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Abstract This paper reveals the interesting relation
between the inter-column spacing and the corre-
sponding alteration of soil state of stresses due to the
vibro-installation technique. This relation is inferred
from analyses for load settlement records of various
field load tests, performed for stone columns arrange-
ments with different inter-column spacing values. In
order to have adequate confidence in the findings, a
well-documented case history, involving three col-
umns patterns along with their relevant field and
laboratory test results, is utilized for this study.
Moreover, a well-tested finite element model, capable
of simulating both elasto-plastic and time dependent
soil deformations as well as pore water pressure
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building and dissipation, is employed in the analysis.
Instead of determining the soil response to the test
load, based on known initial soil stresses and material
properties, the analysis is inversely posed to deter-
mine the soil initial stresses, based on the recorded
settlements and the post-installation material proper-
ties. The alteration in the soil state of stress is
represented by the increase in the post-installation
horizontal to vertical stress ratio, K*, as a function of
the inter-column spacing. It is found that this
alteration experiences a systematic decrease in its
magnitude as the inter-column spacing increases.

Keywords Back analysis - Ground improvement -
Stone columns - Soil stresses

Notations

a, Area replacement ratio

c Drained shear strength of cohesive soil

d Distance between the diagonal column and the
reference column

E Drained modulus of elasticity

Eg%f Reference stiffness modulus corresponding to
the reference confining pressure

K*  Post-installation coefficient of lateral earth

pressure

At-rest coefficient of lateral earth pressure

Passive coefficient of lateral earth pressure

Coefficient of horizontal permeability

Calale
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K, coefficient of vertical permeability

m The exponent of stress-dependent stiffness

P Reference stress for soil stiffness evaluation
(P = 100 kN/m?)

R Column radius

R Failure ratio

S Spacing between stone columns
¢ Effective angle of internal friction

Yd Dry unit weight
Ysat  Saturated unit weight
v Drained Poisson’s ratio

1 Introduction

Because of the ever-increasing value of land, the
development of marginal sites is now economically
feasible. The increased cost of conventional founda-
tions, like concrete piles, and their environmental
constraints greatly encouraged the improvement of
weak soils via natural means. The vibro-stone-
columns technique has, therefore, become a vital
method of ground improvement and reinforcement.
This technique has, generally, been proven successful
in increasing the stiffness of weak soils, upgrading
their safe bearing capacity, and reducing their total
and differential settlements, as well as speeding up
their consolidation process. In the current study,
however, no preloading was considered and, there-
fore, the accelerated rate of consolidation is not
demonstrated.

The insertion of stone columns into weak soils by
vibro-installation technique is not just a replacement
operation. This is due to the fact that such installation
technique is accompanied by vibration and horizontal
displacement of soil. Consequently, it is believed to
cause positive changes in both the material properties
and the state of stresses in the treated soil mass.
Successful analysis of vibro-installed stone column
systems, therefore, suggests that these changes be
studied and their effect on the treated ground
performance be quantified. As a result, more opti-
mized design can be achieved.

Despite the widespread use of stone columns, the
stress alteration in the soil mass was scarcely taken
into account in both the numerical analysis and the
laboratory-model studies. Despite the brilliance of the
laboratory experimental works by Juran and
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Guermazi (1988), Madhav (1988), Al-Khafaji and
Craig (2000), Matsui et al. (2001), and Akdogan and
Erol (2001), it was difficult for them to physically
simulate both the radial displacement and the densi-
fication effects in their laboratories. They, therefore,
adopted the pre-boring method of installation.

It has to be noted that the negligence of radial
stress changes in the settlement prediction analysis
will overestimate the corresponding field settlements
and underestimate the real ultimate capacity of stone
columns (Elkasabgy 2005). Kirsch and Sondermann
(2001) and Watts et al. (2001) reported that the type
of vibro-process has a great effect on both the state of
stresses and densification of soil surrounding stone
columns. Watts et al. (2001), however, did not
provide quantification for the coefficient of lateral
earth pressure, K*, after columns installation. In the
wet method, a hole is first formed and during its
formation flushing out of soil occurs. The amount of
displacement, which causes the consolidation and
lateral stress increase in the surrounding soil mass, in
this case, depends on the amplitude of vibration of the
adopted poker. In the dry method, contrariwise, more
displacement occurs during the insertion of the poker
itself and the native soil is not flushed out. This
displacement is superimposed on the effect of the
poker vibration.

