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Abstract

The method of reinforcing the soft clays with stone columns is the most commonly adopted technique to enhance its load carrying capac-
ity and to reduce settlements. Their performance with respect to bearing capacity is well researched, but the understanding of settlement
characteristics still requires extensive investigations. Moreover, no studies have been made to explore the effectiveness of stone columns
using Lightweight Expanded Clay Aggregate (LECA) as filler material replacing normal stone/aggregates in order to improve settlement
behavior of soft clay. LECA is known as a common lightweight material that have been applied successfully in civil engineering works
where weight is an issue because the materials can help to reduce dead loads and lateral forces by more than half in installations over
structures and those with soft soils. The purpose of this work is to assess the suitability of reinforcing technique by LECA columns to
improve the settlement through finite element. The analysis of performance of LECA column in soft soil improvement was conducted
through finite elements methods by using Plaxis 3D commercial software. Based on the results the settlement ratio was reduced as the
column length increased until unity at end bearing condition where f=1.0. It is also observed that bulging was reduced with closer spac-
ing between LECA columns.

Keywords: Lightweight Expanded Clay Aggregate, Settlement, Stone column, Finite element, Soft Soil improvement.

clays to a depth of 8m to 12m with shear strengths in the range of
5kPa to 7kPa and 10% to 20% organic content caused a problems
of slope stability to the proposed embankment. Therefore, ground
improvement using vibro-replacement was chosen as an economi-
cal and environmentally friendly alternative to the excavation and
replacement method. Stone columns were installed to hard im-

1. Introduction

Construction of highway embankments using conventional de-
sign methods such as precompression, preloading and PVD,

dredging, and soil displacement techniques can often no longer be
utilised due to environmental issues and post-construction mainte-
nance expenses. Stone columns are one method of ground im-
provement having a proven record of experience which ideally
suited for improving soft clays and silts and also for loose silty
sands. Apparently, the concept was first applied in France in 1830
to improve a native soil [1, 2]. It has been used successfully since
the 1950’s as a technique for improving both cohesive soils and
silty sands in United States, Canada, Europe and Asia. The stone
columns act as a reinforcing material increasing the overall
strength and stiffness of the compressible soft soil. Moreover, the
stone columns are highly permeable which is useful in facilitating
consolidation process in soft soil improvement program.

In Malaysia, this method has been successfully done especially in
highway project. For example, the second phase of the East Coast
Expressway between Kuantan and Kuala Terengganu system sub-
jected to extensive soft clay soil with very high water content and
undrained shear strengths in the range of 8 to 11kPa to depths of
up to 8m required the innovative solution to sup-port an embank-
ment height of up to 12m. Therefore, vibro-replacement treatment
was carried out to improve the soft soil layer [3].

The development of the Boulevard in Putrajaya (1999), the new
administrative capital of Malaysia required the construction of 18
m height earth embankments. The existence of very soft organic

permeable layers to improve the poor shear strength and thereby
achieving acceptable factor of safety against slope failure. Typical
cross-section of the embankment with stone column treatment is
shown in Figure 1.
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Fig. 1: Typical cross-section of the embankment in Boulevard in Putrajaya,
Malaysia [1]

Table 1 tabulates the summary of developed projects in Malaysia
using stone column as soft soil improvement method.

Copyright © 2018 Authors. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Table 1: Summary of projects utilised stone column method in Malaysia

Infrastructure in-

walls soft clays and soft min-
ing slimes to depths of
6m, 15m and 18m, re-

spectively

Project (Year) " Subsoil condition
KLIA  Perimeter | 7.5m height of bridge | 8m to 10m depth of soft
Road, Sepang, | abutments layer (in one case up to a
Malaysia 22m depth)

(1996 — 1997)

Putrajaya Boule- | Stability against slope | 8m to 12m depth of soft
vard Package, | failure in earth em- | organic clay layer with
Malaysia bankments. shear strengths 5 to 7kPa

(1998 — 1999)

and 10% to 20% organic
contents.

