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ABSTRACT: In the rapid expansion in housing, infrastructamel utilities developments in the last 30 yeangjreeers have to deal

with less favourable sites such as coastal lowlasstamps, filled ground, reclaimed land, etc. A bemof mega size infrastructure
projects such as the construction of the 966-kmtliNSouth Expressway, the 179-km electrified douldeking railway project

between Rawang and Ipoh, etc. would have been edoallymon-viable and/or technically non-feasikii¢hiey had been constructed
using conventional methods meant for good soil ¢@s. For these mega projects and other simitajepts, it was necessary to
explore the innovations of using non-conventionathnds when poor soil conditions may impair thegnity and serviceability of the

structures. In such situations, the natural cooditf poor soil needs to be altered to meet thgepraequirements where settlement
requirements are more stringent and poor grourshgtin needs to be significantly improved. Thiseisrted as ground improvement.
The common types of ground improvement used arerithesl in this paper. Due to the increasing awa®ioé the construction impact
on the environment, sustainable construction teghes using green technology such as ground impreneis also increasingly used.

A carbon footprint auditing system is introduced$ome of the commonly used ground improvement atkth

1. INTRODUCTION

1.1 Malaysian Construction Industry in the Past Deades

When Malaysia attained its Independence in 1957%tomomy
was fundamentally primary commodity-based with lyede-
pendence on rubber and tin which contributed a6t of to-
tal export earnings, 28% of government revenue389 of to-
tal employment (EPU, 2003). The economy remaineghlii
dependent on foreign trade to generate foreign angh earn-
ings to finance its development.

During the period of 1984-1990, the governmentitimtstd
major structural adjustments in the economy. Pulsictor ex-
penditure was restrained to reduce budgetary tfiBirivate
sector led growth strategy was adopted. This iredugiconomic
liberalization and deregulation and improving irtvesnt poli-
cies and incentives to promote private sector gpgtion. Pri-
vatization of public sector activities, agenciesl anterprises
was introduced.

Except in 1998 when the economy was adverselytaficoy
the Asian Financial Crisis, there was generally stasoable
economic growth. The'7Malaysia Plan (1996-2000) followed

by the & Malaysia Plan (2001-2005) were implemented during

this period to steer the nation’s development agetm achieve
the challenges of Vision 2020 which laid out theediions for
Malaysia to become a fully developed nation by 2020
Housing development became a priority in Malaysdesel-
opment programs. It aimed at improving the qualitjife. Var-
ious housing developments were undertaken by Wwttpublic
and private sectors. While the private sector fedusiore on
overall market demand, the public sector continteegrovide
houses for sale or rent to the low-income groupriiguthe pe-
riod of 1996-2005, approximately 1,642,000 new lesusere
built for the growing population, formation of neéwouseholds
and the replacement of existing old houses. Totpkediture
amounted to approximately RM15 billion (US$1 = RM3.8%
housing and other social services (EPU, 2003).
Development of infrastructure and utilities was used on
capacity expansion to meet demand. The higher ¢xpected
demand necessitated the adoption of fast trackeimghtation
processes, application of new and adapted techieslogeduc-
tion of processing time as well as the accelerptadtization of
projects. The design and build method was usedsitifack the
construction of projects while in some mega prgjebe Built,
Operate and Transfer procurement method was usedevthe
financing of projects was facilitated by developmé&nancial

institutions through privatization and the deferrpdyment
scheme. In the"7and & Malaysia Plans, the government had
provided substantial allocation of funds for infrasture and
utilities developments (see Table 1).

Table 1. Development allocation for infrastructaral utilities

(EPU, 2003)
" . 8" Malaysia Plan
7" Malaysia Plan (2001-2005)
(1996-2000) . d
Expenditure ES“T“ate
. Expenditure (RM
(RM millions) -
millions)
Transport:
ﬁgﬁ‘ds 12,270 18,614
Ports 5,450 6,301
Airports 1,089 3,041
Utilities: 1,271 2.055
vaatler 2,383 4,810
e 665 1,666
Sewerage

The national road network increased from 61,387rkit995
to 75,160 km in 2003 with another 1,640 km duecfampletion
in 2005-06. Infrastructural works for railway dewpient in-
cluded double tracking, strengthening and electifon of
tracks. Port development continued to focus on edipg ca-
pacity, upgrading and increasing equipment anditiasi The
total tonnage of cargo handled increased from 1Blilomtons
in 1995 to 481 million tons in 2005. During thisripel, about
RM500 million was spent on dredging and reclamationks.
Airport development was required to expand capaaitgt up-
grade existing facilities. The air passenger traffiew from 27.3
million in 1995 to 41.6 million in 2005. The airrga traffic
grew from 482,030 tons in 1995 to 1,129,152 ton20@5. The
other utilities development included water suppbuverage ser
vices and communication. The year 2007 will seed@ple-
tion of the RM1.93 billion Stormwater Management d&ahd
Tunnel (SMART) project.

The Malaysian construction industry has witnesser@ng
growth in the back of a higher government expemditn infra-
structure projects and increased construction Sfleatial prop-
erties. Employment in the construction sector le®nmded an
average annual growth of 1.7% contributing 4.4%ewiploy-
ment creation or 38,700 new jobs (EPU, 2003). Hetimre is
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an urgent need to improve and upgrade our congirutéch-
nology with the application of new and adapted méghes and
ground improvement is one area which has contribtwethe
nation’s development and proves to be the mainstayrovid-
ing green technology solutions for sustainability.

1.2 The Role of Ground Improvement

In the early days of development, only the besilabiz lands
having reasonably good soil conditions are beingelbped.
This is due to the owners and engineers who hade plaat
experience with the high cost of foundations onrpsmls. For
example, developers tend to shy away from buildimg ex-
mining lands that demand higher investment cogbandation.
In fact, potential foundation problems have plagesignificant
role in site selection. If a site investigation rs&eown that the
soil conditions have been found unusually bad, as lbeen
prudent to move to a more favourable site.

However, due to the rapid development as descriexe,
the relative importance of good soil conditionssite selection
has diminished. The growing scarcity of sites hgwjood soil
conditions had made it necessary to utilize all thmaining
land regardless of its soil conditions. Some siiesnow being
developed that were once tin mining lands underkainsoft
slime. With the increasingly large scale developnahmany
housing and infrastructure makes it necessary torporate
both good and bad soil conditions in a single mj®©ther
factor such as the demand for access to deep hasemade it
necessary to develop ports and container termiailsoastal
areas which are very often unfavorable swamps doseater
channels. The demands for roads connecting reroatestwith
cities have forced construction into areas that may have
good soil conditions at all. Therefore, it is bedognapparent
that increasing use must be made of sites thatiqusly had
been considered unsuitable.

For these unsuitable sites (also referred to aginalrsites),
most often, the ground imposes restrictions ondésign and
the engineer has, apart from abandoning the projectr
options: (1) to replace the poor soils with sui¢gafill materials;
(2) to bypass the unsuitable soil by using piles deep
foundations; (3) to redesign the structure to nthet ground
limitations; or (4) to alter the natural conditiofithe poor soil
to meet the project requirements. The latter isrofermed as
ground improvement.

The partial or complete excavation of unsuitabléssand
their replacement with better fill materials may d@nsidered.
Fine or coarse grained soils can be used as Haukfihaterials
if the ground water level is located below the est@n.
Granular materials should be used when the growatdnievel
is high. Complete replacement is generally suitédnisites with
shallow deposit of unsuitable soils, usually ldsant3m depth.
In exceptional cases, it may exceed 3m as in tise cd the
Kuala Lumpur International Airport as shown in Fily. The
depth of excavation is limited to the depth of omawcavation
without side supports. For deep-seated soft sad|sosit, the
disadvantage of this method is the need to mairkearstability
of the side slopes and to cope with the groundsamfhce water
that accumulate inside the excavation. Besides,ptidblems
faced with disposal of excavated materials espgcial urban
areas and the increasing cost of imported suitiiblmaterials
(usually sand) may have a bearing on the overadliffidity and
economy of this method.

Structural solutions either adopting a deep fouodabr a
change in the structural design is usually not@mnemical op-
tion. In the case of constructing a road embankmeattial
structural solution is for the embankment to restpded sup-
ported concrete caps or rafts. A full structuraugon is the
construction of viaducts.

Ground improvement is a viable alternative to cartiomal
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structural support solution. In most instancepyaves to be the
more economical solution. The main functions ofugra im-

provement are: (1) to control deformation and aocde

consolidation; (2) to increase bearing capacity emgrovide

lateral stability; and (3) to increase resistanzdiquefaction.

Liquefaction has become important in view of theré@asing
incidents of tremors (due to seismicity in neightiog country)

that have been felt in Malaysia in recent years.

The above main functions can be accomplished byifging
the soil's characteristics with or without the addi of
imported materials. Improving the soils at the acefis usually
an easy task and relatively inexpensive. When pithgd¢he task
becomes more difficult. It usually requires morgorous
analyses and the use of specialized equipment anstraction
procedure. Local experience is also important.