Earlier investigations also did not present quanti-
fication for the effect of the inter-column spacing on
the post-installation soil state of stress. It is, however,
believed that differences must occur in the K* values
of reinforced grounds depending on their inter-
column spacing.

The question, therefore, was: how significant
would the variation of K* with the inter-column
spacing be? It was found interesting and rather
challenging for the current authors to find an answer
for this essential question. The inverse analysis of
real load-settlement records, is believed to be the
appropriate strategy to estimate the post-installation
alteration in the soil state of stresses, as reflected by
the difference between the at-rest coefficient of
lateral earth pressure K, and the corresponding
post-installation value K*.

By the inverse approach, as opposed to the
conventional (forward) analysis approach, load-set-
tlement records from full-scale field tests, each was
carried out on a single stone column surrounded by
an extended group of similar columns, were analyzed.
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In this analysis, instead of determining the soil
displacement response to the test load based on
known initial soil stresses and material properties, the
analysis is inversely posed to determine the soil
initial stresses based on knowledge about the system
settlements and the post-installation material proper-
ties. There is, however, more than one way to
perform this back calculation. These, generally, are
the formal probabilistic and statistical approaches as
well as the simple iterative approach.

The formal inverse analysis tools such as recursive
least squares and the Kalman filter provide fully
automated mathematical back calculations based on
statistical and probabilistic criteria. Despite the
freedom of these tools to systematically search for
the target solution, they, in many cases, are subject to
divergence due to the nature of their mathematical
formulation. As demonstrated by Elshazly et al.
(1997a, b), introducing simplifications, which lead
to better mathematical posediness of this class of
problems, has increasingly become a hot issue in this
research area.

For problems with considerably large number of
degrees of freedom and relatively small number of
observation points, it is hard to hope solution by the
formal inverse tools. The current study, therefore,
appeals to the iterative approach. In the implemen-
tation of this approach, a number of rounds of
analyses with various reasonable values of K* were
performed. In each round, the chosen value of K* is
fixed and the corresponding settlement is computed.
The K* value that achieves the best match between
the simulation and the field test load-settlement curve
is considered to represent the post-installation hori-
zontal to vertical stress ratio.

In this paper, the set up and procedure of the field
load tests, for the three stone columns patterns,
1.20 x 1.50, 1.75 x 1.75 and 2.10 x 2.10 m, are
first described. Second, the site conditions and the
geometrical idealizations for the numerical simula-
tion are illustrated. Third, the soil material testing and
modeling are highlighted. Fourth, the evidence for
the vibro-installation alteration for the state of
stresses in the soil mass is demonstrated. Finally,
different strategies, based on varying the confidence
level in the used post-installation soil parameters, are
introduced to identify a best estimate for K* as well
as a possible practical range for the value it may
assume in the three analyzed cases.

2 Site Characteristics at Field Load Tests
Location

As mentioned above, records from field load tests on
individual stone columns, located within extended
groups of similar columns, were utilized to back
calculate the horizontal to vertical soil stress ratio K*
for stone columns arrangements with different inter-
column spacing values. The adopted load tests were
selected from 28 load tests carried out for a large
wastewater treatment plant founded in California, USA.
In the selection, and in order to obtain a reliable
conclusion, the authors tried to pick up the tests carried
out on columns arrangements with different spacing
values, covering the practical range from 1.20t02.10 m.

The loading criterion for the field load procedure
was such that an increment of load is added when the
rate of settlement decreased to 0.25 mm/h. For
further details on the load tests, reference can be
made to Mitchell and Huber (1985).

The soil profile typically comprises estuarine
deposits underlain by older marine deposits. The
thickness of the soft estuarine deposits beneath the
structural foundation grade was found in average to
be 10.80 m approximately. The total depth of the
older marine sediments is unknown, but, it was
suggested from geological evidence that it might
extend to as deep as 600 m beneath the ground
surface. Ground water level occurs within 1.50 m
from the ground surface. A typical soil profile for the
upper 15 m of the site soils is shown in Fig. 1.