Shah Alam Ex-
pressway (Package
A & B), Malaysia
(1994 - 1997)

To support an em-
bankment/reinforced
earth (RE) walls with
heights up to 10 m

Package A: Alluvium
interspersed  with  tin

mine tailing deposits
which includes loose
sands and ultra-soft

slimes (undrained shear
strength as low as 6kPa).

Package B: Quaternary
marine and continental
deposits of very soft
clays and silts.

Putrajaya (Package
R2a),  Selangor,
Malaysia (1999)

To support 186 m long,
and 150m wide earth
embankment with 20m
and 24m height.

Very soft clayey silts
having undrained shear
strength of 7kPa at top
4m and 12kPa between
4m and 8m, followed by
loose to medium dense
sandy layers.

Jelutong Express-
way (Stage 1),
Malaysia
(2000 - 2001)

4m and 7m height of
embankment

6m rubbish heap fol-
lowed by 10 m to 14 m
depth of soft marine
clay, underlain by me-
dium stiff to stiff clayey

layers.
Putrajaya — Bridge | To support 4 m high | Alluvium consists a soft
BR 8, Selangor, | earth embankment and | clayey  silts layers
Malaysia (1999) bridge abutments (undrained shear

strength of 7kPa to
20kPa) with intermittent
loose sandy layers with

Guthrie Overpass,

To support earth em-

2m of earth fill followed

Kuala Lumpur, | bankment and bridge | by 7m depth of soft

Malaysia (1996) abutments clayey silt layers, under-
lain by medium stiff to
stiff cohesive layers

Projek  Gerbang | Offshore Bridge Abut- | The subsoil below sea-

Selatan Bersepadu,
Johor Bahru, Ma-

ments

bed level consists of 4m
to 7m thickness soft

laysia (2003) clay, underlain by bed-
rock

Petronas  Kedah | Railway embankment Up to 9m depth of very

Fertilizer Plant soft clayey silts with

Line, Gurun, Ma-
laysia (1997) [2]

SPT N value 0 to 2

Kerteh — Kuantan
Railway  Project,
Malaysia (2000 —
2001)

Railway embankment

8m to 14m depth of soft
cohesive and organic
silts and clays (SPT N =
0, CPT Qc = 200 to
300kPa)

Ipoh Rawang
Electrified Double
Track Project,
Malaysia

(2001 - 2004)

Railway embankment

Soils are highly variable
mixtures of loose sands
and very soft silts and
clays to depths 6m to
24m. The soil conditions
have been largely influ-
enced by tin mining
activity in the past.

Alor Setar, Malay-
sia (2003 — 2004)

Airport Runways, turn-
pad and Taxiways

8m to 12m depth of very
soft to soft silty clay
layers with intermittent
sandy layers.

New Pantai High-
way (2001 - 2003)

To support highway
embankments and
reinforced earth (RE)

Different types of soils
at different locations
include loose silty sands,

Usually, column filler materials comprise of aggregate stones
generally between 20 mm to 75 mm, are compacted to vertical
holes normally 0.6 meters to 1.0 meters in diameter and depths of
15 meters to 20 meters. Many studies have been conducted relat-
ing to the effectiveness of stone column as soft soil improvement,
along with the effect of encasement and un-encasement over the
stone column using aggregates stone material. However, the im-
pact on environment and sustainability matters also need to be
concerned in term of suitable material selection for replacement.
Light weigh expanded clay aggregate (LECA) are among the
common lightweight materials that have been applied successfully
in geotechnical application. It can reduce the weight of compacted
geotechnical fills by up to one and a half. This material is cur-
rently being used in many civil engineering works due to its low
weight, high strength and favourable drainage characteristics. In
terms of their dimensions, the LECA particles can be classified as
gravels. Previous study shows that the LECA has been used as
filler material for road embankment construction and filling be-
hind retaining wall, airport pavement subgrades, planting and
storm water drainage system [6]. However no researchers have
been made to explore the effectiveness of stone columns using
Lightweight Expanded Clay Aggregate (LECA) as filler material
[7]. This paper will discuss on the effectiveness of using LECA
materials as a replacement of a normal aggregates as a filler for
stone column construction.