One of the earliest published applications of grbimprove-
ment in Malaysia dates back to 1978 for a housixgeibpment
project on dynamic consolidation (Ting, 1982 anddrét al,
1982). This early case history started a rapidiyaexiing body
of practice on ground improvement in the years afte

Figure 1. Excavation and replacement of unsuitatdterials

2. MARGINAL SITES FOR IMPROVEMENT

The word “marginal” is a relative term. G.F. Sowersce re-
ferred it as “almost any engineering quality ofl sbat is suffi-
ciently poor that foundation costs are unusualghithat special
technique of foundation treatment must be utilipecthat the
risks of future trouble are great might be termexgimal”. Fur-
thermore, ground improvement need not be necegsajlied
to sites having poor soil conditions. It may hapgeat a medi-
um ground, which may not require improvement aivargload,
may prove to be inadequate in relation to a higieosed load.

Ting (1998) has presented a comprehensive lisite$ shat
may require improvement:

(i) Filled ground — When a natural stratum is extad
and/or deposited as fill without compaction, theuteng filled-
up ground can often be deficient. Non-compactddidilin a
loose state and partially saturated. When satuiatédfiltration
of water, “collapse” settlement will take place endapplied
load and the self-weight of the fill;

(i) Disturbed ground — This mainly refers to natuground
that has been disturbed by mining activities sushira tin
mining operations. The problematic soils are treséosand and
soft slime materials that are deposited in tailyogds after the
processing operations. The loose sand tends tosilepearer to
the discharge point of the tailings due to its weighile the
soft slime tends to deposit further away.

(i) Infilled valley — This is usually refers toresent-day
valleys that contain soft alluvium deposited in paest.

(iv) Riverine deposit — This refers to recent defsosiithin a
general watercourse that has been repeatedly depasitimes
of flood and recession of waters. They are usugtinular
materials mingled with clayey materials.

(v) Coastal and estuarine deposit — They are uswally
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loose to loose silty sand often presents as codsfadsits and
soft marine clay that occurs both as coastal ahcaere depos-
its. Peats are also encountered in coastal, estuas well as
inland deposit

3. GROUND IMPROVEMENT METHODS

The Malaysian practice of ground improvement isegally di-

vided into 3 main categories: consolidation, décaifon (com-
paction) and reinforcement. Consolidation of sotiegive soil
is achieved through surcharging using fill materialth the use
of vertical drains. Vacuum pressure replaces oplampents the
surcharge fill materials in a vacuum consolidajiwacess. Den-
sification which applies mainly to loose granulail Sncludes

dynamic compaction and vibro compaction. Soil r@icément
is further divided into 2 groups: (1) non-rigid lasions are
those involving granular backfill materials (i.e.ynémic

replacement and vibro replacement columns); anddgji-rigid

inclusions are those involving cement grout (i.eem soil

mixing and controlled modulus columns). Fig. 2 shothe

common techniques of ground improvement used.

soft clay loose sand
REINFORCEMENT methods
CONSOLIDATION 5 & y . : COMPACTION
methods Semi-Rigid Inclusions Non-Rigid Inclusions methods
(cement grout etc.) (sand, stone, etc.)
T Fg
Miiirem 11 R
ittt 53 SR
Prefab. Vertical Drains Controlled Modulus Dynamic Replacement |  Dynamic Compaction
Columns Columns
W=
Vacuum Consolidation Soil Mixing Vibro Replacement Vibro Compaction
Columns Columns

Figure 2. Common ground improvement techniques

Some techniques are more suitable for one typeibivile
others apply to a wider range of soil. Compactiothmés such
as dynamic compaction and vibro compaction aimniprove
loose granular soil. Needless to say, they aralsigitfor densi-
fication of loose sand which is susceptible to difaction, are
generally not used at all for improvement of saedasoft clay,
and vice versa. In practice, it may require thecen of one or
a combination of techniques to meet the projeatireqents if
the soil conditions vary much on site as each teglenhas its
own merits, limitations and economies.

4. CONSOLIDATION METHODS

Deep deposits of soft cohesive soil are generatigited on low
lying coastal and deltaic areas as shown in Figgdne of the
recent flood plain deposits along old rivers mapatontain lo-
calized deposit. The thickness varies from 5m tm2md in
some locations may exceed 30m thick. These depastyery
soft clay either of marine or alluvial origin.

The pertinent characteristic of this soft cohesed is that
the void ratio is well above 1 and saturated. Watartent is
generally high typically about 60% to 90%; closesven higher
than the liquid limit. Because of the high void oadind water
content, they are very compressible. However, typge of soil
can be improved markedly as they consolidate uaderstained
static load. Unfortunately, this improvement by solidation is
accompanied by a volume decrease which may resulni
unacceptable ground deformation (settlement). Tegsard
against this, the underlying soil is often “ford®’ consolidate
under loads higher than the design loads (termedsas

charging”) so that the deformations take placerpgodinal con-
struction of permanent structure.

PENANG
PRAI —

PORT KLANG-—

LEGEND

RESIDUAL GRANITE SOIL
RESIDUAL SEDIMENTARY
ROCK SOIL
COASTAL/RIVER ALLUVIUM
LIMESTONE FACIES

Figure 3. Geological map of Peninsula Malaysia@Ti1985)
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4.1 Vertical Drains

When the anticipated time for consolidation excetbasallow-
able construction schedule, vertical drains artallesl to accel-
erate the rate of consolidation. Vertical drainsvide artificial
drainage paths for the water flow. Prefabricatedicad wick
drain consists of a central core, whose functiotoisct as a
free-draining channel enclosed by a geotextileerfilsleeve
which prevents the fine soil particles from entgrihe central
core but allows free entry of pore water into thesc

The effectiveness of vertical
permeability of the filter and the discharge cafyaof the drain.
The discharge capacity is significantly reduced mtie filter is
pressed into the grooves of the central core dudateral
pressure from the surrounding soils and also assaltr of
ground settlement which causes the drain to buokléink.
Hence, in very soft soil where large settlemenexipected, a
more rigid vertical cylindrical drain is preferreBig. 4 shows
the installation of vertical cylindrical drains ftnreatment of soft
slime in Ipoh for the construction of the North -euh
Expressway in 1993. It is important to note that tensile
strength of the drain is sufficient so that it wilbt tear during
installation.

< sr.. . [ T - p
ia . o AN

et

Figure 4. Installation of cylindrical vertical dina in Ipoh for
the North-South Expressway
Many published papers have been written on verticains
with surcharge to improve soft cohesive soil foustures, in-
dustrial buildings, highways, railways, ports amtht@iners, air-
ports and runways, oil tanks and other infrastmectutilities.
One of the earliest reports of a large scale \articain project
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drains depends on the
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carried out in Malaysia is probably on the coarage yard of
the Port Kelang Power Station Ph. 2 in 1984 (Rissestual.
1986).

There were extensive tin-mining areas in and arokindla
Lumpur (Klang Valley) and Ipoh (Kinta Valley). By chil980s,
there was a need for rehabilitation of these exngitands and

The 250,000 mstorage yard which provides a storage capa@x-mining ponds for building and road constructidn. the

ity of 760,000 tons of coal with heaps up to 13nghewas lo-
cated on a reclaimed mangrove swamp along thelit@asthe
soil conditions consisted of about 18.5m of verst soarine
clay with 2.5m thick of hydraulic sand placed ahoVke water
content and the compression ratio/(Ge) was about 60% -
80% and 0.25 from 0 — 7m and 80% - 100% and 03® ff —
18.5m depth respectively. The undrained shear gitnewas as

rehabilitation process is the treatment of a wasierial from
mining operations commonly known as slime whickeasy soft
silty clay with fine sand. Slime is weak and congsible. Ting
et al. (1992) reported compression ratio (Cc/1+e0) rarfgad
0.07 to 0.38 with a mean value of 0.2 in Ipoh.

One of the earliest reported housing projects olaimed ex-
mining ponds is probably the Kampung Pandan Devedoy in

low as 10 kN/ rfincreasingwith depth. In 1984, a total of Kuala Lumpur (Awanget al.,1987). In 1985, it was decided to

3,310,000m of vertical drains was installed to 2depth at a
spacing of 1.41m triangular grid. The criterion afceptance
was an average consolidation of 91% based on hage fill

of 10m with anticipated induced settlement of ab®&dm. Fig.
5 shows the undrained shear strength increase6Rows the
time-settlement behaviour.

UNDRAENED SHEAR STRENGTH, S (rem?)

DATE
JUNE 88
—— —— SEPFT &8

TOTAL FILLMHEIGHT
2,50
ESL]

10,38

okT a4

Figure 5. Shear strength increase after cons@iuat the coal
stor-age yard, Port Kelang Power Station (Rissedal,e1986)
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Figure 6. Time-settlement curve at the coaragfe yard, Port
Kelang Power Station (Risseeuw et al., 1986)

Another early application of vertical drains andcharge was
reported by Wesley & Richards (1987). A field tneds carried
out with vertical drains installed at 1.5m and 2ndgo 14m
depth at Prai near Butterworth for a housing anit ligdustrial
development. It was concluded that due to the cerityl of the
underlying soil conditions the rate of consolidatiand the
effectiveness of vertical drains can only be deteech by means
of a full scale field trial.
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reclaim 8 ex-mining ponds with depth of water vdrfeom 3 to
5m and thickness of slime between 8m and 25m. Thgeg
was to build walk-up apartments. The ponds werdaireed
using the containment method where the slime arfd ckay
were trapped beneath a geotextile mat (Yee, 198¥)se soft
materials were subsequently treated with verticaindg and
surcharge. A total of 1,580,000m of vertical draives installed
to maximum depth of 28m at spacing between 1m amd 2
Surcharge up to 5m was placed and settlement idduees
about 1m to 1.5m during a period of 4 to 5 mon8w®on after
the completion of this project, similar housing jpais on
reclaimed ex-mining ponds such as Kampung Pasid\&aunrn
Development at Setapak and Pasar Borong Developatent
Selayang were adopting this technique to treateslind soft
clays. In 1986 another ex-mining land of 200ha was
systematically engineered and developed to theepteday
resort living water theme park known as Bandar Syni¥aow

et al, 1993; Ooi & Ooi, 2009).