Over 6,500 stone columns were installed by the wet
vibro-replacement method. The columns installation
started with jetting a T-Type vibrator, 290 mm in
diameter, down to the desired depth with water. It,
therefore, added approximately 100 mm of annular
space supported by water pressure. Then, the formed
hole was filled in stages with well-graded gravel and
each stage was thoroughly compacted by the reinser-
tion of the vibrator, pushing the gravel laterally against
soil. All stone columns extended completely through
the soft estuarine deposits and penetrated about 0.30 m
into the older marine deposits. They were arranged in
square and rectangular patterns. The curves of applied
pressure versus settlement, obtained from loading tests
on columns within three different stone column spa-
cing patterns, 1.20 x 1.50, 1.75 x 1.75, and 2.10 x
2.10 m, are shown in Fig. 2. The corresponding
tributary areas of the aforementioned patterns are
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Fig. 1 Typical site soil SPT )
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DEPOSITS
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15 Y= 16.5 kN/m
Applied Pressure (kPa) mainly to the non-uniformity of the soil properties in
0 50 100 150 200 the estuarine deposits and the variable depth to the
‘ older marine deposit.
1.8 m per stone The load test procedure was in accordance with the
s requirements of the test method ASTM D1194-66,
é with the only exception that the standard 0.762 m
z steel plate was replaced with a 2.0 m diameter
g . .
£ circular concrete slab located concentrically over
g 10F 2 7 the test stone column. The load was applied in
%} 4.2 m” per stone 31 2 " . . L.
column . m per stone increments, and the loading criterion was such that no
column .
load increment was added before the rate of settle-
15 !

ment was less than 0.25 mm/h.

Fig. 2 Ranges of load-settlement curves for different stone . . .
column patterns 3 Mathematical Simulation

3.1 Geometric Modeling
1.80, 3.10, and 4.20 m?, respectively. The variations
observed in the range of load-settlement curves The arrangement of the test columns is generally 3D.
corresponding to a given pattern can be attributed Their large extent property, however, suggests that
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Fig. 3 Idealization of (a)
concentric rings: (a) stone
columns grid with respect to

sy

}

a reference column; and (b)
calculation of concentric
ring dimensions (after
Elkasabgy 2005)

Neigboring
Column

Central
Column

H\/ Column

the axisymmetrical idealization is an appropriate
geometrical simulation. In this model, the test column
is set at the center of successive concentric rings
having their centers coincident with the center of this
column. The dimensions of the concentric rings were
chosen such that the area replacement ratio, defined
as the ratio of stone columns area to the total area, in
the model equals the corresponding one in the field.
The idealization of the first concentric ring for the
model is depicted by Fig. 3. The analyzed patterns,
1.20 x 1.50, 1.75 x 1.75, and 2.10 x 2.10 m, have
the geometrical parameters and maximum applied
stresses shown in Table 1.

Similar modeling strategy was adopted by Mitch-
ell and Huber (1985) and Elshazly et al. (20006).
Nevertheless, further refinements to the geometrical
model were applied in the current study, aiming at
enhancing the outcome of the simulation. In the
earlier studies, the spacing between successive rings
was taken equal to the spacings, between adjacent
columns. This condition, however, results in overes-
timating the stiffness contribution of the diagonal
columns, which are more distant from the central
column than the orthogonally arranged ones, as
apparent from Fig. 3a. In the present investigation,
the spacing between the concentric rings is adjusted
to account for the difference between the distance, d,
of a diagonal column, and the corresponding distance,
S, of an orthogonal column. This version of the
geometrical model is therefore believed to achieve

Table 1 Geometry and loading for the analyzed columns

Columns Column Column Area Maximum

pattern (m) diameter length  replacement applied
(m) (m) ratio (a,) (%) stress (kPa)

1.20 x 1.50 0.96 12.35 40.20 170

1.75 x 1.75  1.02 11.13 26.67 120

2.10 x 2.10 1.06 11.40 21.00 81

Stone column area = 1t R?
Number of stone columns in the
first ring = 8

Total area of the first ring = 8 T R?
Radius of the first ring (Rr) =

28x28
Vo=

Thickness of the first ring (Tr) =

Diagonal

2
87R

27.Rr

better confidence in the obtained results. The ideal-
ization formulae for the first concentric ring are given
in Fig. 3.