2. Stone Columns

Stone columns are an effective ground treatment technique which
is used over the decades to reduce settlement and in-crease bearing
capacity of the soft soil foundations. Initially, the method to calcu-
late the settlement of stone columns was first presented by Green-
wood (1970) where a chart of this purpose was developed based
on experimental work [8]. Hughes and Withers (1974) [1] ob-
served that a single stone column bulges as the result of applying
load and collapse due to bulging failure and summarized that
group of stone columns can have the same collapse form. In 1976,
Priebe developed a theoretical model based on settlement of single
stone column [9] which is assumed that the deform behaviour of
stone columns group is same as the single one and developed the
theory for single stone column by considering that it can be ap-
plied to group of columns as well. Later Balaam and Booker
(1981), Goughnour and Bayuk (1979), Barksdale and Bachus
(1983), Poorooshash and Meyerhof (1997) and Poorooshasb et al.
(1997) developed theoretical and numerical models based on the
same assumption first suggested by Hughes and Withers [2,10-12].
Lee and Pan-de (1998) then developed a method based on homog-
enization approximation where it was assumed that granular mate-
rial scattered homogenously throughout the soil and finite element
code was written to solve the problem [13]. In 1995 Hu [14] criti-
cized the assumption made by Hughes and Withers (1974) and
others and declared that group of stone columns perform a de-
formed shape as the result of loading which is quite different from
single columns. Hu also concluded that the group of stone col-
umns failed due to shear. The same observation also has been
reported by Wehr W. (1999), Wood et al. (2000), Seok Bae and
Shin (2002) and Etezad et al. (2007) [13,15-17] [9,12]. Hanna A.
et al. (2016) developed new procedure to estimate settlement of
the ground reinforced with group of stone columns which over-
comes the limitations made by previous theories through numeri-
cal modelling.

Most of the literature reviews have shown the convenient of re-
porting the performance of stone column using settlement im-
provement factor, n (ratio of settlement of untreated ground over
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settlement of treated ground) or settlement reduction ratio, 1/n in
almost all stone columns studies or case histories. The prediction
of the settlement reduction due to the primary consolidation of
stone column to reinforced grounds employed the end-bearing
type of columns, where the most popular one is semi-empirical
method proposed by Priebe (1995). This method is based on the
unit cell concept and the columns are considered to be in a plastic
state, while the surrounding soil behaves elastically. Meanwhile,
the settlement of floating columns was calculated using conven-
tional method, where the settlement of improved and unimproved
layers was computed separately, referred to as a two-layer system
approach as proposed by Rao and Ranjan (1985), Japan Institute
of Construction Engineering (JICE) (1999) and o—f method sug-
gested by Chai et al. (2009). The settlement performance predic-
tion of floating stone columns for the infinite grid column type
was established by Ng and Tan (2014) [3].

2.1. Performance of LECA Columns

The Finite Element (FE) results are presented in terms of settle-
ment ratio (S/Sy,, where S is the settlement of floating column
group and S is the settlement of end bearing column in the unit
cell model). This relationship has been proposed by Kok Shien Ng
(2017) [4]. The performance of floating stone columns either for
large or small groups can be predicted using the results of large
group end bearing type columns. The simple method for obtaining
the settlement improvement factor for the end bearing columns
under infinite grid condition (valid for a = 0.1 to 0.45) has been
proposed by Ng and Tan (2014) [20]. Design chart to estimate the
performance of floating stone column for small and large columns
group was developed by Ng (2017) [19]. This simplified solution
was established based on the influence of key parameters such as
column length, area replacement ratio, loading intensity and post
installation lateral earth pressure and will be used as comparison
in this study. The same method will be used to evaluate the LECA
column performance in this study. However, the influence of

depth ratio and area replacement ratio were focused in the analysis.