Bridge approach embankments on soft clays are tremith
vertical drains and surcharge to reduce post coctgtn settle-
ment and differential settlement between the emimanik and
the abutment. At the Tinjar Bridge project in Sarkweertical
drains were installed to depth of 40m. The soilditions were
firm sandy clay at the upper 2m overlying very stuft soft
clayey silts/silty clay with Ne7= 0 to 4 down to 40m. Layers of
medium stiff to very stiff clay were found below 4045m.
Vertical drains were installed at spacing of lrartgular grid.
Settlement up to 1.3m was recorded after 6 months o
consolidation. The ground improvement work was cletegl in
1986 — 87.

Five years later, in 1992 vertical drains were alistl to
depth of 50m surpassing the previous Asian regiosedrd of
deepest drain installation of 45m at Changi Airfartiich was
carried out in 1979). Fig. 7 shows the 53m vertidahin
installation rig at Miri, Sarawak. This is probalilye deepest
drain installation in Malaysia and among the detpesallation
in the world.

With the privatization of infrastructure projects the late
1980s and 1990s, the application of vertical drahred
increased many folds especially with mega projeath as the
North -South Expressway, Shah Alam Expressway, kuan
Kerteh Railway and the Double Tracking Railway prbjec
between Rawang and Ipoh. This has increased thee usiag
vertical drains to tens of million of metres.

With larger quantity of vertical drains in a singleoject, the
speed of installation played a crucial role in timeely comple-
tion of the works and hence, the profitability dfetproject.
Faster and stronger purpose-built installation mgse devel-
oped. Fig. 8 shows the hydraulic installation rigieth has an
installation capacity of up to 12,000m daily protioic as com-
pared to 3,000 to 4,000m with the conventional istat
installation rigs.

Applications of vertical drains have also extenttedffshore
applications. Vertical drains were required to hstalled off-
shore at the Sapangar Bay Container Port, Sabahvditieal
drains were installed on barges to depths of 20r@5tm. The
installation works were completed in 2005
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Figure 7. A 50m-vertical drain installation at Miri

4.2 Vacuum Consolidation

Vacuum consolidation was first proposed in the yed®50s

(Kjellman, 1952). However, its application has relveen satis-
factory until Gognon (1991) conducted a full saa@search field
trial in 1988. The basic procedure consists ofaiiag an air-

tight impervious geomembrane over the soft satdratél to be

consolidated (Fig. 9). Vacuum is then created belbe ge-

omembrane using a dual venturi air-water pumpirgiesy. He

demonstrated that the success of vacuum consoliddgpends
on the ability to create a non-saturated fill lageneath the im-
permeable geomembrane in order to maintain a densigacu-

um pressure which acts on the soft cohesive soddtition, the
detailed construction procedure in creating a cetepdir-tight

seal of the vacuum system around the perimetdreoatea to be
treated has to be carried out precisely.

Vacuum consolidation is used as a replacementrfeupple-
ment to the surcharge fill. Unlike surcharge fithish may cause
lateral spreading of the underlying soft soils qude stability
concerns, vacuum consolidation does not pose aalyilist
problem since the treated block of soft soils Gatied” laterally
as well as vertically by the vacuum pressure i.acuum
consolidation is isotropic stress increase whefilasurcharge
is deviatoric stress increase. Hence, it is moséalsie for very
soft soil where stability of construction is of majconcern.
Principles of the technique are described in ¥eal. (2004).

boundary of treatment, and (4) depth to groundwaleneed to
be addressed in a successful implementation ofvieium
consolidation system.

Parigaral
Demin walt

Figure 9. Schematic layout of a vacuum consalidagystem

The first country outside France (being the birdcp of this
scheme) to apply this technique was in Malaysia.w#s
introduced and used in Malaysia in 1992. Tigtgal. (1995)
reported the first application of vacuum consolaatfor the
construction of a bridge approach embankment on divhe
and soft clay deposit for the North-South Expregswa

The 1990s saw a rapid development of the vacuum Package 8B-1A involved the construction of a 7nhHigdge

consolidation technology, particularly in countriksown as
having traditionally very soft compressible soilBoday, an
estimated 40 vacuum consolidation projects with entiran

approach embankment on an ex-mining land locatethet
southern part of Ipoh. The upper 6m to 12m congisfeslime
and soft alluvium overlying limestone formation.eTndrained

6,000,000rM has been successfully treated following the abovehear strength was as low as 7 — 10iN/m

scheme (Fig. 9). The success behind a vacuum ddagoh
project depends upon a combination of technolodicatv-how
and careful implementation of design details. Reatproblems
such as tears and punctures in the impervious gebname,
poor seal between the geomembrane and the groond #ie
peripheral trenches, and vertical drains extending layers of
high hydraulic conductivity (e.g. sand layer) &htl to reduce
vacuum efficiency, reduce equivalent surcharge ceffend
increase pumping capacity and pumping cost of theuwm
consolidation system. Constraining factors sucl{isadequate
horizontal drainage to allow sufficient removalwéter which
drains out from the soil during consolidation; élequate water
saturation along the peripheral trenches, (3) switification
including permeable sand seams within the clay sie@ the

The bridge structure on piled foundation was camséd
ahead of the fill embankment. To construct the 7ighh
embankment on soft soils, the conventional solutiérusing
vertical drains and surcharge would ideally be #uodution.
However, due to the close proximity of the pilesl éime fear of
excessive lateral movement of the underlying softssupon
embankment loading, vacuum consolidation was salect
Furthermore, time was also a constraint for stagmtbtruction
and consolidation.

The criteria of performance were (i) to maintaifiaator of
safety not less than 1.3 for the stability of thebankment dur-
ing construction; and (ii) to limit residual settlent to 10cm
over 10 years. The vacuum pressure was maintairedabat 0.7
bars which is equivalent to about 3.5m of surchdilfeThis
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represents a surcharge to embankment height rdflo50 The implementation of works according to details weoe followed.
vacuum pumping was maintained for 3 months. Tan & Liew (2000) reported a failed embankment anuum

Construction of the embankment started after twokwesdf treated area during construction. The embankmers @om-
vacuum pumping. The 7m high embankment was cortetiun  structed on very soft silty clay of 4.5m thick oyerg soft
a single stage without any rest period in-betw@dre average sandy clay to depth of 12m. A layer of very loos®yey sand
degree of consolidation with respect to the comtbimacuum was found below the sandy clay. Undrained sheangth
pressure of 0.70 bars and the 7m high embankmeet af varied from 10kN/rito about 20kN/rh Cracks appeared when
months of vacuum pumping was about 80%. The aveirage the embankment reached about 5m height in aboutdays.
duced settlement was about 70cm. The theoreticdbrfaof The pore water pressure measurements were taksmowed a
safety computed for embankment stability was O#aout vac- trend of increasing pore water pressures for mbaen tone
uum consolidation and 1.54 with vacuum consolidaticateral month during the construction. Vacuum pressure was
movement of the underlying soft soils was limitexl ¢bout insufficient.
10mm. Hence, vacuum consolidation had providedateeler-
ated consolidation required besides, controlling tateral
movement and enhanced embankment stability. Itdisal re-
duced the amount of imported fill material for tleguired 3.5m
equivalent surcharge. Fig. 10 shows the close riistaf the
vacuum treatment area to the installed piles aadthige struc-
ture.

00i (1997) and Ooi & Yee (1997) reported the useamuum
consolidation for the construction of the new Kunghi
Deepwater Port at Kg. Senari, Sarawak. The deepwate is
located along the Sarawak River and it consistsnofsiand
wharf design with 11m water depth to accommodate000
DWT vessel. The total wharf length is 635m.

The ground condition consisted of an upper 20meoy woft
silty clay with shear strength between 10kRli/amd 20kN/rf.
Underlying this layer is a layer of soft to firmagky silt. The
water content was about 60% with liquid limit of%80 The
water table fluctuated between 1.5m and 3.5m belorking Figure 10. Vacuum consolidation for the North-So#press-
platform elevation. way in Ipoh

For the consolidation of the underlying soft clagrtical
drains and surcharge was used for the generalinent@rea lo-

cated some 40m behind the river bank while vacuonsalida- poirnbghvers AR
tion was used along the river bank due to poteimistability Without Vacuan - 10
) . . With Vecuum - 1.6
caused by the surcharge fill as shown in Fig. 11.
At the general area, vertical drains were instadiespacing of Whaet

1.5m, 2.0m and 2.5m triangular grid with fill suacge height
of 1.5m and 3m. The vertical drains were instalted26m
depth. Closer to the river bank, vacuum consoligateas
carried out. It was maintained at about 0.60 — ®&3 which is
equivalent to about 3m of surcharge fill. The vaoupressure
was maintained for about 3 months.