The soil profile was the same as that adopted by
Mitchell and Huber (1985). However, use was made
of more accurate modeling by utilizing a finer mesh
of 15-node triangular elements. The typical axisym-
metrical finite element mesh used to simulate the
individual load tests is depicted by Fig. 4. The shown
arrangement and spacing values are pertinent to the
stone column pattern 1.75 x 1.75 m. In the model,
the rigid horizontal boundary was imposed at a depth
of 19.2 m.

3.2 Material Modeling

The hyperbolic hardening soil model, originally
developed by Duncan and Chang (1970), incorpo-
rated with modifications that lead to successful
simulation of the unloading-reloading stress rever-
sals, was adopted for the four types of the site soil
(Fig. 4), namely: the estuarine cohesive, the estuarine
cohesionless, the marine cohesive and the marine
cohesionless soils, as well as the gravel that forms the
installed stone columns. At failure stresses, the
adopted model satisfies the Mohr—Coulomb failure
criterion. The time dependent (water-solids) coupled
model, incorporated with the employed code, enables
the simulation of both the excess pore water pressure
and the settlement rate criterion set for the test. This
coupled finite element formulation employs drained
soil parameters for both cohesive and cohesionless
soils.

The material parameters of the four types of the
site soil and the gravel material in the stone columns
were determined from averaging the results of several
tests performed on each soil (Mitchell and Huber
1985). The tested samples were taken after the
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Fig. 4 Geometry and finite 089 m
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installation of stone columns. They, therefore, readily
account for the improvement in soil properties during
the installation of stone columns. The remaining
unknown to be determined by back analysis is the
alteration in the soil state of stress.

In the first round of analysis, the hardening model soil
parameters, presented in Table 2, were adopted (PLAX-
IS, version 7; 1998). These parameters are the drained
cohesion ¢/, the drained angle of shearing resistance ¢’,
the dry and saturated unit weights y4 and ), , the failure
ratio Ry, the reference stiffness modulus EZI and the
exponent of stress-dependent stiffness m, which
reflects the confining pressure dependency of Egeof.

The elastic-perfectly plastic stress—strain relation-
ship incorporated with Mohr—Coulomb failure
criterion was utilized to simulate the properties of
the concrete platform and the fill layer (Table 3). The
approximation of the at-rest horizontal to vertical

@ Springer

stress ratio, K, = 0.5, which was assumed by
Mitchell and Huber (1985) for the marine deposits,
is believed to be reasonable, and is, therefore,
adopted in the present study.

In order to model the dissipation of the excess pore
water pressure, generated during the test loading,
reasonable values for the coefficient of permeability
for the site soils need to be estimated. It is believed
that the use of very high permeability coefficient
values for both stone column material and cohesion-
less soils is not reasonable. This is attributed to the
infiltration of silt and clay particles into the granular
material of the stone columns during installation, and
the presence of considerable percentage of these fine
materials even in the cohesionless layers. The intru-
sion of these fines into the stone columns reduces the
effectiveness of water drainage in the radial direction.
A permeability coefficient value of K, = 10~> m/s for
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Table 2 Adopted soil parameters

Soil classification  Estuarine cohesive

Estuarine cohesionless

Marine cohesive Marine cohesionless  Gravel

Model Hardening model Hardening model Hardening model = Hardening model Hardening model
Behavior Undrained Drained Undrained Drained Drained
4 (kN/m?) 15 15 17 17 18.60
Year (KN/m?) 19 19 20 20 21.60
C'(kPa) 0 0 0 0 0

) 34 38 34 37 41

EZ! (kPa) 8500 17,000 8700 12,600 29,200

m 0.65 0.69 0.65 0.90 0.59

P (kPa) 100 100 100 100 100

R¢ 0.87 0.69 0.67 0.67 0.86

K, (m/s) 1 x 1078 1 x107° 1 x 1078 1x107° 1x107°
K, (m/s) 2x107% 2 x 107° 2x107% 2 x 107° 2 x107°

the stone column material (gravel), and a value of K, =
107% m/s for the cohesionless layers were, therefore,
adopted in the current investigation (Lambe and
Whitman 1979; Todd 1980; Francis 1985; Craig 1992;
Powers 1992; Donald 1999).