According to Ng (2017), area replacement ratio is the most impor-
tant variable in floating stone columns design other than the length
of columns. Figure 1 represents the influence of area replacement
ratio on settlement ratio. By careful selection of these two vari-
ables, a design engineer can provide optimum design for the stone
column improved ground using Equation (1), where « is area re-
placement ratio and f is depth ratio.
5
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Fig. 1: Influence of area replacement ratio on settlement ratio

3. Numerical Modelling: Procedures and Dis-
cussions

In order to calculate final settlement of the ground reinforced with
group of LECA columns, numerical model was developed using
Plaxis 3D (2016). To permit timely analysis in this research and to

simulate long term soil behaviour, drained analysis is adopted to
allow more sensitivity and parametric analysis to be performed.
Square arrangement of stone columns was considered in this study
and fine form of mesh generation was utilized as the global
coarseness of the model. Mohr-Coulomb constitutive law was
used for LECA granular material while Soft Soil Hardening model
was adopted to represent the behaviour of soft soil in this study.
LECA columns are assumed to be ‘wish in place’, where possible
smear effects caused by disturbance on the surrounding soil due to
column installation effect is neglected. A vertical pressure of 50
kN/m? is imposed as a distributed load over the entire surface area
of the surface where rigid plate is assigned as a medium for load
transfer to the above ground. Geometrical detail of LECA column
is shows in Figure 2. Table 2 illustrates the LECA, soft soil and
geometry properties which were used in the numerical model.

Spacing

Stone
column area,
Ac

Tributary
wg  area of stone
’5‘, " column

Area
replacement
area, o =
Ac/(LxB)

B
Fig. 2: Geometrical detail of LECA column

Table 2: Materials properties used in modelling

Materials Site conditions Range of values
Constitutive Model SHM
Type of analysis Drained
Unit weight, ¥ (kN/m°) 16
Young's Modulus, E (kN/m?) 2420
Cohesion, ¢’ (kN/m?) 7
Friction angle, ¢’ (°) 25°
Dilatation angle, P (°) 0
el Poisson's ratio, v 0.30
Permeability, k (m/s) 2.58 x 10-10
Undrained shear strength 7.5
(kN/m?) 0.256
Ce 0.058
Cr 2.39
€o
Constitutive Model MC
Type of analysis Drained
Unit weight, [1 (kN/m®) 3,5,7,9
Young's Modulus, E (kN/m?) 2520
LECA Cohesion, ¢’ (kN/m2) 0
Friction angle, ¢’ (°) 35¢
Dilatation angle, ¥’ (°) 5
Poisson's ratio, v 0.30
Permeability, k (m/s) 2.53x107
LECA column Diameter, D 0.7 meter
Geometry Area repla.cement ratio, o 10%, 20%, 30%,
- Ratio of L/D 40%
3,5,6,7,8 and End
bearing

The analysis has been performed on LECA column installed in the
middle of the group which is constraint by the other columns.
Columns within the group are restrained equally on all sides and
held in the same vertical stress conditions. However, at the edge of
wide load areas columns are not generally re-strained by other
columns and must depend on the surrounding soil to provide re-
straint in the outward facing directions [21]. This behaviour is
more complex due to the lack of restraint with columns subject to
deformation at lower stress levels than those in infinite arrays.
Hence, column at the edge of the group was not analysed due to
this complexity. Methodology flowchart is shows in Figure 3.
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Preliminary checking:
i) Mesh
ii) Boundary
iii) Type of analysis
iv) Constitutive model validation

l

Select materials properties needed for
numerical analysis

|

Parametric study on LECA Column:
1) Column spacing which reflected to area replacement ratio, o
2) Column length
3) Unit weight of fill materials
#Column diameter will be fixed at 700 mm

|

‘ Analysis and discussion on the numerical results ‘

|

‘ Verify using established method ‘

Fig. 3: Methodology flowchart

4. Results and Analysis

Figure 4A to Figure 4D below represent the plot of settlement
ratio against depth ratio for floating LECA column with respective
unit weight of LECA. B is the depth ratio (the ratio of LECA col-
umn length to depth of soft soil).
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Fig. 4A: Influence of area replacement ratio on settlement ratio (LECA 3)
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Fig. 4B: Influence of area replacement ratio on settlement ratio (LECA 5)
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Fig. 4C: Influence of area replacement ratio on settlement ratio (LECA 7)
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Fig. 4D: Influence of area replacement ratio on settlement ratio (LECA 9)

