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Abstract:

The consolidation behavior of mixed in place cement- and lime/ cement-mixed column was studied.

Consolidation of the composite foundation was modeled as a three-dimensional axi-symmetric problem. The au-
thors used the finite difference method to obtain the pore pressure variation with time at any location below the
surface. A computer program developed by the authors was used to draw some interesting conclusions about
the consolidation behaviors of cement- and lime/ cement-mixed pile foundation. Finallys a combined model in-
cluding the permeability coefficients of cement-mixed piles and soil> was studied and its feasibility was evaluat-

ed.
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INTRODUCTION

Lime and lime/cement columns have been
very competitive in the Nordic countriess com-
pared with other soil stabilization methods such
as preloading, excavation and replacement as
well as embankment piles. In many cases, it is
not necessary for the columns to extend the bot-
tom of the compressible soil deposit. A founda-
tion consisting of an upper layer with reinforcing
columns, and a lower, unstabilized soil layer, is
called composite foundation. The deformation
characteristics of such a foundation solution are
complex: especially with respect to the dissipa-
tion of pore water pressure after loading.

Field tests indicated that lime columns func-
tion as vertical drains ( Broms and DBomans
1979). The permeability of the stabilized soil of-
ten increases with time possibly due to long-term
shrinkage. The permeability of lime and lime/
cement columns: and its effect on the consolida-
tion behavior of the reinforced foundation is an
important design aspect.
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COMPOSITE FOUNDATION

Composite foundation is a kind of artificial
foundation consisting upper, strengthened layer,
and unstablized lower stratum. The consolidation
behavior of the columns and the adjacent soil is
very complex. Gong (1992) did research on the
deformation of cement-mixed pile foundations.
Their work dealt with one-dimensional consolida-
tion. However, the consolidation behavior of the
columns and the surrounding soil is different.
Therefore, it is necessary to treat this problem as
a three-dimensional case. Yoshikuni and Nakan-
0do(1974) introduced an equation accounting for
the consolidation process affected by the stress
concentration in drain wells when compacted
sand piles of large diameter are used. Scott
(1963) used term radial consolidation for axi-
symmetric problems.

Since the unique characteristics of the lime-
mixed columns had not been studied in detail be-
fore, attention is given to the deformation and
consolidation behavior of lime/ cement mixed pile
foundations.
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CONSOLIDATION EQUATION AND ITS SO-
LUTION

The loading is regarded as instantaneocus load
and the pile and soil are treated as elastic models.
Other assumptions are listed as follows:

1. Pile and scil are all homogeneous; sail is
saturated.

2. The permeability of soil differs in horizon-
tal and vertical directions. The permeability of
pile is isotropic.

3. Soil particles and water can’ t be com-
pressed.

4. Under the loading, there is not only ver-
tical flow of seep and compression, but also hori-
zontal seep> which also causes vertical compres-
sion.

5. Seepage in soil and pile follows Darcy’ s
law.

6. The displacement is only caused by the
seepage and depletion of the pore pressure.

This three-dimensional problem can be treat-
ed as an axi-symmetric problem. The model is
shown in Fig. 1 and Fig. 2. The shaded area in
Fig.2 is a unit for analysis.

The consolidation equation can be expressed
as:

1 Jdu

r dr 82—u>_87u

P
Cv azerCW( 87"2 _at (1)

where: 7 is the radial distance from the pile” s
axis;

C,» C,.» are vertical and horizontal consoli-
dation coefficients;

z is the depth;

u 1S pore pressure.

Pile spacing

Fig.1 Plan view of pile and soil influence area of
A — A section line

Pi lc/

Fig.2 A — A cross section of pile and soil influence

area

The initial and boundary conditions of the u-
nit can be expressed as follows, initial condi-
tions:

Z'¢|t:():0 (2)

The boundary conditions are shown as follows:
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for draining at two sides ( surface & bot-
tom):
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where: w,» wu, are pore pressure in pile and soil
respectivelys

ks kg are the radial permeability coefficients
of pile and soil.

The finite difference method is used to solve
Eq. (1)(Li et al. » 1995). By use of classic ex-
plicit difference formula, the following finite-dif-
ference solution of Eq.1 can be cbtained:
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Heres At is the time step length (z, = n X At
n>0), Ah, Ar are the vertical and horizontal
space step length of the grid which can be ob-
tained by dividing the unit. 2, = j XAhs r, =
mXAr(jZLZ, ""J§ m=1:2,5 M; J><
Ah = the length of piles M X Ar = the radius of
influence).

Therefores from the initial and boundary
conditions, the pore pressure of any locations at
arbitrary time can be obtained step by step. The
average degree of consolidation can be obtained

by Carrillo (1942):
J:JZuldrdz + J:Jh urdrdz

U = T : (10
J J uodrdz
040
Where; U is average percentage of consolida-
tions

u, is pile’s pore pressures

u, is soil’ s pore pressure;

ug is initial pore pressure.