The site cohesive soils contained an appreciable
percentage of silt and sand, and had relatively low
liquid limits. Lambe and Whitman (1979) and Francis
(1985) noted that for low liquid limit silts and clays, the
permeability coefficient value varies between 10~ and
10~® m/s. Based on their range, a value of 10™° m/s
can reasonably be assigned for such soils. As for the
relation between the vertical, K,, and the horizontal,
K, coefficients of permeability, Lambe and Whitman
(1979) reported that a value for the horizontal to
vertical permeability ratio, of 2-10, is not unusual in
normally consolidated sedimentary clay.

Table 3 Fill and concrete parameters

Material Fill Concrete
Model Elastic-perfectly plastic Elastic-perfectly plastic
Behavior Drained Non porous
ya N/m®) 16 25

Psat KN/m?) 19 -

¢’ (kPa) 0 4000

@' (°) 30 40

E' (kPa) 10,000 2 x 107

v 0.33 0.15

K, (m/s) 1x107° 0

K, (m/s) 2 x107° 0

It was observed from several trials, with different
vertical to horizontal permeability ratios, that the
resulting settlements were insensitive to the variation
in the relation between vertical and horizontal
permeability coefficients. This is attributed to the
nearly full dissipation of excess pore water pressures
during tests, due to the small vertical and radial
drainage paths through the soil-stone column system.
This behavior underlines the advantageous drainage
property of the stone columns, as reported by
Barksdale and Bachus (1983), Han and Ye (1993,
2001) and Watts et al. (2001). Based on the above
findings and discussion, a ratio of Ky = 2K, was
adopted for all types of soils in the model.

A 4 \ 4
Vary the value Vary soil parameters Vary soil
of K* to increase its parameters to
stiffness decrease its
stiffness
\ 4 \ 4 l
Get K that gives the Get lower Get upper
best agreement bound of K bound of K*

between the simulated
and the field curves

A 4
Practical range
of K*

Fig. 5 Flow chart for K* evaluation
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4 Evaluation of K* by Back Analysis

To estimate the value of K*, the methodology
illustrated by the flow chart shown in Fig. 5 was
adopted. Two strategies were followed to arrive at a
reliable quantification of K*. In the first strategy, full
confidence was put in the values of the available
laboratory-determined soil parameters, and the cor-
responding value of K* was back calculated based on
the best match between the model and the field test
results. In the second strategy, upper and lower bound
values of K* were back calculated by considering
some level of uncertainty in the laboratory-deter-
mined soil parameters.

4.1 First Strategy

In the first strategy, the parameters given in Table 2
were adopted. The reliability of these parameters

stems from the fact that they were obtained by
averaging several well-controlled triaxial tests. In
addition, these parameters reflect relatively high
stiffness for the given deposits, so they are supposed
to cause no exaggeration or over-estimation of the
back calculated K* values. For these reasons, the
obtained values of K*, for the three analyzed patterns,
are believed to be the best conservative estimates.
For the three analyzed patterns, the lowest value
in the previously denoted range of permeability
coefficient values for the cohesive strata, K, = 1 x
1078 m/s, was chosen, and the value of K* was
varied; each round of the analyses had a different K*
value and resulted in a single curve among those
presented in Fig. 6. For each pattern of stone columns,
the value of K* relevant to the curve which achieves
the best match with the corresponding field load-
settlement curve is deemed to be the best K* estimate.
The examination of Fig. 6 reveals that the best
estimates for K* are 1.70, 1.20 and 0.85 for the