The settlement ratio reduces as the column length increases until
unity at end bearing condition where $=1.0. Higher area replace-
ment ratio results in a higher settlement ratio. The plot pattern is
similar to study conducted by Ng (2017) for all unit weight of
LECA. From the analysis, the highest settlement ratio is near to 3
for o = 0.4 in LECA 3 and LECA 5 which means about 3 times
the settlement of floating LECA column compared to the end
bearing LECA columns. This ratio was close to the value obtained
in the previous study, even though different filler materials were
used in the column. In addition to that, Figure 3 illustrates the plot
of settlement ratio against length to diameter ratio (L/D) for vari-
ous unit weight of LECA. The plot shows that higher L/D ratio
and closer spacing of LECA columns provide lower settlement
ratio.
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Fig. 5: Influence of LECA unit weight on settlement ratio, o

The settlement ratio obtained for LECA 7 and LECA 9 only de-
creased slightly (2.5 to 3.0) indicating the unit weight of the mate-
rial did not affect the value of the settlement ratio. The following
plots in Figure 6A to 6D prove the unit weight of the material is
not the main important factor affecting the settlement ratio.
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Fig. 6A: Influence of LECA unit weight on settlement ratio (o= 0.1)
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Fig. 6B: Influence of LECA unit weight on settlement ratio (a=0.2)
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Fig. 6C: Influence of LECA unit weight on settlement ratio (o= 0.3)
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Fig. 6D: Influence of LECA unit weight on settlement ratio (o = 0.4)

4.1. Verification Using Analytical Method Established

The prediction of settlement performance through FE modelling in
this study was compared with equation developed by Ng (2017).
The comparison results in terms of the settlement ratio for o = 0.1,
0.2, 0.3 and 0.4 are shown in Figure 7A to 7D. The findings were
in good agreement with Ng’s method, (2017) where the error was
less than 15%. It shows that, the performance of LECA columns
have been successfully predicted using this equation even though
the method developed for settlement performance prediction of
stone column with normal granular materials.
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Fig. 7A: Comparison results for settlement ratio at o. = 0.1
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Fig. 7B: Comparison results for settlement ratio at o= 0.2
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Fig. 7D: Comparison results for settlement ratio at o = 0.4

The comparison of numerical analysis in this study also has been
made with the analytical solution that has been established before
as presented in Figure 8 below. The differences in the settlement
improvement factors, n obtained by different methods are quite
significant especially when compared with Ng's method (2014)
[5], while the settlement improvement factor is quite similar when
the Priebe’s method [6] is used. However, the general trend of the
results is found to be similar.

COMPARISON WITH ANALYTICAL METHOD ESTABLISHED
5.00

1.50
—&— Numerical PLAXIS
1.00 Priebe 1995
Ng, 2014
Numerical PLAXIS (NA)

factor, 1

1.50

Settlement impro
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
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Fig. 8: Comparison FE results with other analytical methods
4.2. Bulging Failure in LECA Columns

Lateral or bulging failure is the common problem of un-
encasement stone column installed in soft cohesive soil causes
excessive settlements. Bulging is the main reason that influence
the failure in stone column. Generally it is happens within the top
portion of 2 to 3 times the diameter of column [7]. However, study
conducted by Pitt et al. (2003) and Murugesan and Rajagopal
(2006) through numerical and experimental methods indicated that
even bulging can occur in shallower depth less than 2 to 3D [8,9].
To avoid this issue, the column spacing can be reduced, increase
the column diameter or length, or by excavation to bypass the soft
layers. McKelvey et al. (2004) carried out experimental studies on
a group of five stone columns and reported that the central column
deformed or bulged uniformly, while the edge columns bulged
away from the neighbouring columns [10]. While, bending failure
is predominant in ‘perimeter’ columns located beyond the centre
of the footing.

