate
moduli were specified. The se- .lements at small working loads are undar-
estimated by the Mattes and Poulos analys- -~ because of the extent of
local yielding within the soil and pile materials. Therefore, caution
should be exercised in using the results from conventional pile analyses

as a preliminary design aid to predict the behaviour of stone columns.
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A methnd has been described to predict the load-settlement
behaviour of footings supported by small groups of granular piles. In
this method, the results from a finite element analysis of a single
pile are used in conjunction with settlement interaction factors ob-

tained by an elastic analysis of two identical piles. Firstly, a load

deflection curve for the single pile is determined taking into account
the increased settlement due to tha interaction between the piles,

Then, for a given value of deflection, the corresponding load on the

single pile is multiplied by the number of piles in the group to obtain

the load the group can support. This is repeated for successive values
of deflection until the entire load-deflection curve for the group has

been constructed.

The elastic analysis was employed to backfigure the soil modulus
from previously published full scale tests on single piles at a site in
India. It was then used to predict the elastic settlement of a small
group of seven columns installed at the same site. As only limited soil
f;ﬁ ; data was reported it was not possible to construct the theoretical load-
settlement response for the group. The predicted settlements were too
small, although the modulus backfigured from an analysis of one pile

gave reasonable agreement with the measured settlement.

An entire lecad deflection curve using this method has been

i constructed for a group of three columns and comma == seisbh Lho weoeda.
From ~ 7 o L Ll Ll L T C e crtle=
6 o . i i
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»

If an extensive area is stabilised by large numbers of stone
columns a mechanism for a bearing capacity type failure only exists at
the edges of the loaded area. The likelihood of this type of failure
can be assessed by conventional slip circle analyses in which the piles
are treated as an equivalent 'trench' of purely frictional material
situated in a purely cohesive environment. If an adequate factor of

safety is calculated the design of the required layout and size of the

piles is determined from the permissible settlements,

‘? Elastic finite element solutions have been presented for the
settlement of a flexible foundation supported by clay stabilised by

the installation of large numbers of piles. As the loading pressure

is increased contained plastic flow will develop within the pile and/or
soil. Howewver, it has been shown through an elasto-plastic finite ele-
ment analysis that, because the discrepancy Letween the elastic and
elasto-plastic settlements is not significant, the effects of various
changeg in a pile-soil unit can be determined to satisfactory accuracy
by means of elastic analyses. It has been assumed that because the re-
gular array of piles is extensive each pile-soil unit away from the
edges of the loaded area will behave in precisely the sane manner and
therefore the settlement of the foundation can be determined from an
analiysis of an iselated pile-soil wnit. In addition, for the two re-
gular arrangements of piles used in practice (ie. triangular and square),
the corresponding domains of influence (hexagonal and square) of each
pile are replaced by an equivalent circle of egual area. The same
assumptions have been used in the develcopment of an analytic solution

from elasticity theory for the settlement of a rigid foundation,

Solutions have been presented for the reduction in settlement

.

m&al
VT T




343

of a foundation due to the introduction of the stene columns which
reinforce the insitu clay. These solutions show that the piles are
more effective if the foundation is rigid because more load is carried
by the stiffer piles as the rigidity of the foundation increases.

To counteract this, the very high ratios of wvertical to horizontal
stress from an elastic analysis will cause contained yielding within
the pile. For significant reductions in settlement the piles need to
be closely spaced ({s/d £ 5) and penetrate through cto at least half the
depth of the clay layer. It is anticipated that these solutions will
be used to optimise the size and spacing of the piles for a given re-~

quired settlement reduction.

The available published field results for the redvction in
settlement of flexible foundations have been compiled and compared with
the finite element solutions and Greenwoed's (1970) empirical curves.

For small spacings of the piles the agrecment between the measured,
finite element and Greenwood values is good. For pile spacings in

excess of 2.3m, field data is unavailable and it is for these spacings
that the finite element solutions predict significantly larger reductions

in settlement than those suggested by Greenwood.

The results computed from the analytic solution for the settle-
ment of a rigid foundation have been compared with measured values ob=-
tained from a limitid programme of laboratory tests. The agreement is
good, and it is therefore inferred that when elastic moduli are assigned
to the pile and soil materials for the appropriate stress range, the
theoretical results presented can be used to predict the settlement of

foundations supported by clay stabilised by the stone columns.




The improvement in the performance of the stabilised clay

is not only due to the presence of the stiffer pile material which
results in reduced settlements. The stone column_. act as sand drains
and therefore increase the rate of consolidation. O©Only short periods
of preloading would be required for significant increases in strength
and stiffness of the clay. Finite difference solutions to diffusion
theory have been presentea in the form of a parametric study for the
rate of pore pressure dissipation. Thege solutions can be used to
predict the rate of settlement of a flexible foundation or to estimate
the strength and deformation properties of the clay after a period of
preloading prior to subsequent loading. The rate of gettlement of
rigid foundations has been investigated by the use of finite element
solutions to Biot's theory of consclidation. These rates of settlement
are in good agreement with values measured in the laboratory tests.
Thus, the solutions for the rate of settlement can be used in c¢onjunc-
tion with those for the magnitude cof settlement to construct the time-

settlement behaviour of a rigid or flexible foundation supported by the

stabilised clay.

ln swmmary, an attempt has been made in this thesis to develop
and verify methods of analysis for the load-settlement behaviour of
foundations supported by either a single stone column, a small group or
an extensive regular .. ray of columns. In general, good agreement has
been found between the observed and theoretical behaviour of single
columns and large groups of stone columns. The finite element analysis
has proved a useful tool for examining the mechanism of behaviour of a
single column and has enabled the important parameters influencing this
behaviour to be isclated., Th.s analysis can be used as a design tool

although its most valuable practical use may be in confirming the accu-
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racy of existing design approaches such as that proposed by Hughes an<
Withers. The theory for large groups o{ stone columng also appears to
be in good agreement with field and laboratory data and it ig believeq
that the solutions presented herein provide a reasonable basis for de-
sign. The least satisfactory aspect of the invegtigation has been the
analysgis of small groups of stone columns supporting isolated founda-

tions. The available published data is scant but+ that which is avail-~
able does not appear to be in good agreement with the proposed theory.
Future regearch into the behaviour of stone colums could profitably

be directed towards the analysis of small groups.
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