Fig. 6 Field and simulated (a) Applied pressure (kPa) (b) Applied pressure (kPa)
settlement curves for
. urv 0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140
various K* values: (a) 0 N A . . ) 0 — . . | |
1.2 x 1.5 m; (b) =1~ N
1.75 x 1.75 m; and (c¢) 2 | P
21 x21m
—~ 4 —_ ]
E E
E E
- 6 7 L 6 A
c c
£ £
8 & 8 8]
= —e— Upper field curve =
Q —o— Lower field curve ] —e— Upper field curve
0 10 4 —~— K =10 N 109 _o Lowerfield curve
—.— K17 —+—K =10
12 A e K o18 124 ——k'-12
—o— K —19 —— K =125
14 14
(¢ Applied pressure (kPa)
0 20 40 60 80 100
0 — . . .
2 |
—~ 4 |
£
E
- 6 -
c
£
8 8]
=]
8 10 { —*— Upper field curve
—o— Lower field curve
—~—K'=08
121 ok _oss
—=—K'=10
14
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column patterns 1.20 x 1.50, 1.75 x 1.75, and
2.10 x 2.10 m, respectively. It is obvious that for
the estuarine deposits, these post-installation values
are significantly larger than the at-rest values of 0.38
and 0.44 for the cohesionless and the cohesive
deposits, respectively, as evaluated from Jacky’s
formula. These findings underline the positive effect
of the vibro-installation technique on the state of
stresses in soil.

4.2 Second Strategy

In order to consider the possible uncertainty in the
available soil parameters and to further account for
any random errors in the analysis, the values of the
soil parameters were altered up and down, by
reasonable percentages, from their reference values
to obtain the corresponding upper and lower bounds
of K*.

Fig. 7 Field and simulated (a)
settlement curves for lower 0 20

Applied pressure (kPa)
40 60 80 100 120 140 160 180 0 20

The lower bounds of K* were determined by
altering the model parameters in the direction that
stiffens the site soils. This, consequently, decreases the
system settlements and results in a reduced estimate of
the K* value. The modified model parameters, to
simulate a stiffer soil composite, were the reference
stiffness modulus Egeof, the angle of internal friction ¢,
the failure ratio Ry, and the exponent m.

For the largest area replacement ratio, or alterna-
tively the smallest inter-column spacing of
1.20 x 1.50 m, the stiffness modulus of column
material and estuarine deposits were increased by
25% and the angle of internal friction by 3°. For
marine deposits, however, EXl is increased only by
10% and ¢’ by 1°, as it was much less affected by the
vibro-installation operation. For the remaining two
patterns, 1.75 x 1.75 m and 2.10 x 2.10 m, the
value of EZ was increased by 10% and ¢’ by 1°.

The failure ratio R; and the stress exponent m were
decreased to their minimum practical value of 0.5, to

(b) Applied pressure (kPa)

40 60 80 100 120 140

bound estimation of K*: (a) 0
Columns pattern

1.2 x 1.5 m; (b) columns
pattern 1.75 x 1.75 m; and
(¢) columns pattern

2.1 x2.1m

Settlement (mm)
[}

—e— Upper field curve

Settlement (mm)
(]

—e— Upper field curve

—o— Lower field curve \ —o— Lower field curve

104 v k=11 101 —~vK=09
—— K =12 = K=10
—=—K=13 —a— K=11

12 12

(©) Applied pressure (kPa)
0 20 40 60 80 100
0 — | | |
2

Settlement (mm)
[}

—e— Upper field curve
—0— Lower field curve

104 —+ K-065
—— K =07
—a— K =075
12
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increase the stiffness of all soil layers. The fact that
the average confining pressure o3, throughout the
most affected soil mass is less than the normalization
pressure P, which is equal to the atmospheric
pressure, causes the global system stiffness to
increase as m decreases.

The results of the numerical analyses are illus-
trated in Fig. 7. The lower bounds of K* are
approximately 1.20, 1.0, 0.70 for column patterns
1.20 x 1.50, 1.75 x 1.75, and 2.10 x 2.10 m,
respectively. Despite the significant magnification
of stiffness, the resulted values of K* are still higher
than the corresponding Jacky’s K, values.

The highest realistic K* values, the upper bounds
for the three analyzed cases, were estimated by
altering the soil parameters in the direction that
reduces the soil stiffness. The values of EX and ¢’ of
all modeled soil types in the analyzed column
patterns were decreased by 10% and 1°, respectively.