It should be pointed ocut that in the analysis
processs stability conditions of the finite differ-
ence method must be satisfied:

CoxAr 1
J(Ah)z =3, V4
< ap
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Here, p is the number of dimensions.

BEHAVIOR OF CEMENT/ LIME-MIXED
PILE FOUNDATION FROM ANALYSIS

A computer program was developed to anal-
yse the consolidation behaviors of the composite
foundation. Using several numerical examples,
some useful and reasonable results can be ob-
tained> such as the distribution of pore pressure,
the influence of parameters on the degree of con-

solidation and results of analysis of one widely-
used model of combining soil” s and cement-
mixed pile’ s permeability coefficients, etc.

In order to analyse the variation of pore pres-
sure in horizontal direction, the first lattice line
below the surface (= = 0) is designated as the
objective to study. And in order to analyse the
variation of the pore pressure in vertical direc-
tion, the points along the pile’ s axis (»=0) is
designated. In this thesis only the cases of one-
side drainage is calculated. But due to symmetry
of double-side drainage, cases of one-side
drainage can be converted into the cases of dou-
ble-side drainage.

The materials used are listed below.

Table 1 Materials and their parameters

Parameters Values
Loading p 100 kPa
Vertical permeability B
coefficient K, 1.0x10 m/s
Soil’ s Honzonta.l .permeab1hty L 0% 105 m/s
coefficient K,
Modulus ofE compression 4 MPa
Permeability )
Cement- coefficient K 1.0x10 " /s
1 P
mixed
pile’s MOdulgs of 0 MPa
compression @
Permeability )
Lime- coefficient Kj, 1.0x10 % m/s
mixed
pile’s Modulus of 60 Mba
compression Ej,
Radius of pile a 0.3 m
Radius of influence b 1.0m
Length of pile H 8.0 m

1. Analysis of distribution of pore pressure and the vari-
ation of the pore pressure with time

Fig. 3 shows that in cement/lime-mixed pile
foundations, the deeper the point, the larger the
pore pressures i.e.» the pore pressure nearer the
surface dissipates rapidly. Moreover, the ratio of
pore pressure increment to depth increment
(Au/ AR is smaller at the deeper points.

Also according to Fig. 3 and Fig. 4, the pore
pressure dissipates with time. The degree of
drainage is greater at shallow depth and larger at
locations farther away from the axis of cement-
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mixed pile foundations. However, the drainage
effect is smaller at locations farther away in lime-
mixed pile foundations. After a certain time in-
terval> the pore pressure values at the horizontal

- 7 days-cement
-+ 10 days-cement
[ -m 90 days-cement
% 7 days-hme

= 30 days-lime
- 40 days-lime

20

Depth(m)
u(kPa)

Lo 40 60 80

w(kPa) (p=100kPa)

100 120

Fig.3 Variation of the pore pressure with depth

Fig. 3 and Fig. 4 show that cement-mixed
pile foundation differs from lime-mixed composite
foundations with respect to consolidation behav-
ior. It is apparent that the drainage of the ce-
ment pile is significantly slower than that of the
lime/ cement mixed pile. In fact, the lime-mixed
columns’ drainage process is faster than that of
the soil, while that of the cement-mixed
columns’ drainage is much slower. This is due to
the high permeability of the lime-mixed pile.
Therefore lime-mixed columns can not only
strengthen the foundations, but alsoc quicken the
consolidation of foundations. This is an impor-
tant advantage of lime-mixed columns.

2. Influence of permeability coefficients of pile and soil

Depth(m)
Depth(m)

- Mo change
- k,=50e-11
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& k=50e-9 ; k,=50¢-8
wk=20e-10; % =20e-9
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u(kPa) [p,=100kPa)}
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Fig.5 The influence of the change of k,, and k,(after
9% days>

plane are almost equal. Then the degree of con-
solidation in pile and in soil is nearly homogenous
and the axi-symmetric consolidation is almost
equal to one-dimensional consolidation.

60 = 7 dayscement w30 dayscement =40 days-cement
50 < 7days-lime 30 davs-lime == 90 days-lime
44
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20 T
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Fig.4 'The variation of the pore pressure with radial
distance

From Fig. 5, it can be concluded that the
variation of the permeability of cement-mixed
columns has little influence on the degree of con-
solidation. However, the permeability coefficient
of the soil has great influence on the consolidation
behavior of composite foundations. This aspect is
reasonable; as the permeability of cement-mixed
piles is significantly slower than that of the soil.
In facts the permeability of cement-mixed
columns is so small that they can be treated as
practically impermeable. Fig. 6 also supports this
conclusion. Since the permeability of lime-mixed
columns is higher than that of the soil, the effect
of the change of the column parameters is greater
than that of soils.

- No change
+ f=50e-9; k=508
o k=2 0e-9; k,=2.0e8
20 40 60 80
u(kPa) (p,=100kPa)

0 100 120

Fig.6 'The influence of the change of k., and kCafter
30 days)



Consolidation behavicr of cement- andlime/ cemeni-mixed column foundations

1

3. Influence of the change of radial and vertical parame-
ters

Changes in the soil” s radial or vertical per-
meability coefficients had obvious influence on the
radial and vertical permeability. Fig.7 and Fig. 8
show the results when our program was used to
analyze these cases.

