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Errata
Page | Location Printed text Corrected text (or add after)
X d4 see .figure S. 1 see figure S. 1
xiii {d6 origional original
Y u?l increased very slightly with the decreases slightly with the increase
increase of confining pressure. of the confining pressure due to
destructurization.
27 |Figure 2.11 | —ll— Modified Barron (Mcol/Msoil = 40) —ll— PLAXIS (Mcol/Msoil = 40)
—F— PLAXIS (Mcol/Msoil = 40) —F— Modified Barron (Mcol/Msoil = 40)
53 Figure 3.7 | equation (3.8) equation (3.9)
68 d2 triaxial tests were were
91 dis8 total creep deformation creep deformation increment
91 Figure 5.14 | creep deformation [mm] creep deformation increment [mm]
93 d3 very stiff stiff
108 |d10 middle remaining
108 |Figure 5.26 |4.7 47 m
124 [d11 36m 37m
141 {ub the related degree of the degree of
155 |ul8 two laboratory two large laboratory
156 [ul9 F3 F3-b
157 jus in the case of lime/cement column in this case
168 ful6 no significant increase a slight decrease due to
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171 }d3 ground: I ground-I:
172 |ul0 8th g™
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Summary

SUMMARY

INTRODUCTION

Deep soil stabilization with lime/cement columns has lately become one of
the most frequently used methods for soil improvement. An injection of a
dry mixture of lime and cement into the clay will form vertical columns.
The method has been used mainly to reduce settlement of highway and
railway embankments as well as to increase the safety against failure.
Moreover, this method can be used to reduce settlement of buildings up to
two stories high. The theories used for design were originally developed
for lime columns. Today the major part of all columns are manufactured by
using a mixture of lime and cement, which results in somewhat different
stress strain, strength and hydraulic properties.

The objective of the present study is to modify the design theories and
broaden the knowledge about the material properties in order to better
predict the deformation of the lime/cement stabilized soil under working
load.

ANALYTICAL AND NUMERICAL MODELS

Three mathematical models are presented in this study, two of which are
numerical and one is an analytical elastic model based on a unit cell
concept.

The analytical elastic model is used to increase the understanding of long-
term total settlement as well as the stress distribution within the stabilized
soil caused by an applied load. The equations derived for calculation of the
axial vertical strain can be written as

£ = 9, - (S.1)
as-(Mcn!+2‘A’mr-Fzﬂ)-f_(l_aa)'(Mmﬂ_z'l : 'A’su,‘r'on)
Ma:

If the factor F,, is set to zero then equation (S.1) becomes similar to the
equation traditionally used to calculate the total long-term settlement of a
single or a group of lime/cement columns (when both the treated and the
untreated materials are assumed to act as linear elastic) and can be written
as

ix
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g, = g, (S2)
a, M, +(1-a) M

oof soil

The axial strain calculated by equation (S.1) is greater than the axial strain
calculated by the traditional method using equation (S.2). The ratio
increases with an increase in both the area ratio, a;, and the modulus ratio,
see .Figure S. 1. Using E,, instead of My in equation (8.2), the results
become closer to that obtained by the analytical solution.

VR

McolfMsoil

—— 6D
— 40
- 20

—h— 10

[ T

G.0 0.1 4.2 0.3 0.4 0.5 0.6
Area ratio, a -]

Axial strain ratio -]

Figure S. 1 The ratio of the strains calculated by equations (S.1) and (5.2)
versus area ratio a, for different modulus ratios.

In the first numerical model, the finite element method has been applied
using a three-dimensional linear elastic model to study the stress
distribution behavior.

For simplicity, the circular columns were modeled as square columns with
corresponding cross sectional area. The dimensions of the square columns
used in the analysis are 1.8, 1.16, 0.9 and 0.7 m, which in terms of the
relative column area, a,, together with the 3 m spacing, can be written as
0.36, 0.15, 0.09 and 0.05 respectively. Four column lengths were
considered; 6, 12, 18 m and 50 m. In the last case, the columns are
extended all the way to firm bottom. Three stiffness ratios (M o/Myi), 10,
30, and 70 were used, and a total of 40 models were analyzed. Poisson’s
ratio used for the two materials was 0.3. The numerical results showed that
the vertical stress in the columns increased to a maximum value few meters
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below the top of the columns where the vertical load was applied, and then
started to decrease again.

Traditionally, the stress increase in the column is calculated using the
following equation :

n-o,
Pt (8.3)
I+a, -(n-1)
On the other hand, the analytical model presented in this study suggest that
the stress increase in the column can be written as
+2-4

o, =M " Fa )€, (S.4)

cat

The maximum vertical stress increase in the columm evaluated from
equations (S.3) and (S.4) is together with the 3-D numerical simulation
presented in Table S. 1. The vertical stresses in the column were
normalized by dividing its values with the value of the applied stress

A

Table 5. 1 The normalized maximum vertical stresses in columns calculated by
equations (8.3} and (S5.4) together with resulls from the finite
element analysis for different areas and modulus ratios.

g n Normalized vertical stress in the column

<] [-] Eq.(83) Eq.84) I=6m L=12m L=18m L=50m
005 10 6.7 5.6 4.9 53 5.4 54
0.05 30 11.6 10.3 7.7 9.1
005 70 14.7 13.8 9.3 11.5 12 13.1
0.09 10 5.5 4.8 4.1 4.4 4.5 4.6
0.09 30 8.3 7.6 5.8 6.7
0.09 70 97 93 6.6 7.8 8.1 8.9
0.15 10 4.3 3.8 33 3.5 3.6 3.7
0.15 30 5.6 5.3 4.2 4.6
.15 70 6.2 6.0 4.6 5.1 5.3 5.9
036 10 2.4 2.2 2.0 2.1 2.6 2.8
0.36 30 2.6 2.6 2.2 2.3
0.36 70 2.7 2.7 2.3 2.3 3.1 3.7

Numerical results obtained from simulation of columns extended to firm
bottom and located at the embankment cenier are more similar to those

xi
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obtained by using equation (S.4) than those evaluated by the traditional
method based on equation (S.3).

At the bottom of the reinforced block, there are stress concentrations
directly under the tip of the column, and the stresses there were higher than
in the rest of the untreated soil at the same level. This may be due to
numerical problem that can appear at the boundary between two materials
with a high stiffness difference. It is interesting to notice that the vertical
stresses below the bottom of the reinforced block are equal to the vertical
stresses calculated by Boussinesq’s equation with the load acting on the
ground surface, see Figure S.2.

Bz g f— =
B e -]
1 LI e
A i_‘,_—-m——-—.—'
18 10 - T
E 20 colomn length = 6 m, n = 30 E A column length = 12 m, n = 30
Bl -~ k = -
& @ columa, a,= 0.09 & —4— column, 857 0.9
a3 a 30— H
: ———  untreated soil, 3g= 0.09 — k- untreated soil, ag= 0.69
- {3 - calumn, a5=0.36 - {32~ column, a5= 0.36
40 40 —
bi- /% - untreated soil, ag= 0.36 - o/ - untreated soil, a;= 0.36
o S Boussinesq {——— Boussinesg
50 T ‘ T | T | 1 I E] ! T SO -y l T I T 1 F ; T l 1 I 1 l T
0 i 2 3 4 5 6 0o 3 2 3 4 5 6 7 8
Normalized vertical stress [+] Normalized vertical stress -]

Figure 8. 2~ Vertical stress distribution under the reinforced block compared
with Boussinesq's solution.

The second numerical model is a finite difference model used to calculate
the consolidation settlement of a lime/cement column stabilized soil.

Using lime/cement mixture instead of lime will increase the stiffness of the
treated soil and cause stress concentration in the columns, while at the
same time the hydraulic conductivity is decreased. In this model it is
assumed that both soft seil and lime/cement columns possess material
linearity.

The numerical model is based on Yoshikuni’s consolidation theory. The
finite difference method was used to solve the following equation

du o'u a_u S.5)

7 Copai “”'_+x
a e Moo

xil
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The consolidation of the stabilized soil due to vertical drainage is
examined. Evaluations are made for different column to soil ratios of
compression modulus. It is shown that the rate of consolidation increases
as the ratio of the compression modulus of the lime/cement column to that
of the untreated soil increases, in spite of equal or less hydraulic
conductivity of the lime/cement columns compared to that of the origional
soil. The results obtained from this model are compared with those
predicted using the finite element program, PLAXIS, see Figure S. 3.

T T T

P o8 Hot0s,a =879 L
TR S| T

W
N N
40 \ \\ \ """
A\ >
6(} ‘\ k
J—@p—Proposed Model, M, =500, Ll \

50 -1 > - PLAXIS, M, =50 M, 2 »\ &
»
-««-O--~Proposc& Madel, M, =100 21 \\XQ

N
w2100 M, N

0

LI
73

Average degree of consolidation [%]

- £} - PLAXIS, M,
100 P T NS REENLY f H

1OE-4 1.0E-3 1.0E-2 {.0E-1 1.0E+0
Time facior, Tv [-]

[atd

Figure 8. 3 Proposed model versus PLAXIS, for two different compression
modulus ratios.

FIELD TESTS

In-situ measurements were made to measure the stiffness and the hydraulic
conductivity of the lime/cement column stabilized clay.
The load tests used to obtain the column stiffness were carried out at two
sites, the Varberg and Léftadn test sites, while the hydraulic conductivity
tests were conducted at the Fjards and Loftadn test sites.

A special method was used to carry out the in-situ load tests. Four holes
were made in the column at different levels to measure the deformations
there caused by loads applied stepwise at both ends of the column.
Young's modulus for lime/cement column was evaluated vsing the finite
element method by finding the best fitting curve for the load-displacement
relationship obtained from the field measurements. Short-time creep
deformation was measured during each load step.
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The column stiffness obtained from field tests was higher than that
evaluated from unconfined compresston tests, carried out in laboratory.
The load-deformation curve consists of an almost straight part, linear with
low deformation, followed by a non-linear part with large deformations.
The creep deformations in the columns increase rapidly directly at the
beginning of the non-linear portion of the load-deformation curve, and a
creep load capacity can be evaluated, see Figure S. 4.

0 — 1= = P> R B P R T
t ' Ll ' 1 1 1 1
E\ ' ' ' ' R | T SR B e P Pt et
E MW CT TN T - A
= ! : : 1 E oo ! |
g SEEEEER S-S R SO
] ' 3 1 1 1 g~ t ' f ' :
é A e e it halid .E‘?, 7] i ' @ 1 : i
e i 1 t 1 ! 1 aE T o ) e |
= - ! | ' ! . ! £ 10 ) ! ! . :
‘g ' | t ' ; ' é"i E ' 1 | t 1 )
e e et i R =8 5_.__’___'___‘_.-'___'_ﬂﬂ'
s f i ' t t ' o i i : T i
- 1 ' ' ' ' [ ue E f t ' |. 1 '
o 15F Leenesenangart
LS LI L L B B

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Load [kN] Load {kN]

Figure S. 4 Total and creep deformation at the top of column 7 as a function of
load.

No standard method exists so far for testing and evaluating the hydraulic
conductivity of lime/cement column in field. The method used in this study
is called the packer test and is similar to the method used for measurement
of hydraulic conductivity in a rock mass.

Two equations are mainly used to calculate the hydraulic conductivity of
the clay based on the in-situ packer test.

In the case of constant head measurement, the hydraulic conductivity is
determined by the following equation:

1 9
o S.6
“ F AH (5.0

In the falling head case, the equation is given as:

KCO,=—1--———ACZ—-In EL (8.7
F (,-t) | H,

Kiv
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The shape factor ,F , shown in equations (5.6) and (S8.7) was evaluated
using the finite element program PLAXIS.

The obtained hydraulic conductivity of the lime/cement columns varies
between about 10 and 100 times that of the original soil with an average
value of about 40.

LABORATORY TESTS

Laboratory tests were carried out on both standard size and large size
lime/cement samples to study the mechanical and hydraulic properties of
the material.

Unconfined compression and hydraulic conductivity tests were conducted
on laboratory prepared and field mixed samples.

Results from unconfined compression test showed that the behavior of the
lime/cement columns is less ductile compared with the lime columns.
Moreover, it was observed that the failure strain decreased with increasing
curing time.

Like previous studies, the stiffness of the lime/cement colunmn increased
proportionally to the compressive strength. In connection with the Loftan
test site, the secant modulus, Es; was about 100 times the unconfined
compressive strength.

The values of hydraulic conductivity obtained from laboratory tests carried
out on field-mixed and laboratory prepared lime/cement samples are
similar and vary between 3 and25 times that of the clay.

Large samples were only extracted from the Loftadn test site and subjected
to triaxial compression and hydraulic conductivity tests. The lime/cement
columns were trimmed down to a diameter of 0.5 m and 0.5 m height.
There are many reasons why a soil sample may not be fully saturated
during laboratory tests. In the case of the lime/cement columns, the
manufacturing of the column is performed using a dry stabilizing agent
together with very high air pressure, may be up to 500 kPa. Evidence from
field and laboratory tests shows that lime/cement columns are not fully
saturated. In the case of a stiff material, like the lme/cement column, the
presence of a small amount of air will have a large impact on the pore
pressure developing during a triaxial test.

The results of the triaxial compression tests confirmed that the lime/cement
column behavior is similar to that of stiff overconsolidated clay. Negative
pore pressure due to dilation was observed directly before failure.

It was observed that the secant Young modulus, Es, evaluated from the
undrained compression {riaxial tests increased very slightly with the
increase of the confining pressure.
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Short-term creep strain measured in all the columns during the undrained
triaxial compression tests became significant at about 90 % of the failure
load.

The value of the measured hydraulic conductivity when no deviator stress
was applied on the sample was about the same as that of standard size
samples. An increase in the hydraulic conductivity was observed with the
increase of the deviator stress applied on the large sample.
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Symbols and abbreviations

LIST OF SYMBOLS AND ABBREVIATIONS

Roman letters

ratio of area of the treated soil to the area of the unit cell
pore pressure parameter

area of cylinder 2

cross sectional area of the columns

corrected area

initial area of the consolidated specimen

area of the standpipe

pore pressure parameter

effective cohesion

undrained shear strength of the soil

consolidation coefficient of the untreated soil
compressibility of soil skeleton

compressibility of the pore water

diameter of the piezometers

diameter of the sample

void ratio of the medium at any time t

secant modulus evaluated at stress levels related to 50 % of the
failure load

colurm secant moduolus evaluated at stress levels related to
50 % of the failure load

Young’s modulus of the column

undrained secant modulus at 50 % of the failure load

secant modulus related to stress failure
reference Young’'s modulus

shape factor

acceleration due to gravity

shear modulus

column specific gravity

shear modulus of the columns

shear modulus of untreated soil
hydraulic head

elevation head

depth of the column-soil system

the heads between which the hydraulic conductivity is
determined

hydraulic head
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Usoil

Vco!, [

W,

Height of the sample

pressure head

hydraulic gradient

intrinsic hydraulic conductivity

bulk modulus

hydraulic conductivity of the column

hydraulic conductivity of the soil

length of the column

length of the column

length of the piezometers

oedometer compression modulus

oedometer compression modulus of the columns
oedometer compression modulus of the untreated soil
stiffness ratio between the treated and untreated soils,
(Mcol /Ma‘oﬁ.‘ )

initial porosity

mean effective stess, (0] +073 +05/3)

absolute pressure in the pore air after application of stress
increment.

initial absolute pressure in the pore air corresponding to S
deviator stress, 0, — T,

specific discharge

flow rate

radius of the column

effective radius which is related to the column spacing
radius of the unit cell

spacing of the columns

degree of saturation

initial degree of saturation

the time when the water level in the standpipe is H/
the time when the water level in the standpipe is H2
time factor for radial drainage

time factor for vertical drainage

excess pore water pressuie

average value of excess pore water pressure

excess pore watet pressure in the untreated soil
discharge velocity

volume after consolidation

water conient

natural water content

radial deformation
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wir.onf)  radial deformation at the boundary between the column and the
surrounding soil at time ¢

wi{r.,t)  radial deformation at the outer vertical boundary of the unit cell
at time ¢

X integration constant

Y integration constant

Z integration constant

Greek letters

B compressibility of the fluid

X constant depending on the geometry of the unit cell and the
stiffnesses of the lime/cement column and the surrounding soil

8 vertical displacement of the column

AH constant difference in head

Ar Distance increment in the r-direction

Au change in pore pressure under undrained condition.

AV volume change

Az Distance increment in the z-direction

Aoy change in the isotropic cell pressure.

£, axial strain

Epon radial deformation at the boundary between the two materials
(atr = req)

E; strain in the i-direction

g, strain in the j-direction

g, strain in the k-direction

£, radial strain

£, volumetric strain

£, vertical elastic strain in the column-soil system

E,(t) vertical elastic strain in the column-soil system at time ¢

&, tangential strain

0 angle of internal friction

¢’ effective angle of internal friction

D Yoshikuni’s potential function

@ average value of the potential function

D (1) potential function at time t

¥ unit weight

Yol column unit weight
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Y. unit weight of the water
A Lamés constant
Aot elastic coefficient (Lamés constant) of the columns
At elastic coefficient (Lamés constant) of the surrounding soil
I absolute viscosity of the fluid
v Poisson’s ratio
Vo Poisson’s ratio of the column
Vo Poisson’s ratio of the untreated soil
o mass density of the fluid
o, axial stress
o, radial stress
of stress in the i-direction
; stress in the j-direction
o, stress in the k-direction
o effective radial stress
o, radial stress at the boundary between the column and the

untreated soil
o, (r,,t) rtadial stress at the boundary between the column and the

surrounding soil at time ¢

Crp vertical stress at the top of the column

Oy vertical applied stress

Ccol _vertical stress in the lime/cement column

Ceoll( 1) vertical stress in the lime/cement column at time ¢

o column stress in the z-direction

zeol

o,,.(f)  average vertical stress in the untreated soil at time ¢

Oyl vertical stress in the untreated soil
Osoit(t) vertical stress in the untreated soil at time f
o’ (1)  effective vertical stress in the untreated soil at time ¢

o, vertical stress in the column at depth y

T, shear stress on the column periphery at depth y
) rotation of displacement

Y dilation angle

'Y constant depending on the geometry of the unit cell and the

stiffnesses of the lime/cement column and the surrounding soil
gradient
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Introduction

1. INTRODUCTION

1.1 BACKGROUND

Deep stabilization using lime columns to improve soft soil is a technology,
which was developed in Sweden in the middle of the seventies.

The method was mainly used for stabilizing soil under highway and
railway embankments, but also for stabilizing cuts and excavations. At the
end of the 1980’s, the lime/cement column was first introduced and
became one of the most frequently used methods for soil improvement.
The method is cost effective, as it results in an increased factor of safety
against failure as well as drastic reduction of settlement. The number of
installed lime/cement columns in Sweden has increased dramatically from
about 0.2 million meters of columns per year at the end of the 1980°s to
about 3.4 million in 1994.

The theories used for design were originally developed for lime columns,
Broms (1984). Today, the major parts of all columns are manufactured by
using a mixture of lime and cement, which results in somewhat different
mechanical and hydraulic properties. Hence, the need for modified design
theories and more information about the material properties has been
actualized. The uncertainty in the calculation of settlements and how they
develop with time has been fairly large. In combination with a simplified
method of analysis, this has in many cases probably led to a somewhat
conservative design. A study of a number of case records has also shown
this to be the case, Edstam {1996).

1.2 OBJECTIVE AND SCOPE OF THE STUDY

The objective of this study is to investigate the mechanical and hydraulic
properties of lime/cement stabilized clay to improve the prediction of these
properties. Furthermore, this study is aimed at developing a settlement
design method that takes account the effect of stiffness difference between
the column and the surrounding soil on the rate of consolidation.

The literature survey in this study is focused on different analytical and
numerical methods used to calculate the settlement and the rate of
consolidation of soft soil stabilized by stone, lime, cement and lime cement
columns. Furthermore, the properties of lime and lime/cement treated soil
are presented based on laboratory and field tests.
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Three mathematical models are presented in this study, two of which are
numerical and one is an analytical elastic model.

The analytical model is used to increase the understanding of long-term
total settlement as well as the stresses caused by an applied load.

In the first numerical model, the finite element method has been applied
using a three-dimensional model to study the stress distribution behavior.
The second numerical model is a finite difference model used to calculate
the consolidation settlement of lime/cement columnn stabilized soil.

In-situ field tests were carried out to determine the stiffness and the
hydraulic conductivity of the treated soil at three sites. Special test
methods were used for this purpose.

To study the mechanical and hydraulic properties of lime/cement stabilized
clay, laboratory tests were conducted on both laboratory mixed and field
prepared standard size samples. Furthermore, hydraulic conductivity and
triaxial compression tests were carried out on large lime/cement samples,
of 0.5 m height and 0.5 m diameter, extracted from the Loftadn test site.
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2, SURVEY OF LITERATURE

2.1 INTRODUCTION

Settlements are usually calculated under the assumption that the strains in
the column and the surrounding soils are equal and that no distribution of
the load occurs within the stabilized area. Normally, the settlements are
monitored during construction, to ensure that the stabilized soil functions
as expected. Edstam (1996) reported that, on average, the observed
settlements were only 40 % of those calculated when lime and lime/cement
columns were used to reduce the settlement.

The settlement of deep stabilized soil and its development with time is
dependent on the modulus of compressibility and the hydraulic
conductivity of the treated as well as the untreated soil. A fair knowledge
of these two parameters is needed to decide the method of analysis to be
used for estimating the settlement and the rate of consolidation for the
modified soil. Many techniques are used for improvement of soft soils.
Among these methods are: stabilization by tone columns, cement columns,
lime columns and lime/cement columns.

The common factor for these methods is that a stiffer material replaces part
of the soft soil. On the other hand, the hydraulic properties of this material
are different, which in turn means that different boundary conditions must
be used to evaluate the settlement as a function of time. Several methods
were developed to estimate the settlement of stabilized soil, using both
analytical and numerical solutions by applying linear or nonlinear material
properties. Some of these methods are discussed in the next section.

Field and laboratory tests used to predict the lime/cement column modulus
and hydraulic properties are presented in another section.
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2.2 SETTLEMENT ANALYTICAL METHODS

Several theoretical approaches have been presented to predict the
deformation behavior of soft soil improved by using columnar inclusions
such as stone, cement, lime and lime/cement columns. The concept of a
unit cell is the base of most of the analytical methods developed to predict
the setttement of the modified soil. The unit cell is part of a treated soil
where the loaded area is of long extent compared with the depth, and hence
the stress concentration ratio is constant with depth. The unit cell consists
of the column inclusion surrounded by the soft soil media. The stress
concentration ratio is the distribution of the vertical stress within the unit
cell and expressed as

Where
o] stress in the column

o

soil

col
stress in the sarrounding soil

The unit cell is assumed to rest on rigid frictionless strata and the outer
vertical boundaries surrounding the soil are confined by stiff frictionless
wall.

The radius of the unit cell 7., is related to the column spacing so that

T, =Cy S

Where
C, factor depending on geometry
S column inclusion spacing

The factor ¢, is equal to 1.13 and 1.05 respectively for a square and a

triangular column pattern.

The column inclusion is considered as a solid cylinder with a radius of ren
The applied vertical stresses at the top of the cell unit are sheared by both
the colunn inclusion and the surrounding soil according to their stiffness
and geometry. This means that they undergo the same total vertical strain
and, hence, no slips take place at the column soil interface.

Goughnour (1983} presented a unit cell model for evaluating the settlement
of a vertically loaded stone column in soft soil. Depending on the
magnitude of the applied load and the confining lateral pressure, two
analyses, plastic and elastic, were proposed. If the stone column is

4
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assumed to be incompressible and the surrounding soft soil to act ideally as
saturated clay soil, then the applied load is sheared almost equally between
the two materials, and no immediate settlement will take place. However,
the stone column is a permeable material, which provides a short drainage
path for the surrounding soil. The soft soil will immediately start to
consolidate, which results in load transfer from the soft soil to the stone
column. If the total applied load is less than a certain value, then only
elastic deformation will occur. On the other hand, if the applied load is
higher than the limited value, then the column strength will be exceeded
and part of the column will reach a state of plastic behavior.
In the elastic analysis, both the stone column and the surrounding soil were
assumed to behave as linear elastic materials. The behavior of the stone
column was described by the modulus of elasticity F; and Poisson’s ratio
V,, while special attention was paid to the selection of the surrounding soft
soil. The modulus of elasticity of the clay soil was determined as.

E = (1+Vc)‘(1—2“’«)‘(1+@(,)‘(PAV<;)

¥e

¢ 0.435-(1-v,)-c,
Where
v, clay soil Poisson ratio
e initial void ratio of the clay scil

c, compression index of the clay soil
(Pyvs )m average vertical effective stress on the clay for the

loading increment

In case of normally consolidated soil, the clay Poisson’s ratio was
calculated based on the initial coefficient of earth pressure K, as

K

&

V.=
1+ K,

The vertical strain was calculated as

e, =F,-m, (Ap) (2.1)

v
Where

£ Vertical strain (equal for stone column and
surrounding soil)

factors depending on the replacement area a,,

which is the ratio of the cross-sectional area of
stone columm to the cross-sectional area of the
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unit cell, and the elastic properties of the stone
and surrounding soil material

(Ap): effective vertical stress increase averaged over
horizontal projected area of the unit cell

In the plastic analysis, yielding in the stone column was assumed to obey
the Mohr-Coulomb criterion, which can be defined by the angle of internal

friction a Terzaghi's consolidation theory, modified to accommodate

both radial and vertical strains, was used to define the behavior of the in
situ soil. The calculation of the initial stresses is an important phase in the
plastic analysis, and the disturbance caused by the installation processes of
the column inclusions, be it stone, cement, lime or limefcement column is
always a very complicated problem to deal with. In the case of stabilization
of normally consolidated clay using stone column, it was assumed that the
coefficient of earth pressure during the short time of construction would
revert very close to the initial value K,.

When the clay soil starts to consolidate, the coefficient of earth pressure
will, due to the radial strains induced by the column bulging, start to
increase to approach a value between K, and 1/K, depending on the
geometry of the problem, For example, if the spacing between the columns
is large, then the radial strains in the surrounding soil will be small, and
very limited increases in the coefficient earth pressure take place.

The vertical strain of the plastic phase was calculated as

[ (Pa) +AP
. = 1__ . & e .2
e, =(1-a) 37 logl{ (B). } 2

(AP) { (KifK>1ﬂ
AP=——1+K+K,

142K, i ifK <1
Where
(P)., initial effective vertical stress in the clay
(AP )vr effective vertical stress increase in clay averaged
over the horizontal projected area of the clay
K earth pressure coefficient applying to the load
increment

In equation (2.2), besides the unknown vertical strain &, the effective
vertical stress in the clay (AP):C is unknown as well.
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The vertical strain in the cell without the colunin inclusion can simply be
written as
gllraslftb — Cc log (‘Pﬂ)vc + (AP)V
" 1+e, -° (P)..

o

Considering the above equation, a reduction factor, R, can be defined as
the ratio of the computed strain in the unit cell element, when the stone
column was considered 1o be in the plastic state, to the vertical strain
calculated from the above equation. The author presented a series of curves
to show the relation between the plastic reduction factor R, and the ratio of
the effective vertical stress increase, (Ap):, to the effective vertical stress

*
e

increase in the clay, (AP) for different values of replacement ratio, as,
and different angles of internal friction a:

Another elastoplastic model was presented by Wallays et al. (1983). The
load transfer mechanism and the settlement caused by the applied load in

the soil, stabilized by using stone or sand inclusion, were analyzed for both
a rigid and a flexible raft foundation supported by the modified soil.

TR

! WllJae, oo

A L k]
"f :

Figure 2.1  Definition of the soil layer with Az thickness, after Wallays et al.
(1983).
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In the case of a rigid raft, the deformation in the column and the
surrounding soil at a certain level was assumed to be equal, while in the
case of a fiexible raft the settlements of the surrounding soil were only
slightly larger than those of the column inclusions.

When the vertical load was applied by the rigid raft to the medified soil,
the loads were transferred to the columns because of the bulging, and the
initial radius of the column, r; increased to become equal to r,
see Figure 2.1.

Since the radial deformation at the unit cell boundaries located at r = R
from the cell center was prevented, the bulge of the column could cause
yield in the surrounding soil. Thus, the surrounding soil was divided into
two parts; an inner soil ring, with thickness of (ry-ru)s which was in the
plastic state and the rest of the soil bounded by the cell radius, R, and the
plastic radius, 7,, was in the elastic state.

The plastic radius was evaluated to be a function of the unit cell radius, the
modulus and Poisson’s ratio of the surrounding soil, the vertical stress
increase in the elastic soil ring, the radial stress at the unit cell boundaries
and the angle of internal friction of the soil. The effective soil cohesion
was neglected in this analysis.

The vertical stress acting on the plastic ring varied between a maximum
value at the columm boundary and a minimum value at the boundary
between the elastic and plastic rings and, for simplicity, an average stress
was assumed in the analysis. The average vertical strain in the plastic ring
was assumed to be equal to the vertical strain in the elastic soil ring.

As for the deformation and the vertical stress in the column inclusion, a
condition was first defined to show whether the column is in the elastic or
plastic state. This condition is dependent on many factors, such as the
column elastic properties, the shear parameters, the initial stresses, the
column geometry and the radial contact pressure. Equations were then
derived to evaluate the stresses and the axial strains in the column for the
clastic and plastic states.

In most of the analytical models published, the load assumed to be shared
between the column inclusion and the surrounding soil is based on the
assumption that the two materials undergo the same vertical deformation,
that is horizontal sections in the ground remain horizontal. This can be the
case for rigid loading, but for flexible loading the deformation of the two
materials is obviously different.

Alamgir et al. (1996) presented a simple theoretical approach taking the
difference in deformation between the column inclusion and the
surrounding soil into account. For the sake of simplicity, only elastic
analysis was considered. The analysis was made so that the colurmnn-soil
system was divided into a number of uniformly loaded elements.
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Since only elastic analysis was considered, the column-soil interface
remained elastic as well and, thus, no slip took place between the two
materials. As a result the displacements of the column and the surrounding
soil at the interface were the same. The analysis neglected the effect of the
radial deformation and hence only the vertical deformations of the system
were considered.

The most important step in the analysis was to define a deformation shape
of the column inclusion and the soil. The deformation of the column was
assumed to be the same across the column area, while the deformations in
the surrounding soil had the same value as the column deformation at the
column-soil interface and then decreased to a minimum value at the unit
cell outside boundary.

HHHH

Original grade

Final grade

EEREERTEEERERY B B a1
Figure 2.2 Assumed mode of deformation, after Alamgir et al. (1996).

Alamgir et al. supported this assumption by experimental evidence and
experiences gained from the field of reinforced earth. The equation used to
define the deformation in the surrounding soil was written as

;
r_ M
w,=w, +0 | ——e *° for agr<b

a
Where
a radius of the column
b radius of the unit cell
¥ radial distance measured from the center of
column
W, displacement of the surrounding soil at depth z
and radius r
W, displacement of the column at depth z
Q,,, B, displacement parameters
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The above equation shows that the deformation in the soft soil varies both
with depth and radius distance, and consequently the mobilized shear
stresses and the shear strains will vary in the two directions.

The shear strain, ¥,,, and shear stress, 7,,, in the soft soil can be expressed

as

v, = «,, {1 B, .eﬁr{i—l}

a

T, :____Es_.q.rz_ 1- 8. .eﬁ‘{ﬁ—l)
2-a-(1+v,)

Due to symmetry, the shear stresses at the outer boundary are equal to zero,
which will cause that

B.-e
The value of fB,is only a function of the spacing ratio /g, and this can be

expressed graphically in Figure 2.3.
The two remaining factors needed to evaluate the deformation in the
system are the vertical deformation of the column, w,, and the &, factor.

b
B (=1}
' _1=0

The vertical deformation of the column can be obtained by considering the
vertical equilibrium of an element of the column, where the normal stress
in the column can be derived first and then the vertical deformation in the
column be obtained, which is directly related to the normal stress by the
column modulus of elasticity.