Fig. 8 Field and simulated
settlement curves for upper
bound estimation of K*: (a)

(a)

Applied pressure (kPa)
00 20 40 60 80 1001

The failure ratio R; and the stress exponent m were
raised to their highest practical values, 0.9 and 1.0,
respectively. Based on these parameters, the esti-
mated upper bounds of K* are 2.0, 1.5, and 1.1 for the
1.20 x 1.50, 1.75 x 1.75 and 2.10 x 2.10 m col-
umn patterns, respectively (Fig. 8).

The numerical model revealed that all the reached
values of K* were larger than the corresponding at-
rest values of K, but smaller than the ultimate
resistance values of K. They were also found to
compare favorably with the values reported in the
literature by other investigators (Table 4). It has to be
noted that the difference in the column spacing values
for the three analyzed patterns is significant as
compared to that in the column diameter values.
The columns may, therefore, be considered to have
an average diameter of 1.0 m. Thus, the revealed
variation in K* can reasonably be attributed to the
corresponding difference in the inter-column spacing

Columns pattern

1.2 x 1.5 m; (b) columns
pattern 1.75 x 1.75 m; and
(c) columns pattern

21 x21m
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[e)]
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I I . 0 - I I I . I
on TSl
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Table 4 Published K* values versus present investigation

References K* value

Between 1.1 and 2.5,
with average of 1.5

Between 0.4 and 2.2,
with average of 1.2

Watts et al. (2000) Between K|, and K|,
Priebe (1995) 1.0
Goughnour (1983) Between K, and 1/K,

Present study Between 0.7 and 2.0,
with average of 1.2

Elshazly et al. (2006)

Pitt et al. (2003)

3.0
—e— Lower bound
—o— Most Probable value

2.5 1 —v— Lower bound
——K'=19

2.0

W 1.5

1.0

0.5

0.0

1.2 1.4 1.6 1.8 2.0 2.2
Columns spacing (m)

Fig. 9 Variation of K* with columns spacing

values. Figure 9 depicts the declining trend of K*
with the increase of inter-column spacing. Similar
conclusion was reported by Van Impe et al. (1997).
They, however, did not quantify the variation of K*.

5 Conclusions

The relation between the inter-column spacing and
the corresponding alteration of soil state of stresses,
due to the vibro-installation technique, was investi-
gated. A well-documented case history, involving
three columns’ patterns along with their relevant field
and laboratory test results, was utilized for this study.
Moreover, a well-tested-coupled finite element
model, capable of simulating both elasto-plastic and
time dependent soil deformations was employed in
the analysis. The analysis is inversely posed to

determine the soil initial stresses, based on the
recorded settlements and the post-installation mate-
rial properties. The alteration in the soil state of stress
is represented by the increase in the post-installation
horizontal to vertical stress ratio, K*, as a function of
the inter-column spacing. The following conclusions
are drawn from the investigation:

1. The estimated range of K* values was from 0.7
to 2.0, with an average of 1.2. The resulted
values of K* underlines the effect of columns
installation by the vibro-replacement method on
the coefficient of earth pressure K.

2. It was found that the post-installation coefficient
K* has values that fits in the range between the
at-rest coefficient K, and the ultimate coefficient
K,.

3. The results of the numerical model revealed the
significant role of inter-column spacing on the
reinforcing effect of stone columns and indicated
the changes anticipated to occur in the soil state
of stresses.

4. The values of K* obtained by back analyzing
load settlement records from the field load tests
are in harmony with, but rather more conserva-
tive than, those obtained by the cavity expansion
solution in a separate study (Elkasabgy 2005).

5. The obtained values of K* in this study are not
uniquely corresponding to their respective spac-
ing values. The reason for this is that the K*
values depend, besides the spacing value, on
other various factors. Among these factors are
the type of installation equipment, its power and
its effective amplitude, as well as the soil type
and the adopted installation procedure. In the
analyzed case history, the vibro-replacement
(wet) method was adopted to install the stone
columns. The obtained K* values can, at best, be
used as a guide to engineers to realize an
optimum design of similar composite systems.
Facility of project-dependent judgment is still,
however, needed. Further trials are also needed
to investigate the K* values for different other
soil conditions and equipment characteristics.
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