Figure 9 illustrates the bulging failure on stone columns group. Y.
Srilekha and S. Nirisha (2016) performed a study on bulging
failure of stone columns with varying Length to Diameter (L/D)
ratio and concluded that the L/D ratio was the main factor that
influenced the bulging failure [11].

BL: Lateral Bulging
BV: Vertical Bulging

BL

Fig. 9: Bulging failure on small columns group

Table 3 illustrates the lateral (BL) and vertical (BV) extent of
bulging of LECA column. From Table 2, bulging happened within
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2 to 3D in LECA column with o = 0.1, while in oo = 0.2, 0.3 and
0.4, bulging occurred within 4 to 7D. The results shows that the
vertical extent of bulging (BV) is predominantly influenced by
L/D ratio. However, lateral bulging (BL) was not influenced by
L/D ratio. This findings is in good aggreement with previous study
conducted by Y. Srilekha and S. Nirisha (2016). This means that,
the bulging behaviour in LECA column is the same as
conventional stone column even though different filler materials
used. Bulging failure for various area replacement ratios are
presented in Figure 10.

Table 3: Lateral (BL) and vertical (BV) extent of bulging of stone column

This study Y. Srilekha
& S. Nirisha
a 0.1 0.2 0.3 0.4 (2016)
L/ B B B B
D BL v BL v BL v BL v BL BV
15 2 14 2 14 2 1.3 2 25
: D D D D D D D D — D
4 - - - - - - - - 15D 3D
s 143 |17 |3 |141 4134 . .
D D D D D D D D
6 15 2 1.7 5) 14 5) 1.3 5 1.65 55
D D D D D D D D D D
ol w2186 [14]|513]4 . .
D D D D D D D D
8 15 3 1.7 7 15 7 1.3 5) 1.65 5D
D D D D D D D D D
10 - - - - - - - - 1.6D 7D
w| 2152 |14a]7[13]5 i .
D D D D D D D D
14
1.2 ’
g10 ' 4
ol
E 0.8
806
=]
m 04
02
0.0
0 0.1 02 03 04 0.5

a

Fig. 10: Bulging failure for varies area replacement area

It is observed that bulging was reduced with increasing of area
replacement ratio or closer spacing between LECA columns. This
finding was in good agreement with previous studies conducted on
conventional stone columns.

5. Conclusion

The study proves that Lightweight Expanded Clay Aggregate
(LECA) is suitable material to substitute normal aggregate, sand,
and other granular materials as column filler in ground improve-
ment work. Numerical analysis was performed to examine the
settlement of treated soft clay by LECA columns in 3D models
under drained condition. A few conclusions can be drawn from
this study;

1. The settlement ratio reduces as the column length in-
creases until unity at end bearing condition where p=1.0.
Higher area replacement ratio results in a higher settlement
ratio, which indicating that closer spacing provide better
improvement.

2. The study revealed that the unit weight of the filler mate-
rial (LECA) is not main important factor affecting the set-
tlement ratio.

3. The performance of LECA columns have been success-
fully predicted using Ng’s equation (2017) even though
the method developed for settlement performance predic-
tion of stone column with normal granular materials.

4. It is observed that bulging was reduced with increasing of
area replacement ratio or closer spacing between LECA
columns.

5. The results show that bulging was happen within 2 to 3D
in LECA column with o = 0.1, while in a = 0.2, 0.3 and
0.4, bulging was occurred within 4 to 7D. The vertical ex-
tent of bulging (BV) is dominatingly influenced by L/D ra-
tio. However, lateral bulging (BL) was not influenced by
L/D ratio.
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