1

ﬁre’:(""” 1w rrmmemem - Eq(s)

| |
0 5 (] 15 7
n(=bfz)

Figure 2.3  Variation of 3, with the spacing of the columns, after Alamgir et al.
(1996).
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The factor ¢, was obtained by first considering the vertical equilibrium of

a soft soil element located along the outer boundaries of the unit cell and
then combined with the displacement compatibility between the column
and the surrounding soil. The results for a typical problem solved by using
this approach were compared with results calculated by the finite element
program CRISP, and fair agreement was achieved.

Poorooshasb and Meyerhof (1997) introduced two very interesting
mathematical models for analyzing the behavior of stone columns and lime
columns. In these two analyses, only end bearing columns were treated.
In the first model, the lime-soil system materials were assumed to behave
as a linearly deformable homogeneous material defined by the modulus of
elasticity, E, and constant Poisson’s ratio, V. Both vertical and radial
deformations were considered and the column-soil system was assumed to
deform equally. :
The equations derived to evaluate the deformation of the column-soil
system are

2 2
- A-{1+B-vc}-bb—2a+

UDL
(8/L.)

{E,+2.v, -[A-C-(1+B-vc)+D-vc]}--‘-;—§—

Az (1-v) "

(1—v—2-v2) ’
2
B2V, -
1-v b"—a
C:_v—
1-v

D=(1+v)-a2+(1—v)-b2 B

(1-v*)-(p*-a*)

Where
a radius of the column
b radius of the unit cell
E, Young’s modulus of the column
E, Young’s modulus of the soil
V, Poisson’s ratio of the column

11
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v Poisson’s ratio of the surrounding soil

UDL intensity of the uniformly distributed load carried
by the rigid mat plus the self-weight of the mat.

i) settlement of the system

L. column height

In the case of the second model, where the behavior of stone columns was
analyzed, the surrounding soil in the unit cell was assumed to possess
material linearity, white elastoplastic behavior was assumed for the column
material.

Two curves, 77/, and V/e,, are usually used to define the deformation of
the granular material, where 7} is the ratio of the major stress, o, to the
minor stress, 0, £, is the axial strain of the column and V is the volume
strain of the column with a negative value for a dilatory material. Two
equations were then derived to represent the deformation behavior in the
stone column. These equations are:

n=20=n,) @2.3)

=3
Veg+2-6=V(g) (2.4)
It is important to mention that the elastic component of the principal strain
increment, d& was neglected in the derivation and that only the plastic

component was considered. The minor principal stress, 0, was assumed

to be equal to the summation of the side pressure caused by the column
tendency to expand laterally plus the residual stress due to the self weight
of the soil and the stresses caused during the installation phase.

gS = 03 + O‘ms (25)

The load cartied by the surrounding soil and the radial stress caused by the
lateral column expansion are derived as

(1-v)-E 2v 4

—N et & 26

iy yev i v 2.6)
e . 2

Gaﬂ_\_/_ o E -, (1+v)-a®+(1-v)b @

T1-v ST (- )

The final equation was derived by considering the vertical equilibrium in
the column-soil system and was written as

12
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2 2 2
upL=2"2" +(:2 )P 2.8)

The above set of equations can now be solved for the six unknown terms.
In Sweden, the existing design method used to evaluate the final settlement
of soft soil modified by lime and lime/cement colummn inclusions is based
on the assumption that the horizontal sections in the ground remain
horizontal in the course of the settlement. In fact this design method is
originally based on a model developed by Broms (1984) for soil stabilized
by lime columns.
The soft soil in the column-soil system was assumed to behave as linearly
elastic material while the columm inclusion was assumed to behave as an
elastoplastic material. The load-deformation relationship of the column
material is shown in Figure 2.4.
The failure strength of the lime/cement column is estimated empirically
according to the following equation

col
Gﬁ'fﬁiure = 2 ' Cuk + 3 ) O-h (2'9)
Where
Cut characteristic undrained shear strength of the
colummn
o, total horizontal stress at the column-soil boundary

The column material is elastic when the stress in the column caused by the
applied load is smaller than the column creep load, O,

creep t

Stress, Ocol

F 3

M cot
0.601‘

creep

b

h 4

Strain, €

Figure 2.4  Stress- strain relationship of the stabilized soil.
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The creep load in the lime and lime/cement column is assumed to be about

col

65 % of the column failure strength, O . calculated by the empirical
equation (2.9).

The slope of the line in the stress-strain relationship shown in the above
figure is equal to the compression modulus of the column M.

The load distribution in the column-soil system is assumed to depend on
the ratio of the column compression modulus, M., to the compression
modulus of the surrounding soil, My, as long as the column creep load,

o, is not exceeded and the stress in the column-soil system can be
written as
q
O, == (2.10)
i+ (m=1)a,
ol = (2.11)
1+ (m-1)-q,
Where
O vertical stress in the column
O i vertical stress in the surrounding soil
q total applied stress
m comptession modulus ratio, (M /M ;)
. 2
ds area replacement ratio, ([d/D])
d column diameter
D diameter of the cylindrical cell

In the light of the above discussion, the calculation of the settlement of the
reinforced block can be treated in two cases. In the first case when the
column vertical stress is smaller than the creep stress, the settlement of the
reinforced block can simply be calculated as

g

o ‘ ,
Ah = el p= . sell T 2.12
h’l o col M i col ( )
Where
Lea length of the column

In the second case, when the stresses in the column exceed the creep stress,
then the vertical stress in the column must be set to be equal to the creep
stress. As a consequence, the stresses will redistribute and the stress in the
surrounding soil increase. In this case, the settlement of the reinforced

14
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block will be dominated by the surrounding soil and the vertical settlement
become equal to

col
q4- Gcreep dy Lcor
. 2.13
M soil (]‘ — 4 ) ( )

Ah, =

It is important to point out that, in the above design method, only the
deformation in the reinforced block was discussed. The calculation of the
settlement of the untreated soil under the reinforced soil block will be
discussed in another section in this chapter.

As mentioned before, some of the physical properties of the different types
of column inclusion, such as the hydraulic conductivity, are different from
each other. This results in different behavior of the columns during and
after installation. From the consolidation analysis standpoint, the stone
column which acts as a drain with zero pore water pressure at the common
boundaries with the surrounding soil will not behave as the lime/cement or
cement columns where the hydraulic conductivity in these two materials is
much smaller than stone column.

Another important factor is the deformation condition of the surrounding
soil and its effect on the consolidation process.

Terzaghi’s consolidation theory is identical with the one-dimensional heat
flow. From the thermodynamic point of view, it is possible to extend
Terzaghi’s one-dimensional consolidation theory to two or three-
dimensional cases.

Barron (1948) presented a solution for a radial consolidation by
considering Terzaghi’s equation for three-dimensional consolidation in
polar coordinates. The basic partial differential equation for three-
dimensional consolidation can be written as

ou { a k, [du) k, [1 0u %
bl IO R St AT T I il 214
ot (1+e] Y. {az2]+yw (r 8r+8r2} (-14)

Where

u excess pore water pressure

t time

ay coefficient of compressibility of the soil

e void ratio of the soil

K, vertical coefficient of hydraulic conductivity of
the soil

K, horizontal coefficient of hydraulic conductivity of
the soil

Yw unit weight of water

15
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From the viewpoint of the soil deformation, Barron presented two different
cases for the solution of equation (2.14). These are the equal and free
vertical strain cases. During radial consolidation with free strain permitted,
the soil around the drain well consolidates and compresses faster than the
soil located away from the drain center. This will cause differences in
settlement in the soil surrounding the drain well. In the case of free strain,
it was assumed that these differential settlements did not affect the
redistribution of the load to the soil or the rate of consolidation.

The arching developed in the material above the compressible soil, such as
road embankments, will redistribute the load, to some extent depending on
the amount of the arching. It can happen that in a severe condition, the
arching will develop to such an extent that the load will redistribute,
whereby all vertical strains in the consolidated soil become equal.

This condition can be obtained in the laboratory when using a rigid loading
platform, In the field, this may be obtained if the ratio of the vertical
drainage path, H, to the diameter of soil cylinder dewatered by the drain,

d., is large.
The solution of equation (2.14) for the case of equal vertical strain is
U=1—-exp 31 (2.15)
F(n)
in which
n* 3.n*-1
Fin)= In(n}-— 2.16
( ) n2 _1 ( ) 4‘ n2 ( )
C,t
T= '"d—z—
d,
n = e—
d\V
Where
cy coefficient of consolidation
d, diameter of the vertical drain

Barron showed that the difference in numerical values of the average
degree of consolidation obtained from equal and free vertical strain cases

is small. At 50 % consolidation and above, the values of the two solutions
are almost identical. See Figure 2.5.
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In the consolidation problem, the deformation conditions are a very
important factor, because the rate of the K,-condition of a cylindrical
sample is different from that of the isotropic condition. The consolidation
in the isotropic case is caused by an increment in all-round pressure, which
is kept constant during the course of the consolidation process.

The consolidation in the second case is caused by a deviator stress
developed as the lateral confining pressure decreases when, at the same
time, no lateral displacement is allowed at the outside boundaries.
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Figure 2.5 Comparison of average consolidation rate in clay cylinders by
radial drainage only for various values of n under conditions of
equal vertical strain at any given time and no arching of
overburden, after Barron {1948),

The dissipation of the pore water pressure occurs not only because of the
squeezing, like the case in the isotropic consolidation, but also due to the
stress relaxation in the horizontal direction.

The mechanism of the K,-consolidation clearly has been explained by
Nakano and Ito (1983), and is presented briefly below.

The dissipation of pore water pressure, Au, in the K,-consolidation is
expressed as

Au=Au"+Au" (2.17)
where
Au’ change in pore water pressure due to consolidation drainage
(isotropic)
Au” change in pore water pressure due to change in the lateral

confining pressure
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Since Au” is proportional to the change in the lateral confining pressure
Ao, then

Au" =0 Ao, (2.18)
where
o coefficient of pore water pressure
Gl GI 1
: ! i
‘\ LI A I ¥ ¥ Y r, ] "
/’-4-4
rw 4 *
> 10 5 = _ 2!
r. o, -Ac, —| 0T 3
¢ [4 1 3 <
X
Y x> o o Y j*
5 : @
g, -G
{a) (b)
Ko-consolidation (1) 1sotropic (2) shearing
consolidation deformation

Figure 2.6 Deformation characteristics | K -consolidation, after Nakano and
Ito (1983},

The radial displacement at the outside boundary of the clay cylinder caused
by the isotropic stress can be written as
u:(re,t)=1—;v -jAu’(r,t)-dr (2.19)

By

where

Poisson’s ratio in drained condition
drained Young’'s modulus

et <

while in case (2) shown in Figure 2.6 the radial deformation at the same
boundary is

p 1
u (QJ)=*~;E-A03'(J; ~r,) (2.20)
where

E Young's modulus in the undrained condition

18



Survey of Literature

Since the radial deformation at the outer boundary of the clay cylinder is
equal to zero, the summation of equations (2.19) and (2.20) is equal to
zero. From the last relationship, the two equations can be solved for the
lateral confining pressure, Ao, as

Ao,(t)=2-E-

-jAu’(r,t)-dr (2.21)

=h

The volumetric strain due to consolidating drainage is proportional to the
change in isotropic stress. Since the volumetric strain in case (2) is equal to
zero, the volumetric strain in the K,-consolidation is expressed as

¥

% (Au(r1)-at-Ac,) 222)

Equation (2.22) can now be substituted into the equation of continuity of
the radial consolidation under the axisymmetric condition to obtain the
following equation

u_, [0 1 0u
E_C [ar r ar}rf() 223
In which
d|2-E-«
Fl0)= (a -AG,)= at[ - ;fA W (r.0)- dr] (2.24)

It can be noticed that, besides the term usually used in the radial
consolidation equation, another time dependent term appears in equation
(2.23). In fact, this term is a function of the lateral radial stress at the
outside boundary of the clay cylinder, Aoy, as is shown in equation (2.24).

Yoshikuni and Nakanodo (1975) studied the consolidation process of a
clay cylinder with external radial drainage. They believed that the rate of
consolidation depended upon the deformation condition.

The triaxial consolidation of a cylindrical sample with external radial flow
is usually analyzed by the solution given by Da Silveira as an extension of
Terzaght’s theory on radial consolidation problem. This theory ignores the
deformation condition during the consolidation process.

Yoshikuni and Nakanodo studied four cases with different deformation
conditions. In case (1), a X,-consolidation with constant average vertical
load, P,, with decreasing radial load, p, at the boundary was considered.
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Case (2) also used K,-consolidation, but in this case the radial load, p,,
was kept constant with increasing vertical load, P.. In the third case the
clay cylinder was subjected to constant isotropic load. In the last case, the
vertical strain was prevented while the radial load was kept constant. All
these cases are shown in Figure 2.7.

A new concept called consolidation potential was applied in the analysis of
the four cases. Irrotational flow was assumed in the analysis and the
consolidation equation derived for the radial condition was written as

ou o'u 1 odu)| d®

—=C| Tzttt 2.25

o (ar2 ¥ ar} dt 225)
where

C, coefficient of consolidation in the radial direction

D potential function

For irrotational flow the potential function, @, and any point become
equal to the average value, @, and can be expressed as

D=D=(A+2 pu) v+ (2.26)
where
Ay W Lamé's constants related to the bulk modulus K,
and the shear modulus, G.
2

A.:K—E'G, M‘-—'—G

u average excess pore water pressure
Cases lond 2 Cose 3 Cuse 4
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Figure 2.7 The deformation of the clay cylinder in consolidation, after
Yoshikuni and Nakanodo (1975).
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Yoshikuni and Nakanodo concluded that the rate of consolidation of the
clay cylinder by external flow depended on the deformation conditions and
Poisson’s ratio v. If Poisson’s ratio came close to 0.5, then Terzaghi’s
equation came close to the actual state of consolidation. The radial
consolidation equation developed by Da Silveira is applicable in
K,-consolidation if the average vertical load is kept constant.

Mckinley (1998) derived a coupled formulation for the plane strain
axisymmetric consolidation problem. The change of the pore water
pressure with time was derived as

_a—uzc . .aj’_biw},la_u +(1+V’ é{i
o "lort r or ot
in which

U

F(t)= + 80’ + 8o,

’

1-v

In the same derivation, the summation of the increment of radial and

tangential effective stresses, 60, and 80, is related to the strain
deformations in the z, r and O directions by the following relationship

E{

6’6’:
Ot O% T VY (12 )

(8¢, + 8¢, + 8¢,

The time dependent factor, F(1), together with the constant, (1 —v’), can be
written as

(1-v')-E
(1+v)-(1-2-v")

F()-(1-v')= (8g,+ 0, + g, ) +u  (2.27)

Since the oedometer compression modulus can be written as
o (1=v)FE
(1+v)-(1-2V)

and since M =(A+2-u) and 8¢, = (8¢, + 8¢, + 8, ), equation (2.27) can
be written as
F(t)y-(1-vy={A+2- )-8, +u (2.28)

It is interesting to find that equation (2.28) is very similar to Yoshikuni’s
potential function, @, defined in equation (2.26).

21



Chapter 2

Terashi and Tanaka (1983) applied Yoshikuni’s equation to solve the one-
dimensional vertical consolidation problem for soft soil stabilized by lime
and lime/cerent column inclusions. They verified calculated results with
results from laboratory experiments, and good agreement was obtained.
Furthermore, they showed that the rate of consolidation of composite
ground was accelerated with increasing ratio of the coefficient of volume
compressibility of the untreated soil, m,,, to the coefficient of volume

compressibility of the treated, m,,, see Figure 2.8.

n Q.5+
el a = 25%
5

f |
1.0 =—57001 5.01 0.1 1.0

time facter T (= ¢ t/HZ)
v vu

Figure 2.8  Influence of m,, [m,, on the rate of consolidation, after Terashi
and Tanaka (1983).

When the ratio becomes equal to 1, then there will be neither stress
concentration nor lateral deformation. Yoshikuni and Terzaghi's one-
dimensional consolidation theory has then become identical.

Previously in this chapter, an approach developed by Poorooshasb and
Meyerhof (1997) was presented. The approach was used to analyze the
settlement of soft soil stabilized by stone columns. Non-linear behavior
was assamed for the stone column material, while the soft soil surrounding
the columns was assumed to possess material linearity. The same authors
extended this approach, Poorooshasb and Meyerhof (1996), to study the
consolidation settlement of a rigid raft supported by stone columns.

The study showed that the rate of consolidation was influenced by many
factors, among them the mechanical properties of both the stone columns
and the surrounding soil. The consolidation of the soft soil was assumed to
occur due to radial drainage toward the column. The pore water pressure at
the boundary between the column and the surrounding soil was assumed to
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be equal to zero. For the sake of simplicity, Poisson’s ratio of the soft soil
was assumed to be zero. As in the case of other unit cell models, the radial
deformation at the outer boundary of the unit cell was assumed to be zero.
However, the lateral stress at the same boundary varies with time and is
derived as

o,(b)=0,+0,-u

where
o,(b) lateral stress at the outer boundary of the unit cell
b radius of the unit cell
o, radial stress in the soft soil
O, tangential stress in the soft soil
u excess pore water pressure

In its initial form, the differential equation derived for radial flow was
expressed as

Ju , do, 00 (b)

e T 0, VA — el L 2,29

o " ot ot (229)
where

c, coefficient of consolidation in the radial direction

v? Laplace operator

o vertical stress 1n the soft soil

Despite the fact that the time dependent factor, o (b), derived above is not
the same as Ad,, derived by Nakano and Ito (1983), which is expressed in

equation (2.21), the principal is still the same when comparing equation
(2.23) and equation (2.29).
The final form of the consolidation equation was written as

3 2 )T
-é;ﬁu—bzmaz]vj‘r-u‘ar}=

) (2.30)
dg, 2-a° ¢
¢, Viu-E | =Lt~-"Z—u. =2
" [ ot b -a’ o ]
where
g vertical strain
g, lateral strain
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A unique relationship was assumed to exist between the vertical and the
lateral strains for the case of granular material so that

£ = f(&)

The last term in equation (2.30) was written as

The problem is of a nonlinear nature due to the vertical strain parameter,
g,.

Some of the results obtained by this analysis are shown in Figure 2.9.

time factor, T
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Er .""’"-'-'oolo\ ) o
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Figure 2.9  Effect of compaction of stone on the settlement of the system.
Spacing = 2.5 diameters, after Poorooshasb and Meyerhof (1996).

In the above figure, the performance ratio is defined as the ratio of the
settlement of the treated soil to that of the untreated soil. It is clear that the
stiffness of the column influences the settlement of the column-soil systern.
As the Baron equation neglects the stress concentration in the column as
well as the deformation behavior of the unit cell during consolidation,
Poorooshasb and Meyerhof suggested a method for modifying this
equation to take into account the stress concentration in the columns by
using the following expression

PR expl 2L 2.31)
PR, f(p)
where
PR the ratio of the settlement of the treated soil
compared to the maximum settlement of the
untreated soil.
PR the ratio of the maximum settlement of the treated

soil to the maximum settlement of the untreated
soil.
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't
T:”;';z——

p==
b
fip) a function defined in equation (2.16).

A special case was selected where the column spacing was 2.5 times the
diameter of the column and with an internal friction angle, ¢, of the column
equal to 41°. Figure 2.10 shows a comparison between results from the
Barron modified equation and that calculated by the proposed numerical
solution. Barron’s modified equation shows a slightly higher rate of
consolidation at the initial stages of the loading (the loads are applied as a
step function at time T=0+).

time factor, T

Iilllsllillllolllhisf

5 s « » Present study

Barron Equation

performance ratio
771

IR IR

Figure 2.10 Comparison of the modified Barron equation with_the present
analysis, after Poorooshasb and Meyerhof (1996).

In fact the method used by Poorooshasb and Meyerhof to modify Barron’s
equation was already used in Sweden when the consolidation of lime
columns had been developed. Hansbo (1981) modified the Barron equation
so that it could be applied to vertical drain with finite hydraulic
conductivity. Furthermore, the drainage condition at the end of the vertical
drain was considered as well, and thus the length of the column was
considered in the same equation. The new consolidation equation is the
same as equation (2.13) presented previously in this section, but the term,
F(n), was changed to take into account the two factors explained above

and expressed as

n’ i 1
F(n)=— _1‘[In(n)—0.75+?—4'n4}+

(2.32)
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where
n the ratio of the radius of the unit cell to the
column radius
r radius of the column
Koo hydraulic conductivity of the soil
Kool hydraulic conductivity of the drain
Lp drain length for single drainage path or half drain

length for double drainage path

The final settlement of the column-soil system calculated by equation
(2.12) or (2.13) was then used to calculate the settlement at any time
during the consolidation process. The degree of consolidation was
calculated according to Hansbo’s equation and set to be equal to the ratio
of the settlement of the system at any time, £, to the final settlement.

A major drawback of this method is that the consolidation process is
affected by the stress concentration during the whole consolidation period.
In Barron’s equation the consolidation was assumed to occur with constant
applied load during the course of the consolidation while, due to the
stiffness difference between the drain and the surrounding soil, load
transfer will take place from the surrounding soil to the drain material.
This means that consolidation in the surrounding soil will occur with
decreasing vertical load. In Figure 2.8, which represents the time factor
versus the degree of consolidation, different curves were obtained for
different stiffness ratio of the two materials.

To confirm the above point of view, a study was made using the finite
element program PLAXIS. Three different columns with soil stiffness
ratios, 1, 10 and 40, were selected, and the results from the finite element
and the Swedish method based on the Baron modified equation are shown
in Figure 2.11. It is important to know that the finite element resuits are
calculated based on the axisymmetric model, where the consolidation is
allowed in the radial direction as well as in the vertical direction.
Furthermore, to have the same performance ratio at each of the three cases
presented in the figure, the final settlements obtained from the finite
element calculations were used with the modified Barron equation instead
of using equation (2.12). The hydraulic conductivity of the vertical drain
was assumed to be 100 times that of the surrounding soil.

In the case when the stiffness ratio was 1, the change of the performance
ratio with time is almost identical. When the stiffness ratio was increased
to 10 and 40, the change in the performance ratio between the two methods
increased in proportion to the stiffness ratio.
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Figure 2.11 Comparison of the finite element results with the Swedish design
method based on the modified Barron equation.

Bengtsson and Holm (1984) conducted finite element analyses to study the

consolidation settlement of lime columns

embankment,

installed under a road

Many factors were studied including the function of the lime column
acting as a vertical drain and the effect of the overconsolidation on the

settlement.
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Figure 2.12 The assumptions and the data used in the analysis, after Bengtsson
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Figure 2.12 presents the geometry, the boundary conditions as well as the
conditions for preconsolidation and material properties of the lime column
and the clay. Four cases were analyzed. The first case was considered as a
reference where Young's modulus, Poisson’s ratio and the strength
parameters of the two materials were assumed to be equal. Furthermore,
the hydraulic conductivity of the lime column was assumed to be 100 times
that of the clay. In the second case, the compression index, m, of the lime
column was reduced and set to be equal to that of the clay.

In the third case the hydraulic conductivity of the column was assumed to
be equal to that of the clay. In the last case, the strength of the column was
essentially increased.

Time, &
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Figure 2.13 Settlement as a function of time for the four cases, after Bengtsson
and Holm {1984).

Figure 2.13 shows results from the finite element analysis for the four
cases mentioned above. The settlement at the early stage of consolidation
for case 1, 2 and 4 was almost identical. An obvious reduction in the rate
of consolidation of the system was observed when the hydraulic
conductivity of the lime column, in case 3, was reduced. 80 % of the
consolidation was obtained within one year when K, /K, =100, while it

took about 10 years to reach the same degree of consolidation when the
hydraulic conductivity ratio was reduced from 100 to 1.

Very limited studies have been done on the load distribution and
settlement of untreated soil below the stabilized floating block.

Lahtinen and Vepsilidninen (1983) and Liedberg et al. (1996) used the two-
dimensional, plane-strain finite element model for the analysis of this
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problem. The columns were modeled as rectangular strips with axial
stiffness equal to that of the circular column.

Carlsten and Ekstrom (1995) suggested that the entire applied Ioad at the
top of the reinforced block can be transferred to the bottom of the block
and then distributed in the untreated soil using an approximate method
called the 2:1 method. Liedberg et al. (1996) believed that the settlements
in the untreated soil calculated by this method are overestimated by about
25 %. It must be pointed out that the model used to estimate the settlement
was, as mentioned above, the plane-strain model and that the thickness of
the untreated soil below the 10 m deep reinforced block was only 5 m
deep. This no doubt will produce stress concentration due to the boundary
effect and, for this particular reason, the settlements of the soil below the
reinforced block are in fact overestimated by more than 25 %.
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2.3 STIFFNESS AND SHEAR STRENGTH OF LIME,
LIME/CEMENT AND CEMENT COLUMNS

The shear strength and the deformation characteristics of a soft soil will
change drastically when treated with lime, lime/cement or cement
stabilizing agent.

The shear strength of the treated soil increases and it becomes stiffer
compared to the untreated soil.

The behavior of the treated soil becomes similar to the behavior of stiff
overconsolidated clay. Many laboratory test, and, to some extent, field
tests to study the mechanical properties of treated soil are reported in the
literature.

The unconfined compression test is the most common laboratory test used
for evaluating the shear strength of the treated soil since it is both quick
and an inexpensive method. Results from these tests are sometimes used to
evaluate the modulus of elasticity of treated soil. However, the determined
elasticity modulus must be treated with caution.

Using triaxial and oedometer tests, the modulus of elasticity of treated soil
and its change as a function of the stress Jevel can be evaluated. It is
interesting to note that the stiffness of the treated soil is proportional to the
shear strength.

The treated soil is less ductile compared to the untreated soil, depending on
many factors, including, the amount and the type of the added stabilizing
agent, curing time and the type of the original soil.
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§}p = Limescomont (25/75)
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40 &’
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Figure 2.14 Relation between compressive strength and failure deformation,
after Ahnberg et al. (1993).
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Figure 2.14 shows results from unconfined compression tests carried out
on stabilized soil prepared by adding lime, lime/cement and cement
stabilizing agent to different types of untreated soil. The figure shows the
vertical axial strain at failure, &, versus the unconfined compression
strength, g..

In the case of lime treated soil, the axial strain at failure varied between 1.5
% and 10 % for an interval of unconfined compression strength between
20 kPa and 100 kPa. For lime/cement and cement treated soil, less ductile
behavior was observed and the vertical axial strain at failure varied
between 0.8 % and 3 % within an unconfined compression strength
interval of between 100 kPa and 500 kPa,

Balasubramaniam and Buensuceso (1989) studied the overconsolidation
behavior of lime treated soft Bangkok clays.
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Figure 2.15 Void ratio-axial stress relationships, after Balasubramaniam and
Buensuceso (1959).

The water content of the untreated soil was between 76% and 88 %, and
the liquid limit was about 104 %. The sensitivity of the clay was about 7.
The ratio of the weight of lime to dry weight of the soil used in the study
was between 2.5 % and 15 %. However, most of the results presented in
the study were mainly based on 10 % lime content since it was believed to
be the optimum ratio. '

Results from oedometer tests show that the behavior of the treated soil was
similar to that of a stiff overconsolidated clay with a low volume change at
stresses lower than that equivalent to the preconsolidation pressure, see
Figure 2.15. Furthermore, data in the figure clearly shows that there is an
increase in the stiffness of the treated soil compared to the untreated soil.
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The fact that the treated soil behaved as a stiff overconsolidated clay was
observed also from the consolidated undrained triaxial test results
presented in Figure 2.16.
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Figure 2.16 Undrained stress paths, after Balasubramaniam and Buensuceso
(1989).

Low pore pressure was developed during the test, which resulted in less
rounded stress paths. This behavior was clearly noticed for tests with two
months curing.

The deviator stress-strain relationship shows that the axial strain increases
as the deviator stress increases up to a peak value.

As the peak value is reached, the stress start to decrease with continuos
strain increase. Again, this was observed clearly for samples tested after
two months curing age. The axial strain at failure for two months curing
age was between 3 % and 4 %, see Figure 2.17.
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Figure 2.17 Deviator stress-axial strain and pore pressure-axial strain plots for
consolidated undrained triaxial tests carried out after two months
curing time, after Balasubramaniam and Buensuceso (1989).
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For one month curing time the axial strain was higher than 6 %.
Furthermore, Figure 2.17 shows that, for a confining pressure of befween
about 50 kPa and 150 kPa, the pore water pressure developed during the
test decreased and negative pore pressures were measured. This is to be
expected from overconsolidated clay.

The same behavior was observed in test results presented by Ahnberg et al.
(1995). These tests were carried out on samples prepared by mixing lime,
lime/cement and cement as stabilizing agents with soils of different
categories. Curing time for these samples was about 115 days. Negative
pore water pressure was developed in all cases when a low consolidation
pressure of 20 kPa was used. The only exception was lime treated clay
samples.

Figure 2.18 shows result from unconfined compression tests carried out on
Hme, lime/cement and cement treated clay samples.

Failure strain varied between 2 % and 4 %. It is important to point out that
a relative high back pressure between 300 kPa and 400 kPa,was applied to
the sample in an attempt to saturate it.
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Figure 2.18 Results of triaxial undrained compression tests. Measured deviator

stress and pore pressure change at ©'3,=20 kPa, 80 kPa and 160
kPa respectively, after Ahnberg et al. (1995).

The same authors carried out a series of drained compression triaxial tests
on a similar type of samples. The failure strains of these tests varied
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between 1 % and 7 %, for lime/cement and cement treated clay samples
and up to 19 % in the case of lime treated clay samples. Dilation was
observed at tests with low consolidation pressures. Lime treated clay -
samples at high consolidation showed no sign of dilation and behaved as
normally consolidated clay.
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Figure 2.19 Results of drained triaxial compression tests. Measured deviator
stress and pore pressure change at &'3,=20 kPa, 80 kPa and 160
kPa respectively, after Ahnberg et al. (1995).

Using these test results and results from uncontined compression tests, the
relationship between the shear strength and the modulus of elasticity of
treated soils was investigated. [t was shown that the drained initial elastic
modulus, E,, and the secant modulus, Esp, at a point on the stress-strain
curve corresponding to half the failure strength, of the treated soil
increased with the increase of the curing time and the confining pressure.
The results in Figure 2.20 show a relative linear relationship between the
drained secant modulus of elasticity, Esg, and the undrained shear strength,
7,. » which was expressed as
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ESO = 2’00 'Tuc

The ratio E, /t, at low consolidation pressures of about 20 kPa varied

between 200 and 400 while this ratio varied between 100 and 300 at
consolidation pressures of 160 kPa,
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Figure 2.20 Relation between secant modulus Esy according to drained triaxial
compression tests and measured undrained shear strength in the
stabilized soils at different consolidation stresses, after Ahnberg et
al. (1995).

In the case of lime/cement columns, the E, /T, ratio varied about between

uc

350 at low consolidation pressure and about 150 at higher consolidation
pressure.

The relation between the drained and undrained secant modulus, Esg, for
different consolidation stresses is presented in Figure 2.21.

The undrained secant modulus for lime/cement treated clay is about 0.5 to
1 times the drained secant modulus at a consolidation pressure of between
about 25 kPa and 75 kPa. At a consolidation pressure higher than 100 kPa,
the undrained secant modulus is higher than the drained secant modulus.
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This can be explained by the dilatation behavior of the treated soil, where
Jess dilation was observed at high consolidation pressure.
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Figure 2.21 Relation between evaluated modulus Esp according to drained and
undrained triaxial compression tests with different consolidation
stresses, after Ahnberg et al. (1995).

The authors also carried out oedometer tests and observed that the
compression modulus of treated soil varied considerably with the increase
in stress level. Furthermore, for lime/cement treated clay, the initial
modulus was about 200 and 600 times the shear strength at 14 and 91 days
curing time, respectively.

The elastic modulus was evaluated from the unconfined compression tests.