The average degree of consolidation with respedbéovac- Piled Brdges
uum pressure of 0.6 bars after 3 months of vacuumping Figure 11. Simplified cross-section of ground imgmment
was about 75%. The design value was 70%. The indsetle- scheme for the New Kuching Deepwater Port

ment was about 60cm. At the general area, for anitalent”
area with 1.5m grid vertical drains and 3m surcbatlye settle-
ment after 12 months was about 50cm while the obrtrea
without vertical drain, the settlement was 33cmeldrivane
shear tests were carried out at the same locabefre and
after vacuum consolidation. The average increaseshiaar
strength was about 14kN#nas compared with the theoretical
value of 12kN/rA.

In this project, vacuum consolidation has provitleg neces-
sary consolidation in a shorter time and the necgsstability
required during the works. Without vacuum consdiag the
consolidation works would have been difficult, dtrimpossible
to achieve with problems of instability to the miveank. The
vacuum consolidation works was completed in 199§. E2
shows the vacuum treatment area beside the SaRiwek

As described earlier, the intrigue characteristia successful
vacuum consolidation lies on the effectivenesshefgystem in
creating the necessary isotropic consolidation estakhis
involves the detailed implementation of the necgssarks in
creating an air-tight sealing system as well asiihstenance of
a consistent vacuum pressure through the non-sadifit layer The type of soil most suitable for consolidation ‘grtical
beneath the geomembrane. Unsuccessful applicaisnbeen drains (in combination with fill surcharging) andouum con-
reported where the above characteristic and carefablidation is normally to slightly overconsolidateshturated

Figure 12. Vacuum consolidation for the New Kuchidegp-
water Port at Kg. Senari, Sarawak
4.3 Suitable Types of Soil for Consolidation Treatmeat
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soils with low permeability such as soft clays asills, and
slime. The greatest effectiveness is in inorgatagand silts
that exhibit little secondary compression sincdigak drains do
not affect the rate of secondary compression. Tmimize the
effect of secondary compression, additional sugdaor
extending the surcharge period is necessary. Cogoal

(1994) reported the applications of vacuum constilish for a
road embankment on 3.7m thick of peat and orgalaig with

water content ranging from 400% to 900% for thet psad
140% to 210% for the organic clay.

4.4 Design Issues

The design of a surcharging program involves themdation
of (1) the time-settlement curve under the desagad] and (2)
the time-settlement curve under the surcharge [Bla€ classical
one-dimensional consolidation theory is used. Termgne the
time required for surcharging, one has to determihe
estimated total settlement (or the required indusetflement
after considering the allowable residual settlenentthe time-
settlement curve of the design load. Then, from tinee-
settlement curve of the surcharge load one hasddigt the
time of surcharging which would result in the saameount of
induced settlement required.

If the time required for surcharging is more thle permitted
time (which is often the case), vertical drains ergtalled to
accelerate the consolidation process. In this dagé, radial and
vertical drainage are considered in establishing thme-
settlement curve of the surcharge load. The thebopnsolida-
tion by radial and vertical drainage is well esigtigd (Barron,
1948). The design procedure for vertical draindéscribed in
Hansbo (1979).

Although the mechanism of consolidation betweerticar
drains with surcharge fill and vacuum consolidatimay be
different, the results are rather similar. In thesence,
geotechnical design analyses used to evaluatecakerdtirain
spacing, settlement rate and strength gain forsuee fill with
vertical drains are equally applicable to vacuumsaodidation.
However, the stablilty analysis is different. Swae fill is
basically a deviatoric stress
consolidation is isotropic stress increase withthe risk of
instability as in the case of the deviatoric stiessease.

4.5 Performance Evaluation

Among the common geotechnical instruments usedcionaoli-
dation project are settlement plates, piezometedsirzclinome-
ters to measure and monitor for ground deformatamnd the
build-up and dissipation of pore water pressureth vime.
These measurements are used to determine the glatemd
removal of surcharge fill as well as to controlbdlity during
construction.

4.6 Choice of Consolidation Methods and Selectidbriteria

The rate of consolidation is affected by (1) theaikble

drainage facilities; and (2) the rate of filing .de in

embankment construction). By reducing the verticahird
spacing, it increases the rate of consolidationvéie@r, the rate
of filling is not affected by the presence of veati drains but
solely controlled by the shear strength of the slafy. Vertical
drains serve no structural support to the soft.clay

much lower stress than is calculated by the gerstiedr failure
bearing capacity analyses. Conventional bearingoitypanaly-
ses for an embankment indicate an ultimate capadity, =
5.14¢. However, analyses assuming elastic condition®uhpe
instant of local soil shearing show that failureulcbdevelop
progressively when the stress reachgs §.14¢. Therefore, at
any stage of construction the height of fillindimited. In fact,
in vertical drains and fill surcharge there is aiba@ontradiction
in that the soft soil which cannot sustain the rarimposed
embankment load is now called upon to support Budit
surcharge load. Pressure berms may be used talprstability
when the height of fill is high. However, in mostses there is
space constraint. Stage construction can be coeside take
advantage of the increase in the shear strengtteruttte
imposed load at each stage of fill placement. Againmost
cases sufficient time is not available. Hence cfamstruction on
“ultra” soft soil where stability is of major conteand time is
limited, vacuum consolidation may be the solutian the
problem.

5. DENSIFICATION METHODS

Deposits of very loose granular soil or cohesimlssil (e.g.
sand) require improvement. They are somewhat “cesgible”
(Varaksin & Yee, 2007) and are very unstable whesjexted to
even a modest shock and vibration. D’Appolonia @97
reported that granular soil is prone to liquefattiG-or small
strain of the order of I9to 10° the minimum relative density to
prevent liquefaction should be about 70% and tire¢ §and
with a relative density less than 50% is subjecligaefaction
during ground motions with acceleration in excefd3.bg.

Deposits of natural loose sand are found in cosmtahs.
Similarly, loose sand mingled with clayey mateiffound in
riverine deposit generally within a watercourse thes been re-
peatedly deposited in times of flood and recessfomaters.

In recent years, coastal reclamation presents arrsajirce of
loose sand. Much land has been reclaimed usingabijidally
filled sand. The large volume of water needed imrhylic
filling must be “ponded” to allow sufficient timeif the sand to

increase while vacuursettle. The resulting structure is likely to bewéose and it

will remain loose and saturated because of the llagpi
retention of the sand which prevents the sand ghestifrom
rolling into a stable and denser orientation. Retatilensity
between 40% and 80% after hydraulic placement wperted

by Choa & Bawajee (2002) in the Changi Reclamatiotjepto
Values of Npr can be as low as 3 to 4 while CPT cone
resistance gcan be as low as 0.5 to 3MPa were measured below
mean sea level.

Mine tailings from tin mining operation consist foie loose
sand. Loose sand tends to deposit nearer to tobadge point
of the tailings due to its weight as compared wgiiilme which
tends to deposit further away from the dischargentpd-or
rehabilitation of ex-mining lands, it is necessarymprove the
loose sand tailings.

While loose sand is not as compressible as soft ttia com-
pressibility is sufficiently great that it cannog lignored in the
design of foundation. More important, is the inimérastability
of the loose sand particle orientation. Althoughsie sand may
be unstable and change state readily, their vatgliility nature
makes it possible to alter their structure effesdtiv Vibration
through shearing of the loose sand particles tm faidenser and

Typical undrained shear strengthy)(of soft clays can be as Stable orientation has been the most effective méardensify-
low as 5kN/m to 20kN/nf. Due to such low strength, surfaceing loose sand. This results in higher bearing ciypalower

loading of soft clay would anticipate progressiadure. When

settlement and increased resistance to liquefactisin the

the stress imposed by a load such as an embankxeegeds the surface, densification is accomplished by surfasmpaction.

strength of the soft clay foundation, bearing cé#tpaar “mud-
wave” failure takes place. Because soft clay is alsmewhat

sensitive in most cases, bearing failure often dgidace at a

When at depth, densification is more difficultréguires special
technique and equipment.
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5.1 Dynamic Compaction

This process is also known as dynamic consolidatioheavy
tamping. This is one of the most versatile andtleaxpensive
ground improvement techniques. The densificatiordyayamic
compaction is done systematically usually in a getermined
grid pattern. It consists of delivering high enenmgypacts at the
ground surface by repeatedly dropping steel pousmddy to 40
tons from heights ranging from 10 to 40m as shawfig. 13.
The spacing between the impact points depends ynamithe
depth of treatment, the grain size distribution aitd

permeability and the location of the ground watarel. Deep
craters up to 2m are formed upon impact. The gaez filled

with sand after each pass. In loose sand, the haauend the
craters is generally small.

Figure 13. Various phases of dynamic compacti@cgss

The initial spacing of the impact points usuallyresponds
to the treatment depth. It is often advantageousmaximum
compaction energy (with heaviest pounder fallingnfr maxi-
mum drop height) for the first few blows in orderextend the
compaction effect as deep as possible. The spéasingduced
for the subsequent passes thereby allowing adegaatpaction
to be carried out at the shallower depth.

ally about 200 to 300%. Relatively large area gredan
15,000n8 have to be treated in order to increase its cost-
effectiveness due to higher cost for mobilizatidgpical pro-
duction rate is about 12,008t0 15,000rf per month using one
rig working on a single shift.