Fig.7 shows that the change of soil vertical
permeability in the case of cement-mixed pile
foundations has far more influence on foundation
consolidation than the change of horizontal per-
meability. In fact, the effect of the change of
horizontal permeability is so small that this influ-
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Fig.7 'The influence of the change of k, and k(after
38 days)

4. Combination of soil permeability coefficient and ce-
ment-mixed pile permeability coefficient
The combined permeability coefficient can be
estimated by

ki=Cky X A+ kX AD/(A,+ AD 12>

where: k; is the composite permeability coeffi-
cient;

k, and k, are permeability coefficient of ce-
ment-mixed pile and soil respectively; A, and A,
are the pile’s area and soil” s area in the horizon-
tal plane of model respectively. In this case, soil
permeability is regarded as isotropic, which is a
reasonable assumption considering 3. 3.

Eq. 12 is widely used in engineering practice
to calculate the composite permeability coefficient
of cement-mixed pile foundations in China.
However there is no theoretical basis so far for
Eq.12. In this paper, a computer program was
used to study the precision of this composite

ence can be neglected. Thus, the soil can be
treated as isotropic material in the case of ce-
ment-mixed pile foundations.

However, from Fig. 8 it can be concluded
that in the case of lime/ cement mixed pile foun-
dations, the change of horizontal permeability
can’ t be neglected, although its influence is not
as great as the influence of the change of vertical
permeability. This effect is easy to understand
since the radial drainage is more important when
the column permeability increases. Therefore,
the horizontal permeability of soil has relative
greater influence on consolidation of foundations.

b

= No change
8| w 5-50e9; £,=5.0e-8
ar k=2.0e-9; £,=20e-8

10

0 20 40 60 80
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Fig.8 'The influence of the change of k, and kg (after
93 days)

model. The parameters are listed in Table 2.

Table 2 Parameters and their values

Parameters Values
Loading 100 kPa
Pile’s % 1.0x10" " m/s
The modulus of compression E, 60 MPa
Soil’s k& 1.0x107 m/s
The modulus of compression E, 4 MPa
Radius of pile 0.3m
Radius of influence 1.0 m
Length of pile 8.0m

Considering the results shown in Fig. 9, it
can be seen that the above mentioned composite
model is suitable when the variation of degree of
consolidation with time is considered, although
there is some difference between the two solu-
tions as consolidation is developing.

The difference is so small that it can be ne-
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glected for practical purposes. However as far as
the ratio of replacement is concerned, this model
is not very accurate. The higher the ratio of re-
placement, the larger the discrepancy is between
the two solutions. Therefore, one must be care-

40
Y _
S £

20 =

10 - U abtained by original precise coefficients

a * U, abtained by combined coefficients
1] 100 200 300 400
Time(day}

Fig.9 Variation of average degree of consolidation with
time (Comparing the results calculated from the
composite model with the original method, a =
$8.05)

CONCLUSIONS

In this work to study axi-symmetric prob-
lems of three-dimensional consolidation of col-
umn-reinforced foundation,» numerical methods
were used to solve the equation of axi-symmetric
consolidation, the consolidation behaviors of ce-
ment- and lime-mixed column(pile) foundations
were also studied. The following conclusions can
be drawn:

1. In the case of cne-way drainage, the dis-
sipation of pore pressure occurs faster at shallow
depth. In the case of cement-mixed column
foundations, the dissipation of pore pressure in
the sail is faster than that in the column. How-
ever, after a certain period, the pore pressure
will reach equilibrium. In the case of lime-mixed
column foundations with high column permeabil -
itys the dissipation in the lime-mixed columns is
faster than that in the soil.

2. The vertical permeability has great influ-
ence on the consolidation of foundations, espe-
cially in the case of cement-mixed column foun-
dations. However, in the case of lime-mixed col-
umn foundations, when the column permeability

increases, the radial drainage alsc increases.

ful when using this composite model (Eq. 12).
If the cement-mixed pile is large or the pile spac-
ing is very small, i.e., the ratioc of replacement
is high, some errors emerge in this composite

model.

22
20
) \
16
« U gbtained by original precise coefficients

14 + (!, vbtained by combined coefficients

0 0.05 0.1 015 02 0.25

a
Fig. 13  Variation of average degree of consolidation

with the ratio of replacement a ( Comparing
the results calculated from the composite mod-
el with the original method>

Thus, the soil can be regarded as isotropic mate-
rial in cement-mixed case> but not in lime-mixed
cases.

3. It is possible to use a composite model to
calculate the permeability k= (k<X A, + kX
AD/CA,+ AD» where the permeability of the

cement-mixed columns and of the soil are com-
bined. However, when the ratic of replacement
is large, there are obvious errors when this com-
posite model is applied.
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