Ahnberg et al. (1995) suggested that, for samples prepared by mixing lime,
lime/cement and cement stabilizing agents with clay, the secant modulus at
shear strength, g, and at 33 % of the failure load, depending on the shear
strength, can be expressed as

For g, <120 kPa, then

E _=30-q,
Eq(:B = 50 ' q(

For 120 kPa < ¢, <300 kPa , then
E_=50¢,
ch.’3 = 90 ! qc

For g, > 300 kPa, then
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E_=120-(g,—175)
E_,=270-(q,—200)

Ekstrom (1994) carried out unconfined compression tests on both samples
taken from mixed-in place columns and samples prepared in the
1aboratory, see Figure 2.22.
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Figure 2.22 Relation between unconfined compressive strength qucq 0of
lime/cement columns and modulus of elasticity Es,, after Ekstrom
(1994).

A large scatter was observed of the undrained secant modulus, Es, at
different values of shear strength. The figure shows that the undrained
secant modulus, Es, can be evaluated to be about 50 and 150 times the
shear strength.

The in-situ load tests carried out by Kivelo (1994) showed that the
undrained modulus, Esg, is about between 1.2 and 1.6 larger than that
evaluated from unconfined compression tests carried out in the laboratory.
Kivels found the Esp modulus to be about 250 and 350 times the
unconfined shear strength.

All the laboratory tests mentioned above were carried out on standard size
samples of 50 mm diameter and 100 mm height.

Lime/cement column is not a perfect homogeneous material, and more
reliable results can be obtained when tests are carried out on large-scale
samples.

Steensen-Bach et al. (1996) conducted triaxial compression tests on three
lime/cement samples 500 mm in diameter. The samples were taken from
Hme/cement columns installed to reduce settlements for the Svealand rail
link in Sweden.
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The soil profile consisted of 1 m to 7 m gyttja clay having a 90 % to 135 %
liquid limit and 6 kPa to 15 kPa undrained shear strength, which overlies a
clay layer up to 17 m having a liquid limit of between 55 % and 95 % and
in the undrained shear strength varying from 14 kPa to 20 kPa.

The mixture used in the stabilizing of the soil was 50/50 per cent
lime/cement and the amount of the mixture was 23 kg per meter column
length. Eight-meter columns had been taken up, and three large samples
were sent to the laboratory, which were trimmed down to specimens of 500
mm diameter and 500 mm height.

Triaxial compression tests were carried out on these samples. The
specimens were first consolidated with a confining pressure of between 20
and 30 kPa. Then drained triaxial tests to a stress level below the failure
load were carried out. At the drained triaxial tests, the sample was
unloaded and reloaded again, and during each load step the creep
deformation of the sample was observed. After unloading the sample in the
drained test, undrained test was carried out to failure. As a last step in the
test program the sample was consolidated again at a pressure of about
100 kPa. An undrained compression test was then carried out to study the
effect of the confining pressure and the destructurization on the
mechanical properties of the treated soil.
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Figure 2.23 Axial stress and pore pressures versus axial compression (specimen
2), after Steensen-Bach et al. (1996).
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Figure 2.23 shows the axial stress and the pore water pressure versus axial
compression strain for specimen 2. The figure shows very low pore water
pressure development during the undrained test. A negative pore pressure
was observed directly before failure at the undrained test with low
confining pressure.

The drained Young modulus for the assumed stress path in-situ was
between 30 and 50 MPa, while the values of the undrained Young modulus
determined at stress level, related to 50 % of the failure load, Fsp, were
between 45 MPa and 105 Mpa. The undrained secant modulus was in the
order of about 200 to 500 times the undrained shear failure.

A very small creep component of the axial strain was observed for
effective vertical axial stress below 150 kPa. The undrained shear strength
for samples 1 and 2 was between 185 kPa and 280 kPa, while that of
sample 3 was between 127 kPa and 179 kPa,

Carlsten and Ekstrom (1995) suggested that the characteristic value of the
compression modulus, M;, for lime treated soils is between 50 and 100
times the characteristic valve of undrained shear strength, ¢ The
undrained shear strength is calculated from unconfined compression tests
or based on results from in-situ tests. However, the maximum value is
limited to 150 kPa regardless of what the result from laboratory or field
tests show.

In the case of lime/cement columns, the characteristic value of the
compression modulus, M;, is suggested to be between 50 and 150 times the
characteristic value of undrained shear strength.
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2.4 HYDRAULIC CONDUCTIVITY

The addition of lime usually increases the hydraulic conductivity of soft
clay. However, the hydraulic conductivity will not increase as rauch or
even decrease when using lime/cement or cement mixture. The results of
oedometer tests carried out by Terashi and Tanaka (1983), show that the
hydraulic conductivity of lime and cement treated soils was of the same
order or smaller than that of the untreated soils.

The hydraulic conductivity of cement treated Kawasaki clay was tested by
triaxial tests. The untreated soil was typical Japanese marine clay with a
natural water contain of 95 % and liquid limit of 90 %.

Figure 2.24 shows results from hydraulic conductivity tests for treated soil
with varying cement content, a,, and varying water content, we. The
hydraulic conductivity of the cement treated 50il, Kepmen, decreased with
increasing cement content and decreasing water content. Terashi and
Tanaka observed the same tendency for lime treated marine clays.
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Figure 2.24 Change of hydraulic conductivity with cement content and water
content, after Terashi and Tanaka (1983).

. Ahnberg et al. (1995) observed that the measured hydraulic conductivity of
laboratory prepared lime treated soils was two or three times higher than
the hydraulic conductivity of the unireated soil. Moreover, the authors
indicated that the hydraulic conductivity of lime/cement treated soils was
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somewhat higher than that of untreated sotl, while in the case of cement
treated soil the hydraulic conductivity was of the same order or lower than
that of the untreated soil. These authors also indicated that the in-situ
measured hydraulic conductivity of treated soil was somewhat higher than
that of laboratory prepared samples, but lower than the values usually
assumed and used for the settlement calculations. The difference in
hydraulic conductivity was related to the possibility of having more
homogeneous treated samples in the laboratory compared with the in-situ
mixed columns. Hence, no drainage layers or cracks occurred.

Bengtsson and Holm (1984) reported that lime treated soil functions as a
drain and that the hydraulic conductivity of treated soil was about 100
times the hydraulic conductivity of the untreated soil.

Pramborg and Albertsson (1992} carried out in-situ hydraulic conductivity
tests on lime/cement columns and determined that the measured hydraulic
conductivity, two months after the installation, ranged between 5- 107 mys
and 3.5+ 107 m/s, with an average value of 1.4« 107 m/s. The hydraulic
conductivity of the original soil was about 7 107" mys.

Carlsten and Ekstrom (1995) suggested that, for calculation - of
consolidation settlements using the method described previously in this
chapter, the hydraulic conductivity of the lime and lime/cement columns
should be 1000 and between 400 and 800 times the hydraulic conductivity
of treated soil, respectively.

41



Chapter 2

42



Analytical and numerical models

3. ANALYTICAL AND NUMERICAL MODELS

3.1 GENERAL

Three mathematical models are presented in this chapter, two of which are
numerical and one is an analytical elastic model based on a unit cell
concept. The analytical model is used to increase the understanding of
long-term total settlement as well as the stresses caused by an applied load.
This model was compated with the current design method followed in
Sweden, where the column is assumed to behave as a linear elastic
material.

For a correct estimate of the settlement due to the static load transmitted
from the structure to the underlying soil, it is necessary to know the stress
concentration ratio and its change with depth. In homogenous soils, the
stress distribution is calculated assuming that the soil is a linear elastic
material. The estimate of the stress distribution will become more
complicated in the case of soil improved by lime/cement columns. In the
first numerical model, the finite element method has been applied using a
three-dimensional model to study the stress distribution behavior.

The second numerical model is a finite difference model used to calculate
the consolidation settlement of a lime/cement column stabilized soil.

The hydraulic conductivity and compression modulus of the lime/cement
columns have a large impact on the rate of consolidation of stabilized soil.
Using lime/cement mixture instead of lime will increase the stiffness of the
treated soil and cause stress concentration in the columns, while at the
same time the hydraulic conductivity is decreased. Results and evidence
from field and laboratory tests presented in this study shows that no or very
low pore pressure was developed during the tests. Moreover, the hydraulic
conductivity of the treated soil was not much larger than that of the
original soil. In this model it is assumed that both soft soil and lime/cement
columns possess material linearity. The consolidation of the stabilized soil
due to vertical drainage is examined using the finite difference technique.
It is shown that the rate of consolidation increases as the ratio of the
compression modulus of the lime/cement column to that the untreated soil
increases, in spite of equal hydraulic conductivity of both the lime/cement
columns and the original soil. The results obtained from this model are
compared with those predicted using the finite element program, PLAXIS.
The comparison shows good agreement with predicted results.
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3.2

ANALYTICAL ELASTIC MODEL FOR VERTICALLY
LOADED LIME/CEMENT STABILIZED SOIL

In the analysis of soil stabilized by lime-cement column, a unit cell system
is considered. This system refers to a case where the loaded area is large
compared with the depth so that the vertical stress increase in the column
and in the surrounding soil is constant with depth.
The equations derived for calculation of the axial vertical strain, the
vertical stresses acting on the treated and the untreated soil, the radial
strain and the stress acting at the column boundary are given below. A

detailed derivation of the equations can be found in appendix A.

0]
€ = .
i a
a.r '(Mra.‘ +2.)"=rof .sza)”iw(l_as)‘(Msaﬂ _2' I“Ia ';L:ojl 'Fz,[})
3.1
Gz:o! = (Mrm' + 2 )'crjl F;G ) : 82 (3'2)
Gzcoif (M\mf 2 1 f.‘- ' ﬁ’:oh’ ) F;G ) 82 (33)
8b(.\u = Fzﬂ € (3’4)
2 a’s 30l
Urb = Soil & zsall - 1 ) 'G:oil "€y _;M;l—.;j "Chou (3'5)
P'ZG — r(; soil /1 (3‘6)
2 ) (/‘Lrol + Gml )-i- : 2 ' Gsm‘l' + : ‘ o
- 1 - a’s soif
Where
g, vertical elastic strain in the column-soil system
oy vertical applied stress
a, ratio of area of the treated soil to the area of the
unit cell
M o oedometer compression modulus of the columns
M oedometer compression modulus of the untreated

soit

soil
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Aoir Aoy €lastic  coefficient (Lamés constant) of the
columns and the untreated soil respectively

G, shear modulus of the columns

G shear modulus of untreated soil

O ot column stress in the z-direction

O w0t soil stress in the z-direction

o, radial stress at the boundary between the column
and the untreated soil

Epou radial deformation at the boundary between the
two materials { ai r = 1)

1% Poisson’s ratio of the untreated soil

soil

The traditional method used to calculate the total long-term settlement of a
single or a group of lime/cement columns (when both the treated and the
untreated materials are assumed to act as linear elastic) is based upon the
following equation:

g,
+(1-a )M

Ya M

(3.7)

ol sedt

Equation (3.1) account for the radial stress effect on the vertical axial
strain, while equation (3.7) is more simplified. Figure 3.1 shows that the
ratio between the vertical and radial stresses, o_,/0,, . acting on the

column at low modulus ratios is not specifically sensitive to the area ratio
a,. The stress ratio will start to increase as the modulus ratio increases and,

for a specific modulus ratio, the stress ratio will decrease as the area ratio
increases. In case of extremely high modulus ratios, the radial stress acting
on the column becomes insignificant and, thus, the stress ratio is expected
to be extremely high. In such a case, the column Young modulus, E.,, and
not the oedometer compression modulus, M., must be used in equation
(3.7) to obtain results close to that calculated by the analytical model.

The variation of the ratio between the axial strain calculated by equation
(3.1) and equation (3.7) with the area ratio a, for different modulus ratios is
presented in Figure 3.2. The axial strain calculated by equation (3.1),
which is based on a unit cell system, is greater than the axial strain
calculated by using equation (3.7). The ratio increases with an increase in
both the area ratio, a., and the modulus ratio.
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Figure 3.1  Ratio of vertical to radial stresses acting on the colwmn for different
area and modulus ratios.

The results presented in Figure 3.2 are based on a Poisson ratio value of
0.3 for both column and untreated soil materials. It is important to
emphasize that the axial strain calculated by equation (3.1) is not very
sensitive to the change in Poisson’s ratio of the untreated soil. On the other
hand, if Poisson’s ratio of the column material increases slightly, then the
ratio of the vertical stress in the column to the vertical stress in the
surrounding soil will decrease and, as a consequence, the vertical axial
strain will increase.
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Figure 3.2 The ratio of the strains calculated by equations (3.1} and (3.7)
versus area ratio a, for different modulus ratios.
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33 NUMERICAL ANALYSIS OF LOAD DISTRIBUTION
BETWEEN LIME/CEMENT COLUMNS AND SURROUNDING
SOIL USING THE FINITE ELEMENT METHOD

3.3.1 Introduction

The load distribution within and under a lime/cement column reinforced .
block depends on many factors. Among these factors we find geometry,
magnitude of applied load and stiffness ratio between lime/cement
columns and the untreated soil. The geometry refers to spacing, diameter
and length of the columns.

The magnitude of the applied load will determine whether the analysis is to
be linear or non-linear.

No general solution to the load distribution appears to have been
published; yet there are many simplified approaches that can be used to
tackle this problem. By using plane-strain models, analyses with the finite
element program were presented by Lahtinen and Vepsaldninen (1983) and
Liedberg et al. (1996). In both of these studies, it was assumed that the
axial stiffnesses of the stabilized columns in the three-dimensional and the
plane-strain models were equal. This assumption may be acceptable for the
columns located at the center of the loaded area but not for those columns
located away from the center, where they will be subjected to large
horizontal forces.

In a method proposed by Broms and Boman (1979), which has been widely
used in Sweden, two cases were considered, case (A) and case (B). Case
(A) is applicable when the load carried by the column exceeds its yield
strength, i.e. within the reinforced block, the stresses in the stabilized
column are equal to the yield strength, and the rest of the applied load will
be transferred to the untreated soil. The stresses under the reinforced block
are assumed to be the sum of the load carried by the columns, transferred
totally to the bottom of the reinforced block, and the load in the untreated
soil distributed from the level of the applied load to the bottom of the
block. Case (A) can be considered as a elastoplastic solution to the
problem.,

Case (B) can be regarded as a linear solution. The applied load will be
shared between the treated and the untreated soils in proportion to the
stiffness ratio of the two materials. Further, it is assumed that the relative
deformation of the treated soil with respect to the untreated soil, within the
block, is the same. The stresses in the untreated soil below the reinforced
block are calculated by assuming that the applied load will be distributed
from the bottom of the block.
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This section presents a study of the load distribution within and under the
reinforced block by using results from a three-dimensional finite element
model. Since deep stabilization of soil using lime/cement columns has
been used to a great extent in Sweden to improve the soil under road and
railroad embankments, a road embankment model was chosen in the
numerical analysis presented.

332 Finite element analysis, linear elastic model

Below, the results from the finite element analysis using a three-
dimensional model are presented and discussed.

The treated and untreated soils are assumed to behave as linear elastic
materials.

The diameter of the lime/cement columns is often chosen as 0.6 m, while
the column spacing varies. In order to keep the loaded area constant in the
model, the spacing of the columns, S, was kept constant while different
column diameters were used in the analysis. In this way the results can
casily be compared. The spacing, S, was selected as 3 m, and 5 columns
were used in each row beneath the embankment.
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Figure 3.3 Plan of the load area

The symumnetrical planes, a-a, b-b and c-c, shown in Figure 3.3, were used
© to simplify the model geometry. The idealized model shown in Figure 3.4
has a depth of 50 m and a width of 30 m and half the spacing is 1.5 m. The
length and depth of the model were selected to be long enough to minimize
the boundary effects. For simplicity, the circular columns were modeled as
square columns with corresponding cross sectional area.

The dimensions of the square colurnns used in the linear analysis are 1.8,
1.16, 0.9 and 0.7 m, which in terms of the relative column area, a;, together
with the 3 m spacing, can be written as 0.36, 0.15, 0.09 and 0.05
respectively.
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Figure 3.4  The idealized model.

The relative column area, a,, is already defined in the previous section as
the ratio of the column area, A, to the effective area. In case of a square
column arrangement, the effective area is equal to §-5, see Table 1.

Four column lengths were considered; 6, 12, 18 m and 50 m column, the
later extending all the way to firm bottom. Three stiffness ratios
(Moo/Moi), 10, 30, and 70 were used, and a total of 40 models were
analyzed. Poisson’s ratio vsed for the two materials was 0.3.

Table 3.1  Column dimension and spacing.

Column Aca Spacing, S A

dimension
[m] [m’] [m} [-]
0.7 0.49 3 0.05
0.9 0.81 3 0.09
1.16 1.35 3 0.15
1.80 3.24 3 0.36

The general finite element code ABAQUS was used in the analysis and the
model consisted of 3432 elements. The elements were of 20-node
quadratic brick, reduced integration type.

As mentioned previously, it was assumed in the simplified linear analysis
that the stress distribution within the reinforced block depends on the
stiffness ratio and the geometry of the lime/cement columns. Furthermore,
it was assumed that the relative deformation of the treated soil with respect
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to the untreated soil within the block was the same (equal strain condition).
With these two assumptions in mind it is easy to predict the stress
distribution in the lime/cement column and the untreated soil by using the
simplified approach compared with the analytical solution mentioned in
the previous section. The two equations are expressed as

g

G,y =———— (3.8)
" t+a,(n-1)
no
P TP — (3.9)
“ " Tia,-(n-1)
n stiffness ratio between the treated and untreated
SOilS’ (Mcaf/MwiI )'
o, applied vertical stress
Csoit vertical stress in the untreated soil
Gl vertical stress in the lime/cement column

The stresses calculated by equations (3.8} and (3.9) were used in order to
make comparisons between with the results predicted using finite element
analysis.

The results shown in Figure 3.5 refer to the normalized vertical stresses in
columns located at the center of the embankment.
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Figure 3.5  Normalized vertical stress in columns located at the embankment
center for different areas and modulus ratios. Column length = 6 m.
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The vertical stresses in the columns were normalized by dividing its values

with the value of the applied stress (GW% ) It can be noticed that, with

low values of area ratio, a, the stresses in the columns increased with
depth, reaching a maximum value at few meters below ground level and
thereafter decreased directly. At higher values of area ratio, q, the
maximum stresses will be generated at smaller depth,

In Figure 3.5, results from the finite element analyses are given for a
column of 6 m length.

The stiffness ratio, n, does not significantly affect the stresses developed in
the columus when higher area ratio, a,, values are chosen, while this factor
has a large impact on the maximum stresses in the columns when low g
values are used.

Columns will develop higher stresses when large stiffness ratio, », values
are used together with low area ratio, a,, values. The conclusions drawn
from the analysis of the 6 m long column are applicable also for the 12 m
and 18 m column lengths.

As expected, the stresses in the columns at the edge of the embankment are
lower than the stresses within the columns located at the embankment
center. Figure 3.6 shows a comparison between typical results of these two
columns.
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Figure 3.6 Comparison between normalized vertical stresses at the edge and
the center columns for different stiffness ratios.
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In Table 3.2, the vertical stresses in the columns based on results
calculated by equation (3.9) are presented and compared with the
maximum normalized vertical stresses in columns located at the center of
the loaded area resulting from the finite element calculations.

The maximum vertical stresses in the columns calculated by equation (3.9)
are 15 to 35 % higher than the vertical stresses in the 6 m columns
calculated by the finite element method, depending on the @, and n values.
Furthermore, these stresses are approximately 20 % higher than the vertical
stresses in columns of 12 m length calculated by the finite element method.
As the column length increases, the stresses in the column calculated by
the finite element method will become close to the stresses calculated
analytically and, with an area ratio of 0.36, the column vertical stresses
calculated by the finite element method become higher than those
calculated by equation (3.9). Equation (3.2), which is based on the
analytical solution, shows almost similar results as that obtained from the
3.1 numerical solution for columns extended to the firm bottom,

Table 3.2 The normalized maximum vertical stresses in columns calculated by
equations (3.9) and (3.2) together with results from the finite
element analysis for different areas and modulus ratios.

i n Normalized vertical stress in the column

(1 [] Eq(39 Eq.(32) L=6m L=12m L=18m L=50m
005 10 6.7 5.6 4.9 5.3 54 5.4
0.05 30 11.6 10.3 7.7 9.1
005 70 14.7 13.8 93 iL.5 12 13.1
0.09 10 5.5 4.8 4.1 4.4 4.5 4.6
0.09 30 8.3 7.6 5.8 6.7
0.09 70 97 93 6.6 7.8 8.1 8.9
0.15 10 43 3.8 33 3.5 3.6 3.7
0.15 30 5.6 5.3 42 4.6
0.15 70 6.2 6.0 4.6 5.1 5.3 5.9
036 10 2.4 2.2 2.0 2.1 2.6 2.8
036 30 2.6 2.6 2.2 2.3
0.36 70 2.7 2.7 2.3 2.3 3.1 3.7

One special case in Table 3.2 with an area ratio a, equal to 0.15 and a
modulus ratio value n of 70 is presented in Figure 3.7 to illustrate the
vertical stress change with depth for different column lengths and to
compare these numerical results with the results calculated by equations
(3.9).
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At the bottom of the reinforced block, there are stress concentrations
directly under the tip of the column, and the stresses there were higher than
in the rest of the untreated soil at the same level. This may be due to
numerical problem that can appear at the boundaries between two materials
with high stiffness difference. This difference in vertical stresses
disappears at about 1 to 2 m depth below the bottom of the reinforced
block.

0 - - ¥
. ﬁ*’“gj“x f
10 4 et ,55 } '
e — ,r"'/l i
i -
£ ag= 0.15, 1= 70 f
o '
é’? 10 r —Jl—  column length = 6 m 1

31— columnlength = 12 m

y
3 |—@— column length = 18 m ;
40 —--#-1

——  column te firm bottom f

- equation {3.8) /t)
50 — T
¢ 1 2 3 4 5 [ 7
Normalized vertical stresses in columns {-]

Figure 3.7  The change with depth of the normalized vertical stress in columns
Jor different column lengths.

It is interesting to notice that the vertical stresses below the bottom of the
reinforced block are almost identical to the vertical stresses calculated by
Boussinesq’s equation with the load acting on the ground surface.

Figure 3.8 shows a comparison between the vertical stress distributions
calculated by Boussinesq’s equation on the one hand and by using the 3-D
finite element model on the other. As can be noticed, the vertical stress
distribution below the reinforced block obtained by the two methods is
almost identical for all cases, except for a limited region directly under the
bottom of the columns. The very small difference, which may be noticed at
larger depths, is related to the boundary effects, even though the depth of
the model was selected to be 50 m. This was confirmed by comparing
Boussinesq’s solution with finite element results where the stiffness ratio

n was assumed to be equal to one. In Figure 3.8 some selected results are
presented, but it is important to point out that all other cases were tested
and that the results indicated the same patter.

53



Chapter 3

0 ~Ts - s ——— 1 ST —
[y AR F T
10— - 10 é._#_ o=
- 3
&) 10 column length = 6 m.n=30_\ E 208 columniength = {2 m,n=30
= 4t - de
& |- column, ag= 0.09 = | —@—  column, ag=0.00
a3 o 30 e
b ——  untreated soil, ag= 0.09 4 ——f-—  untreated soil, ag= 0.09
L ()~ column, a2 036 y - O colimn, as=0.36
40 40 —{- !
} i /N - untreated soil, ag= 0.36 |- /X - untreated seil, 85= 8.36
e it}
. Boussinesq p (——— Boussinesq
50 T l T ; T l T l T t T 50 1 5 H l T | T l T l T | T l 1
0 i 2 3 ) 5 1 0 1 2 3 4 5 6 7 8

Normalized vertical stress [-] Normalized vertical stress [-]

Figure 3.8  Vertical stress distribution under the reinforced block compared
with Boussinesq’s solution.
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34 ONE-DIMENSIONAL CONSOLIDATION SETTLEMENT OF
STABILIZED SOIL USING LIME/CEMENT COLUMN

34.1 Introduction

Most of the models dealing with consolidation of soil stabilized with
lime/cement columns are based on an analytical or a numerical sohution for
vertical drains, where the influence of the stiffness of the treated soil is
neglected. Yoshikuni and Nakanodo (1974) developed equations, which
accounted for the effect on the consolidation process on the stress
concentration in drain wells when compacted sand piles of large diameter
were used. Terashi and Tanaka (1983) studied the effect of the difference
in stiffness between the treated and untreated soil on the consolidation
process of the untreated soil using both numerical analysis and a sefies of
model tests in an oedometer.

Results and evidence from field and laboratory tests presented in this study
shows that no or very low pore pressure developed during the load tests.
Moreover, the hydraulic conductivity of the treated soil was only
somewhat larger than that of the original soil. A numerical one-
dimensional solution of the consolidation process in treated soil is
presented in this section. The model is similar to that presented by Terashi
and Tanaka (1983). All the steps of the derivation are listed. The
differential equation is solved using the finite difference technique. Some
results from this model were compared with results evaluated by using the
PLAXIS finite element program.

3.4.2 Assumptions

+ The columns are extended to bedrock or a hard layer.

¢ The stress increase caused by the load is constant with depth.

e The total applied vertical load on the surface of the cylindrical body is
kept constant,

Both columns and untreated soil act as linear elastic materials.

The boundary surface of a cylindrical body is smooth, which means that
the displacements are parallel with their original surface. The rotation
of displacement, @, is zero at any point of a clay cylinder during
consolidation.

Original soil is homogeneous, isotropic and fully saturated.

Darcy’s law is valid.

Hydraulic conductivity in the original soil and column is equal.

Pore pressure in the treated soil is neglected.

* & & »
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3.4.3 Analysis

Yoshikuni’s consolidation theory takes into account the deformation
condition in a clay cylinder with vertical drain. The fundamental eguation

1s written as

(3.10)

M_, 9w 00

o M A ot

u excess pore water pressure

C\soit consolidation coefficient of the untreated soil
¢ potential function

The index soil is an indication for the untreated soil, while the index col,
which will appear later, is an indication for the lime/cement column.

The potential function in equation (3.10) is defined as
®=(A+2-G)€,tu

Where
A=K -2.G
3

€. volumetric strain
G shear modulus

K bulk modulus

o-vm.’ (I)
S G\-so:i (I)

yrYyyy

w, (1. 1) =0

wr{‘rcnl"r)

Figure 3.9 The geometry of the maodel,

(3.11)
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Since equal strain conditions are assumed and since the surfaces of the clay
are smooth, the value of @ at any point is equal to the average value of

®at any stage of consolidation, and equation (3.11) can be written as

D=d®=(A+2-G) g, +u (3.12)

vol

To consider the effect on the consolidation process of the stress
concentration in the treated soil, Yoshikuni (1974) derived the following'
equation

ou *u ou oc

—=c st =+ — 3.13
ar \sc‘i azz Xl ar é’l at ( )
X ¢, constants to be specified later by derivation

" average value of excess pore water pressure
o, average stress caused by the applied load

aaor-v =0 and equation (3.13)

'If the external load is applied rapidly then

will be
du 0'u %

———"—Cvmi .—_—_+x
ot " 9 M o

The stress-strain relationship can in general be written as

(3.14)

0/=2-G-g +A-(g,+6,+¢,)

Since the oedometer modulus M is equal to A+2-G, the above equation
can be written as

o/=M £+ (g +¢,)

By using the above relationships, the potential function @ can be defined
in three different ways as

D=0,+2-G- (g, +¢,) (3.15)
D=M-(e +&,+€,)+u (3.16)
O=0,+2:G (g +¢,) (3.17)

From the vertical load equilibrium condition, which is shown in Figure 3.9,
the following equation can be established

O"v = ovcr)l (f) ' a.r + o-vsai.' (t) ) (1 - a.s‘) (3 . 1 8)
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The stresses acting on the treated soil must be defined first. The treated soil
will be considered as a solid cylinder.
The general solution for the axisymmetric system with z and r axis is

w, = X r (319)
dr
gy =~—t ==X 3.21)
r
w, radial deformation
£, radial strain
&y tangential strain
X integration constant
O-WI(I) :Gz
— le——
— It
O (1,t)
—P
_.._.’ 4—_—
om— i PR

Figure 3.10  Stresses acting on the treated soil.

Equations (3.20) and (3.21) give that & =§g,, which in turn means that
o, =0,. By applying the previously defined general stress-strain equation,
the stresses acting on the column can be written as

0,=0,,(6)=Ay, (6,+2:,)+2:-G,, €, (3.22)

A

0,=0 ot (6, +2:6)+2:G,-¢€, (3.23)

reol

The radial deformation at the treated soil boundaries is equal to w,(r,;,?).

By applying this boundary condition in equation (3.19), the constant factor
X can be evaluated as
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w (’:'()I * )

‘rcoi

X =

The radial strain at the boundaries is

g =g, = -l (3.24)

rco!'

Substituting equation (3.24) into equations (3.22) and (3.23) the following
1s obtained:

s wr(rml’r)

r:?al

Gvcot(t) ()“ +2- Gmi)'ez(t)mz'kcrﬂ

col

(3.25)

) W ('r.:'o!’t) (3 26)

cof

o, =0 (r,0)=A, € ()-2-(A,+GC

col cof

The untreated soil will act as a thick cylinder. The treated soil will exert
stresses on the interior wall of the cylinder and cause the hole to expand,
and the radial deformation at the exterior wall will be equal to zero as a
result of the symmetry.

\rl\r \rl

A =0

——
b

Figure 3.11 Stresses acting on the untreated soil,
The general solution of the radial deformation for the thick cylinder is:
Z
w, =Y r+— (3.27)
r

Y, Z integration constants
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w Z
EB :..-._r.z—-Y—-.....i—
r ¥

By adding the axial and the tangential strains, we get
£ +E,=-2Y

The boundary conditions to be applied to the untreated soil are

at r=r,, w.(r,

s 1) =0

By subsututmg these into equation (3.27), the following relation is
obtained

Z=-Y-r

fl

at r= w, =w,(r,;,1) and by substituting the second boundary
condition in equation (3.27) and using the result from the first boundary

condition, the integration constant Y can be written as

m! ¥

ol

,.
Y W (’;'t.\f’r) 2
(nw-nq)
Since €, + &, =—-2-Y, the result of the summation of the strain components
is

F
£, 4+& =2 w1, ___..J__ 3.28

By introducing equation (3.28) into equations (3.15), (3.16) and (3.17), the
potential function @ will be written as

o) =M, {(s (12w, () (—lﬂ*z—

req _r;o!)

}+E§5@2%

22
‘?eq rm;' )

(D(t) G\\otl(z)+4 Gsml w ( cof’ ) -(——IZQL—_ (330)

D) = o(mﬁn+2<am{gu)-fiﬁui} (3.31)

¥,

col

Solving equation (3.29) with equation (3.30) and then with equation (3.31)
will result in the following two equations
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G“‘“’” (t) + (4 ) me'l ~2- Msol'f ) as w (r()! : )

lw aﬁ' rcoi (332)
_Mcoi '81(5) =ulr)
vwrj (I) + ' (4 ' G.wi! - 2 . M.s'(m‘ ) i ( rol ’r)
(1""““ ) o (3.33)

__Msoit' : EZ (t) = M
Equations (3.18), (3.25), (3.26) and (3.29) can be rewritten as

Gvcoi (t) ) as + Gwai! (f) ) (1 - a_ﬁ' ) = O”V (334)

col €t

r)r).t’;‘z(t)—jz-kw M 0 (3.35)

col

O oo ()~ ()u +2-G

0o D)oy €0+ 2+ (b + G ) 22D 0 3.36)

col
cai

(1) M, | (6,()+2 W, (rst): —(;-2—”—7—) =u(t) (3.37)

The time dependent variables located at the left side of equatidns (3.32) w0
equation (3.37) i.e. D@), €,(), O, (), Oy (£), O, (7, 0) and w (1, 1),
are functions of the average excess pore water pressure and the total
applied load.