One of the earliest published applications of grbimprove-
ment in Malaysia is dynamic compaction for a hogsievelop-
ment project in Kuala Lumpur in 1978 (Ting, 1982Téng et
al., 1982). The site was a valley used as a soil dumpas
filled with materials ranging from boulders to cdddy gravels,
sand, silt and clay without any compaction. Thekhess of fill
was about 12m. The material was probably partiséifurated.
Hence, settlement is expected with saturation ffijtration of
water over a period of time. Thus, settlement wpsohlem alt-
hough bearing capacity may be adequate. Dynamigaction
was carried out using a 13.5 ton pounder with g dreight of
25m. Compaction energy was about 337 ton.m per hiogvit
was applied over 5 phases at grid spacing of 7ral Tompac-
tion energy used ranges between 135 — 270 torf.nhe en-
forced settlement was between 40 — 96cm. Results fle
pressuremeter tests show improvement down to 1Zithd&he
mean limit pressure (P was increased from 5 bars to 13 bars
and the mean pressuremeter modulug (#as increased from
60 bars to 150 bars after treatment. The improvénvas about
250% to 300%.

Toh et al. (1985) and Ooi (2007) reported the application of
dynamic compaction for the foundation of Wisma Skae in
Kuching. It is a 22-storey tower block resting onaft founda-
tion; a surrounding 7-storey podium founded on pstri
foundation and a 7-storey car park on steel H-pilfée raft and
the strip foundations rest in part on rock and @t pn soil
which has been improved by dynamic compaction. $oi
condition was clayey silty sand overlying loose csawer very
hard sound unweathered sandstone rock at deptimdb®m
below ground surface. Dynamic compaction was aaroet
using a 13.5 ton pounder with a drop height of 2&wer 2
phases at a grid spacing of 6m. Altogether, 16 blavere
delivered giving a total compaction energy of 160.m per M
Before commencement of dynamic compaction, the a@s

The depth of improvement is related to the compacti first covered with sand as working platform. Aftdynamic

energy per blow. Dropping a 15-ton pounder from 2@ihgive
300 ton.m compaction energy per blow. Figure l4wshthe
depth of treatment against the compaction energy.
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Figure 14. Compaction energy against depth afenice /
treatment depth (Green & Kirsch, 1983)

Compaction is generally higher below the pounderxiMa
mum increase in density is at about one third ef diepth of
treatment from the surface. An increase of the patien resis-
tance of 300% to 400% can be expected in sand enetlg In
marginal sand and unsaturated fill materials, tivegase is usu-

130

compaction, the craters were backfilled with samd dahe

second phase of dynamic compaction was carried iut
between the prints of the first phase. The cratene similarly
backfilled with sand. Finally, the entire area wasn given the
ironing phase with a lower drop height on an oymriag

compaction grid pattern.

Maximum settlement was computed to be about 43merevh
the soil was deepest with the least stiffness. Marn angular
distortion was about 1/470. Settlement measuremaden after
construction agreed well with the calculated valu@be
compaction work was completed in early 1983.

With increasing demand, more housing developmerse w
carried out on filled ground over valleys. Mosttloése areas are
non-engineered fill. Uncompacted fill of variousnggositions
ranging from boulders and rock pieces, constructebris to
silt and clay were used to fill valleys without cpaction.
Hence, dynamic compaction was used to improve hgara-
pacity and reduce post construction settlement.

Fig. 15 shows dynamic compaction carried out ftwoasing
project at Bandar Menjalara for double storey linkises on in-
dividual footings. The fill material was a mixtuoé residual soil
with rock and boulders. Anticipated problems weeétlsment
due to self-bearing and collapse settlement. THeresd set-
tlement was 40 — 60cm with treatment depth betvieerym.
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Figure 15. Dynamic compaction at Bandar Menjalaraltauble
storey houses on non-engineered filled ground.

oy

.

Similar treatment method was adopted by establisteae|-
opers at Kepong, Puchong, Desa Sri Hartamas, Hahgat,
Jalan Kelang Lama areas, etc. for their housingept® on non-

engineered fill ground over ponds and valleys. drtain cases,

dynamic compaction was carried out close to bulthwusing
units at a distance of 10 — 15m away. In such caslesation
monitoring was carried out. Where the peak partigéocity
exceeds the permissible value of 8mm/s, an opechre&as dug
to absorb the surface wave energy.

The heaviest compaction on filled ground was cdragat in
2005 for a housing development at Desa Sri Hartaikaala
Lumpur where the thickness of non-engineered fiterds to
more than 15m. A 23-ton pounder dropping from 2Gstiver-
ing compaction energy up to 460 ton.m per blow wssd to
compact fill ground with large sized boulders. Tstorey semi-
detached houses were constructed on individuaingetafter
treatment.

In 1994 — 95, dynamic compaction was carried ouiguthe
750 ton.m capacity Hecto machine (being considemethe %
largest compaction machine in the world) to liftt®ss pounder
to 30m drop height for the Shah Alam Expressway.(Eb).
This represents the largest compaction rig useMataysian
history.

Figure 16. Hecto 750-ton.m DC rig used in ShahmAx-
pressway

In 2000, shallow vibratory compaction (SVC) wasaaced
for the first time for the Kuantan — Kerteh Railwarpject. The
objective was to densify the upper 3 — 4m loosel sarerlying

cohesive soil. In the Double Tracking Railway projeetween
Rawang and Ipoh, more SVC works were carried out. Fig
shows SVC works using dynamic compaction at closeadce
to existing “live” track. Typical CPT result is akawn in Fig.
18 before and after treatment.

Figure 17. SVC using dynamic compaction at Bidor-Kkam
for the Rawang — Ipoh Double Tracking project
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Figure 18. CPT results before and after SVC at Bidtampar

5.2 Vibro Compaction

Vibro compaction involves a process of re-arrangentsy
shearing of soil particles into a denser orientatly means of
horizontal vibration. Vibrations are created inaikontal plane
providing a lateral compaction effort. Typical eomient used
includes an electric or hydraulic vibroflot suspiegdfrom a
crane as shown in Fig. 19. The vibroflot considts dorpedo
shaped horizontally vibrating probe that vibratefeguency of
30 to 50Hz with an amplitude of 10 to 40mm. Fig.sk@ws the
vibro compaction process.

Spacing of compaction points depends upon thetgpd,
density requirements and the vibroflot charactesstlt relied
on personal experience of the engineers and cdotsaand
semi-empirical design charts. Recent research hbsaied that
the degree of improvement is also a function of thigal
density and clay fraction in the soil, among otparameters.
The final field compaction spacing is usually eBtdied with
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the completion of a field trial compaction at thers of the
work. Typical spacing for the compaction pointsges from
1.5mto 4.5m.

a) h)

Granular
& 50il materia

Wats-r;upply

Cohesionless soil

Figure 20. Vibro compaction process

The compaction is generally higher closer to thator. The
relative density is usually about 100% up to 0.8n0.6m from
the vibroflot. The compaction decreases graduaith wmcreas-
ing distance. The lowest relative density is usualbtained
half-way between the compaction points. An increasd¢he
penetration resistance of about 200% to 300% caexpected
in clean sand. The typical production rate is al&®000n7 to
7,000nt per month using one rig working on a single shift.

Vibro compaction was used at the Bidor — Kampar pgek
of the Rawang — Ipoh Double Tracking Railway projei.
19). It was used at close distance of less thantbGhre existing
“live” railway track where dynamic compaction praehal
surface vibration more than the allowable valuébmm/sec.

5.3 Suitable Types of Soil for Compaction Treatmen

Dynamic compaction was developed into a “systerhatieans
of densification of loose, cohesionless saturatt g/ Louis
Menard in the late 1950s (Menard & Broise, 1975).0tp
impact, the saturated soil liquefies and the damibn process
is induced by shearing of the soil particles intodenser
orientation. Vibro compaction has similar densifiica
mechanism but has lesser compaction energy compaitad
dynamic compaction.

Vibro compaction is best suited for use in cleandswith
percentage of fines (particles less than 63um) rgéimenot
exceeding 10% and clay content not exceeding 2 — &%
effectiveness for vibro compaction reduces in gfagad silty
soil. It is also less effective in very fine unifaly graded sand.
The effectiveness of vibro compaction is also redudn
cemented sand. The reason being the cohesion prbuig
these fine materials prevents the momentary brgaddririction
bond between patrticles through vibration and iursded soil
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the lower permeability impedes the densificatiorocess.
Hence, the application of vibro compaction in Malayis not as
widely used compared with dynamic compaction dueth®

fines content. In most cases, loose soil is maligitéean sand
(e.g. silty or clayey sand). Also, most non-engiedsdfill areas
contain large aggregates or boulders. In such tondi

dynamic compaction is more suitable as penetratibrthe

vibroflot may be difficult and may cause damage tte

equipment. Dynamic compaction has been successfaélg for
soil containing higher fines content but in mostesg the soil is
non-saturated. Although, it has been used in saiireohesive
soil, its success is uncertain and may requireiapattention to
the generation and dissipation of excess pore watessures.
For saturated soil, a limiting fines content of ab@0 - 25%
applies to dynamic compaction.

Although dynamic compaction is conventionally usied
densification of loose sand, the majority of thenayic
compaction works in Malaysia in recent years ha®nbe
performed at sites of non-engineered fill, ex-minland, solid
wastes and landfill sites (municipal wastes). Dyitam
compaction was carried out at the Jelutong landii#é for the
Jelutong Sewerage Treatment Plant in Penang. Anothe
increasingly common application has been for tlabikzation
of collapsible soil which is usually stiff and diry their natural
state, but lose strength and experience significaallapse”
settlement when they become wet, and also groutidshiallow
cavities and metastable in nature. The Batu Tolh ae the
DUKE Expressway, located in mined out land over d¢heern-
ous limestone bedrock was treated with heavy dynaompac-
tion for this reason.

5.4 Design Issues

The design of dynamic compaction requires the detation of

pounder weight and size, grid pattern, drop heighmber of

blows and phases and the depth of influence. Egnlbe used
to determine the depth of influence (D):

D=nvyW.H

where W is the pounder weight (tons); H is the dnefght (m)
and n is the soil type rheological factor whichigarbetween
0.3 and 0.8 depending on the type of soil.

The grid spacing is related to the impact energyeamted by
Eq. 2:

1)

)

where Eis the average applied energy (ton.m) over theddea
area; N is the number of blows; W is the poundeghte(ton);
H is the drop height (m); P is the number of passekS is the
grid spacing (m).

The design of vibro compaction involves selectidngad
pattern, spacing and depth. These parameters demerttie
types of sail, the required densification and tharacteristics of
the vibroflot used. Based on past experience, senpiical
design charts are produced according to the clearstats of the
vibroflot. A larger capacity vibroflot with a biggeentrifugal
force, larger amplitude and a lower frequency willally has a
larger grid spacing of compaction points compareith va
smaller capacity vibroflot. Fig. 21 shows an ara#tgyn design
chart for vibro compaction (Glover, 1982). The attspacing
of compaction will be confirmed with field trial ogoaction
results.
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Figure 21. Area pattern design chart (Glover,2)98

5.5 Performance Evaluation

For dynamic compaction, the performance indicatames the
pounder penetration depth, crater volume and sim®unt of
ground heave and subsidence and the amount ofilliagka-
terial. Cone penetration tests (CPT) and pressurentests
(PMT) are often carried out to assess the effectise of dy-
namic compaction. When there is a nearby struaturetility,
vibration monitoring is necessary.

For vibro compaction, the degree of densificatiorierms of
relative density is usually specified. Relative dgng often
used as an intermediate soil parameter. This iallysmeasured
by CPT q. Direct derivation from gof relative density (as well
as the angle of shearing and modulus values) dspemd
empirical correlations. These may have some backiom
calibration chamber tests, but it should alwaysdrembered
that such correlations are limited in the rangesaf to which
they apply (Meigh, 1987). Alternatively, PMT mayopide a
better in-situ test to measure the effectiveness vitsiro
compaction in terms of limit pressure for bearingpacity

areas (> 15,000fwith its high productivity but only if the sur-
face vibration is not an issue of concern. Vibronpaction is
cost effective when the require treatment deptreeds 10 —
15m but for sand having less than 10% fines. Whiitréasing
fines content such as marginal dirty sand, the isgaof
compaction starts to be close and productivity drop
substantially.

40

PPV (mmlsec)
=
=

[ g

r .. HL-.«_ ry

||
— L

0 vyt
0 5 10 15 20 25 30 35
Distance from Source (m)

|ODC-15mDer A DC-20mCrop mWC- 12000 w/C - 98k I

Figure 22. PPV for dynamic compaction (DC) usingtd®d
pounder and vibro compaction (VC)

6. REINFORCEMENT METHODS

Experience has shown that silty clayey soil doesreact to
compaction effectively. Fig. 23 provides an indigatof the soil
compactibility in terms of CPT cone resistancg @nd friction
ratio (R) results. For this type of soil, the improvemest i
usually measured by the percentage of the soicepl.

calculation and pressuremeter modulus for settlémen

calculation. However, PMT is time consuming to gamt. It is

suggested that a combination of CPT and PMT is ¢0 b

performed with probably 1 PMT for every 3 CPT. Ealan of
improved ground is usually done at locations inttiate
between compaction points.

5.6 Choice of Compaction Methods and Selection Geria

The determinative factor in the choice of compactieethod is
the type of soil or fill material to be compactd&Eside, envi-
ronmental constraint needs to be considered. Beasibe in-
herent characteristics of a heavy pounder hittiregground, dy-
namic compaction produces vibration concerns. Tdoetable
vibration limits vary from one standard to anoth®&ccording to
the German Standard DIN 4150 peak particle velo@®yV)
less than 8mm/sec will not likely to cause any dgenao
adjacent structures supported on spread footings th
settlements of the underlying materials. Structudaimage
requires a much higher PPV up to 50mm/sec. The BPY
distance of 30m from the point of impact is usuddgs than
50mm/sec. To reduce vibration, a cut-off trenchld — 2m
deep is usually constructed to intercept the sarfaave which
causes the vibrations. Yee & Ooi (2003) reportectl@se
distance of 7m from a service train line where dyita
compaction was carried out using a 15ton poundepming
from 20m. With trenching, the measured PPV wastdichito
15mm/sec at a distance of 7m. Fig. 22 shows the RBasured
at Bidor — Kampar site for dynamic compaction pldttegether
with measured PPV for vibro compaction.

Dynamic compaction is cost-effective for large catpon

10 —
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Figure 23. Soil compactibility according to CPTuks (Mas-

sarch & Heppel, 1991)

In-situ reinforcement of poor soil is accomplishigg inclu-
sion of vertical reinforcing elements in the soithwthe main
benefit resulting from the structural aspect ofsthelements.
These elements can be non-rigid inclusion (e.gnestmlumn)
or semi-rigid inclusion (controlled modulus column)
Reinforced concrete piles are rigid inclusions.

The non-rigid inclusions operate as stiff but coesgible
columns embedded in weaker soil. The applied load i
distributed by a granular layer (usually sand) rartias a
“flexible raft” on top of the inclusions. These lasions act as a
group to support the distributed load. The soil atsdre-
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inforcing elements act in combination, interactthgough fric-
tion and adhesion to increase the shear strengtreafoil mass;
to reduce its settlement under the load and toor®its resis-
tance to liquefaction. The volume of soil replatgcthese rein-
forcing elements is referred to as the area replaoé ratio

Figure 25. Installation of stone columns by botfeed dry
method

The wet method is generally used where the “boeghsta-

(AcoVA) where Aul is the area of the reinforcing elements and Aility is questionable. Hence, it is suited foresitunderlain by

is the total influence area. Typical area replagenmatio for
non-rigid inclusions is between 15% and 30% anda2fdb 8%
for semi-rigid inclusions.

6.1 Vibro Replacement/Displacement Columns (Stone
Columns)

Although constructed using the same equipment awdk w
procedure as vibro compaction (except that theofiir has a

smaller amplitude and higher frequency), stone rookl

function as reinforcement rather than densificati®hey are

used in soft soil to (1) increase bearing capadi®y; reduce

settlement; (3) accelerate the rate of consolidat{d) improve

stability; and (5) resist liquefaction. It involvesplacing 15 —

30% of the cohesive soil with stones in the formcalumns in

most applications.

Typical diameters of stone columns are between 88nth
100cm and the column spacings are between 1.6n2&m.
Stone columns are installed using the wet methdlrqvre-
placement) or the dry method (vibro displaceme@jher
methods such as rammed columns using temporanygchsive
also been used but to a lesser extent.

The vibroflot penetrates the ground under its oweight
aided by water jetting as in the wet method (Figd) 2r
compressed air as in the dry method (Fig. 25). zéoial
vibration is produced close to the base of theofibt. Stone
backfill is introduced in control lifts, either fno the surface
down the annulus created by penetration of theoflitir as in
the top feed wet system or through feeder tubescidid to the
tip of the vibroflot as in the bottom feed dry gyst

Figure 24. Installation of stone columns by tepd wet meth-
od
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very soft to firm soils and a high ground waterléatWhereas,
the dry method is suited for firmer soils with datevely low
ground water table (FHWAA, 1983). However, the mean-
trolling factor is the availability of a nearby soa of water for
wet method. Otherwise, it would be the dry method.

Stone columns were installed using the bottom fdegd
method for the Kajang Ring Road and the DUKE Expragsw
For the Kajang Ring Road project, the soil condigbrserdang
site was soft to firm clay/silt with §+ varied from 2 to 5 down
to 10m depth. Below 10 — 12m, stiff clayey silt witkpr > 15
was encountered. Stone columns of 70cm diametee \ver
stalled to depth of 10 — 12m at triangular spaafid.6m to
support a 9m high road embankment. The installatiorks was
completed in 2000.

For the DUKE expressway project, bottom feed drihoe
was used at Setapak site where stone columns n&taléed to
22m deep. At the Jalan Kuching site, stone columese in-
stalled to 12m and at the Segambut site, stonemtauwvere in-
stalled to 18m. The stone columns were 100cm diemnaetd in-
stalled at spacing between 1.6m and 2.3m. Withtgrekepth of
installation, a crawler crane-based machine wdigedi Fig. 26
shows the SAS rig of 35m section used in the Sddl#ng
Valley Expressway (SKVE) which is considered as oh¢he
largest rigs for stone column dry method instadkatiin
Malaysia. Total quantity of stone columns installedhe SKVE
expressway exceeded 400,000m.