By considering equations (3.32) and (3.33) the potential function ®(z) in
equation (3.37) can be written in general form as

Dty =2, u®)+&, -0,

By solving the system of the linear equations, (3.32) to (3.37), the factor
X, was calculated as

n =R,

2-(d, +d,+d,)

X = (3.38)

where
Im‘l = 6 ) as ) A’cof ' (Gsoii - Gc'ol )

712:4'Gml'as (G +Gmd)+8 a G

col soil
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dl = 3 ' a’.r ! M.wr'l . (Gml - G.vail )
dZ = M.raf! ’ [Gmi - G.'.‘oﬂ‘ + _“”]'._i' . (A’ma’ + 2 . Gco! )]
a, -~
d3 = as ' (4 ) G.\‘zoif +3- G.s‘oil : )l’mf - 3 ' Gmr ' A"ml -2 r:zol -2 Gmil ' Gc'ol )

Equation (3.14) can now be written in terms of a cylindrical coordinate as

a ¢ vioil azz H a t

Equation (3.39) will be solved numerically by the finite difference method.
As a last step in this process, the initial and the boundary conditions must
be defined. At time t = 0, the excess pore water is constant and equal to the
applied load.

Furthermore, there are two types of boundary conditions, see Figure 3.12.
First, the drainage boundary at z = 0, where

(3.39)

at i >0 u=0

v Y

; i

i T
M 1

1 .

; u=0 i
H ]

! ) B

1 jant [
H o <
1 =
i =1 o !
; =1 =1
' o Ex
1 L -

! i H
i w a
- |
i =
i E g!
N 1
H 2!
i L5 . @ 1
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i & i
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!

Figure 3.12 The geomelry and the boundary conditions.
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The second type is the impermeable boundary at the bottom.

au:

at z=H and fort>0 —
oz

0

344 Selution

Equation (3.39), together with the initial and boundary conditions, was
solved using a finite difference technique.
Special attention should be paid to the last term in equation (3.39). At each
time step, the average excess pore water pressure in the treated soil has to
be calculated by iteration, see Figure 3.13.

Calculaticn average excess pore
water pressure neglecting the last
term in equation (3.38)

avgl= u(t)

|

Using (avgl) in eggtion (3.38)
avg2=ulr)

e

Using (avg2} in equation (3.38}
avgl = u(t)

Yes
avg3—avg2|<10™?

_avg2+avgl
2

SN preyoyney

Figure 3.13 Average excess pore water pressure flow chart.

avg?

3.4.5 Typical results and comparison

Many studies have shown that the cement in the lime/cement mixture will
increase both the shear strength and the compression modulus of the
stabilized soil. It will also result in a decrease of the hydraulic conductivity
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of the treated soil. When Terashi and Tanaka (1983) tested a typical
Japanese marine clay, they found that the hydraulic conductivity of
standard size samples of lime and cement treated soil was of the same
order or smaller than that of the untreated soil.

° ‘ I 1Y
J— ——1 1] 1l
R &1- & [IEhH 5
-0 =L =105, 4, =8.7% {4
S ARt RS g
= R it Tl
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Time factor, Tv [-]

Figure 3.14 Comparison between the proposed model and the PLAXIS program
for a,=8.7%.

The results presented in Figure 3.14 show the comparison between the
degree of consolidation and the time factor, T, between the proposed
model and the finite element program PLAXIS. It was assumed that the
treated and untreated soils had the same hydraulic conductivity. The
compression modulus ratio was equal to 50, the ratio between the soil
depth H to the effective radius r, was equal to 10.5, and the area ratio, .,

was equal to 8.7 %. Fair agreement is observed between the proposed
model and the finite element analysis.

Figure 3.14 also shows that there is an increase in the rate of consolidation
when the compression modulus ratio is increased. Since there is no radial
flow from the untreated soil to the treated soil, the vertical time factor was
selected which is defined as

¢, -t
H2

T, =

where
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K

soil | Mx(u';’

¢, =—
’yw

Similar behavior was obtained by increasing the area ratio, a,, as shown in
Figure 3.15.
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Figure 3.15 Comparison between the proposed model and the PLAXIS program
Jor a.=25%.
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4 TEST SITES

4,1 GENERAL

This chapter describes the location, soil properties, and the installation of
the lime/cement columns at three test sites. These test sites were selected in
connection with the West Coast Railroad project, a project aiming at
constructing a new double-track railway line along the Swedish west coast
between Goéteborg and Malmé, making it possible for trains to travel at a
speed of up to 250 kmv/h. All the three test sites are located in Halland, a
province south of Goéteborg. Deep stabilization using lime/cement columns
has been applied in some sections under the railway embankments. The
location of the sites is shown in Figure 4.1,

AN

Eoftadn site

Varberg site

Figure 4.1  Location of the test sites.

At the Varberg test site, large-scale compression tests were performed to
determine the modulus of elasticity of the lime/cement columns. To
prepare columns for the tests, a steel plate connected to a wire running
throughout the length of the column was installed at the bottom of the
column simultaneously with the mixing of the soil. At the Fidrés test site,
large-scale permeability tests at different levels were performed to measure
the permeability of the columns in-situ. At the Loftadn test site both in-situ
load tests and permeability tests were performed, and large samples of the
columns were taken and transported to the laboratory, where large-scale
triaxial tests and permeability tests were carried out. For all these test sites,
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a large number of unconfined compression tests, permeability tests and
triaxial tests were carried out on standard size samples of stabilized soil.
The laboratory tests were performed at the laboratory of the department of
Geotechnical Engineering at Chalmers University of Technology.

4.2 THE VARBERG SITE

4.2.1 Introduction

The main objective of this test site was to perform field load tests on
lime/cement columns to evaluate the deformation characteristics of the
colurmns and to compare the results with laboratory tests on standard size
samples. This test site was located a few kilometers north of Varberg, see
Figure 4.1.

4.2.2 Geotechnical properties

The geotechnical properties are presented in Figure 4.2. The length of the
stabilized columns was chosen equal to about 5 to 6 m, and the maximum
depth for the undisturbed sampling was chosen to be 8 m.

Water contenl {%} Shear strength [kPaj
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Figure 4.2 Geotechnical properties at the Varberg test site.

The soil profile consists of about 1.0 m topsoil, overlying soft, medium
sensitive clay, between 20 and 25 m thick.
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The undrained shear strength determined by the field vane test is about 14
kPa at 2 m depth and increases to about 30 kPa at 8 m depth. The bulk
density is between 1.6 t/m’ to 1.68 t/ny’.

The natural water content varies between 62 and 72 %, which is higher
than the liguid limit. The ground water table is situated about 1.2 m below
the ground surface.

Table 4.1 shows a summary of the results from the CRS-oedometer tests.
The soil is lightly overconsolidated and the oedometer modulus is between
500 and 550 kPa in the normally consolidated region.

Table 4.1 Oedometer test results at the Varberg test site.

Depth Oedometer modulus
Initial modulus, M, Modulus in linear range, M,
[m] [kPa] fkPa]
2 9500 500
4 10000 540
6 14000 550

4.2.3 Installation of lime/cement columns

The installed lime/cement columns, about 5 to 6 m in length, were
constructed by using 26 kg /m and the proportion by weight was 50 %
cement to 50 % lime.

columns for compression tests reverted sounding

| | |
OOOOOOOOOO

new railway embankment

existing railway road
Figure 4.3 Plane of installation of lime/cement columns at the Varberg site.
The diameter of the columns was 0.6 m, which means that the stabilizing

agent used was about 92 kg/m3 of the clay. In total, 14 lime/cement
columns were installed, of which 4 columns were used to determine the

Y



Chapter 4

shear strength of the columns. This was done by using a pre-installed
probe with specially formed wings connected to a wire running through the
centre of the column from the bottom to the top. The wire was installed
during the installation of the columns. The remaining 10 columns were 10
be used for large-scale in situ compression tests. See Figure 4.3. For
column 1 it was not possible to place the steel plate at the bottom of the
colurmn, while for columns 3 and 10 mixing problems resulted in a very
poor column quality. No compression tests could be made on these three
columns.

4.3 THE FJARAS TEST SITE

4.3.1 Introduction

This site was selected in order to be able to perform field permeability tests
on lime/cement columns and to compare the results with laboratory tests
carried out on standard size samples taken from the field. The test site is
located at Fjiras, 35 km south of Goteborg, see Figure 4.1.

4.3.2 Geotechnical properties
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Figure 4.4  Geotechnical properties at the Fjirds test site.
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The soil profile consists of a topsoil of a few centimeters followed by
about one meter of dry crust. Underlying these layers there is about 25 m
post-glacial clay, and the geotechnical properties of this layer are shown in
Figure 4.4. The ground water table is located about 1.0 m below the
ground surface, and the undrained shear strength of the clay under the hard
crust was determined by fall-cone tests. The minimum undrained shear
strength was 8 kPa at 2 m depth, then increasing to about 20 kPa at 10 m
depth below the ground surface. The sensitivity was found to vary from 8
to 20 (medium sensitive according to the Swedish standard). The bulk
density varies between 1.55 and 1.65 t/m’. The natural water content is
about 70 % at 2 m depth. It increases to 85 % at 4 m depth, and then
decreases to 55% at 9 m depth. At depths between 2 and 7 m, the liquid
limit is less than the natural water content.

The pore pressure can be assumed to be hydrostatic. The preconsolidation
pressure and the permeability of the clay were determined by CRS-tests. A
summary of the results of these tests is presented in Table 4.2,

Table 4.2.  CRS-vedometer test results at the Fjdrds test site.

Qedometer modulus

Depth Preconsolidation Permeability at  Initial Modulus in
pressure, preconsolidation modulus,  linear range,
0-':! pressure, k M, M,
[m] {kPa] {m/sec] {kPa] fkPa]
3.2 42 3 10% 8600 560
4.2 47 g8 107" 9000 400
6.2 69 3107 14000 445
8.2 86 1 10% 15000 665

The clay under the hard crust is slightly overconsolidated, with an
overconsolidation ratio of about 1.25 at the top and 1.4 at § m depth.

4.3.3 Installation of lime/cement columns

The installation of the columns was done in the beginning of 1995, The
columns had a diameter of 0.6 m and the length was about 15 m. The
mixing was done by using 50% lime and 50% cement, and the amount of
the lime/cement mixture was about 30 kg/m, representing 106 kg/m’ for
columns with a diameter of 0.6 m.

The columns selected for testing were located between the side of the
newly constructed railway embankment and a road passing under the
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embankment, see Figure 4.5. At the test site, 1.5 m excavation work was
done to expose the top of the columms. The permeability tests were
performed in two stages. In the first stage, both full-scale field tests on
three columns at different levels and permeability tests on standard size
samples from column in situ at the laboratory were carried out. Two of
these columns were single columns, while the third one was selected from
columns installed in a row, see Figure 4.5. Tests at stage one weie carried
out during the summer of 1996. In stage two, two other columns; CTH1
and CTH?2, were selected at the same site. Only field permeability tests at
different levels were performed during 1997.

Slope to the excavation level

——

Slope to the interchange road i

Top view Side view

Figure 4.5. Location of lime/cement column ar Fjdrds test site.

4.4 THE LOFTAAN TEST SITE

4.4.1 Introduction

This test site was selected in order to be able to perform all laboratory and
field tests on samples chosen from a limited area and to make it possible to
compare the test results. This test site was located at Loftadn region about
50 km south of Goteborg. See Figure 4.1.

4.4.2 Geotechnical properties

The results of the site investigations show that the upper 0.6-0.8 m consists
of silty sandy soil.

Underlying the silty sand layer is a clay layer, which extends to about 35 m
depth. Both distarbed and undisturbed samples were taken to determine the
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soil properties. The samples were taken from a depth of between 2 and
7 m, where 7 m is the maximum length of the lime/cement column to be
installed.
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Figure 4.6 Geotechnical properties at the Liftadn test site.
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The geotechnical properties are given in Figure 4.6. The tests indicate that
the soil is clay, with an organic content of between 3.5 and 7%. The natural
water content varies between 81% and 86% while the liguid limit varies
between 74 % and 79 %, and the plasticity index is around 70 %. The shear
strength from the field vane test is 20 kPaat 2 m depth and increases to 24
kPa at 7 m depth. The sensitivity is about 18, classified as medium
sensitive clay (according to the Swedish standard). The pore water
pressure situation after the lime/cement column installation was studied
using two piezometers placed at 2.1 m and 6.1 m below ground level. The
pore water pressure measured was 13.8 kPa and 57.8 kPa at 2.1 m and 6.1
m below ground level, respectively. The pore pressure observed at 2.1 m
depth indicated that the ground water level was located about 0.7 m below
ground level, which corresponds to the lower level of the silty sandy soil.
The pizometer reading at 6.1 m depth indicates that the ground water level
was only about 0.22 m below the ground surface. This most likely depends
on the excess pore water pressure developed at that level due to the
lime/cement column installation. CRS oedometer tests were carried out on
samples taken at different depths. The test results indicate that the clay is
overconsolidated. The over consolidation ratio is 4 at 2 m depth and
decreases to 2 at 7 m depth. The ground level at a distance of 150 m north
of the test site is about 2.8 m higher than the ground level at the test site,
while at a distance of 100 m south of the site the ground level was about
1.2 m higher. Considering the topography of the region, the
overconsolidation is very likely due to local soil erosion.

The oedometer compression modulus values are summarized in Table 4.3.

Table 4.3  Oedometer test resulls at the Loftaan test site.

Depth QOedometer modulus
Initial modulus, M, Modulus in linear range, M;
{m] [kPa] [kPal
2 6000 450
3 6000 540
5 7000 390
8 8000 440

4.4.3 Installation of lime/cement columns

Totally 30 lime/cement columns were installed to a depth of 7 m, see
Figure 4.7. The columns were installed in early March 1999,

74



Test sites

Twenty of the columns were intended for field permeability tests and to
take large samples to be tested in the laboratory. The remaining 10
columns were used for performing field compression tests. The columns
installed had a lime/cement mixture of 50/50 per cent by weight with 38

12m
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25m Permeability
test (field)
‘ .2.5 m. . . B
e
sl 1O O O O Ofc
Compression
test (field)
O© O O O Of»p
© © Q;i@ © E Large samples
¥ © © © “‘f‘@ O F (laboratory)

kg/m column length. Since the column diameter was 0.6 m, this
corresponds to about 135 kg/m?’.

Figure 4.7  Plan of columns installation at the Lofiadn fest site.
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5 FIELD TESTS

5.1 LOAD TEST

5.1.1 General

Different methods can be used to determine the compression modulus of a
lime/cement column. In the laboratory, the compression modulus can be
determined by performing triaxial tests on both large and standard size
samples, oedometer tests and unconfined compression tests. In the field,
the modulus of a lme/cement column can be determined by full-scale
embankment load test. Another alternative is to perform field load tests on
a single column with fairly short length. Kiveld (1994) performed field
load tests on short columns supported at firm bottom. Wires anchored at
the firm bottom were used to counteract the load applied at the top of the
column. In case of deep clay deposits, it is impossible to use this method.
A new method, developed by LC-Markteknik, was used to perform load
tests at the Varberg and Loéftadn test sites. This method is described in
detail in the following section.

5.1.2 Installation

When the column is being installed, a cross-shaped plate connected to a
wire is placed at the bottom of the column. The sides of the plate are
shaped as a propeller. This makes it easy to press down the plate by the aid
of rotation to the desired depth, see Figure 5.1.

F ig.ure 5.1 The cross-shaped plate connected to the wire.
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The wire runs through the center of the column to the ground surface, and
the area of the plate is about 70% of the column area. The wire used in the
installation is coated with smooth plastic material to minimize the friction
against the column material surrounding the wire at the time of the test. At
the upper side of the plate, two small plates are welded, which will be in
contact with the mixing tool arms to rotate the plate during the penetration,
see Figure 5.2.

The mixing tools and the bottom The upward pulling of the bottom plate
plate

Figure 5.2 The starting and the finishing of the column installation.

The binder outlet hole in the mixing tool is located about 0.5 m above the
bottom of the plate, and it is expected that the soil between the plate and
the bottom of the column will be almost unmixed.

To ensure that the plate will be in direct contact with the column bottom
and to avoid problems during the load test, the wire connected to the plate
must be pulled in the upward direction at least 0.5 m, directly after the
installation of the column, see Figure 5.2.

To be able to measure the deformation in the column at different levels
during load test, holes must be made in the column directly after the
column installation or drilled a few days before the load test. At the
Varberg test site, four holes in each column were made at levels of about
15%, 35%, 60% and 953% of the column length. The holes were made
directly after the installation of the columns by pushing down a corrugated
plastic tube to the desired Jevel. The end of the plastic tube which
penetrated the column was connected to a conical steel tip in order to
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facilitate the penetration of the tube and to have better support for the tell
tales during the load test.

At the Loftadn test site, the holes were drilled using the water washing drill
method. The drilling was made shortly before the load test. One of the
advantages of this method is that the drilling log gives information about
the drill resistance at very close intervals and thereby also information
about the quality of the column along its length. However, there is a
disadvantage of using this method in that the drilling equipment may
damage the top surface of the column and that the damaged part must be
removed before the instrumentation phase. Columns at this site were
between 5.8 m and 6.2 m long and the holes were drilled to depths of 20%,
40%, 80% and 100% of the total column length. '

513 Instrumentation and test procedure

The upper part of the lime/cement column is usually weaker than the rest
of the column. This is due to the mixing procedure, as the high air pressure
used to distribute the binder will cause the soil surface to deflect upwards.
The other reason is the type of soil, which in the case of Varberg is dry
crust soil and, in the case of the Loftaan site, silty sandy soil. Thus the first
step to prepare the column for load tests is to expose the top of the column
and to identify better column quality.

A 2 " &t el dad Ll PS8 il

Figure 5.3 Preparation of the top of the column at the Liftadn test site.
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A steel casing, 0.2 m in length with an inner diameter equal to the column
diameter, was used for each column to support the upper part of the
column and to act as a form for the leveling cement. It is very important to
make sure that the upper steel plate will be in proper contact with the top
of the column, Figure 5.3,

A steel plate was then placed at the top of the column and four tell tales
were installed. A hydraulic jack with a hole in the center was placed on the
top plate, followed by a load cell. Finally, a lock ring was used to lock the
wire to the jack and the load cell, see Figure 5.4.

Lock ring
Load cell Dial gauge for
tell ales
Magnetic Steel beam

pedestai

Figure 5.4  Instrumentation used for load test.

To measure the displacement at the top of the column and at the four levels
inside the column, five dial gauges with 1/100 mm reading accuracy were
used. The gauges were held by magnetic pedestals, which in turn were
placed on steel beam. Two augers driven to a certain depth were used to
support the beam. Leveling was done at the top of the augers before and
during the load test to measure a possible downward movement of the
beam and to be able to correct the dial gauge measurement as a result of
this movement. Applying a tension force to the wire using the hydrautic
jack thus compressed the column and the load test was then carried out.
From the result of laboratory tests on standard size samples, and in the case
of the Varberg test site results from reverse column penetration tests, the
failure load was estimated. The tests were carried out as maintained load
tests with constant load increment. At the Varberg test site, the load
increment was 6 kN and a new increment was applied every 8 minute.
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At each load step dial gange readings were carried out at 1, 2, 4 and 8
minute time intervals. At the Loftadn test site, the load step selected was 10
kN with a new increment every 16 minutes. In case of a very good column
guality or when no local failure was possible to occur, the wire capacity,
which was about 180 kN, was the factor that decided the end of the load
test. The instruments used in the tests were always protected from direct
sunlight during the load tests to avoid errors resulting from temperature
changes.

514 Finite element model

The objective of the finite element analysis is to estimate the compression
modulus of the lime/cement colurmn based on the Ioad test results. An
iterative procedure is needed to ensure that the deformations from a load
test at a certain applied load and on different depth levels of the column are
about the same as the results calculated from numerical analysis based on
assumed values of column compression moduli. Although the lime/cement
column is considered to be a somewhat heterogeneous material, the
column in this model was treated as a homogenous material for the sake of
simplicity.
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Figure 5.5 Vertical stresses acting on the column.

A simple analytical model will first be discussed briefly. In this model the
lime/cement column and the clay are assumed to behave as linearly
deformable homogeneous materials. Part of the applied load at the top and
the bottom of the column is transformed to the surrounding clay by the
development of shear stresses along the boundaries between the two
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materials. From the vertical load equilibrium of a small element of the
column shown in Figure 5.5, the following relationship can be established:

do 2.7
o (5.1)

ay Feot

o, vertical stress in the column at depth y

T, shear stress on the column periphery at depth y

Yoot radius of the column

The vertical axial strain in the same element is expressed as

P %y (52)
ay Ecof

[ vertical displacement of the column

E

ol Young’s modulus of the column
By differentiate equation (5.2) with respect to (y) and solving the new
equation with equation (5.1), the shear stress can be written as

- Emi Pt ?_26_001_ (5 3)
¥ 2 ayz ’
The shear stresses along the boundary of the column depend on many
factors, such as the dimension of the column, the stress {evel in the column
and the material properties of the column as well as the properties of the
surrounding soil.
In the light of the above-mentioned simple elastic model, it is expected
that, in the case of the elastic-perfect plastic model, the possible failure
mechanisms during load tests are bulging failure of the lime/cement
column or shear failure the boundaries between the column and the clay
when the shear stresses there exceed the shear strength of the clay.
To have a wider view of the above discussion, a numerical model was
created and a number of numerical simulations were carried out, The
geometry of the numerical model used in these simulations is shown in
Figure 5.6, Since the problem is symmetric, only one half of the problem
requires modeling. The lime/cement column and the clay are modeled
using 15-noded triangular elements with 12 integration points at which the
stresses are calculated. The steel plates at the top and bottom of the column
are modeled using a S-noded beam element. The input parameters for the
beam element are the flexural rigidity EI, Poisson’s ratio v, and the normal
stiffness FA. The weight of the plates was neglected. The applied load
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resulting from the tension in the steel wire was modeled as a distributed
load at the ends of the column and was given as load per unit area. In the
prelimninary calculations, the applied load was modeled as a pretension
load in an anchor element connected to the two plates at the top and
bottom of the column.
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Figure 5.6 The axial symmetrical model,

The two ways of defining the applied load give the same results, and
simulation using the first model was selected from a practical point of
view.

The left vertical boundary was by definition an axis of symmetry. The
vertical sides in this model were assumed to have roller conditions, which
means that vertical displacements were free to develop and that no
horizontal displacements were allowed. As for the base of the model, full
fixity was assumed.

The model used in these simulations was linear elastic, and both the
column and the surrounding soil were assumed to be isotropic. A drained
material type with a Poisson’s ratio of 0.3 was assumed for the column
materials and the surrounding soil was assumed to behave as an undrained
material. The results from these simulations are presented in Figure 5.7. In
these figures the ratio between Young’s modulus of the column and the
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surrounding soil was varied from 5 to 100. The normalized shear stress
change along the column length is presented together with the normalized
vertical stress. As the stiffness ratio increases for the same load applied at
the top and the bottom of the column, the shear stress decreases. By
considering equation (5.1), the shear stress at any depth is related to the
derivative of the normal vertical stress at that depth and, as the shear stress
decreases, the slope of the vertical stress-depth curve will decrease. As the
stiffness ratio increases to infinity, no shear stresses will develop along the
boundaries, the slope at any depth becomes equal to zero and the normal
vertical stress becomes constant along the depth and equal to the applied
load.
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Figure 5.7  Distribution of the shear stress and the normal vertical stress along
the column for different modulus ratios.

5.1.5 The compression modulus and the creep load of the
lime/cement column

In the next sections finite element simulations are carried out to back-
caiculate Young’s modulus of the lime/cement columns based on the
results from the load test. The question is for which load a representative
Young’s modulus is to be calculated and what the suggestions are for how
to determine that representative load.

In soil mechanics, it has often been the practice to select the secant
modulus, Es, at a point on the stress-strain curve corresponding to half the
failure strength and to use this for predictions of deformations, see Figure
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5.8. Furthermore, the evaluation of the column modulus from the
laboratory tests carried out on standard size and large samples was based
on the secant modulus Ej and, thus, the evaluation of the column Young's
modulus for the field tests will be based on the same principle.

To study the column modulus change with the variation of the stress level,
the column secant modulus was in some cases evaluated at other stress
levels than those related to 50 % of the failure load.

I 3

Ci—

Creep deformation

T

£ Load Periticnl

Figure 5.8  The definition of the Esg modulus and the critical load.

The critical load evaluated from the load-displacement curve of a pile load
test is defined as the break point in the creep curve, and the creep load of
the lime/cement columns was evaluated using the same procedure.,
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5.1.6 The Varberg test site

As mentioned in chapter 4, a total of 10 limefcement columns were
installed assigned for load tests, Due to installation problems, no
compression tests could be performed on columns 1, 3 and 10. During the
instrumentation and test process, problems appeared, and test results from
another two columns, 2 and 6, were disregarded. Load tests were carried
out on the remaining five columns and, for column number 5, a special test
was made trying to measure creep deformation in the lime/cement column,
The instrumentation was the same with the only exception that a spring
with known stiffness was placed between the top plate and the hydraulic
jack, with a lock ring located between the spring and the jack. The lock
ring can be used at any load step to isolate the hydraulic jack so that the
loading on the column can be applied by the spring, which is in
compression, For column 5, the estimated load at which large vertical
deformations start to develop was about 60 kN. At load steps of 30 kN and
60 kN applied load, the lock ring was used, and the column was subjected
to the load induced in the spring during 24 hours. In this case another two
dial gauges were used on a steel plate above the spring to measure the
relaxation of the spring. Column 9 was tested with the same procedure as
column 5 with the exception that the column was unloaded before reaching
failure. The column was then reloaded using the normal step load
procedure. Only results from the reload test are presented.

5.1.6.1 Test results

Before the load tests were started, three reverse column penetration tests
were conducted. Results from these tests are presented in Figure 5.9.

Reverse
cojumn test

Depth [m]

[ 0 20 30 40
Force [kN}

Figure 5.9  Results from reverse column penetration tests at the Varberg test
site.
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The results showed very low resistance at the upper 0.5 m of the

lime/cement column, and this was the reason behind the excavation of the
column top by about 0.5 m. Load test results are given as axial vertical

deformations versus depth below the top of the column for different load

steps.

Vertical deform ation [mm)

Vertical deformation [mm]
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Figure 5.10 Load test results at the Varberg test site.
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The column is subjected to a compression load at both ends. The
deformation in the column has a maximum positive value at the top of the
column, which decreases with depth until it becomes zero at a point below
the middle length of the column. Then it changes sign to increase again to
a maximum negative value at the bottom of the column. In Figure 5.10,
results from columns 4, 7, § and 9 are given. Although each load step was
measured, only load steps 18 kN, 48 kN, 66 kN and 78 kN are presented. It
is important to mention that the values of the deformation for each load
step are based on the results observed at the end of the load step with 8
minutes duration.
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Figure 5.11 Total and creep deformation at the top of columns 4 and 7 as a
function of load.

Theoretically, the deformation at the top of the column is larger than the
deformation at the bottom, which can be explained by the fact that the
horizontal pressure at the bottom of the column is larger than that at the
top. In the Varberg test site, there is another factor, which is related to the
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increase of the stiffness on the ¢lay with the depth. This can explain why
the deformations along the column length change sign at a depth larger
than half of the length. Although the bottom plate was pulled up 0.5 m
directly after the installation of the column to ensure direct contact with the
column material, it seems that the bottom of column 7 was not pulled up
enough since the deformations there are siill large.
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Figure 5.12 Total and creep deformation at the top of columns 8 and 9 as a
Junction of load,

The load test results show that the deformations in column 9 are smaller
than the deformations in the other columns shown in Figure 5.10. This can
be explained by the fact that column 9 was subjected to a load-unload and
reload process. In column §, it was not possible to place the fourth tell tale
to the lowest level and thus no measurement was possible to make at that
depth. The first meter of the upper part of the columns had a somewhat
different quality, as the clay there originally consisted of dry crust. This is
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one of the factors behind the deformations at this part of the columns
becoming larger than at the other parts.

The maximum deformation was obtained at the top of the column, and the
failure of the column can be defined as local failure occurring at that point.
Figure 5.11 and Figure 5.12 show the load-deformation at the top of the
lime/cement columns.

The curves in the Figure consist of two parts, an almost straight part, linear
with low deformation, followed by a non-lincar part with large
deformations. In columns 4 and 7, the deformations become non-linear at
applied loads of 66 kN. The related deformations at the top of these
colurnns are 3.1 mm and 4.2 mm respectively. As for column 8§ and column
9, these loads are 60 kN and 78 kN, and the related deformations at the top
of the columns are 2.2 and 2.7 min, respectively.

The columns were loaded in equal load increments with 8 minutes duration
to be able to study the creep deformations in the columns; the results are
shown in Figure 5.11and Figure 5.12. It can be very clearly observed that
the creep deformations in the columns increase rapidly directly at the
beginning of the non-linear portion of the load-deformation curve, and a
creep load capacity can be evaluated.

The creep deformation was studied for different load steps with 7 min time
interval (from 1 minute to 8 minutes).

l.ock ring |
{Load ceil

Hydraulic jack

Lockring 2

Spring

Top of the
column

Figure 5.13 Instrumentation used for load test carried out on column 5.

90



Field tests

During the load test carried out on column 3, longer time intervals were
used in two load steps in order to study the time duration effect on the
creep deformation. As for the other columnns, the critical load at which the
deformation starts to become large was evaluated to be about 60 kN. Two
day’s time interval was used for the first load step of 30 kN, while 4 day’s
time interval was selected for the load step of 60 kN. As for the other load
steps, the usual & minutes time interval was used. The instrumentation of
column 5 is shown in Figure 5.13.

It was not possible to use the hydraulic jack to apply a constant load during
several days. To solve this problem, a spring with stiffness of about 1.3
kN/mm was placed between the top of the column and the hydraulic jack.
Two lock rings were applied, one above the load cell to be used during the
usual routine test and the other between the spring and the hydraulic jack
to isolate the two parts during the long time interval load test. The load test
was first carried out using a 6 kN load step at 8 minutes time interval.

At load step 30 kN, lock ring 2 was locked, and the creep deformations
during two days were measured. The applied load decreased from 30 kN to
about 28.6 kN, and the total creep deformation during this time interval
was only 0.08 mm. Lock ring 2 was unlocked and the load was increased
until it reached the predicted failure load of 60 kN. Then the ring was
locked again and the creep deformations were measured during four days.
During this time the load decreased from 60 to 56.5 kN, and the creep
deformation was about 0.31 mm.
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Figure 5.14 Results from load tests carried out on column 5.

The load-deformation curve and the creep deformation at the top of
column 5 are presented in Figure 5.14. As is shown in the figure, the creep
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deformation increases when the load exceeds 66 kN. At the same time, the
total deformations start to increase rapidly.

The 30 kN and 60 kN load increments, where the long-term creep
deformations were observed, are within the linear part of the load-
deformation curve, which may explain the low creep deformation
development with time at these load steps.

Applying the definition of “critical load”, described in Figure 5.8, the
critical load for the colurmmns 4, 7, 8 and 9 are about 78 kN, 84 kN 84 kN
and 92 kN, respectively.

5.1.6.2 Finite element simulations

The simulations carried out are related to the linear part of the load-
deformation curve at the top of the column, which is characterized by
small deformations, thus the lime/cement colummn and the clay are treated
as linear elastic materials. Young’'s modulus, E, and Poisson’s ratio, v, are
parameters required for the elastic model used for the current problem.
Since the water table is located 1 m below the top of the excavated columa,
the clay below the water table is modeled using undrained analysis.

In the absence of direct measurements of the undrained compression
modulus of the clay, an empirical method based on the plastic limit and the
undrained shear strength was used. The plastic limit of the clay at the
Varberg test site was found equal to about 35%. The following equation is
proposed by (Hansbo and Silifors 1984), to evaluate the elastic modulius of
normally consolidated clay.

El(

20 =150 (5.4)

CH

Eg, undrained secant modulus at 50 % of the failure
load

C, undrained shear strength of the soil

The undrained shear strength resulting from vane tests varies from about
14 kPa at 2 m depth to about 24 kPa at 6 m depth. According to the above
equation, the related undrained modulus of elasticity of the soil is about 2
MPa and 3.5 MPa respectively. The soil parameters used in this model are
presented in Table 5.1

Laboratory triaxial tests carried out on large samples of lime/cement
columns showed that very low or almost no pore water pressures
developed during the tests.
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Table 5.1  Material parameters used in the simulation.