05/08/2009

Figure 26. Dry bottom feed stone column installaid SKVE

While bottom feed dry method was used due to non-
availability of water, top feed wet method is u$palsed for
higher productivity and generally larger columnesiZop feed
wet method was used to install 100cm diameter stohemns
to 12m depth at Kepong for DBKL (Kuala Lumpur City Ihla
road project. The stone columns are used to supp@inforced
earth supported bridge approach embankment of 6Gighthe
founded on soft silty clay with §; between 1 and 4. The
columns were spaced at 1.7m, 2m and 2.3m. Platinbdasts
on single stone columns were conducted and plétersent of
6 — 9mm was recorded at 150% of the design load.

Similarly, top feed wet method was used at Sabalnder
(Selangor) for a JKR (PWD) road project. The road
embankment was 4.3m high with 1.5m surcharge fodirmte
very soft marine clay with B between 0 and 2. Small stone
columns of 60cm diameter were installed at 1.2rBmland
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1.8m triangular grid down to depth of 13m. Thesenst
columns may well be the smallest diameter stonanso$ ever
installed using wet method. The design of thesedlsimmeter
stone columns was to act as vertical drainage auduend at the
same time increase the bearing capacity of thengtolihe stone
columns were tested using plate bearing test. Rlttéements

2
of 8 — 15mm were recorded under a load of 150kN/fotal
guantity of stone columns installed was about 70n@0The
installation works was completed in 2005.

6.2 Dynamic Replacement Columns

Similar to vibro replacement (stone columns) whighn exten-
sion of vibro compaction, dynamic replacement (DRamn ex-
tension of the dynamic compaction. Although cortid using
the same equipment but with a different work pracedand a
different pounder shape, dynamic replacement isenaorein-
forcement rather than densification. Dynamic rephaent is
applied to soft cohesive soil to (1) increase bepcapacity; (2)
reduce settlement; (3) accelerate the rate of diniagion; (4)
improve stability; and (5) resist liquefaction.

This technique starts out by producing a pilot DRtar
(“print”) with light pounding. Unlike vibro stoneatumns where
only stones of certain sizes are used, the DR erater be back-
filled with sand, aggregate, stone or even roclcgse(up to
300mm size) or a mixture of these materials thdt leck
together under subsequent heavy pounding. Becausteof
higher permeability of these backfill materials, repowater
pressure from the underlying and adjacent cohesoik will
dissipate quickly. This process is repeated untitoticeable
decrease in crater formation occurs. The dynanptacement
process is shown in Fig. 27.

Figure 27. Columns formed by dynamic replacemeiR)(pro-
cess

This technique results in large diameter columns
compacted granular backfill material. Typical dideneup to 2.5
— 3m is common for dynamic replacement. The surtaea of
these columns is approximately Soompared with 0.8ffor a
100-cm diameter vibro stone column. Hence, a werkirad up
to 80 — 100 tons per column is typical for dynangiplacement
columns in soft to medium stiff clays compared waih — 25
tons for vibro stone columns. Similar to vibro stotolumns,
these columns also act as large vertical draingewdroviding
structural support.

The concept of dynamic replacement is similar toraire-
placement. It involves typical replacement ratioldf — 30%.
Typical spacing of columns varies from 4.5m to 7md a
typical configuration of a dynamic replacement sohewould
be a column of 2.5m diameter at 5m square grids Wil give a
replacement ratio of 20%. This is equivalent toreilstone
column of 1m diameter at 2m square grid. Besidesngas
larger influence area, dynamic replacement columasnot
bulge readily upon loading due to its larger seloarea and
thus, better bearing capacity. Since the DR coluanasnstalled
by heavy pounding, any localized “bulging” (due ltzalized
soft layers) would have been induced by the nunsetugh
energy impacts during installation of columns prito
permanent loading.

Dynamic replacement started about 10 years later tife in-
troduction of dynamic compaction in Malaysia. Otfiehe earli-
est published applications of dynamic replacementialaysia
most probably is the Medan Pejasa housing developpreject
at Jalan Kelang Lama (Aét al, 1997) and the Kampung Pakar
housing development at Sg. Besi (Lee al, 1989). Both
projects were completed in 1988.

The Medan Pejasa project site was located withitisased
ex-mining land comprised of an ex-rubbish dumpiitg and an
ex-mining pond. The ground condition was 6 — 7rakhiubbish
(household wastes) overlying layers of loose gilyey sand
and clayey silt. The ground water table was abaub2low sur-
face. Single and double-storey terrace link-housese to be
constructed. The acceptance criteria for groundrargment
works were (1) a safe bearing capacity of 120KNand (i) a
maximum differential settlement of 1/600. The impment
works consisted of excavation and replacementeiiper 2.5
— 3m young rubbish and backfilled with clean sabDginamic
replacement columns were installed below individiaitings
and dynamic compaction was carried out everywhése. é\
2msurcharge was placed for 6 — 8 weeks for settieme
monitoring.

Dynamic replacement was carried out with a 14-tonrmler
dropped from 20m over minimum 3 phases of compactii
the structural areas, 24 blows per print were dedig giving
total compaction energy of 240 ton.m per’ mAt the
infrastructural areas, 16 blows were delivered mgjvitotal
compaction energy of 190 ton.m per?nThe enforced
settlement obtained during the compaction works wahsut
60cm which represents about 14% of the remainirgpisin
thickness. In-situ pressuremeter tests were caotigdThe limit
pressure had increased from 3 — 4 bars to 12 —at$ diter
treatment. The pressuremeter modulus had incrdased25 —
30 bars to 80 — 140 bars. During the 2msurchargargpd, the
measured average settlement was about 13mm.

The Kg. Pakar development consists of 8 blocks-sfoey
apartments built on an ex-mining land. The groundditions
were highly heterogeneous and consisted of loasé aad silt
with soft clay pockets. The d§y varied from O to 2 for the soft
clay and 2 to 10 for the loose sand. All the aparits are on
raft foundation after ground improvement using abmation
of vertical drains and surcharge, dynamic compactiod dy-
namic replacement. For dynamic replacement, a a5ptander

opas used. The maximum drop height was 25m. Compactio

energy up to 270 — 335 ton.m per was delivered. The
enforced settlement was about 60cm to 85cm. Theowement
depth was about 8 — 9m.

During the period of rapid development in the iefracture
sector, dynamic replacement was used extensivelyhf con-
struction of road and railway embankments wheregimat soil
was shallow extending down to depth of 5 — 6m.

Dynamic replacement columns using rockfill mateneds
used on an ex-mining land (slime) for the Ipoh wpéng pack-
age of the North-South Expressway in 1993. SinyildBlUKE
Expressway at the Jalan Kuching site was treat#u dyinamic
replacement “rock” columns in 2006. Dynamic repfaeat
“sand” columns were used for the Shah Alam Expragsand
the Ipoh-Lumut Expressway in 1994 — 95. Yee & T{2§04)
reported the use of combined dynamic replacemearid'sand
stone” columns with vertical drains for the constron of a
road embankment up to 16m height on soft clay asat pt
Putrajaya U4 Interchange in 2001. Similarly, theniskigh
speed test track for PROTON (Malaysian national
manufacturer) at Shah Alam was treated with a coattin of
dynamic replacement and vertical drains in 19934- 9p-
grading of existing roads at Puchong and Putraja2003 and
the construction of new by-pass at Machang in 20@%e
constructed on dynamic replacement “sand” columAg.
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estimated area treated with dynamic replacementréads
exceeded 1,000,006y end of 2006.

tanks are founded on treated ground resting on aoteg sand
pad rather than on RC slab on piles.

Railway construction presents a major applicatiom fo6.3 Controlled Modulus Columns

dynamic replacement in the early 2000s. Some cfethailway
projects include the Petronas Railway between Kedat

Kuantan in 2000 — 01 and the Double Tracking Railwa

between Rawang and Ipoh in 2001 — 04. The Rail Letkwben
Senai and Tg. Pelepas port was constructed onsedrprganic
silty clay down to 5m depth with 7 — 12% organiamt. Fig.
28 shows the ground condition before treatmergprNvas

between 0 and 2 with CPT g 0.3MPa. The ground water table

was about 2m below surface. The height of the ekrbant
varied from 8m to 10.5m. Large diameter up to 3dymamic
replacement columns were installed using 200 - 400size
rock pieces at a grid of 5m giving an area replasgnatio of
28%. Plate bearing tests on single columns wergedaout
registering 5mm settlement at 200kPa and 7mm swtie at
300kPa. Full embankment height was reached in tless 3
months. A 2m-surcharge was applied for 8 weeks. SMiexl
settlement during embankment construction was letwldcm
and 30cm. After 6 weeks of surcharging, the rateatfiement
was less than 0.1mm per day.

Figure 28. Site condition before treatment (t&9Q ton.m DR
rig (middle) and 3.5m diameter DR rock column (botiat
Senai.

The estimated dynamic replacement treatment argaifway
construction would probably exceeded 600,00Bynthe end of
2006.