Soil type Material parameters
Y Erc{' vV
- [kN/m’] _ [MPa] [-]
Hard crust 17 6 03
Clay 16.5 2" 0.495
Column 16.7 0.3
(top) To be
Column 16,7 evaluated 0.3
(bottom)

" The modulus increase with 0.3 MPa/m.

Furthermore, air bubbles were observed to come from holes made in the
column, which shows that small amounts of air trapped by the soil skeleton
are present in the column. The lime/cement column is a very stiff material
and even degrees of saturation slightly below 100 % will result in the
development of very low pore water pressure in the column. This will be
discussed in detail in Chapter 6. Therefore, in the proposed numerical
model used here, drained analysis is assumed for the lime/cement column,
above and below the water table. It is important to mention that
preliminary numerical calculations, with drained and undrained material
behavior of the lime/cement colurmn, give almost the same results. This can
be explained by the fact that the column is surrounded by clay, which in
undrained condition acts as a very stiff material, which prevents the
column from deforming freely. As was shown in Figure 5.10, the
deformations at the top of the column are large and deviate from the
remaining part of the column. Two types of column material are assumed.
The column material above the water table is assumed to have lower
strength than the rest of the column.

The model was implemented using the finite element code, PLAXIS.

Some numerical simulations were carried out assuming that the
lime/cement column and the clay behave as elastic, perfectly plastic
material obeying a Mohr-Coulomb yield criterion. The last model was to
control the plastic state of the two materials at the end of the elastic part of
the stress-strain curve.

Beside the elastic material parameters presented in Table 5.1, the
additional material parameters needed for this model are: cohesion ¢,
friction angle, ¢', and dilatancy angle, W . Effective parameters will be
applied for both drained and undrained analysis to define Mohr-Coulomb’s
yield function. The angle of internal friction ¢ of the clay was assumed to
30° and the cohesion intercept ¢’ to 2 kPa.
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The strength parameters of the lime/cement column used here are based on
suggested values presented by Baker et al. (1997) see Table 5.2.

Table 5.2 Stress-strain and strength properties of lime/cement columns, after

Baker et al.( 1997},
Relative quality ~— M. ¢ ¢ v
[MPa] fkPaj [ [-]
Low 10 30 35 0.3
Normal 17 50 35 0.3
High 35 100 35 0.3
Very high 175 175 35 0.3

The dilatancy angle, ¥ depends on the friction angle and is calculated as
y =9 —30

Prelininary simulations were first carried out by selecting the two load
steps 48 and 60 kN. The column material was assumed to have the same
quality along the whole column length. For each load step, two simulations
were conducted with 100 and 300 MPa column stiffness.

The simulation results are plotted together with the field test results for
colurnns 4, 7 and 8, as shown in Figure 5.15. The deformations measured

in the field are found between the simulation curves based on column
Young modulus, E,,;, between 100 MPa and 300 MPa.
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Figure 5.15 Preliminary simulations for columns 4, 7 and 8 at load steps 48 and
60 kN.
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5.16. The results of all the numerical calculations are presented in

Some of the results of the numerical calculations are presented in Figure
appendix B.

However, as mentioned before, the deformations at the bottom of column 7
were rather large, which is caused by the reduced quality of the column
material there. Moreover, the simulations show that the upper parts of the

colummn were of poorer quality than the remaining part.
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In columns 4, 7 and 8, a local failure was observed to occur at the top of
the column. The column secant modulus, Esp, was evaluated at the 50 kN
load step, which is about 50 % of the failure load. However, more
numerical calculations were carried out to evaluate the column modulus at
other loads than that related to 50 % of the failure load. As for column 9,
no local failure was observed and the secant modulus was calculated at
loads of 48 kIN and 66 kN.

The measured deformations for a specific load step are presented together
with three different curves resulting from numerical calculations. The
curve resulting from simulation (b) is the “best fit” curve evaluated from
several attempts done by changing the column compression modulus to get
the deformations in the column as close as possible to the actually
measured deformations, see Figure 5.16. Curves resulting from simulations
(a) and (c) are based on curve (b), where the modulus of the columns at the
top and the rest of the column was doubled in the case of simulation (a),
and decreased by 50 % in the case of simulation (c) to observe the
sensitivity of the results.

The values of the lime/cement column modulus obtained from numerical
simulation (b) are shown in Table 5.3

Table 5.3 Results of numerical calculations for columns 4, 7 and 8.

Column nr, Load Stress Column Young’s
modulus
The first The rest of
meter  the column

[kN] [kPa] [MPa] [MPa]
4 48 170 120 500
4 54 191 100 500
4 60 212 90 500
4 66 234 80 400
7 36 128 80 200
7 48 170 80 200
7 60 212 70 140
8 30 106 360 360
8 36 128 360 360
8 48 170 200 300
8 66 234 140 200

As indicated by the results shown in the above table, the column Young
modulus decreases as the load increases. The reduction in the column
stiffness becomes large as the applied load reaches the end of the linear
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part of the load-deformation curve. The secant modulus Esp of standard
size column samples presented in Chapter 6 for both laboratory prepared
samples and field mixed samples is much smaller than the secant modulus
of the columns evalnated from field load tests at an applied load of about
50 kN.

As was mentioned before, column 9 was subjected to a loading-unloading -
and reloading processes. Column 9 is observed to have the highest Young
modulus in comparison with the other two columns tested, see Table 5.4.
The modulus at the top part of the column remained unchanged for the
selected applied loads shown in the table while, at the remaining part of the
column, a decrease in the column modulus was observed when the applied
load was increased.

Table 5.4 Results of numerical calculations for column 9.

Column nr. Load Stress Column Young's
modulus
The first The rest of
meter  the column

[kN] [kPa] [MPa] [MPa]
9 48 170 120 500
9 66 234 120 400

Other simulations were made to observe how sensitive the resuvlts are when
the elastic properties of the soil surrounding the column are changed. A
slight increase in the calculated column Young modulus was observed,
when the Young modulus of the top soil was changed from 6 MPa to 3
MPa, see Table 5.5.

The changes depend mainly on the stiffness of the column. If the column is
assumed to be very stiff, the apparent changes in the column modulus
caused by a variation of the clay modulus are very limited. In other
simulations where an extreme case was studied, Young’s modulus of all
the surrounding soil was reduced by 50 %, and the column modulus was
kept unchanged, after which measured vertical deformations along the
column length were compared with the deformations calculated by
numerical simulations, In column 4, the differences were small for the
applied loads of 48 kN and 66 kN, yet the resulting deformations in 66 kN
loading were slightly larger than the deformations calculated with 48 kN
applied load. In column 7, the resulting deformations at load 36 kN were
limited to stay between the curves resulting from simulation (b) and
simulation (c). When the loads increased to 60 kN, the resulting
deformations became so large that they almost coincided with the curve
resulting from simulation (c).
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In column 8, the resulting deformations at 48 kN and 66 kN coincided with
curve ¢. In column 9 the effect was very limited. All the results are
presented in appendix B.

Table 5.5  The effect of the reduction of the top soil modulus by 50 % on the
column modulus.

Colurmn  Load Simulations without Simulations with 50%
no. changes in top soil reduced topsoil modulus
modulus ‘

Column Young’s modulus  Column Young’s modulus
The first ~ The rest of The first  The rest of

meter the column meter the column
[kN] [MPa] [MPa] [MPa] iMPa]
4 48 120 500 140 500
4 66 80 400 130 440
7 36 80 200 100 220
7 60 T0 140 100 150
8 48 200 300 220 360
8 66 140 200 160 260

The upper part of the lime/cement column was assumed to have a reduced
material quality as a consequence of the nature of the surrounding soil at
that depth. Additional limited simulations were carried out to evaluate the
column stiffness based on the assumption that the column material is of the
same quality along the whole column length.
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Figure 5.17 Numerical simulations versus measured deformations of columns 7
for constant column material properties along the depth.
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This was in fact the case for column 8, since the column modulus was
almost the same at the top of the column as for the rest of the column. By
using this new assumption, a fair agreement between the measured values
and the numerical calculations was observed for column 7. Column 7 was
simulated with the applied loads of 48 kN and 60 kN. The evaluated
stiffness of the column, £, was 140 Mpa and 100 Mpa respectively. See
Figure 5.17.
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Figure 5.18 Numerical simulations versus measured deformations of columns 4
and 9 for constant column material properties along the depth.

As for columns 4 and 9, many frials were made to fit the measured
deformations with numerical results, and relatively poor agreement was
achieved. The evaluated Young modulus for columns 4 and 9 at applied
load of 66 kN was 240 Mpa.

The results from the plastic simulations shows limited plastic points at the
column top and the surrounding soil.

In general, the column modulus evaluated from numerical calculations
based on the last assumption is close to the column modulus at the top
when two column materials were defined.

Regardless of the assumption made, the important conclusion is that the
column modulus evaluated from the load tests at this test site is much
larger than the modulus evaluated from laboratory tests carried out on
standard size samples. See chapter 6.
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517 The Lofiaan test site

The tests were conducted between July and August 1999. Before the tests
were carried out, about 0.7 m silty, sandy soil was removed. To get to a
better quality of the lime/cement column, another 0.3 m of the clay
underlying the silty sand was removed as well. The drilling process
performed to make holes for the tell tales caused some damage at the head
of the column. The damaged parts were also removed and cement was used
to repair the damaged parts and to level the head of the column. During the
drilling process, the resisting forces and the drilling velocity were recorded
along the length of all the columns. The recorded results are an indirect
measurement of the quality of the columns.

Among the 10 columns installed for the load test, a problem appeared
during testing of columns CI and D4. In column C/ the hydraulic jack
tilted, causing damage to the upper part of the column. As for column D4,
the wire connected to the bottom plate separated making it impossible to
conduct a test. During the drilling process, it was decided to continue to
drill one of the holes in each of the columns until the bottom plate was
reached so that the exact column length could be obtained and the
movement of the bottom plate be directly measured. The length of the
columns varied between 5.8 m and 6.4 m.

5.1.7.1 Testresults

Load tests were conducted on 8 columns. In columns C2 and D/, the tests
were terminated at a load step of 140 kN and 124 kN respectively. At these
load steps it was not possible to keep the applied load constant due to the
large deformation developed at the column top. In these two columns
failure of the upper part of the columns was noticed. The total vertical
deformations, including the creep deformations directly before failure,
were 60 and 48 mm for column C2 and column D/, respectively.

In column D2, the wire connected to the bottom plate separated at load
step 102 kN when the total vertical deformation at the column top was
25 mm.

As for the remaining 5 columns, the tests were terminated when the
applied load reached a value of 170 kN, which is close to the ultimate
tensile strength of the wire predicted to be equal to 180 kN. At the end of
these tests, the total vertical deformations including the creep deformations
at the top of the columns were between 45 and 76 rm.

In columns C2, C5 and D2, the vertical deformations were measured at the
time when the applied load was reduced to zero. The load step increment
in columns C2, C3 and D3 was 10 kN or 35 kPa for columns with 0.6 m
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diameter, while the increment was 11.3 kN or about 40

remaining columns.
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Figure 5.19 Load test results at the Liftadn fest site.

The predominant behavior of all the load test results from Loftadn was that
the relative deformation of the upper part of the column was larger than for

the remaining parts of the column.

In columns C4 and D3,

large

deformations at the bottom of the column were cobserved as well, which
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may be due to insufficient pull-up of the bottom plate directly after the
installation of the column. The observations made during the load test
provided clear evidence that the lime/cement columns do not consist of
fully saturated material. In columns DI and D3, air bubbles started to come
from the columns through the drilled holes when the applied load exceeded
100 kN. At this load level the deformation became larger, and part of the
air included in the column started to flow through small cracks, possibly
caused by the applied load. In column C3 air bubbles were seen at 130 kN
and more air bubbles started to appear when the applied load reached a
value of 160 kN.

As mentioned, the load test on column D2 was terminated at 102 kN
applied load, as the wire connecting the bottom plate separated. However,
the load-deformation curve shows that plastic deformations were already
reached. Deformation measurements were made when the applied load was
reduced to zero, see Figure 5.20.
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Figure 5.20 Loading and unloading of column D2.

At the columnn head, the plastic deformation after unloading was about

16 mm and very small plastic deformations were observed at the remaining
depths of the column.

In the case of column C5, the maximum load that the colummn was
subjected to before the unloading was 170 kN, which was much more than
in the case of column D2. The tell tail at level 6.4 m was missing during
the load test and at the last load step the hydraulic jack moved the
deformation gauge installed to measure the deformation at 2.53 m depth.
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Therefore, no deformation measurements could be made at this depth, see
Figure 5.21. The column was first loaded up to about 34 kN and then
untloaded to zero. Then the colummn was directly reloaded to 34 kN as a first
load step and increased to 169.5 kN with load steps equal to 11.3 kN. Then
the column was again unloaded to zero.
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Figure 5.21 Loading and unloading of column C3.

At the first loading-unloading cycle, no plastic deformations were
observed and all the deformations were in fact only elastic. At the second
cycle, the plastic deformation at the head of the column was about 32 mm,
Plastic deformations at the main part of the column were observed and
were expected to be large at the bottom of the column.

Column C2 was unloaded before it was again loaded to failure. At failure it
was not possible to measure the deformations at the top of the column
since the deformation increased very rapidly. The deformation at the top of
the column measured after unloading was about 50 mm.

To measure the creep deformation, a time interval of 16 minutes was used
between each load step. Columns C2 and DI were treated first since
collapse at the top of the columns was observed, which made it possible to
relate the failure load to the load at which creep deformation starts to
dominate the total deformation. In Figure 5.22, the creep deformations
between 1 and 16 minutes time interval are presented for columns C2 and
DI together with the load-deformation curves. The load-deformation
curves show the total, creep and instantaneous deformations at the top of
the columns. As at the Varberg test site, the load-deformation curves
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consist of two parts; a linear elastic part with low deformation, and a
second non-linear part with large deformation.
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Figure 5.22  Deformations at the top of columns C2 and D1.

In the case of column C2, the creep deformation at the applied load 90 kN
was about 3.9 mm which is almost equal to the instantancous deformation.
For the same column, the creep deformation at an applied load of 110 kN
was about 9.1 mm, which is double the instantaneous deformation, and at
this load the creep deformations dominate the total deformations. As for
column D1, the creep deformation was about 2.6 mm at the applied load of
79 kN and the instantancous deformation was about 6.4 mm. At an applied
load of 101 kN, the creep deformation was about 9.3 mm and the
instantaneous deformation was about 11.5 mm. At the next load step with

104



Field tests

an applied load of 113 kN the creep deformation potentially increased to
about 18.5 mm.

By locating the break point on the creep curve, the evaluated creep load
was found to be about 110 kN and 102 kN for column C2 and column DJ,
respectively.,

Although there was no sudden failure at the top of column D3, the limit
between the linear and the non-linear total deformation is very clear, When
the applied load reached a value of 100 kN, both the total and the creep
deformations started to increase and in the next load step up to 110 kN, the
deformations increased very rapidly, see Figure 5.23.
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Figure 5.23  Deformations ai the top of column D3,

The total and the creep deformations at an applied load of 100 kN were
about 13 mum and 7.9 mm, respectively.

In columns C5 and D3, a smooth transition was observed from the linear to
the non-tinear phase. The creep deformations potentially increased as the
applied load exceeded a value of 150 kN. In column C5, see appendix B,
the total and creep deformations between 113 kN and 146 kN separated by
4 load steps increased from 12.9 mm and 5.6mm to 25.8 mrm and 15.2 mm,
respectively. By increasing the applied load by one load step, the applied
load 158.2 kN caused 33.8 mm total deformation at the column top.

As for column D5, the measured total deformation at the top of the
column, as the applied load became equal to 148 kN, was 59.4 mm, see
Figure 5.24. |

As in the case of columns C5 and D3, no collapse was observed at the head
of columns C3 and C4. The load test was terminated at an applied load of
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170 kN. However, the deformations at the column top started to increase
potentially as the applied load exceeded 150 kN, see appendix B.
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Figure 5.24 Deformations at the top of column D5.

5.1.7.2 The finite element simulations

As at the Varberg test site, the simulations carried out in this section are
related to the linear part of the load-deformation curve at the top of the
column, where the maximum deformation occurs. The linear elastic model
is applied in these simulations.

In the axial symmetrical model used in these simulations, the water table is
Jocated at the top of the excavated column and the elastic material
parameters applied in this model are presented in Table 5.6.

Undrained triaxial tests were carried out on samples near the Loftaan test
site and the undrained modulus of the clay was obtained at three different
Jevels. The length of the columns varied between 58 mand 6.4 m.

The exact length of the column was obtained on the basis of holes made in
the column down to the bottom plate.

Undrained analysis was assumed for the clay, while, for the reason
explained before at the Varberg test site, drained analysis was assumed for
the lime/cement column.

In order to contro! the plastic state of the two materials in some selected
simulations at the end of the elastic part of the stress-strain curve, the
lime/cement column and the clay was assumed to behave as elastic,
perfectly plastic material obeying a Mohr-Coulomb yield criterion.
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Table 5.6 Material parameters used in the simulations of the load test results
at the Ldfiadn test site.

Soil type  depth Material parameters
¥ B Vv
[m] _ [kKN/m’] [MPa] [
Clayl Oto?2 15.8 43 0.495
Clay 2 2t04 15.8 54 0.495
Clay 3 4t08 15.8 6.6 0.495
Column OtoL” 159 To be 0.3
evaluated

* The column length varied between 5.8 m and 6.4 m.

The angle of internal friction ¢" of the clay is assumed to 30° and the
cohesion intercept ¢’ to 2 kPa. The angle of internal friction ¢ of the
lime/cement columns is assumed to 35°, while the cohesion ¢’is found to
be 100 kPa, based on results of triaxial tests carried out on large samples.
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~ — =~  Ecol=40MPa
1 Ecol = 180 MPs
7 T T T ™7 11 LI R

4 2 0 Y3 4 6 3 10
Vertical deformation [mm]
Figure 5.25 Field results of all the tested columns at Loftadn with 60 kN or 56.5
kN applied load versus numerical results.

Results of the field tests with applied loads of 60 kN or 56.5 kN,
depending on the value of the load increment, were first plotted together
with simulation results, see Figure 5.25. The two simulation curves
presented in this figure are related to column stiffness of E,, = 40 MPa and
E. = 180 MPa, when the applied load was 58 kN.
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In the two numerical simulations, the lime/cement column material
properties were assumed to be constant with depth. As a first observation
from the above figure, the measured vertical deformations at depths
between 1 m and 1.5 m are diverging from the curves based on the
numerical calculations, especially for columns having an assumed stiffness
value of 40 MPa. The extent of this divergence is limited for columns CZ,
C3, C4 and C5 compared with the rest of the columns. However, there are
two possible explanations for the behavior of the measured deformations at
that depth. Firstly, the upper part of the columns may have a somewhat
different quality, and if so, then the middle part of the column must be
used to illustrate the results. It is clear that the slope of the lines connecting
the measured vertical deformations at different depths is related directly to
the stiffuess of the column. The slope of the lines connecting the measured
vertical deformations at the middle of the columns is steeper compared to
the lines representing the top and the bottom of the columns. In such a case
the predicted value of the column stiffness will be high.

Secondly, as mentioned before, the holes were drilled directly before the
load tests, while at the Varberg test site the holes were made directly after
the installation of the columns by pushing down a corrugated plastic tube
to the desired level.
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Column 7, the Varberg test site Column C2, the Loftadn test site

Figure 5.26 Vertical deformations at different levels versus the applied load at
the column end from two different test sites.
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Figure 5.26 shows measured vertical deformations at different levels
caused by loads applied at the top and the bottom of the columns. Column
7 was one of the colummns tested at the Varberg test site. The vertical
deformations at level 0 m and 0.7 m follow each other smoothly. While in
the case of column C2, which was tested at the Loftadn test site, the
deformations observed at depth 1.5 m are small and away from the value of
the deformation at the columm top. As shown in Figure 5.25, the measured
vertical deformations of the column at various depths do not increase with
increased deformation at the fop of the columns.

Clear local failure was observed only in columns C2 and D/ and in these
two specific cases the secant modulus, Esy, was evaluated at 50 % of the
determined failure load. As for the rest of the columns, secant moduli were
evaluated at a value of the applied load close to the end of the elastic part
of the load-deformation curve,

IMgure 5.27 shows results from numerical simulations for columns C2 and
D1 as compared with the measured deformations. The rest of the numerical
simulations carried out for all the tested columns are presented in appendix
B.

For each column, two simulations were conducted. Simulation 1 is based
on the assumption that the column material is of the same quality along the
column length, while in simulation 2, the upper meter of the column length
is assumed to have reduced quality in comparison with the rest of the
column.
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Figure 5.27 Results of the numerical simulations of columns C2 and D1,

The simulation results are presented in Table 5.7. The column Young
modulus calculated by simulation 1 varies between 30 MPa and 180 MPa.
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In column C3 many calculations were carried out and the results of two of
these simulations are presented in the same table to show that the column
modulus remained unchanged when the numerical calculations were
conducted at loads in the linear part of the load-deformation curve.

The secant modulus Esp for column DJ should be calculated at load 62 kN
and due to the load increments utilized during the test, this value is located
between 57 kN and 68 kN. The load 57 kN is still in the linear part of the
load-deformation curve shown in Figure 522 while at load 68 kN the
deformations start to increase, which may explain the decrease in the
column modulus from 80 MPa to 50 MPa, as shown in Table 5.7.

Table 5.7  Results from numerical solutions carried out on all the tested
columns at the Liftadn rest site.

Column  Load Stress Column Young’s modulus
Simulation 1 Simulation 2
The first The rest of
meter the column
{kN1 [kPa] [MPa] [MPa] [MPa]
C2 70 248 90 60 240
C3 80 283 140 80 240
C3 90 318 140 80 240
C4 90 318 180 1060 300
C5 68 240 120 80 240
D1 57 205 80 50 240
DI 68 240 50 30 240
D2 68 240 60 30 240
D3 80 283 50 30 240
D5 68 240 30 20) 240

The secant moduli calculated numerically in Simulation 1 for columns DI,
D2 and D3 are similar to the column moduli evaluated from the triaxial
tests carried out on large samples. On the other hand, the secant moduli
calculated in Simulation 1 for columns C2 to C5 are much higher than the
column moduli evaluated from laboratory tests.

Considering the results of simulation 2, the moduli of the first meter of the
columns are still higher than, or equal to, the values evalvated in the
laboratory for columns C2 to C5 and DI, while smaller values were
obtained for colummns D2 to D5. However, Young's moduli of the '
dominating part of the columns are much higher than the column secant
modulus values obtained in the laboratory.
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5.2 HYDRAULIC CONDUCTIVITY TESTS

No standard method exists so far for testing and evaluating the hydraulic
conductivity of lime/cement column in the field. Pramborg and Albertsson
(1992) carried out pressure-permeameter tests on soil stabilized by an
admixture of 25 g lime and 35 g cement per kg of natural clay. They
determined that the hydraulic conductivity of the treated soil ranged
between 5.2- 10 m/s and 3.5- 107 m/s, with an average value of 1.4 107
n/s. The pressure-permeameter test is usually used to measure soil
hydraulic conductivities ranging from 1 10° m/s to 1+ 107"° m/s. The
method was developed in France by Louis Ménard and is quite similar to
the well-known pressuremeter test instrument. The method used in this
study is called the packer test and is similar to the method used for
measurement of hydraulic conductivity in a rock mass.

3.2.1 Test instrumentation
b,,!b
N
OB [
o2 E :<
n e
>
/ Packer S0em
7L
>, 7
I crf(.ir.lted 50 cm
pipe
-
Packer 50 ¢m
l7L

Figure 5.28 In situ hydraulic conductivity test instrument.

The instrument consists of five parts, as illustrated in Figure 5.28. These
are probe (1), cylinder (2), cylinder (3), digital pressure gaunges (4) and air
pump (5). Stiff plastic tubes are used to connect these parts to each other.
The probe consists of a single-ended metal standpipe open at the top and
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with an inside diameter of about 19 mm. Two inflatable-seals 0.5 m long
each, called packers, are used to isolate a 0.50 m segment of an open
borehole. In that isolated part, the standpipe is perforated with small holes.
The air pump is used to induce pressure in cylinders (3) and (2}. The
pressure created is measured by using digital pressure gauges. The air
pressure in the cylinder (3) is used to force the water to flow into the
packers and this in turn will expand the packers against the borehole. The
pressure applied must be high enough to create a seal, but at the same time
too high pressures must be avoided to prevent expansion and cracking of
the lime/cement column. The packers are sufficiently flexible to ensure
that a uniform pressure is applied to the wall of the borehole. The inside
diameter of cylinder (3) is about 110 mm and it is numbered along the
length every | mm. By reading the water level in the cylinder, the volume
of the water filling the packers can be calculated and controlled. The
volume control is very important in case the packers expand against the
soft part of the lime/cement column and a further increase in the water
volume in the packers may break the expanded packers. A calibration test
was performed to evaluate the water volume needed for the packers to
expand against a stiff plastic pipe with 60 mm inside diameter. This is
actually about the same diameter as the borehole to be drilled in the
column center. The results are presented in Figure 5.29.

W ater level in cylinder {2), {cm}

e o LN

r 1
£ i
1 J
2

Pressure head, {m]

Figure 5.29 Calibration of the packer membranes against a 60 mm diameter
plastic pipe,

In Figure 5.29, the change in level in cylinder (3), of the water pumped
into the packers, is plotted against the pressure, expressed in meter
pressure head used to force the water to flow into the packers. At 4 m
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pressure head, the volume of water flowing into the packers started to
reduce potentially, and the measured water level in cylinder (3) was about
245 mm corresponding to a volume of about 2330 cm’. The maximum
water volume flowing into the packers at the end of the cahbx ation, when
the pressure head was 10 m, was about 2500 cm’.

Cylinder (2) with 80 mm inside diameter is placed on a tripod and
connected to the standpipe in the probe. The water discharge through the
perforated part of the pipe flowing radially in the lime/cement column can
be calculated by measuring the change of the water level in the cylinder
during a certain interval of time. The water head pressure is measured as
the difference between the water level in cylinder (2) and the level of the
ground water table. By inducing air pressure at the top of the cylinder, the
head pressure can be increased. The air pressure and its change during the
test can be measured by using a digital pressure gauge.

522 Installation and test procedure

The site was prepared before the installation by excavating and exposing
the top of the column. As a first step in the installation procedure, a hole
was drilled in the center of the lime/cement column along its whole length.
The lime/cement column consists of brittle material, and precaution must
be taken when selecting the drilling equipment and the drilling method.
When a dry rotary drilling was used, it was noticed that the column was
badly disturbed. Thus it was not possible to control the volume of water
flowing to the packers, which clearly indicated that the borehole diameter
was much larger than the target 60 mm hole. Moreover, the drilling process
caused cracks in the body of the column around the drilled hole, which
made it impossible to perform the hydraulic conductivity test. A wash
boring method was used where water is pumped through the drill rod. This
method uses rotation drill bit in conjunction with the application of water
pressure to advance the hole. The water rises between the borehole wall
and the drill rod together with the suspended column particles and
overflows at the top of the column, The resulting borehole diameter is
about 60 mm. Even when using this method it happened that when the
quality of the column at a certain level was not adequate, the borehole
became much larger than 60 mm. This was observed at a few levels during
the test. During advancing of the borehole, it was possible to record the
resistance force and the advancing velocity along the column length. For
each column, the levels, at which the test was conducted, were decided on
the basis of the force resistance and advancing velocity variation with
depth during the drilling operation. It was decided to avoid placing the
rubber membrane at levels where the column quality was bad.
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With the probe at the decided level, the valve, connecting cylinder (3) in
Figure 5.28, was opened and the water flowed to the probe to fill the
rubber membranes under a certain pressure, depending on the estimated
lime/cement column shear strength. During the time when the rubber
membranes were expanding, the water in the borehole, replaced by the
volume of the expanding rubber membranes, started to rise in the borehole.
Then any air present in the standpipe was pushed out through the
perforated part of this pipe, which was isolated by the rubber membranes.
No excess pressure can be developed in the isolated part of the pipe. The
part of the borehole located under the probe may develop excess water
pressure during the expansion of the rubber membranes. However, it was
difficult to measure any pressure increase there. When the probe was in
position, the standpipe was then connected to cylinder (2). Control was
made to remove any possible air bubbles that could have been trapped
during the connection. The valve between cylinder (2} and the standpipe
was then closed and the instrument was ready for the hydraunlic
conductivity test.

Before starting the test, both the water level in cylinder (2) and the distance
between this level and the ground level at the column top were first
measured. The test started when the valve between cylinder (2) and the
standpipe was opened. The water discharge at the insulated part of the
borehole in the center of the lime/cement column was calculated by
measuring the change of the water level in cylinder (2) during a certain
time interval. The total head was simply calculated as the elevation from
the water level in cylinder (2) to the center of the perforated pipe minus the
head pressure caused by the pore water pressure at the center of the
perforated pipe.

523 Traditional methods

Two equations are mainly used to calculate the hydraulic conductivity of
the clay based on in situ cylindrical pizometer measurements.

In the case of constant head measurement, the hydraulic conductivity is
determined by the following equation:

1 0
K_ =— = 5.5
soil F AH ( )
In the falling head case, the equation is given as:
A
K.\-oil = _EM ) F—-In EL (56)
F (,-1) | H,
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Ksoir hydraulic conductivity of the soil

Q flow rate

AH constant difference in head

F shape factor

A, area of the standpipe

H; H; the heads between which the hydraulic
conductivity is determined

tl the time when the water level in the standpipe is
Hl

2 the time when the water level in the standpipe is
H2

Different approaches are used to assign a value of the shape factor to the
cylindrical piezometer. Hvorslev (1951) obtained the value of the shape
factor as:

P 2.7l 5.7
2
In L + |1+ L
d d
[ length of the piczometers
d diameter of the piezometers

Wilkinson (1968) noted that the value of the shape factor, calculated by
Hvorslev’s equation, was slightly underestimated and suggested a more
accurate value by using the following equation:

2
In 1.5-i+ I+ 1.5--1—
d d

5.24 Finite element model

In calculating the hydraulic conductivity of the lime/cement column,
equation (5.5) or (5.6) can be used. Yet the shape factor presented by
Hvorslev and Wilkinson is applicable for piezometers surrounded by
infinite soil. This is not the case in the lime/cement problem where two
materials with different hydraulic properties surround the probe. Moreover,
the probe has another geometry compared to the piezometers. To tackle
this problem, a finite element model was used.
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Before introducing the model, a review of the theory of groundwater flow
will be discussed first. By considering a porous material with a solid
matrix and continuous pore space, the storage equation can be written as:

du
—_ e 34V .
1+edi l+e P at+ d (5-9)

void ratio of the medium at time t
compressibility of the fluid

excess pore pressure at time t
specific discharge

49 = ;o

gradient

The terms in the above equation state that the compression of the soil is
due to the compression of the pore fluid and the amount of water expelled
from an element by flow. For steady flow through an incompressible
medium the above equation can simply be written as:

Vg=0 (5.10)

Darcy (1856) expressed the linear relationship between the discharge
velocity vand the hydraulic gradient i as:

_kpse

v (5.11)
U

v discharge velocity

k intrinsic hydraulic conductivity

o mass density of the fluid

g acceleration due to gravity

7 absolute viscosity of the fluid

i hydraulic gradient

In soil mechanics, the coefficient in Darcy’s law is often expressed in term
of the hydraulic conductivity Ky

F-p. -
K="LE (5.12)
U
K, hydraulic conductivity
The hydraulic velocity in Darcy’s law is written as:
VmKwH.i (513)

116



Field tests

According to Bernoulli’s equation, the hydraulic head is expressed as:

2
v

H,=——+h,+h
[ 28 ? z

H, hydraulic head
2
4 velocity head
2-g
h, pressure head
h elevation head

In seepage problems, the atmospheric pressure is taken as reference
pressure and since the velocity head is small (velocity < 1 cm/s, assumed to
be zero), the hydraulic head expression will be reduced to be:

Hh zhp+hz (514)

In the hydraulic head equation, the pressure head is simply equal to the
pore water pressure # divided by the water unit weight .

The hydraulic gradient is the derivative of the hydraulic head with respect
to the drainage path, so the flow velocity in the j direction becomes:

dH,
dx.

7

v, =K, (5.15)

By substitution of equation (5.15) into equation (5.10) the three-
dimensional steady state flow becomes:

0 oH, 0 oH, o oH
K by T g TAN (K TRy =) 5.16
o K= %+ay( "oy }+az( : az) (5.16)

Making the assumption that the hydraulic conductivity is constant and that
the soil is isotropic with respect to hydraulic conductivity, equation (5.16)
is simplified to:
d°H, 0°H, 0°H,
+ +
oxt oy 9
In the numerical calculations, an axisymmetrical model was used, and the
equation related to this mode] is:
o*H, 1 9H, d’H,
7 T Tt
or* r dr 0z

In the preliminary numerical calculations, the finite element program
SEEP/W was used. This program is designed for analysis of groundwater

=

=0 (5.17)
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seepage and excess pore-water pressure dissipation problems. Yet, the
major calculations were carried out using PLAXIS program. Moreover, in
the case when the hydraulic conductivity of the column is much higher
than that of the surrounding soil, equation (5.17) was solved using a simple
finite difference model implemented in a spreadsheet program. The model
is presented in appendix B.

[T} Recharge of drainage boundary

MR 'mpermesbic boundary

Figure 5.30  Electric analogue model B3 or measurement of shape factor.

The performance and accuracy of the finite element program PLAXIS,
were first tested by comparing the calculated results with known analytical
solutions and test results.

Brand and Premchitt (1980) constructed an electric analogue model
specially used for the shape factor measurements. The model consisted of a
cylindrical electrolytic tank, 900 mm in diameter and 500 mm high made
of 3 mm thick Perspex. The electrolyte used was water. The model
piezometers were located on the axis of the tank and were made of brass.
In a special case, called B3, the boundary conditions selected were close to
the case of radial flow in a lime/cement column with a hydraulic
conductivity much higher than the hydraulic conductivity of the
surrounding clay. This model is shown in Figure 5.30.

The results from the PLAXIS model were very close to the experimental
results, as shown in Figure 5.31. It can be noticed that in the same figure
the results of the finite element program SEEP are shown.

Previously in this section, two equations were used for calculating the
shape factor of hydraulic piezometers surrounded by infinite soil. These
equations, presented by Hvorslev and Wilkinson, are numbered in this
section as equations (5.7) and (5.8).

Results from numerical calculations carried out using the PLAXIS
program are presented in Figure 5.32.
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Figure 5.31 PLAXIS and SEEP results compared with measured results.

The figure shows that PLAXIS results were closer to the Wilkinson
equation than to the Hvorslev equation, which confirms that the Hvorslev
equation underestimates the value of the shape factor.
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Figure 5.32 Calculated shape factor compared with analytical solutions.

119



Chapter 5

In the above figure, [ and d are the length and the diameter of the
piezometers, respectively. It should be noted that, in the PLAXIS model,
dimensions which were 100 m depth and 200 m diameter were kept
constant together with the piezometer diameter, while the length of the
piezometers was changed to achieve the required length to diameter ratio.
After the fair performance of the PLAXIS program, it was decided to use
this program to calculate the shape factor needed to evaluate the hydraulic
conductivity of the lime/cement column based on the results from the in
situ tests conducted at the Fjaras and Loftadn sites.

The lime/cement column is not a perfect homogenous material, and the
properties can vary both over the cross section and along the length. As an
assumption and simplification, the column material was assumed to be an
isotropic homogeneous material.

An axisymmetric model was established. The suggested model was 4.5 m
wide and 9.0 m high. The radii of the lime/cement column and the
borehole located at the center of the column were 0.3 m and 0.03 m,
respectively. The borehole was drilled all the way along the column length,
which was 7.0 m high. The dimensions of the two rubber membranes and
the isolated drainage region were 0.03 m radius and 0.50 m high, see
Figure 5.33. The basic finite element used in the model was selected to be
a 15-noded triangular element.
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Figure 5.33 Axisymmetric model.
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Three types of soil elements were applied in this model; the lime/cement
column, the clay soil surrounding the column and the water in the borehole
located at the center of the column. The numerical model was aimed to
solve a steady state problem. The most needed material property was the
hydraulic conductivity of these materials. The rubber membranes were first
modeled using non-porous material type. Later on, better results were
obtained; when this material type was omitted and the rubber membranes
instead were defined as impermeable boundaries, see Figure 5.33.
The water table was defined as a horizontal phreatic line located at the top
of the model. As defined previously, the total head is the sum of the
pressure head and the elevation head. Figure 5.33 shows that the total head
for this model was constant and equal to 9 m, with the exception of a
vertical line to the right of the isolated region located between the rubber
membranes, where the total head was assumed to be more than 9 m in
order to cause the radial flow. All the boundaries located at the line of
symmetry to the left of the model were impermeable. The geometry lines
representing the rubber membranes were assumed to be impermeable.
The maximum discharge near the flow boundaries was used to calculate
the shape factor. Since the model used was an axisymmetric model, the
resulting discharge was given per radian and, thus, must be multiplied by
2-7 to get the discharge as volume per time. The discharge was calculated
based on the constant head condition, and the shape factor was calculated
using the following equation:

Q

o — (5.18
K. _ -AH (5.18)

col

The hydraulic conductivity used in the above equation is related to the
defined material properties of the lime/cement column,

In the numerical calculations, the hydraulic conductivity of the clay was
kept constant while that of the lime/cement column was increased step
wise from being equal to that of the clay to a value that was 10000 times
larger. This was done in order to observe the effect of the hydraulic
conductivity ratio between the lime/cement column and the clay on the
calculated shape factor. The results are presented in Figure 5.34.

If the hydraulic conductivity of both the lime/cement column and the clay
are equal, then the case becomes almost similar to the flow of piezometers
surrounded by infinite soil. As the hydraulic conductivity of the
lime/cement column increased relative to the hydraulic conductivity of the
clay, the flow across the boundaries between the column and the clay
began to reduce and, at a ratio of 50, the boundaries there acted almost as
closed flow boundaries.
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Figure 5.34 The variation of the form factor with different hydraulic
conductivity ratios.

When this happens the shape factor will start to decrease from a value of
about 1.43 m at a hydraulic conductivity ratio of one to about 0.6 m at a
ratio of 50. The decrease is very slow as the ratio exceeds 50, and the value
of the shape factor is only about 0.58 m as the ratio increases to 10000.

5.2.5 The Fjiras test site

At this site, hydraulic conductivity tests were conducted on five columns at
different depths. Columns 7, 2 and 3 were tested in the summer of 1996.
Columns / and 2 were single columns while column 3 was part of a
column group installed as a wall. In 1997 two more columns, CTHI and
CTH2, were tested. These were single columms. The test instrument
described in section 5.2.1 was used in all the columns except for column 2,
where a cylinder with a large diameter was used instead of the commonly
used cylinder (2). See Figure 5.28. Leakage problems at some levels
occurred during the test of columns I, 2 and 3, which affected the results
of the tests. When columns CTHI and CTH2 were tested, a better routine
for the test was used and more reliable results were obtained. The depths at
which the tests were carried out are defined as the distance from the head
of the column to the center of the perforated pipe.

5.2.5.1 Testresults

It was assumed that the flow rate was stabilized at the end of the test,
although this is generally not the case in practice.

The most important factor in performing an in situ hydraulic conductivity
test is to reach a balance between the applied pressure in the rubber
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membranes sealing the borehole and how these membranes act as a perfect
seal. Results from laboratory tests carried out on standard size samples
may be used as a rough guideline to establish how reliable the field tests
are. This must be combined with experience and engineering judgement.
The first column tested at this site was column 2. The test was carried out
at three levels, 1.8 m, 4.3 m and 6.4 m. Constant head was applied during
the tests and, at level 4.3 m, this was combined with a falling head test. At
1.8 m level, the test was started using a hydraulic head of 5 m, and the
pressure in the packers was about 120 kPa. The water in the borehole rose
during the test, which indicates that the packers did not act as a seal. The
pressure was then increased to about 145 kPa. The average hydraulic
conductivity of the lime/cement column evaluated at this level was about
5.0- 10" m/s see Figure 5.35.
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Figure 5.35 In situ hydraulic conductivity test results for column 2.

At 4.3 m depth, the applied hydraulic head was about 3.1 m and the
measured hydraulic conductivity after about 13 minutes was 1 10°° ms.
The test was then terminated and the hydraulic head increased to 6 m. At
this time, air bubbles appeared to come from the column and the hydraulic
conductivity suddenly increased to become equal to about 2- 16" m/s (not
shown in Figure 5.35). It is very likely that the high pressure in the rubber
membranes and the increase of the hydraulic head made it possible to build
a microscopic channel in the column structure near the flow region.

The last test on column 2 was carried out at 6.4 m level. The hydraulic
head selected was 3.5 m. By mistake the pressure in the rubber membranes
was increased up to about 250 kPa. The pressure was then permitted to
decrease until it was equal to about 145 kPa. During the first 18 minutes
air bubbles started to come from the column, and the hydraulic
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conductivity was about 1.5 10® m/s. The test was terminated after 38
minutes. The test was restarted again after increasing the hydraulic head to
about 6 m. It took only about 5 seconds for about 0.5 liters of water to flow
into the lime/cement column. This was clear evidence of the microscopic
cracks formed as a result of the combination of high pressure used in the
membranes and the rather high hydraulic head.

At this stage the cylinder with a large diameter was replaced with cylinder
(2). The next column tested was column 1. Five tests were carried out at
2.5m, 3.7 m, 49 m, 5.6 m and 7.2 m depths. In all these tests the falling
head method was applied using hydraulic head between 1.7 m and 2.1 m.
At depths 3.6 m, 5.6 m and 7.2 m there was a leakage problem. Efforts
were made to reduce this problem by increasing the pressure in the rubber
membranes but, as shown in Figure 5.36, the hydraulic conductivity was
still relatively high at these levels.
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Figure 5.36 In situ hydraulic conductivity test results for column 1.

As was mentioned before, column 3 was part of a wall construction. Tests
were conducted at depths 1.8 m, 2.6 m and 4.3 m. At 2.6 m depth, the
falling head test was carried out. At the other two depths constant head
tests were conducted. Leakage was noticed at 1.8 m depth, as the water
level in the hole increased. This explains the rather high value of the
hydraulic conduetivity obtained at this depth. The hydraulic head used was
about 6 m see Figure 5.37.

Test results from 4.3 m depth are not shown in this figure since one of the
rubber membranes had burst. The drilling log was then studied to uncover
the cause of the failure of this test.

124



Field tests

1.0E-5 = -
E
oy
£
S R
=
3
=l
3
< Depth below
"% ground evel
— ]OE_S ettt a1 o z
= "? A 18 m
—'— 2.6 m |
1.0E-9 . . . ——
0 2080 4000 6000 8000 10400

Time [s}

Figure 5.37 In situ hydraulic conductivity test results for column 3.

It was noticed that the column quality was poor at the depth where the
membranes were located. Further, under the pressure that the membranes
were subjected to, a large increase in the volume of the membranes in that
direction occurred, which in turn caused them to burst. In later tests special
precaution was taken in order to avoid such problems.

At column CTHI four tests were conducted and the levels selected were
27 m, 5 m, 7.4 m and 9.7 m. The falling head tests were performed and
these fests were started with about 2.2 m hydraulic head.
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Figure 5.38 In situ hydraulic conductivity test results for column CTHI.

The hydraulic conductivity values were roughly between - 107 my's to
1- 10® m/s, with a minimwm value at 7.4 m depth. See Figure 5.38.
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The last column tested at the Fjirés test site was column CTHZ. At depths
2.5 m, 4.9 m, 7.3 m, and 9.7 m from the column, head falling head tests
were conducted. The tests were started with a hydraulic head of about
2.2 m. The results are presented in Figure 5.39.
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Figure 5.39 In situ hydraulic conductivity test results for column CTH2.

Stable hydraulic conductivity values were achieved between 7+ 10° m/s
and 1- 10% m/s at all the depths except at 4.9 m depth, where the
conductivity was still reducing and not yet stable.

5.2.6 The Liftaan test site

Ten columns were prepared for test at this site, yet only six columns were
tested due to practical difficulties. These six columns were Al, A2, A4, BI,
B2, B4.

In situ measurement of the hydraulic conductivity of the clay was carried
out at two depths, 2.1 m and 6.1 m below the original ground level.
Moreover, the pore water pressure at these two depths was measured,
which was necessary when evaluating the total head in the hydraulic
conductivity calculation. The tests were carried out during the winter 1999.

5.2.6.1 Testresults

The in situ hydraulic conductivity of the clay was measured at two depths
using constant-head piezometers. The measured hydraulic conductivity
was about 8 107" m/s and 7 10°'° m/s at depths 2.1 m and 6.1 m, below
the original ground level, respectively, sce Figure 5.40.
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Figure 540 The in situ hydraulic conductivity of the clay at two levels.

Column Al was excavated to a depth of only 0.4 m below the original
ground level. Three tests were conducted at 2.4 m, 4.2 m and 5.6 m below
the top of the column.
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Figure 5.41 In situ hydraulic conductivity test results for colummn Al

At depth 2.4 m, the falling head method was used with initial hydraulic
head of about 2.1 m. The pressure applied to expand the rubber membranes
was about 100 kPa and the amount of water flow to the membranes was
about 2.5 liter to be compared with the 2.4 liter used to expand the
membranes in a 0.06 m plastic pipe, as shown in section 5.2.1. The
measured hydraulic conductivity at this depth was about 3- 10 my/s or
about 40 times the hydraulic conductivity of the clay. At 4.2 m depth the
initial hydraulic head was about 1.7 m and the measured hydraulic
conductivity was about 1- 10 m/s. At depth 5.6 m, air pressure was used
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in cylinder (2), see Figure 5.28, to increase the initial hydraulic head to
about 3.1 m. The change in the pressure in the cylinder with respect to time
was measured by a digital pressure gauge. The measured hydraulic
conductivity was about 1.5- 10" m/s. At the same depth, another test was
conducted during 36 hours. The hydraulic conductivity was between 1.10°°
m/s and 2.10°% mv's, see Figure 5.42.
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In situ hydraulic conductivity test results for column Al at 5.6 m
depth.

Column A2 was tested at three depths, 1.6 m, 3.2 m and 532 m At 1.6 m
the hydraulic conductivity was about 7.10® nvs. Pressure in the
membranes was about 100 kPa while the initial hydraulic head was about
2.0 m, see Figure 5.43.
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Figure 5.43 In situ hydraulic conductivity test results for column A2.
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At 3.2 m depth, three types of tests were conducted. The first two tests,
3.2a and 3.2b, were carried out during about 2.5 hours with a hydraulic
head of about 2.0 m. The tests were performed with seven days interval.
The hydraulic conductivity varied between 5 10 m/s and 6 10 nvs.,
Long-term tests were carried out at 3.2 m depth, as a third test, and another
test at 5.2 m depth, as shown in Figure 5.44.
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Figure 5.44 In situ hydraulic conductivity test results for column AZ at 3.2 m and
5.2 m depths.

The hydraulic conductivity at 3.2 m depth after 17.5 hours was about
4 10° m/s, which was very close to the previous two values at the same
depth. At 5.2 m depth, the hydraulic conductivity was about 1.5 10 mis.
For column A4, tests were conducted at two depths, 3.2 m and 5.2 m. At
these depths, two tests with different initial gradient were carried out.

The initial hydraulic head at 3.2 m depth was 2.1 m for the first case and
4.7 m for the second case respectively, and the hydraulic conductivity was
found equal to be about 2 10 m/s in both tests. In the case of lower
initial hydraulic head, the pressure in the packers was increased from 110
kPa to 145 kPa after 7920 seconds, as shown in Figure 5.435.

At 5.2 m depth, two tests with different initial hydraulic head were carried
out. The initial heads applied were 1.8 m and 5.0 m respectively. The time
duration in the case of lower hydraulic head test was about 30 hours while,
in the second case; the test was terminated after 51.4 minutes.

The hydraulic conductivity at this depth varied between 2 10" m/s and
8 107 m/s, see Figure 5.46.
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Figure 5.45 In situ hydraulic conductivity test results for column A4 at 3.2 m
depth.

Column BI was tested at two depths, 1.8 m and 3.0 m. At each depth, two
tests with different initial hydraulic head were carried out. The applied
initial hydraulic heads were 2.3 m and 4.2 m respectively. A rather high
hydraulic conductivity was observed at 1.8 m depth in the both cases with
a value ranging from 1- 107 m/s and & 10° m/s.
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Figure 5.46 In situ hydraulic conductivity test results for column A4 at 5.2 m
depth.
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During the test with 2.1 m initial hydraulic head, which lasted 14580
seconds, the pressure in the packers was increased twice, first from 100
kPa to 150 kPa after 11640 seconds and then to about 196 kPa after 13380
seconds. No change in the hydraulic conductivity was noticed after these
changes, see Figure 5.47.
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Figure 5.47 In situ falling head hydraulic conductivity test resulls for column Bl
at 1.8 m and 3.0 m depths.

At 3.0 m depth, two different initial hydraulic head were applied, 2.0 m
and 5.1 m, respectively. In the case with 2.0 m hydraulic head, the test
lasted about 16 hours while in the second case; the test was terminated
after 2970 seconds. The hydrawlic conductivity at 3.0 m depth varied
between a value of about 8- 10 m/s in the case of lower initial hydraulic
head and about 1.5+ 10 m/s in the case of higher initial hydraulic head.

- Leakage problems dominated the tests of columns B2 and B4 at smaller
depths. Column B2 was tested at three depths. At 1.8 m depth, all the
attempts to seal the hole failed, and the test was then moved to the next
depth 3.2 m. At the beginning of the test the measured discharge was high
and the water was rising in the hole, which was an indication of a leakage
problem. The pressure in the packers was increased from 100 kPa to about
198 kPa without clear evidence of progress in the sealing of the borehole.
After 10560 seconds the pressure was increased to about 252 kPa and this
time the discharge started to decrease. The duration of the test at this depth
was about 21 hours and the hydraulic conductivity at the end of the test
was about 4 10”° mys.
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Figure 5.48 In situ constant head hydraulic conductivity test results for column
Bl at 1.8 m and 3.0 m depths.

A lower value was expected as the hydraulic conductivity reached a stable
value, see Figure 5.49
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Figure 5.49 In situ hydraulic conductivity test results for column B2 at 3.2 m
depth.

At 5.2 m depth the pressure in the packers was 120 kPa at the beginning of
the test. As shown in Figure 5.50, the pressure was increased to about 198
kPa after 6780 seconds. At the end of the test, the hydraulic conductivity
reached a stable value of about 4 10” m/s.

The last column tested was column B4. At 1.5 m depth the discharge was
very high, and no recovery was achieved in spite of a pressure increase in
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the packers, for about 250 kPa at the end of the tests. Obviously, this part
of the column was damaged during the drilling process, and the diameter
of the hole at this depth was large since the water flow in the packer was
higher than usual. The situation was worst at 3.2 m depth. During the
installation of the instrument and when the packers were inflated, no water
was seen to rise in the stand-up pipe, which was a clear indication of a real
leakage problem at this depth.
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Figure 5.50 In situ hydraulic conductivity test results for column B2 at 5.2 m
depth,

When the test was started, the water discharge was so high that it was not
possible to measure the time for the flowing water.
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Figure 5.51 In situ hydraulic conductivity test results for column B4 at 3.2 m
depth.
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The test was continued at the next depth of 5.2 m, At this depth, two tesis
with different initial hydraulic head were carried out. The initial hydraulic
head used at the first case and the second case was about 1.6 mand 4.6 m
respectively. During the first test, the pressure in the packers was increased
from 110 kPa to about 155 kPa after 59220 seconds. The hydraulic
conductivity at 5.2 m depth was about 7- 10" m/s, see Figure 5.51. The
values of the evaluated hydraulic conductivity of the columns tested at the
Loftadn test site are shown in the following table.

Table 5.8  The hydraulic conductivity of the lime/cement columns at the
Liftadn test sife.

Column Depth Initial hydraulic head Hydraulic conductivity

[m] [} {m/s]
Al 2.4 2.1 2.5 10"
42 1.7 1.0- 10°
5.6 1.5 2.0- 10°®
5.6 3.0 1.5 10°
A2 1.6 2.0 75 10°
1.6 42 6.0- 10®
3.2 2.0 5.0 10°®
32 3.5 3.0- 10°®
5.2 1.3 1.5 10°
A4 3.2 2.1 2.0- 10°
32 4.7 1.5 10°®
52 1.8 1.0- 10°®
5.2 5.0 8.0- 10
BI 1.8 22 8.0 10"
1.8 3.7 1.0- 107
3.0 2.1 8.0- 107
3.0 5.1 1.5 10°®
B2 32 1.7 5.0 107
52 1.5 4.0- 107
B4 5.2 1.6 3.0 10”7
52 4.6 7.0- 107
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6 LABORATORY TESTS

6.1 LABORATORY TESTS ON STANDARD SIZE SAMPLES

6.1.1 Introduction

The unconfined compression test, which is a widely used test for
determining the undrained compressive shear strength of soil, is a special
case of the triaxial undrained test. In this test, the confined pressure is
equal to the atmospheric pressure (i.e., 03 = 0). In common practice the
undrained shear strength of the soil ¢, is calculated as half the compressive
strength by assuming that the internal friction angle ¢ is equal to zero. This
may be the case for a fully saturated soil. In fact this is a conservative way
of evaluating the shear strength since there are many factors to be
considered during the evaluation, for example, the degree of saturation,
grain size and fissuring. In the case of the lime/cement columns it is wise
to use the compressive strength rather than the shear strength since the
material is not fully saturated and the angle of internal friction is not
necessarily equal to zero. All the unconfined compression test results in
this section are therefore presented in terms of compressive strength. The
tests were carried out on samples prepared in the laboratory as well as
samples taken from mixed-in-place columns,
Ekstrom (1994) conducted numerous unconfined compression tests on
both field mixed and laboratory prepared samples and suggested that the
ratio between the secant modulus E5p and the unconfined compressive
stress was between 50 and 150. Ahnberg et al. (1995) suggested that, at
unconfined compressive strengths between 120 kPa and 300 kPa, the ratio
between the secant modulus Ejp and the unconfined compressive strength
was about 90. On the other hand, the ratio of the secant modulus at failure
load E,, and the unconfined compressive strength was about 50.
For each unconfined compression test in this study, the unit weight and the
water content of the stabilized sample were determined.
Tests on lime/cement columns were carried out to evaluate specific gravity
G, and the average value obtained was about 2.71.
The degree of saturation of the colwmns was calculated using equation
(6.1).

5, =L GV 6.1)

Yoo GJ- ' (1+ w)_ymf

S degree of saturation

r
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Y e column unit weight

G, column specific gravity
w moisture content

Y. unit weight of water

As the lime/cement column may be of varying quality both over its cross
section and along its length, the samples prepared were of the best quality
where the mixing process had been adequate. In fact, in few cases, parts of
the columns consisted of untreated clay. Selecting small samples may
weaken the effect of the column macro structure, especially during
hydraulic conductivity tests. During hydraulic conductivity tests, large
hydraulic gradients were avoided, and ASTM D 5084 recommendations
concerning the maximum hydraolic gradient were followed. The ASTM
recommendations are shown in Table 6.1.

Table 6.1  Maximum hydraulic gradient recommended by ASTM D 5084.

Soil Maximuin
hydraulic conductivity hydraulic gradient
[m/s] [-1
1- 10°to 1+ 10° 2
1- 10%t0 1+ 107 5
1- 1070 1- 10° 10
1- 10%t0 1+ 107 20
Less than 1- 107 30
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6.1.2 The Varberg test site results

6.1.2.1 Classification parameters

The average water content of totally 40 stabilized samples was about 38 %
after a storage time of one day and decreased to about 56 % after 56 days.
The related degree of saturation according to equation (6.1} was between
about 98 % and 96 % respectively. As was mentioned in Chapter 4, the
water content of the untreated soil varied between 62 % and 72 %.

6.1.2.2  Unconfined compression tests and evaluation of column
stiffness.

Clay samples from depths I m to 5 m were stabilized and mixed in the
laboratory by using 92 kgf’m3 stabilizing agent. The stabilizing agent
consisted of 50 % cement and 50% lime. Unconfined compression tests
were carried out on 25 samples after 1, 3, 7, 28 and 56 days of curing.
Some of the results, normalized to the maximum compressive strength at
28 days, are shown in Figure 6.1. Very small deviations in the ratio were
observed after 1 day to 7 days, while the deviation became large at a curing
age of 56 days. The rate of increase in the compressive strength was high
at a curing age of 1 to 3 days.
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Figure 6.1 The increase with curing time of the normalized maximum
unconfined compressive stress of stabilized clay taken from
different depths.

Another five tests were carried out on samples taken from mixed-in-place
columns. The curing age of the samples tested was 56 days. Generally it
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was expected that the unconfined compressive strength of samples taken
from mixed-in-place columns was lower than the compressive strength of
samples prepared in the laboratory, due to a possible disturbance of the
field samples during the coring or trimming of these samples, Still, there
are many other factors that cause the difference in the compressive
strength, among them the way in which these samples were cured. In this
particular case, the compressive strength of field samples was slightly
higher compared to the laboratory mixed samples.
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Figure 6.2 Unconfined compression tests on laboratory and field samples of 56
~days age.

Young’s modulus of the columns, based on 28 days old laboratory
samples, is shown in Table 6.2.

Table 6.2  Young's modulus of the lime/cement column based on laboratory
mixed samples of 28 days old.

Depth Unconfined Young’s Modulus  Young’s Modulus
compressive strength Eg Esp
m {kPa] [MPa] [MPa]
1 284 16.5 23.0
2 201 15.5 14.0
4 241 14.5 19.0
5 217 9.0 20.5
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In the same table Young’'s modulus Esp is presented, where Esp is the
secant modulus of the columns at 50 % of the maximum unconfined
compressive strength.

From Table 6.2, the ratio between the secant modulus Esp and the
unconfined compressive strength is between 70 and 95, while the ratio
between E,, and the failure load varies between 40 and 75. In fact this ratio
is the reciprocal of the axial strain at failure.

Young’s modulus of the lime/cement column can be expected to increase
with time. The Es; for field samples of 56 days age varied between 30 MPa
and 36 MPa with an average of about 32.5 Mpa. The ratio between secant
modulus Esy and the unconfined compressive strength was between 90 and
140. As shown in Table 6.3, the E5; values for laboratory prepared samples
were in general lower than the average Fsp value for field samples.

Table 6.3 Young’s modulus of the lime/cement column based on laboratory
mixed samples of 56 days age.

Depth Unconfined Secant Young’s Modulus
compressive strength
laboratory field Esgiaboratory Eso fictd
m [kPa] {kPa] [MPa] [MPa]
1 314 344 30.5 34.0
2 330 407 23.0 33.0
3 261 332 22.0 36.0
4 278 250 30.0 30.0
5 380 390 31.0 34.5

6.1.3 The Fjiras test site results

6.1.3.1 Hydraulic conductivity tests

Only hydraulic conductivity tests were carried out in the laboratory to
make a comparison with the results of field hydraulic conductivity tests.

Field-mixed columns from 3 m and 6 m depths were trimmed to samples
with 30 mm height and 50 mm diameter. Samples were placed in a triaxial
cell and consolidated to the same in situ horizontal pressure. Zero back
pressure was used. The direction of the flow was vertical, and the sample
was not subjected to any deviator stress. Two test methods were used, the
falling head method and a variation of falling head (VEH). In the falling
head method, the tests were carried out after adjusting the water level in
the burettes in order to be able to start with a certain initial head. A series
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of readings were made while the water head was decreasing with time.
When evaluating the hydraulic conductivity of the columns, care must be
taken to avoid low gradients at which Darcy’s law may no longer be
applicable. The VFH method was in fact a falling head method with the
exception that adjustment were made to have the same initial hydraulic
head after each reading. A total of seven samples were tested, and the
results of these tests, except for sample Fj5, are shown in Table 6.4.

In samples FjlI and Fj4, the hydraulic conductivity increased as the
gradient was increased. Before the VFH test with gradient 5 was carried
out on samples Fjl and Fj4, these samples were subjected to a high
gradient. It is very likely that microscopic channels were then created,
which may explain the sudden increase of the hydraulic conductivity.
Otherwise, experience from the performed tests shows that the gradient
usually had little or no effect on the hydraulic conductivity.

Table 6.4  Hydraulic conductivity of 6 field-mixed samples taken at 3 m and 6

m depths.
Sample Depth Hydraulic conductivity

Falling head VFH VFH

i=2 i=5

m [m/sec] fm/sec] [m/sec]
Fjl 3 6.0- 107 45 107 7.5 10°

Fj2 3 2.5 10°

Fj3 3 2.0 10 6.5 10° 6.5 107
Fj4 3 3.0- 107 9.0- 10
Fi6 6 1.5- 10°
Fj7 3 1.0 107
1.5 10°

Disregarding tests with a high gradient, the maximum and the minimum
hydraulic conductivity of the lime/cement column are 1.0+ 10° m/s and
1.0+ 10”7 mys.

Sample Fj5, which is not presented in Table 6.4, was subjected to a high
gradient in the first test, and a piping caused the rather high hydraulic
conductivity obtained from the series of tests carried out on this sample. In
a VEH test and ordinary falling head test, combined with different
gradients, the hydraulic conductivity of this sample varied between about
20 107 mfs and 2.0- 10 m/s. Details of all tests presented in Table 6.4
are also presented in appendix C.
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6.1.4 The Loftaan test site results

6.1.4.1 Classification parameters

As was mentioned in chapter 4, the natoral water content, w,, of the
untreated soil was between about 81 % and 87 %, while the density, O,
was between 1.55 t/m’ and 1.58 t/m’. The water content of the treated soil
varied depending on the preparation method. A lower water content and

thereby a lower degree of saturation was observed in laboratory mixed
samples.
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Figure 6.3 Water content and degree of saturation of laboratory mixed
samples at different curing ages.

Figure 6.3 shows that the water content of laboratory mixed samples varied
between 59.5 % and 63.5 %, while the related degree of saturation varied
between 93.5 % and 95.5 %.

The calculated unit weight of these samples was about 15.5 kN/m’. In
connection with the large-scale triaxial tests and unconfined compression
tests, samples were tested to determine the unit weight and the water
content.

Table 6.5  Average value of parameters for field mixed samples.

Sample Unit weight,  Water content, Degree of
¥ W, Saturation, S,
[kN/m’] [%] [%]
F3 153 71.9 98.1
F4 15.3 68.9 96.5
F5 15.5 67.9 97.9
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Table 6.5 shows the average values of the classification parameters of field
mixed samples. For each column shown in the table, three sets of samples
were tested.

6.1.4.2 Unconfined compression tests and evaluation of column
stiffness.
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Figure 6.4 The increase with curing time of the normalized maximum
unconfined compressive stress of stabilized clay taken from two
depths.

The laboratory mixed samples were made by mixing clay obtained from 2
and 5 m depths. A 50/50 per cent lime/cement mixture of about 135 kg/m’®
was used as a stabilizing agent. The increase with time of the normalized
maximuin unconfined compressive stress is shown in Figure 6.4.
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Figure 6.5 The decrease with curing time of the lime/cement column failure
strain during unconfined compressive test.
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At each depth three samples with the same curing age were tested. The
lines presented in the diagram are the average values of the normalized
compressive stress at the related depth. A large scatter was observed for
the samples located at 5 m depth at a curing age of 150 days.

The failure strain decreased as the curing age increased, see Figure 6.5.

A combination of a decrease of failure strain and an increase of unconfined
compressive strength obviously means a marked increase of the column
modulus with time. The secant modulus Esp for the laboratory prepared
samples at curing ages 7, 28 and 150 days is shown in Table 6.6.

Table 6.6 Young's modulus of the lime/cement column based, laboratory
mixed samples of 28 days age.

Depth  Young’s Modulus  Young’s Modulus  Young’s Modulus

7 days 28 days 150 days

E50,.co0 Esg.col Espcol
m [MPa] [MPa] [MPa]
2a 14.2 48.1 912
2b 22.3 51.5 88.4
2¢ 40.0
Sa 42.0 52.3 1119
5b 36.0 50.3 98.0
5¢ 26.0 82.6

Although the soil conditions at the Varberg test site and the Loftadn test
site were not the same, a comparison between the column moduli at the age
of 28 days shows that, by increasing the stabilizing agent from 92 kg/m’ to
135 kg/m3, the column modulus was increased by about 50 %.

In addition to the laboratory made samples, eight specimens were extracted
from columns F4 and F3 and trimmed to standard size samples.
Unconfined compression tests were then carried out on these samples. The
tests were conducted parallel with large-scale triaxial tests carried out on
samples taken from the same columns. Samples from column F4 were
tested at the age of 90 days while samples from column F3 were tested 114
days after the installation of the column. The unconfined compressive
strength and the secant modulus, Ess, of columns F4 and F3 are presented
together with results from laboratory prepared samples at the ages of 7, 28
and 150 days in Figure 6.6. An interesting observation in this diagram is
that the field samples F3 and F4 are located very close to the laboratory
samples of 28 days curing age. As already discussed in a previous section
in this chapter, this may be related to the mixing process, the disturbance
that may be caused by trimming works as well as the curing conditions.
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However, it must be kept in mind that the trimmed samples were actually
the best part of the lime/cement column specimens.
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Figure 6.6  The secant modulus Esp of the lime/cement column versus the
unconfined compressive strength for both laboratory prepared and
field mixed samples at different curing ages.

It is important to point out that, in general, the samples used in the
unconfined compression tests did not fail in pure shear, as more than one
slip surface was sometimes observed during failure.

6.1.4.3  Hydraulic conductivity test

Tests were carried out to obtain the hydraulic conductivity of standard size
samples. A series of tests consisting of four samples taken from mixed-in-
place columns was carried out. The diameter of the samples was about
50 mm while the length varied between 43 mm and 56 mm. The samples
were placed in a triaxial cell and were consolidated to a pressure equal to
the in situ horizontal pressure. The determined hydraulic conductivity was
between 1+ 10 m/s and 1+ 10° m/s, when a maximum hydraulic gradient
according ASTM D5084 of 20 was applied. The initial hydraulic gradient i
across the sample was created by a hydraulic head of about 0.1 m, due to
the difference in water levels in the burettes, and a pressure head of about
0.9 m caused by the back pressure system. All the samples were tested
again with larger hydraulic gradients of about 40 to observe the effect of
exceeding the ASTM maximum limit. In this case the back pressure was
increased to about 19 kPa. The intention was to conduct a failing head test,
but since the back pressure portion of the applied gradient was large,
especially when the hydraulic gradient was 40, the tests carried out may be
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regarded as constant head tests. The results of these tests are presented in
Table 6.7.

Table 6.7  The hydraulic conductivity of samples taken from mixed-in-place

columns.
Sample Dimensions Hydraulic conductivity
Diameter  Height i=20 i =40
{mm] [mm] fm/s] fm/s]
F3a 50 50.7 - 10° 2 10°
F3b 50 52.3 1+ 10°% 1- 10°
1 10t
Fda 50 43.0 4 107 1 10°®
1- 1078
F4b 50 56.0 2- 107 2- 107
2 107

As is shown in Table 6.7, the measured hydraulic conductivity of the
lime/cement columns varies between 2+ 10° m/s and 2+ 10° m/s. By
comparing these results with the hydraulic conductivity of the clay
measured in situ, it can be concluded that the lime/cement column is only
about 2 to 25 times more permeable than the clay. Moreover, it was shown
that the limits of the maximum hydraulic gradient proposed by the ASTM
were in the case of the lime/cement column, very conservative. These
maximum limits may be intended for compressible soft soils, where an
increase of the gradient beyond the limited values may cause consolidation
due to seepage pressure and reduction of the measured hydraulic
conductivity.

Another test series consisted of four stabilized samples prepared in the
laboratory. The falling head method was used in these tests, and for each
sample two different initial hydraulic gradients were applied. The diameter
of the samples was 50 mm while the height varied between 40 mm and
52 mm. As in the previous test series, the hydraulic gradient consisted of
two portions, but at this time two back pressure systems were used
connected to the bottom and the top of samples. The first hydraulic
gradient was created by two back pressures, 90 kPa and 91.5 kPa, with a
pressure difference of 1.5 kPa, while for the second gradient, which was
larger than the first one, the back pressures utilized at the two ends were 90
kPa and 96 kPa with a pressure difference of 6 kPa. Obviously, the cell
pressure was adjusted so as to have the same effective pressure acting on
the sample. The motivation behind the application of the two back pressure
systems with high values was to make it easy to get rid of any air bubbles
which might obstruct the flow.
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The values of the hydraulic gradient applied and the hydraulic conductivity
of these samples are shown in Table 6.8.

Table 6.8  The hydraulic conductivity of laboratory prepared samples.

Sample Hydraulic gradient (i) Hydraulic

conductivity
Initial Final
[-] -] my/s]
Labl 6 2.2 1- 10°
18 12.0 1- 10°
Lab2 5 4.4 8- 107
14 12.5 2. 107
Lab3 6 1.4 2. 10
18 13.0 8 10°
Lab4 5 3.0 1- 10
16 12.5 5 10°

The ratio of the hydraulic conductivity of the lime/cement column shown
in Table 6.8 to the hydraulic conductivity of the clay is between about 2
and 25. The predominant value of the hydraulic conductivity of the
lime/cement column, obtained from laboratory prepared samples, is

i- 10° m/s. The results from all the hydraulic conductivity tests are
presented in appendix C.
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6.2 LLABORATORY TESTS ON LARGE-SCALE SAMPLES

6.2.1 Triaxial tests

6.2.1.1 Introduction

In general, the calculation of the settlement of the lime/cement column
treated soil is, among other factors, based on the shear strength of standard
size laboratory samples, evaluated from the results of unconfined
compression tests. By using empirical formulae, the modulus of elasticity
of the lime/cement column is evaluated on the basis of unconfined
compression test results. In the previous sectioms, results from both
standard size laboratory mixed and field prepared samples were presented
as well as an evaluation of the column modulus. Moreover, in Chapter 3,
numerical calculations of the column modulus based on results from in situ
load tests were presented. To get better information about the column
modulus, large—scale triaxial tests were carried out. Only large samples
from the Loftaén test site were extracted and subjected to triaxial testing at
the laboratory of the Geotechnical Departmment of Chalrmers University of
Technology. At an early stage, and before tests were carried out on the
Loftadn samples, two laboratory mixed large samples were tested and the
results compared with standard size samples of the same treated material.
Since the material of the treated soil used to prepare both large and
standard size samples was the same, these two tests were considered as a
way to observe the performance of the large triaxial apparatus.

6.2.1.2 Test instrumentation

The test equipment which was designed and built within the framework of
this project consists of a confining chamber in which the sample is placed
and tested, a hydraulic jack connected to a fixed load frame for applying
axial force to the samples, a compressed air system to apply regulated
pressure, and electronic measurement devices for measuring the applied
load, pore pressure, cell pressure and axial deformation. As shown in
Figure 6.7, the confining chambers consist of the cell base, cell body, cell
top, top cover and the loading piston. All the parts of the cell were
manufactured from corrosion resistance material. Three outlet ports exist at
the cell bottom. Two of these ports were connected to a pore pressure
device as well as to a back pressure system from one side and to the top
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and the bottom of the sample from the other side. The third port was used
as cell chamber connection and to fill the cell with water and pressurizing
the cell.
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Figure 6.7  Some details of the large-triaxial cell.

The last port was used to empty the water in the cell after finishing the test.
The celi bottom was formed to fit a porous disc 500 mm in diameter. The
cell body consists of a steel cylinder with 700 mm diameter and 800 mm
height. A piston bush, 70 mm in inner diameter, was fitted at the center of
the cell top. Another two ports controlled by valves were made at the cell
top. One of these ports was used to lead the air away from the cell as it was
filied with water, while the other port was used to expel the air from the
upper porous disc. The lower end of the piston had a hemispherical shape.
The top cap, or the loading cap, was made of about 60 kg steel, and a
porous disc was aftached to this cap. Two ports were made in the loading
cap; one connected the top of the sample to the port made in the cell base
and in turn to the pore pressure device and to the back pressure system,
and the second port connected the cell top by a small plastic tube for the
purpose of de-airing the wpper porous disc.

The pressure distribution panel was connected to a constant air pressure
system from one side and to three outlet connections to the pressure
cylinder system at the other side, see Figure 6.8. The outlet to the cell
system was connected to two cylinders different in size. The material of
the first cylinder was stee] with about 80 mm inside diameter, while the
other cylinder was made of transparent hard plastic with about 6 mm inner
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diameter. The last small cylinder was used to observe the water level in the
steel cylinder. The top and the bottom of the sample were connected to two
cylinder systems. Each system consists of a large cylinder with an inner
diameter of about 79 mm and a small cylinder with an inner diameter of 12
mm. The two cylinders were made of transparent hard plastic material and
connected to each other by tubes supplied with valves. The small diameter
cylinder was specially used for hydraulic conductivity tests on samples
with low hydraulic conductivity.

The axial foad system consists of a hydraulic jack connected to a stiff load
frame. A large electrical pump was used to ensure constant applied load
during each load increment by continuous circulated feeding of oil to the
hydraulic jack. The applied axial load was measured by using an external
load cell, and a displacement transducer at the top of the piston was used to
measure the axial displacement.

The triaxial apparatus was placed on a thick steel plate that in turn rested
on a very stiff steel H section.

6.2.1.3  Calibrations and corrections

To eliminate or reduce the effect of errors during a test, the measuring
devices were calibrated before each tfest was started. Each pressure
transducer was calibrated against a reference pressure source and a relation
was built between the applied pressure and the electrical output. A
calibration line was derived from a set of observed data for each device. A
cycle of load/unloading was applied over a full range of the load cell used
in the tests. The load cell was calibrated against a test machine, satisfying
the demand of the Swedish Standard SS-EN 10 00-2 for class 1. Before a
test, the displacement transducer was calibrated against certified slip
gauges of accurately known thickness.

The leakage from the pressure system and the cell was controlled
periodically, and special attention was paid to the leakage through the
piston bush, the valves and through the sample membrane. The time used
to control the leakage far exceeded the duration of the actual test.

As mentioned in the previous section, the hydraulic jack was attached to a
stiff frame, and the triaxial apparatus was placed on a stiff pedestal. It was
necessary to measure the deformation of the system, consisting of the
frame and the pedestal. The system was tested by applying a load on a very
stiff steel ‘specimen’, and dial gauges were placed on the pedestal and at
the four corners of the frame to measure the deformations. A relationship
was then established between the applied load and the supporting system
deformation, which was considered during the analysis of the test results.
No standard size membrane was available for the triaxial test specimens
with a diameter of 500 mm. To reduce the restraining effect of the
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membrane enclosing the specimen the extension modulus of different types
of rubber membrane material was tested. Among three membrane types,
the one used in the triaxial test was a latex rubber 0.5 mm in thickness with
an extension stiffness of about 0.45 N/mm.

6.2.1.4 Installation and test procedure

The routine test for the consolidated undrained, CU, triaxial test is
described in this section
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Figure 6.8  Schematic view of the main features of the large-triaxial apparatus.

The test procedure consists of preparing and setting up the sample as well
as the test procedure. A steel pipe, 800 mm in diameter, was used as a tool
to extract a full-length column in the field. The pipe consisted of two parts,
and these two parts were separable along the pipe length. In total three
columns were taken up, and 8 large samples were extracted and
transported to the laboratory. The manufactured column was 600 mm in
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diameter. The samples were trimmed down to 500 mm in diameter and
500 mm height. The trimming was done by hand.

The cylinders connected to the sample were filled with de-aired water.
Valve p was opened to replace the air in the tube, connecting the cylinder
to the cell bottom, by de-aired water. The column samples were flushed
with water to compensate for the water lost during the trimming process.
The weight of the sample was measured before it was mounted on the cell
bottom.

The top cap was placed on the sample, and a plastic tube was used to
connect the top cap to the cell bottom. Valve f was opened to drive out the
air from the newly connected tube and the top porous disc. It was very
difficult to de-air the porous disc at the top cover since gravity forces
drained the disc, and air replaced the drained water. Finally, the upper
porous disc was de-aired using a special technique.

All the drain lines leading to the top and the bottom of the sample were
then opened to let the sample get into contact with water as in the field.
Isotropic consolidation pressure was then applied by increasing the cell
pressure. As was mentioned in the previous section, the weight of the top
cap was about 60 kg while the weight of the piston together with the steel
plate under the load cell was about 28 kg. The axial stress at the top of the
sample was about 3 kPa higher than the radial stress, and at the bottom of
the sample the self-weight of the sample resulted in an increase in the axial
stress of the sample at that level. In fact, the radial pressure itself was not
constant since at the bottom of the sample the pressure of the water column
in the cell should be added to the applied pressure. All these factors
resulted in a slightly anisotropic stress condition.

After consolidation of the sample, the undrained test was conducted. The
axial load was increased in equal load steps and, to imitate the in situ load
test, the load was kept constant during a 32-minute time interval. Five
clectronic channels were connected to the computer to register the applied
axial load, the axial deformation, the cell pressure and the pore water
pressure at the top and the bottom of the sample.

6.2.1.5 Evaluation of test results and compression modulus

There are many reasons why a soil sample may not be fully saturated
during a laboratory test. In the case of the lime/cement columns, the
manufacturing of the column is performed using a dry stabilizing agent
together with very high air pressure, may be up to 500 kPa. Evidence from
field and laboratory tests shows that lime/cement columns are not fully
saturated. The fact that gas is a highly compressible material and that the
pressure in the water and in the gas is not equal makes the analysis of the
partially saturated soil much more complex than for fully saturated soil.
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According to Barden (1965), in the case of wet artificially compacted clays
with a degree of saturation S, more than 90%, air in the soil exists in its
occluded state and cannot flow as a separate continuous fluid. In the case
of a stiff material, like the lime/cement colurmn, the presence of a small
amount of air will have a large impact on the pore pressures developing
during a triaxial test. The pore pressure parameters A and B are strongly
dependent on the degree of saturation. According to Black and Lee (1973),
the degree of saturation can be written as:

-B ¢ A% . (1-p)
S, = Lt A; dc (6.2)
l-—itewC -B-Ao,

P +Au

Sii initial degree of saturation

P; initial absolute pressure in the pore air
corresponding to S;;

Au change in pore pressure under undrained
condition.

AT change in the isotropic cell pressure.

Ci compressibility of the pore water
(4.8 107 mYkN)

o compressibility of soil skeleton

H; initial porosity

Equation (6.2) can be simplified and rewritten in terms of the pore pressure
coefficient B

B= ;3” - o 63)
O3 C4nS,, Cy iyt

P absolute pressure in the pore air after application of
stress increment.

By applying a uniaxial stress, shear stress will be induced in the soil. Using
the pore pressure coefficients A and B, the change in pore pressare due to a
deviator stress can be calculated by the equation

Au, = A-B-(Ao,— AC;) (6.4)
To demonstrate the effect of the degree of saturation on the B parameter,

Black and Lee (1973) treated four categories of soil. Typical values of the
pore pressure coefficient are presented in Table 6.9.
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Table 6.9  Variation in B value with increasing degree of saturation for typical

soils.

Soil Soil Void ratio  Pore pressure coefficient

category compressibility

Cd e B
Degree of saturation, S,

[m’/kN] [-] 100% _ 99.5% _ 99.0%
soft 1450 2.0 0.9998 0992  0.986
medium 14500 0.6 099388 0963  0.930
stiff 145000 0.6 09877 0.690  0.510
very stiff 1450000 0.4 09130 0200  0.100

Soft soils - soft normally conseclidated clays; Medium seils - compacted silts and clays,
and Hghtly everconsolidated clays; Stiff soils - overconsolidated stiff clays and average
sands; Very stiff soils - very dense sands or stiff clays especially at high confining pressure

The B value for fully saturated soft and medium soils is almost equal to
unity while the value of B will decrease somewhat for fully saturated stiff
and very stiff soils. Partially saturated soil consists of a three-phase
system; soil particles, water and gas.

The lime/cement column belongs to the stiff soil category, In section
6.1.4.1, the degree of saturation of small, field mixed samples was around
97 %. With this in mind and by observing the results in Table 6.9, the B
coefficient will be very low and, as a consequence, the generated pore
pressure is expected to be very low as well.

The lime/cement column is partially saturated, and the shear strength is
therefore strongly dependent on the confining pressure and the degree of
saturation. It 1s important to know that the relationship between the shear
strength of partially saturated material and the confining pressure is
non-linear. The angle of internal friction based on total stress analysis is
not a basic property of the lime/cement column material but dependent on
the test conditions. The major intention of the triaxial tests conducted was
to determine the column modulus, and no attempts were made to evaluate
the strength properties of the column. None of the triaxial tests carried out
developed a single-plane slip surface and, therefore, only area increasing
correction was applied.

In undrained triaxial tests carried out on fully saturated samples, the barrel
cross-area correction is based on axial strain since no volume change is
allowed. Yet some volume change was observed during the undrained
triaxial test conducted on the lime/cement column. In addition to the axial
strain, the volumetric strain was used in the calculation of the area
modification according to the following equation
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1~ AVmI
V.
Am)rr = ol ! Ao (65)
1-¢,
Acorr corrected area
A, initial area of the consolidated specimen
AV o volume change
Veolo volume after consolidation
£, axial strain

Radial and axial stresses were calculated at the middle of the specimen.
The ratio of the initial height to diameter was equal to one for most of the
samples tested. Before discussing the slenderness and end conditions of
samples subjected to compression in triaxial testing, practical details will
be mentioned. It would be extremely difficult to extract samples from
columns taken up in the field with the traditional height to diameter ratio
= 2. Besides, with H/D; = 1, it was more practical to trim and mount the
samples.

It was the intention that, during a triaxial compression test, the whole
sample should be subjected to a uniform axial stress and a uniform
displacement field. Tests were carried out to study the influence of the
slenderness of the sample and the end conditions on the strength
parameters and the mode of failure of the sample. To ensure the
development of the Mohr Coulomb failure criterion, the traditional ratio of
H/D; = 2 was used. In general, when the ends of the sample are not
Jubricated, shear stresses will develop at the sample ends and, therefore,
the axial stress is no longer a principal stress.

Bishop and Green (1965) found that the angle of internal friction ¢ for a
sample with HyD; = 2 and non-lubricated fixed ends was the same as that
for well lubricated fixed ends. Furthermore, samples with lubricated ends
having HyD; = 1 did not depart very much from the shape of a cylinder up
to the strain corresponding to peak strength, while samples with H/D; =72
did not expand much at the ends of the sample whether Jubricated or not.
In the last case, the question is whether the use of average cross-sectional
sample area to calculate the stress is accurate or not. Rowe and Barden
(1964) showed that the angle of internal friction ¢ for samples with H/D; =
1 or 2 with lubricated ends was slightly lower than for samples with
H/D; =2 to 2.7 with non-lubricated ends.

Hartién (1974) discussed the slenderness and the end condition problems
and presented many references regarding this classical problem.
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Jacobsen (1967) and Jacobsen (1970) showed that the best results could be
obtained if lubricated ends are used and the sample is prepared with HyD;
= 1. According to Harremogs et al. (1970), the strength parameters of the
sample are underestimated for samples with H/D; = 2, If the sample height
to diameter ratio is equal to one and the ends of the sample are well
lubricated, all the parts of the sample will undergo the plastic phase. On
the other hand, if the ratio is selected to be two at failure, only a small part
of the sample in the form of failure surface will undergo the plastic phase
while the rest of the sample will remain intact. In an undrained test where
the volume of the sample is kept constant, the last case will mean that
water can flow to or from the failure zone to the intact parts of the sample.
For preloaded material, dilation will occur at the failure zone, where the
vacuum will suck up water to the zone, resulting in a reduction in the
strength of the material. For samples with H/D; = 1 or 2 with non-
lubricated ends, stiff cones will develop at the ends of the sample.

Brown and Gonano (1974} studied the slenderness and end roughness
problem in rock mechanics. They observed that, for samples having a
range of height to diameter ratio of between (.5 and 3 with well-lubricated
ends, the axial stress-axial strain relationship was the same up to the failure
load and that some divergence was noticed after the axial force peak value.
On the other hand, for non-lubricated ends, the peak axial stress and strain
were slightly higher in samples with an initial height to diameter ratio of 1
compared to a diameter ratio of 2.

Before any triaxial tests on large samples from the Loftaan test site were
carried out, two laboratory mixed samples together with a number of
standard size samples were prepared for the test. Since the column quality
of the large and the standard size samples was about the same, the
objective of these tests was only to investigate the performance of the large
triaxial apparatus. The two large samples LC! and LC2 had the same
failure load of about 540 kPa and the same failure strain of about 0.9 %.
The modulus Esp for these large samples was between 60 MPa and 70
MPa. The failure load of the small samples was between 560 kPa and 580
kPa, which is slightly larger than the failure load of the large samples. On
the other hand, the strain at failure was between 1.5 % and 2.5 %, which
far exceeded that of the large samples. In conclusion, the elastic modulus
of the small samples was less than that of the large samples, which may be
related to the scale factor.

Four large samples from the Loftadn test site were tested during the period
between June and July 1999, The dimensions of the samples, curing age
and depth from which these samples were taken are shown in Table 6.10.
The classification parameters of the samples were already presented in
Table 6.5.
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Table 6.10 Depth, curing age and dimensions of the trimmed samples.

Sample  Depth Age  Diameter  Height
[m] [days]  [mm] {mm]

F2 3.5 98 500 400
F3-a 1.5 114 500 500
F3-b 5.5 108 490 500

4 1.5 91 500 500

The samples were first consolidated with a cell pressure of between 20 kPa
and 30 kPa depending on the depth at which the samples were taken.
Undrained compression tests were then carried out. Stepwise axial loading
was used and at each step the axial load was increased by 40 kN. When the
axial loading had reached the intended value, an equal time interval of 32
minutes between each load step was used to measure the creep deformation
of the lime/cement column during the test. Directly before the failure load
was reached, both the axial load and the load step duration was reduced by
50% to obtain more data before and after the failure. In this way, the
loading rate was kept constant.

The failure load was reached when the hydraulic jack could not keep the
axial load constant, except for column F3, where no evidence of total
collapse was observed

The predominating behavior of the columns tested was that no or very low
pore pressure developed up to a stress level close to the failure load where
the samples started to dilate and a negative pore pressure began to develop.
In fact, it was not clear whether the pressure in the porous disc or the pore
pressure in the samples was measured before the sample started to dilate.
Although drained tests were carried out, some volume change was
observed during the test since the sample was not fully saturated.

After reaching the failure Joad the sample was unloaded and the confining
pressure was increased from 20 to 100 kPa and then another undrained test
was carried out. At the second test a very short time interval of about 5
minutes was used between each load increment.

The main objective of the triaxial tests conducted on large samples was to
compare the modulus Eso with those evaluated from unconfined
compression tests on standard size samples and in situ load tests. The test
evaluation will therefore be concentrated on this issue.

In Figure 6.9, the axial stress-strain relationships of consolidated
undrained tests on columns F2, F3-a, F3-b and F4 are presented.
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Figure 6.9  Stress-strain relationship of consolidated undrained rests conducted
on four different large samples with a confining pressure of between 20 kPa and
30 kPa.

The confining pressure used for samples F2, F3-a and F4 was 20 kPa
while, for sample F3-b, the confining pressure was 30 kPa. The peak
deviator stresses observed were almost identical for samples F2, F3-a and
F3-b with values of 430 kPa, 420 kPa and 435 kPa respectively. The peak
axial stress observed for sample F4 was 380 kPa.

The influence of the increasing confining pressure on the llme/cement
column sample was similar to that of a triaxial test carried out on a rock
sample. In general, the axial stress-strain relationship was the same when
the confining pressure was increased to 100 kPa in the three samples, with
the exception that the peak deviator stress value was increased by the
increase of the confining pressure, as shown in Figure 6.10. For clarity,
only results achieved at the end of the load increment are presented.

In two samples, F4 and F3-g, the maximum deviator stress values were
increased by about 60 kPa after increasing the confining pressure. For soft
soil, the stiffness increases by increasing confining pressure, but in the
case of the lime/cement column the secant modulus Esy decreased with
higher confining pressure. As in the case of column F3-b, the maximum
deviator stress increased by about 35 kPa and the secant modulus Esy
decreased by only about 5 %. The maximum axial stress and the secant
modulus Esp of all the tests are presented in Table 6.11.
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Figure 6.10 Stress-strain relationship for three large samples with different
confining pressures.

A comparison between the results of large-scale triaxial tests and
unconfined compression tests carried out on standard size samples taken
from column F3 and F4 with the same curing age, shows that there is quite
good agreement with both the maximum deviator stress and the secant
modulus Esy of these samples. It must be point out that the columns were
of good quality and very homogeneous, thus the quality of both the large
and the standard size samples was almost identical.

Table 6.11  The secant modulus and the maximum axial stress for all the large-
size columns.

Sample o3 Peak deviator Secant Modulus

stress Esp
m [kPa] [kPa} [MPa]

F2 20 430 55
F3-a 20 420 62
100 478 52
F3-b 30 433 57
100 468 54
F4 20 380 67
100 440 46
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The values of the secant modulus Esp for the standard size samples taken
from column F3 vary between 51 MPa and 62 MPa, and the unconfined
compressive strength values vary between 330 kPa and 511 kPa. For
column F4, the values of Esp are between 38 MPa and 65 MPa and the
values of the unconfined compressive strength are between 349 kPa and
580 kPa.

As mentioned before, the time interval between each load increment was
32 minutes. This was in order to be able to observe the creep strain of the
lime/cement column, see Figure 6.11.
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Figure 6.11 Creep strain as a function of deviator stress for all the columns
measured duving the first triaxial test with 20 or 30 kPa confining
pressures.

Creep strains started to increase in all the columws at a deviator stress
equal to about 90 % of the failure value. In the creep deformation results
measured in the load tests, the value is much lower since in this case only
the creep strain in the column material was measured while in the case of
the load test, the measurement consisted of both the column and the clay
soil materials. Moreover, the lime/cement columns are not a perfect
homogeneous material and in the case of in-situ load tests about 6 m length
of the column material was subjected to test compared with only 0.5 m
length in the triaxial compression test. It is obvious that a certain
inhomogeneity could be observed in samples with much larger volume.
The broken lines in Figure 6.11 are to show that, at that interval, the creep
strains were measured for Iess than 32 minutes.

159



Chapter 6

The stress paths of the tested columns are almost identical, and therefore
only the stress path of column F3-a is presented in Figure 6.12.
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Figure 6.12  Effective stress path of effective stress for triaxial compression test
on column F3-a.

In Swedish design practice, the effective angle of internal friction ¢ for
lime/cement columns is usually assumed to be 35° and, with this in mind,
the calculated deviator stresses for p =0 related to this friction angle for

the tested columns are almost identical, varying only between 168 kPa to
175 kPa.
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Figure 6.13 Failure stress envelopes plotted in deviator stress space.
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According to Steensen-Bach et al. (1996) the traditional technique to
evaluate the strength parameters of a structured material, such as the
lime/cement column, should not be applied.

A simple soil model to be applied on limestone was suggested, and a
deviator stress state method was used to define the stress path, see Figure
6.13. If the assumed value of the effective angle of internal friction ¢ is

applied, then the values of the effective cohesion values ¢’ of the initial
failure envelope and for partly destructurized column material are 85 kPa
and 55 kPa, respectively. The equations used for these calculations are
shown in Figure 6.13.

Finally, to give an idea about the pore pressure and volume strain variation
during a triaxial compression test, results from a test carried out on sample
F3-ag are presented in Figure 6.14.
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Figure 6.14 Results of triaxial compression test on sample F3-a at 20 kPa
confining pressure.

The specimen was consolidated under a confining pressure of 20 kPa. The
column specimen acted as overconsolidated matertal since it started to
dilate as the deviatoric stress approached the failure value and a negative
pore pressure developed. Again it must be pointed out that it is not clear
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whether the positive pore pressure was representative for the sample or for
the area close to the porous disc. The sample was not fully saturated, which
resulted in some volume change in the sample with a negative value when
the specimen started to expand.

6.2.2 Hydraulic conductivity

Hydraulic conductivity tests on large lime/cement column specimens
provide an understanding about the hydraulic properties of the material,
together with similar standard size samples and in situ hydraualic
conductivity tests.

The idea behind this test was to observe the effect of the column material
macro-structure on the hydraulic conductivity and to compare the test
results with other results obtained from previous tests.

The specimen was extracted from column F3 and trimmed down to 480
mm in diameter and 400 mm height. The test was carried out using the
same large triaxial apparatus as described in the previous section.

The first test was carried out using the falling head test. One back pressure
system was used, and a 20 kPa back pressure was connected to the bottom
of the specimen, allowing drainage at the top. The values of the gradients
used during the test varied between 4 and 5, see Figure 6.15.

The time duration for the test was about 8 days and the measured hydraulic
conductivity was around 1+ 10 m/s.
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Figure 6.15 Results from the hydraulic conductivity test on specimens taken
Sfrom column F3 without application of axial load.

The hydraulic conductivity of a saturated soft soil, measured by the
oedometer test, changes under the influence of the applied load. In such a
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test the hydraulic conductivity of the soil is reduced with increasing
compression stress.
In the next step, the hydraulic conductivity of the lime/cement specimen

was determined by subjecting the specimen to axial loading, see Figure
6.16.
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Figure 6.16  Results from hydraulic conductivity lests carried out on specimens
taken from column F3 with different axial loading and different
gradients.

The test started with a 100 kPa axial load and a gradient of between 4 and
5. The measured hydraulic conductivity was sumial to that determined
without any axial load with a value of about 1 10" m/s. The specimen
was loaded to 200 kPa and then unloaded to zero, and the hydraulic
gradient remained almost the same. The hydraulic conductivity was
increased to about 3+ 10 my/s as the axial load increased to 300 kPa. The
change with time of the axial deformations within each load increment was
very limited until the loading was increased to 400 kPa, when a sudden
increase was observed. This increase was even greater than that observed
when the load increased to 520 kPa. It is believed that micro-cracks started
to grow, which may explain the sudden increase in the hydraulic
conductivity at this stage, reaching a value of about 2- 107 mvs. It was
observed that the hydraulic conductivity became affected by the applied
gradient since it decreased when a lower gradient was used. By increasing
the axial load to 520 kPa, which was very close to the failure load, the
hydraulic conductivity increased again, even with a low gradient, and then
it increased rapidly with the increase of the gradient. At the next axial load
increment, which is not presented in Figure 6.16, the specimen reached

163



Chapter 6

failure and there was no way of measuring any hydraulic gradient, as the
volume of water flow through the sample was large and out of control.
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7. CONCLUSIONS
7.1 SETTLEMENT, LOAD DISTRIBUTION AND RATE OF
CONSOLIDATION.

Traditionally, a relatively simple method has been used to calculate the
long-term and consolidation settlements of lime/cement stabilized soil.

The interaction between the colummn and the surrounding soil has been
treated in this study. This was accomplished by developing an analytical
model and 3-dimensional numerical models. The importance of the
assumption concerning the stiffnesses and the hydraulic conductivity of the
materials is evident

A summary of the conclusions based on the parametric study, is presented
below.

s The long-term settlement calculated by using the traditional method
expressed by equation (3.7), is about 10 to 25 % lower than that
calculated by the proposed analytical method, under the assumption
that both the lime/cement column and the surrounding soil act as a
linear elastic material. Using E.; instead of M, in equation (3.7),
the results become closer to that obtained by the analytical solution
Both methods are based on the assumption that the column is
extended to firm bottom and thus different results can be expected
for floating columns,

e The 3-D linear elastic analysis indicates that the vertical stress in the
column increase with depth and reach a maximum value at a few
meters below the ground level and thereafter decrease directly,
regardless of the column length. The maximum vertical stress in the
column will increase with increasing length of the column.

¢ The maximum vertical stress in the column evaluated from the 3-D
analysis is less than that calculated by the traditional method and the
difference increases as the column length decreases. Consequently,
this mean that the vertical stress in the untreated soil within the
stabilized block is larger than that calculated by the traditional
method, whereby a larger deformation is expected just like the case
explained in the first point. However, since the vertical stress in the
column obtained by the traditional method is assumed to be constant
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along the whole column length, it may be concluded that the method
is still conservative. In the case of columns extending to firm
bottom, the vertical stresses in the column calculated by the finite
element method is very close to the stresses calculated by the
proposed analytical method. However, at higher area ratio, 4, of
about 36 %, the solutions of the traditional and the proposed
analytical model are identical and less than that calculated by the 3-
D finite element analysis.

e Traditionally, the increase of the vertical stress in the untreated soil
below the stabilized block is evaluated by assuming that the whole
applied load at the ground surface is transmitted to the bottom of the
stabilized block and then distributed using an approximate method
called the 2:1 method. The results from the 3-D finite element
analysis shows that this method is very conservative and the vertical
load increase can be calculated by distributing the applied load from
the ground surface using Boussinseq’s elastic solution. However the
numerical simulations show that there is a limited region with stress
concentration directly under the reinforced block. This may be due
to numerical problem that can appear at the boundaries between two
materials with a high stiffness difference.

e The radial consolidation equation used traditionally used to calculate
the degree of consolidation assume that the average applied vertical
load is kept constant during the course of consolidation. However,
due to the stiffness difference between the two materials, load
transfer from the surrounding soil to the lime/cement column will
take place and the applied vertical load on the soft soil is therefore
no longer constant. The rate of consolidation will be accelerated as
the stiffness ratio between the lime/cement column and the
surrounding soil increases.
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7.2 MECHANICAL PROPERTIES OF THE LIME/CEMENT
COLUMNS

The mechanical properties of the lime/cement column stabilized soil is
depend on many factors, among them, the properties of the original soil,
the amount and type of the stabilizing agent, the mixing method, etc.

In the following, some general conclusions based on limited test results are
presented,

Comparison is made between test results carried out on laboratory
prepared and field mixed samples of standard size and large samples.
Comparison is also made between laboratory and in-situ test results.

e As the curing time increase, the compressive strength of the
lime/cement column increases while at the same time the failure
strain decreases. As a consequence the column stiffness can be
expected to increase with time. No clear evidence was observed that
which proved that the increase of the shear strength in the field is
faster than that in the laboratory.

¢ The results of the triaxial compression tests confirmed that the
lime/cement column behavior is similar to that of stiff
overconsolidated clay. Negative pore pressure due to dilation was
observed directly before failure.

¢ As a lime/cement column is a partially saturated material, in
combination with the high stiffness of the material, a very low or no
pore pressure developed before the sample started to dilate in a
consolidated undrained triaxial compression test. It was also
observed during in-situ load tests that air bubbles started to come
from the column through the drilled holes, which shoes that a
lime/cement column is a partially saturated material.

e Like previous studies, the stiffness of the lime/cement column
increased proportionally to the compressive strength. In connection
with the Loftadn test site, the secant modulus, Esg, is about 100 times

“the unconfined compressive strength of both laboratory prepared and
field mixed lime/cement samples.

* The secant Young modulus, Esy, evaluated from in-situ tests at the
Varberg test site is much higher than that evaluated from unconfined
compression tests for both laboratory prepared and field mixed
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samples. At the top of the column where the confining pressure is
low, the ratio of the secant modulus, Esp, to the failure load, for
column 4, 7 and 8 was between 240 and 300.

s Different values of column secant modulus were obtained from in-
situ load tests carried out at the Loftadn test site depending on the
assumptions made during the numerical analysis. If the column
quality at the top was assumed to be lower than the rest of the
column then, the stiffness obtained was higher and in some columns
lower than that evaluated from triaxial tests conducted on large
samples. As for the rest of the column, much higher column stiffness
was obtained. On the other hand, if the column was assumed to be of
the same quality over the whole length, then the secant modulus
obtained from numerical simulations was equal or in most of the
cases larger than that obtained from triaxial tests conducted on large
column samples. The ratio of the secant modulus to the failure load
for column C2 and D1, where local failure at the top of the column
was observed, was about 120 and 180 for the first and second
simulation assumptions, respectively.

¢ The secant Young modulus, Esp, evaluated from triaxial tests carried
out on large lime/cement samples was slightly higher than that
evaluated from unconfined compression tests performed on field
mixed standard size samples. With the increase of the confining
pressure, no significant increase in the column stiffness  was
observed in all the triaxial tests carried out on large samples.

« Short-term creep strain measured in all the columns during the
triaxial compression tests became significant at about 90 % of the
failure load. During the in-situ load tests, the creep deformations
became high at about 80 % of the failure load. In the triaxial
compression test, only the creep strain in the colurn material was
measured while in the case of the load test, the measurement
consisted of both the column and the clay soil materials moreover,
the lime/cement colurins are not a perfect homogeneous material
and in the case of in-situ load tests about 6 m length of the column
material was subjected to test compared with only 0.5 m length in
the triaxial compression test. It is obvious that a certain
inhomogeneity could be observed in samples with much larger
volume. This may explain the difference in creep load resulting from
the two tests.
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7.3 HYDRAULIC CONDUCTIVITY OF THE LIME/CEMENT
COLUMNS

As in the case of mechanical properties, the hydraulic properties are
dependent on the type of the soil, stabilizing agent and the mixing
procedure. Also here the conclusions made are of a general character.

¢ Low hydraulic conductivity was measured and compared with
values usually assumed in the calculation of rate of settlement.
Neglecting the high hydraulic conductivity due to leakage problems
in the in-situ tests at the Varberg test site, the hydraulic conductivity
of the lime/cement columns varies between about 10 and 100 times
that of the original soil with an average value of about 50. At the
same test site, the values of the hydraulic conductivity of the
lime/cement standard size field-mixed samples vary between 1 and
90 times that of the original soil with an average value of about 20.
In the case of the Loftadn test site, the values of the hydraulic
conductivity of the lime/cement columns vary between 10 and 100
times that of the clay with an average value of 30. The values of
hydraulic conductivity obtained from laboratory tests carried out on
field-mixed and laboratory prepared lime/cement samples are similar
and vary between 3 and 25 times that of the clay with an average
value of about 10.

¢ RBetter control of leakage problem and test preparation in the
laboratory compared with that in the field can be among the reasons
of why the hydraulic conductivity evaluated in laboratory tests is
lower than that evaluated from in-situ tests.

¢ One hydraulic conductivity test on a large lime/cement sample was
conducted and the value of the measured hydranlic conductivity
when no deviator stress was applied on the sample was about the
same as that of standard size samples. An increase in the hydraulic
conductivity was observed with the increase of the deviator stress
applied on the large sample.
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7.4 FUTURE RESEARCH

The numerical ‘model presented in chapter 3 for calculating the
consolidation settlement in lime/cement-stabilized clay assumed linear
elastic material, and no load distribution was considered within the
stabilized block. Furthermore, only columns to firm bottom were
treated. A new model needs to be developed to cover the issues
mentioned above.

In-situ tests with trial embankment are needed to follow up the
setflements as well as pore pressure development in both treated and
untreated soil. The test results can then be compared with the results of
the models presented in this study.

The effect of the degree of saturation of the lime/cement column on the
mechanical parameter of the material is in need for further studies.
Triaxial compression tests presented in most of the papers were carried
out by applying a combination of a high back pressure and a high
confining pressure which is in fact is among the methods used o
saturate soil materials. Triaxial tests need to be carried out on large and
standard size lime/cement samples subjected to conditions similar to
those existing in the field. Furthermore, more in-situ load tests need to
be camied out with the possibility of measuring pore pressure
development in the lime/cement column.

170



References

REFERENCES

Alamgir, M., Miura, N. and Madhav, M. R. (1993). "Analysis of granular
column reinforced ground: I Estimation of interaction shear
stresses" Reports of the Faculty of Science and Engineering,
Saga University Vol. 22, No. 1, pp. 111-118.

Alamgir, M., Miura, N. and Madhav, M. R. (1994). "Analysis of granular
column reinforced ground-II : Stress transfer from granular
column to soil" Reports of the Faculty of Science and
Engineering, Saga University Vol. 23, No. 1, pp. 81-94.

Alamgir, M., Miura, N., Poorooshasb, H. B. and Madhav, M. R. (1996).
"Deformation analysis of soft ground reinforced by columnar
inclusions" Computers and Geotechnics Vol. 18, No. 4,
pp. 267-290,

Baker, §. {1999). "Numerical analysis of load distribution between
lime/cement columns and surrounding soil using finite element
method”. Proceedings Dry Mix Methods for Deep Soil
Stabilization, Stockholm, pp. 215-220.

Baker, S. (1999}, "Three dimensional consolidation settlement of stabilized
soil using lime/cement columns". Proceedings Dry Mix
Methods for Deep Soil Stabilization, Stockholm, pp. 207-213.

Baker, S., Liedberg, N. S. D. and Sillfors, G. (1997). "Deformation
properties of lime cement stabilised soil in the working state”.
Proceedings 14" International Conference on Soil Mechanics
and Foundation Engineering, Hamburg, pp. 1667-1672.

Balasubramaniam, A. S. and Buensuceso, B. R, (1989). "On the
overconsolidated behaviour of lime treated soft clay”.
Proceedings 12" International Conference on Soil Mechanics
and Foundation Engineering, Rio de Janeiro, pp. 1335-1338.

Barden, L. (1965). "Consolidation of compacted and unsaturated clay”
Géotechnigue Vol. 15, No. 3, pp. 267-286.

Barron, J. R. (1948). "Consolidation of fine-grained soils by drain wells"
ASCE, Vol. 113, pp. 718-754.

Bengtsson, P. E. and Holm, G. (1984). "Kalkpelare som drin (Lime
column as a drain)". Proceedings 9" Nordic Geotechnical
Conference, NGM, Linkoping, pp. 391-398.

Biot, M. A. (1941). "General theory of three-dimensional consolidation”
Journal of applied physics Vol. 12, No. 2, pp. 155-164.

Bishop, A. W. and Green, G. E. (1965). "The influence of end restraint on
the compression strength of a cohesionless soil" Géotechnique
Vol. 15, No. 3, pp. 243-266.

17



References

Black, D. K. and Lee, K. L. (1973). "Saturation laboratory samples by back
pressure” ASCE Vol. 99, No. SMI, pp. 75-93.

Brady, B. H. G. and Brown, E. T. (1985). "Rock Mechanics", George
Allen & Unwin Ltd, London, pp. 527.

Brand, E. W. and Premchitt, J. (1980). "Shape factors of cylindrical
piezometers” Géotechnique Vol. 30, No. 4, pp. 369-384.

Bromhead, E. N. (1996). "Interpretation of constant head in situ
permeability tests in soil zones" Géotechnique Vol. 46, No. 1,
pp.133-143

Broms, B. B. (1984). "Stabilization of soil with lime columns. Design
Handbook", 3™ Edition, Lime Column AB, 51.

Broms, B. B. (1993). Lime stabilization. "Ground Improvement”, Moseley,
M. P., Maryland, Blackie Academic & Professional, pp. 65-99

Broms, B. B. (1999). "Keynote lecture: Design of lime, lime/cement and
cement columns”. Proceedings Dry Mix Method for Deep Soil
Stabilization, Stockholm, pp. 125-153.

Broms, B. B. and Boman, P. (1979). "Stabilisation of soil with lime
columns" Ground engineering Vol. 12, No. 4, pp. 23-32.

Brown, E. T. and Gonano, L. P. (1974). "Improved compression test
technique for soft rock" Journal of the Geotechnical
Engineering Divission, ASCE Vol. 100, No. GT2, pp. 196-199.

Carlsten, P. and Ekstrom, J. (1995). "Lime and lime/cement columns,
guide at design, installation and control", Swedish geotechnical
society, Report 4:95, Linkping, pp-. 103.

Darcy, H. (1856). Les fontaines publiques de la ville de Dijon. Paris.

Edstam, T. (1996). "Erfarenhetsbank for ke-pelare.”, Swedish Deep
Stabilization, Report No. 1, Linképing, pp. 154.

Fkstrom, J. (1994). "Kontroll av kalkcementpelare-shutrapport med
redovisning av faltforsok i Ljungskile.", Report B 1994:3,
Goteborg.

Goughnour, R. R. (1983). "Settlement of vertically loaded stone columns
in soft ground". Proceeding 8th European Conference on Soil
Mechanics and  Foundation — Engineering, Helsinki,
pp. 235-240.

Hansbo, S. (1960). "Consolidation of clay, with special reference to
influence of vertical sand drains”, Swedish Geotechnical
Institute, Report No. 18, Stockholm, pp. 160

Hansbo, S. (1981}, "Consolidation of fine-grained soils by prefabricated
drains.". Proceedings 10" International Conference on Soil
Mechanics and  Foundation  Engineering, Stockholm,
pp. 12-22,

172



References

Hansbo, S. (1994). "Foundation Engineering”, Elsevier Science B.V.,
Amsterdam, pp. 519.

Hansbo, S. and Sillfors, G. (1984). Jordmekanik (scil mechanic).
"Handboken Bygg: Geoteknik"”, LiberForlag, Stockholm,
pp. 103-137

Harremoés, P., Jacobsen, M. H. and Ovesen, K. (1970). "Laerebog i
geoteknik. Polyteknisk Forlag. Kopenhamn',

Hartlén, J. (1974). "Skénska morinlerors  héllfasthets- och
birighetsegenskaper”, Thesis Ph. D., Geotechnical Department,
Chalmers University of Technology, Goteborg.

Head, K. (1998). "Manual of soil laboratory testing, 3: Effective stress
tests”, ond edition, John Wiley & Soms, Chichester, pp. 428.

Head, K. H. (1994). "Manual of scil laboratory testing, 2: Permeability,
shear strength and compressibility tests", 2nd edition, John
Wiley & sons, Inc., New York, pp. 440.

Hibbitt, K. S. L (1997). "ABAQUS/ Standard, Theory Manual, User's
Manual Volume I, 11, III, Post Manual", Ver. 5.7, Rhode Island.

Hvorslev, M. J. (1951). Time-lag and soil permeability in ground-water
observations. Waterways experiments station, US corps of
engrs, Vicksburg, Mississippi, Bulletin No. 36.

Jacobsen, M. H. (1967). "The undrained shear strength of a
preconsolidated boulder clay". Geotechnical conference, Oslo,
pp. 119-122,

Jacobsen, M. H. (1970). Strength and deformation properties of
preconsolidated moraine clays. (Danmarks geotekniska
institute) Bull. No. 27, pp. 21-35.

Kivelo, M. (1994). "Odrénerade provbelastningar av kalkcementpelare 1
falt", Royal Institute of Technology, Report 3002, Stockholm,
pp. 62.

Lahtinen, P. O. and Vepsildninen, P. E. (1983). "Dimensioning deep-
stabilization using the finite element method”. Proceedings 8th
European Conference on Soil Mechanics and Foundation
Engineering, Helsinki, pp. 933-936.

Liedberg, N. S. D., Baker, S., Smekal, A. and Ekstrém, J. (1996).
"Samverkan mellan kalkcementpelare och lera (Interaction of
lime/cement columns and clay)”, Chalmers University of
Technology, Report B1996:1, Goteborg, pp. 107.

Lo, D. O. K (1991). "Soil improvment by vertical drains”, Thesis
Doctoral, Department of Civil Engineering, University of
Illinois, Urbana.

Geo-slope International Ltd., (1994)." Computer program Seep/W for
finite element seepage analysis”, User's Guide, Ver. 3, Calgary.

173



References

Mattes, N. S. and Poulos, H. G. (1969). "Settlement of single compressible
pile" soils and foundations division, ASCE Vol. 95, No. SM1,
pp. 189-207.

Mckinley, I. D. (1998). "Coupled consolidation of a solid, infinite cylinder
using a Terzaghi formulation" Computers and Geotechnics
Vol. 23, No. 3, pp. 193-204.

Nakano, H. and Ito, T. (1983). "Mechanism of Ko-consolidation and its
deformation characteristics”.  Proceedings 8"  European
conference on Soil Mechanics and Foundation Engineering,
Helsinki, pp. 389-392.

Poorooshasb, H. B., Alamgir, M. and Miura, N. (1996,2). "Application of
an integro-differential equation to the analysis of geotechnical
problems" Structural Engineering and Mechanics Vol. 4,
No. 3,227-342.

Poorooshasb, H. B. and Meyerhof, G. G. (1996). "Consolidation settlement
of rafts supported by stone columns" Geotechnical engineering
Vol. 27, No. 2, pp. 83-92.

Poorooshasb, H. B, and Meyerhof, G. G. (1997). "Analysis of behaviour of
stone column and lime column” Computers and Geotechnics
Vol. 20, No. 1, pp. 47-70.

Poorooshash, H. B., Miura, N, and Alamgir, M. (1996,b). "Refinement of a
numerical technique for solution of geotechnical problems”.
Proceedings 3rd Asian-Pacific Conference on Computational
Mechanics, Seoul, pp. 2145-2150.

Poulos, H. G. and Davis, E. H. (1974). "Elastic solution for soil and rock
mechanics”, John Filey & Sons, Inc., New York, pp. 411.

Pramborg, B. and Albertsson, B. (1992). "Uderstkning av
kalk/cementpelare (Investigation of lime/cement columns)”.
Proceedings 1 1™ Nordic Geotechnical Conference, NGM,
Alborg, pp. 149-156.

Rowe, P. W. and Barden, 1.. (1964). "Importance of free ends in triaxial
testing" Journal of Soil Mechanics and Foundations Division,
ASCE, Vol. 90, No. SM1, pp. 1-27.

Steensen-Bach, J. O., Bengtsson, P. E. and Rocgbeck, Y. (1996). "Large
scale triaxial tests on samples from lime-cement columns”.
Proceedings 12" Nordic Geotechnical Conference, NGM,
Reykjavik, pp. 135-146.

Tang, X. W. and Onitsuka, K. (1998). "Consolidation of ground with
partially penetrated vertical drains" Geotechnical Engineering
Vol. 29, No. 2, pp. 209-231.

174



References

Terashi, M. and Tanaka, H. (1983). "Settlement analysis for deep mixing
method". Proceedings 8th European Conference on Soil
Mechanics  and  Foundation  Engineering,  Helsinki,
pp- 955-960.

Ugural, A. C. and Fenster, S. F. (1995). "Advanced strength and applied
elasticity", Prentice-Hall Inc., New Jersey, pp. 570.

Wallays, M., Delapierre, J. and Poel, J. v. d. (1983). "Load transfer
mechanism in soil reinforced by stone or sand columns".
Proceedings 8" European Conference on Soil Mechanics and
Foundation Engineering, Helsinki, pp. 313-317.

Vermmer, P. A. and Brinkgreve, R. B. I. (1998). "PLAXIS, Finite Element
code for Soil and Rock Analyses”, Ver. 7.0, Balkema (manual
to computer code), Rotterdam,

Wilkinson, W. B. (1968). "Constant head in sita permeability tets in clay
strata” Géotechnigue Vol. 18, No. 2, pp. 172-194,

Yoshikuni, H. and Nakanodo, H. (1974). "Consolidation of soils by
vertical drain wells with finite permeability” Soils and
foundation Vol. 14, No. 2, pp. 35-46. '

Yoshikuni, H. and Nakanodo, H. (1975). "Consolidation of a clay cylinder
with external radial drainage" Soils and foundation Vol. 15,
No. 1, pp. 35-46.

Ahnberg, H. (1996). "Stress Dependent Parameters of cement stabilised
soils". Proceedings 2™ International Conference On Ground
Improvement Geosystem, 1S-Tokyo, pp. 387-392.

Ahnberg, H., Johansson, S.-E., Retelius, A., Ljungkrantz, C., Holmgvist, L.
and Holm, G. (1995). "Cement och kalk for djupstabilisering
av jord. En kemisk-fysisk studie av stabiliseringseffekter.
(Stabilising of soil using cement and lime. A study of soil
improvements effects)”, Swedish Geotechnical Institute,
Report 48, Linkoping, pp. 213.

175



References

176



Appendix A

A ANALYTICAL ELASTIC MODEL OF VERTICALLY
LOADED LIME/CEMENT STABILIZED SOIL

In this unit cell model, the treated soil is modeled as a solid cylinder while
the untreated soil is considered as a thick cylinder surrounding the column.

% Unit cell f
Columns : '
O O O
LI

Figure A-1  The lime/cement column stabilized system and the unit cell model.

From Figure A-1, the radius of the unit cell system, r,,, is equal to about
0.564 times the column spacing for the square column pattern. The
untreated soil is considered as a thick cylinder since the thickness of this
cylinder, r.y-Feo , is more than 10 % of the column radius, re, which is the
condition for classifying the treated soil as a thick cylinder, Ugural, A.C.
and Fenster, S.F. (1995). Thus, the stress variation with radius can no
longer be disregarded.

Figure A-2  Stress element in polar coordinates.
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A.1 GENERAL

The polar equation of equilibrium in Figure A-21s
46, ,9.7% . g =g (A.1)
ar r

F radial force per unit volume

When F, =0, the above equation can be written as

4o, ,9.7% _q (A.2)
dar r

Assuming that plane sections remain plane, then the longitudinal
strain is constant Ugural, A.C. and Fenster, S.F. (1995), or

o, +0,= A= constant (A3)

The above equation can be rewritten as

c,=A~0, (A.4)

Substituting equation (A.3) into equation (A.2) one obtains

do, ,20. 2 (A.S)
dr ¥ r

The solution of the differential equation (A.3) is

o =2.4 (A.6)
rro2

B is an integration constant.

Substituting equation (A.6) into equation (A.4) to define ,in terms of the

constants (A} and (B), gives
o =B, A (A7)

]
)

A.2 UNTREATED SOIL

Using the geotechnical sign convention, where the negative sign is used
for tension and the positive sign for compression, then
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dw

£ ol AR
rsoil dr ( )
Eomn‘ = _W_:Ofl_ (A.g)

radial deformation of the untreated soil

wrsoil

Using Hook’s law the vertical stress in the untreated soil can be written as

O-z.fm'l = 2 . Gxo:'! ' Ezsm'.' + A’sm‘-‘ : (Ezsoil + Er.mii + 80.«'01‘! ) (A' l 0)
E il
Garm'l + Grsuil + O-Ovm'.’ =0 (Ezsm‘i + Er.rm'l + SG.rm‘.‘ ) (A'l 1)
A 1 - 2 : vsai!

E_

G:oi( -
2 ) (]‘ + vsm‘l)
}I, ) v.mli i E:o:'!
! (1 + v.\'m‘x‘ ) ’ (1 - 2 ! v.\'m‘i )

Young’s modulus of the untreated soil
Poisson’s ratio of the untreated soil

soil

soil

Substituting equations (A.3), (A.8),(A.9) and (A.10) into equation (A.11)
we get

dwrsoz‘i +wrso!! xz.s Y __..V*'L“’.A (A.12)
dr ; zsoil sail

soif

The solution of the differential equation (A.12) is:

U m g Vv r—._.‘}»“’_”.r.A+£ (A»13)

rsoit  Csait ¥ soil 2.3' r

soif

C integration constant

By the following derivation it will be possible to relate the new integration
constant (C) to the constant (B) presented in equations (A.6) and (A.7).

dw

w .
— _ s . rsail rsofl
o) o - 2 : G.mi! ) (Em‘o.’.’ Eo.mil ) - 2 G [ = = )

rsoit Bsoil soil
¥ dr

Since o

reil | @sail

c, . = Q then
r
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—B_ = Gsai! ' (M - dw"-‘"" ) (A' 14)

r* r dr
Now, by using equation (A.13), the following equations can be written

dw v C
el — o . ku R 1!/ A ——
dr 2-A,, r
U, v C
rsoil suu" 'Vm,; o goil A +___
r 2, r
Substituting the above two equations into equation (A.14) we get
_ B
2’ ) Gsm‘l’
Equation (A.13) can now be written as:
v B
wrmii = Ezsoil ) vsaif e el r A + (A‘IS)
‘ 2 3’.\0:! 2 Gsmf
. W
Since €,,,, =——-% then
’ r
B
8 soit e ' _—_H.m_ﬂ 56f) ' sl (A'lé)
[tE J' ,2 /’L 2 Gmd 2ol il

soil

The constants A and B are to be determined based on consideration of the
conditions pertaining to the inner and outer surfaces.

At’ F= rc-? go.mii = O

B = gﬂ'ﬂ'v_..‘,i{ﬂ ’ A 2 Gmn‘ soil ) r:.’qz ' Ez.mii (A' 17)
woil
At r= nul Eosm‘f = gbou
B rru! Grm'.' (‘;L_‘".'L ) A - 2 ) vsm’[ ' gzrofl - 2 ) Ebrm) (A' 18)
soil
Solving equations (A.17) and (A.18) for constants (A) and (B) we obtain
A= _ 28 A €y T2 Ay € (A.19)
1 - a: vsmf
2
B= ‘11'”& 2-G,. ¢, (A.20)
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Where
a, ratio of the area of the treated soil to the
area of the unit cell
o, canbe written intermof €, and €_, as
a,
O.z_wi{ = Mwil ‘Euofl _2 ) 1 - ’ A’soﬁ! 'gimu (A"Z]‘)

5

A.3 TREATED SOIL

The treated soil is considered as a solid cylinder, and the radial and the
tangential stresses are equal and constant at any distance from the column
center. The tangential strain at the boundary was previously defined as
g, , and this symbol will be used in the treated soil equations.

bow 7

e

anppd :..‘._-

| Evou . Teol

Oib

Figure A-3  Stresses acting on the treated soil.

The vertical and the radial stresses in the treated soil will be derived as

=M (A.22)

The radial or tangential stress at the boundary between the treated and
untreated soil will be denoted as o .

= A +2(G. + ) € (A.23)

col gzca! cal

o cal Ezrol + 2 ' /1::01‘ €

acal bou

o rh
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A.4 COMPOSED

Using equation (A.6), the radial stress at the same boundary can be written
as

2 a A
e — . . — s Lt .
o-rb - 1 Gsm'i’ Ebmr 1 * - Ebrm + A’soi!
-a —-a, v

§

£ (A.24)

zsoil
sel

As was assumed before, the plane section remains plane during the course
of settlement. This means that the vertical strains in both treated and
untreated soil are equal. With this in mind, equations (A.23) and {A.24)

can be solved for ¢, and €,.
Eb(m = FzG ' Ez (A'2S)
an . )ch; — }"mrr - (126)

2"(A"cc:n’ +Gro!)+ .{Z.Gmrl +Eﬁ—.—m}

1 - as soil

Finally, the force equilibrium in the vertical direction requires that:
O.v = as ) Gzcai + (I - a.r )‘ Garm'.‘ (A'27}
o, vertical applied stress
The two equations (A.21) and (A.22) can be rewritten in another form as:
Gzcal = (Mm.' + 2 ' A’mf : Fzﬂ ) ’ 81 (A'28)
O uit = (M.n:;f-‘ ~2- 1 ~ ';{'.mu 'on ]'Ez (A29)

The last two equations together with equation (A.27) will make it possible
to evaluate the vertical strain as:

. = g, (A30)

‘Waj-a +(1-a) o

zeal 2zyoil

Or, in terms of the elastic deformation and geometrical parameters
of the treated and untreated soil, the equation becomes

o,
£ =

z Y+ (1-a,) (M

a, (M, +2- 4, F ~2-T—a—f———-ﬂum.,-on)
—a

ool ol 0 soif
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B FILED TESTS

B.1 LOAD TEST

B.1.1 The Varberg test site

B.1.1.1 Numerical calculations

O
o =
[ R B 4
7T T T
N
y ol Lo
Y

= 4§ kN

Load

Simalation a

FTTTITTT T

Simulation ¢

~—’—~ Simulation b

. U, S

Vertical deformation {mm]

Vertical deformation {mm]

Figure B.1

Results from numerical simulations on column 4 at 48 kN and 54

kN applied load.
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Figure B.2  Results from numerical simulations on column 4 at 60 kN and 66

kN applied load.
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B.1.2 The Loftaan test site

B.1.2.1 Test results
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Figure B.8 Some selected load test results at the Liftadn test site for columns

C2 and C3.
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Figure B.9  Some selected load test results at the Liftadn test site for columns
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B.1.2.2 Numerical results
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Figure B.18 Results from numerical simulations on columns D3 and D5 at the
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B.2 HYDRAULIC CONDUCTIVITY TEST

B.2.1 Finite difference solution for the three-dimensional steady state
fiow

The solution presented here is only applicable when the permeability of the
lime/cement column is much higher than that of the original soil so that no
flow will occur from the column to the surrounding soil.

Equation {B.1) is the general form for steady state flow.
d oh) 9 oh) 0 oh
— K e |t K o— |+ —| K, |=0 B.1
ax( ! ax] ay( ¢ ay] az( : Bz] @D

If the hydraulic conductivity in the three directions is equal, then equation
(B.1) can be written as

oh, 0,
ox> oy o7

0 (B.2)
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For polar coordinate system the above equation becomes

d°h 1 oh 0*h
ol bl W A B.2
(8r2+r 8r)+az2 0 (B-2)

Using Taylor expansion, the terms in the above equation can be expressed
in finite difference form as

Fh =2k, th

= Lt B3
ar’ Art (B-3)
a_h: hi.jﬂ —_h’f.j—-l (B.4)
or 2AF
2 =2k +h
a_il: hﬁl.} ;‘j il f (B.S)
dz Az
where
Ar Distance increment in the r-direction
Az Distance increment in the z-direction
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Figure B.19 Geometry and boundary conditions of the model.
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Substituting equations (B.3), (B.4) and (B.5) into equation (B.2) the finite
different solution of &;;is written as

p = (Arz-Azz) o
U2 (Ar+AZ) | AP r, 2-Ar A7
(B.6)

The above equation together with the following boundary conditions can
be solved in a spreadsheet program

;_;-H i 4 i -1 i+, f

th,, 1 h,i—h h +h, }

BCl

oh =0=h

af’ i J+1

Substituting the above condition in equation (B.6) we get

. (A A [2eh ., hth,,
YA AZ) | A A7
BC2

oh

‘é;—0=>h h’z]—ﬂ

Substituting the new condition in equation (B.6) we get

L (Ar*- A7) 2hwn+h””+hl_,)
2-(Ar2+Az2) r* A7’
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C LABORATORY TESTS

C.1 LABORATORY TESTS ON STANDARD SIZE SAMPLES

C.1.1  The Fjiiras test site results

C.1.1.1 Hydraulic conductivity test
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Figure C.1 Laboratory hydraulic conductivity test results for sample Fjl.
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Figure C.2  Laboratory hydraulic conductivity test result for sample Fj2.
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Figure C.3  Laboratory hydraulic conductivity test results for sample Fj3.
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Figure C4 Laboratory hydraulic conductivity test results for sample Fj4.
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Figure C.5  Laboratory hydraulic conductivify test result for sample Fjo.
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Figure C.6 Laboratory hydraulic conductivity test results for sample Fj7.
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C.1.1.2 The Lisftadn test site results

C.1.1.3 Hydraulic conductivity test
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Figure C.7 Laboratory hydraulic conductivity test results for sample F3a,
taken from mixed-in-place columns.
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Figure C.8 Laboratory hydraulic conductivity test results for sample F3b,
taken from mixed-in-place columns.
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Figure C.9 Laboratory hydraulic conductivity test results for sample Fda,
taken from mixed-in-place columns.
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Figure C.10 Laboratory hydraulic conductivity test results for sample F4b,
taken from mixed-in-place columns.
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Figure C.12 Hydraulic conductivity test results for laboratory prepared sample,
Lab2.
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Figure C.13 Hydraulic conductivity test results for laboratory prepared sample,

Lab3.
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Figure C.14 Hydraulic conductivity test results for laboratory prepared sample,
Lab4.
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