Yee & Varaksin (2006) and Ongt al. (2006) reported the
use of dynamic replacement columns to support leyiedrical
tanks on marginal ground. Tanks up to 76m diamedee been
successfully supported on DR columns. The spefafindation
treatment for tanks follows a specific earthworksgedure in
combination with dynamic replacement columns farmfdation
support and settlement reduction. During the pedbd997 —
2000, many petrochemical projects were building tlmms at

Controlled modulus columns (CMC) are semi-rigid cement
rout columns. Unlike a rigid RC pile, there is arstmpof load
etween the CMC and the surrounding soil facilitabgdthe

load distribution layer (sand) as shown in Fig. d9pical

diameter of CMC ranges from 15cm to 50cm with a dekigd
capacity ranging from 8 — 50 tons. These columestygsically

10 — 20m length with larger diameter columns itetato 30m

depth. These columns are designed to achieve degpeemined

stiffness compared with that of the surrounding; soi

1 R
3 — —

100t of
e load in
‘the piles.
N load in

he sail

Sarsof |
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e een;
solomn |
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Figure 29. Concept of CMC columns compared with RGpile

The technique of CMC was developed as an extengitimeo
conventional soil cement mixing technique. The @sivnal
technique uses a rotary tool which is “dough mixer’“egg
beater” shaped to form columns. The formation ef¢blumn is
done by rotating the rotary tool to mix the soidathe cement
grout. Hence, its application in sensitive sofydmlimited due
to the remoulding effect of the mechanical mixinggess on
the shear strength of the in-situ soil. The altéveasolution is
to form columns by displacement method.

The installation of CMC by displacement involves aigex-
ing process which is vibration-free and quiet. $esl a special
auger powered by an equipment of large torque dgpand
high static down thrust. During augering, it diggs the soil
laterally and hence, compact the surrounding swoilfdrm
displacement column, thus minimize amount of sg@ice the
required depth of installation is reached, cemeatiing of the
column takes place under controlled pressure (lysless than
5 bars) to ensure a perfect soil-cement grout confauring the
extraction of the auger, continuous grouting undentrolled
pressure takes place. The result is a cement cosimaft that is
effectively bonded to the surrounding soil. Duringtallation,
the torque and the rate of penetration of the aigelosely
monitored. Similarly, during the formation of thelemn, the
rate of the auger extraction is controlled withpext to the
cement grout mixture flow rate. A measuring gaugesed to
maintain the supply of cement grout mixture whidh aiso be
used to indicate the column diameter with respectepth. Fig.
30 shows the CMC installation process.

Ting et al. (2004) reported the application of displacement
cement columns to support the raised embankmeatdafm in
Sarawak. The installation of the columns was cdroiet during
the full operation of the dam where progressivsuiisig due to
overstressing of the in-situ material may provéb¢ofatal. The
displacement columns scheme was designed to limt t
volumetric strain to less than 3%. The groutingspuee was
limited to the yield strength of the in-situ magtrof 1 bar. The
ratio of the stiffness of columns to the in-situtem&@l was kept
at 4:1 to limit the differential settlement of 1bbetween the

Kerteh, Gebeng and Kuantan such as Optimal, Kertetolumns. The maximum allowable shrinkage of grouted
Centralised Tankage Facilities, Malaysian Acetyt, and these columns was limited to 0.5% to alleviate piping fdeams. Fig.
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31 shows the cross-section of the raised embankamhtthe
trial column.

Figure 30. Installation of CMC by displacement

NEW DAM

NEW RC PARAPET WALL CENTRELINE

NEW BACKFILL
SHOULDER MATERIAL
(DOWNSTREAM)
NEW DAM CREST RUL=54.10m
=y

- ——
EXISTING DAM CREST RL=52.90m %
- _ —_

NEW WATER LEVEL_RL=52.00m

[} \\ REINFORCEMENT USING
” EXISTING \‘ CMC COLUMNS

Figure 31. Cross-section of raised embankment @og) trial
column (bottom) at Sebubut Dam.

6.4 Suitable Types of Soil for Reinforcement Treatne

Soft cohesive soil is improved by consolidationg(evertical
drainage with surcharge fill) and it takes timeawhieve the
required degree of consolidation. Alternatively, ognd
reinforce-ment can be applied in soft soil to i bearing
support and provide stability in shorter time. Alsthese
reinforcement columns can reduce post construcaitiement
by a factor of 2 to 4. However, typical treatmergpth is
between 10 — 15m and in exceptional case it goepatethan
20m.

6.5 Design Issues

The design of reinforcement columns requires therdenation
of (1) column diameter; (2) spacing; (3) frictiomgée of backfill
material (or stiffness of columns); (4) shear gthanof the
native soil (or stiffness of surrounding soil); (Skress ratio

between reinforcement columns and surrounding &mieéa
replacement ratio); and (6) strain compatibility tvieen
columns and surrounding soil.

During the installation of stone columns, due toration the
stones are forced radially into the surroundind &wiming a
stone column that is tightly interlocked with tha#lsThe instal-
lation of stone columns transforms the ground enttomposite
mass of cylindrical columns of stones with inteingnnative
soil, providing a lower compressibility and higlstrear strength
than those of the native soil alone. Since thdnss of the
stone column is substantially higher than thatefsurrounding
soil, a larger portion of the applied load is tfen®d to the col-
umn (defined by the stress concentration facthr)s improving
the load-carrying capacity of the treated ground @ducing its
settlement. However, the column material is cohdsis stone.
Its stiffness depends upon the lateral supportngiwe the soll
surrounding it. If that support is inadequate, ¢béumn bulges
and ground deformation increases.

The load carrying capacity of a stone column isrecfion of
the column diameter, angle of internal frictiontbé stone and
shear strength of the in-situ soil (Fig. 32), amoitger parame-
ters. The column diameter is determined by the atkdf instal-
lation, the stone size and the strength of thetinsoil. Typi-
cally, it ranges from 0.8m to 1m. Wet method irlatadn tends
to give larger diameter columns, generally about diameter
due to the water flushing of spoil. Dry method atisttion is
usually about 0.8m diameter. The angle of intefrietion (¢
of the stone column depends on the size and sHape stone
used, the installation method and the infiltratmhthe in-situ
soil between stone particles. For top feed wet oubthypical
stones used are 45 — 70mm in size, crushed stahepyabout
42° — 48, For bottom feed dry method, the stones used
smaller and less angular to avoid blockage of &selér tubes.
Generally, rounded stones of 15 — 35mm in size ¢gthf 38 —
42° are used with bottom feed method.
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Figure 32. Bearing capacity of a stone column (Bioga
Lam, 1987)

The bearing capacity of a foundation founded omestool-
umns is equal to the capacity of a single columitiplied by
the number of columns (FHWA, 1983). The ultimaterigy
capacity of a single column is expressed by:

©)

out = Nse-Cy

whereoy; is the ultimate column capacityNs the bearing ca-
pacity factor for stone column (18 Ny, < 22) and ¢ is the
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undrained shear strength of the soil. Jie Han (R@L@gested
out = 20G and g > 15 kN/nf for stone column applications.

Pseudo-elastic and elasto-plastic theories are tosealculate
the settlement of the composite column-soil magsguthe unit
cell concept. A unit cell represents the area tabuto one
stone column. Fig. 33 is a compilation of settletrratio curves
(Greenwood & Kirsch, 1984). These curves relatesétdement
improvement ratio (settlement of soil without star@umns to
that with stone columns) to the area ratio (areaurf cell
divided by area of stone column).
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Figure 33. Settlement ratio curves with reinforcatrgranular
columns (Greenwood & Kirsch, 1983)

For slope stability analysis, composite shear gtieis used
along the sliding surface. The composite strengtlameters are
related to the shear strength of the soil, theidncangle of the
column, the stress ratio and the area replaceragat r

For dynamic replacement columns, the methods ofysisa
for bearing capacity and settlement calculation &ione
columns are equally applicable considering thahkare non-
rigid granular columns. Yee & Varaksin (2007) repdrthe use
of in-situ pressuremeter test results (limit presswand
pressuremeter modulus) to calculate bearing capaaitd
settlement for large tanks founded on improved gdoly
dynamic replacement columns using the direct desigmoach.

However, the method of analysis for semi-rigid CMC
different from non-rigid granular columns. The oatif stiffness
of CMC to the surrounding soil is much higher. Thiffress
modulus of CMC is typically 5,000 MPa as compared\8id —
80 MPa for non-rigid granular columns. Details bé tdesign
methodology for CMC is given in Plomteux & Liausu (ZQ
and Plomteux & Lacazedieu (2007).

| 4% | 20 |
6.6 Performance Evaluation

16 | 1.3 |

The performance of granular columns can be evalubgein-
situ tests such as pressuremeter tests and platendpdests.
Cone penetration tests are carried out in sand caumt not
stone columns or rock columns. From the pressusmiests,
one can obtained the stiffness of the column ad althe
surrounding soil when the tests are carried outdinghe
columns and in-between the columns respectivelye Th
pressuremeter test is in fact, a direct test taksita the column
bulging behaviour in stone columns. The stiffnesiues
obtained can be used in re-analysing the settlemeatiction
following the direct design approach. Instrumewniatiand
monitoring for vertical settlement and lateral defation are
usually carried out during construction.

6.7 Choice of Reinforcement Methods and Selectid@riteria

The determinative factor in the choice of reinfonemit method
is the depth of columns and the amount of tolergioist con-
struction settlement. Beside, environmental constraeeds to
be considered. Dynamic replacement produces thategte
vibration followed by vibro stone columns. CMC is nabion-
free and is suitable for construction very closestmnsitive
structure or in urban areas with environmental trangs. For
dynamic replacement, a cut-off trench of 1.5m disepsually
constructed to intercept the surface vibratory wakieeh causes
surface vibration. With trenching, it is possibte reduce the
safe distance to half or reduce the vibration B350

Dynamic replacement columns are typically 5 — 7mgtk
with deeper columns requiring higher compactionrgpend
pre-excavation of column craters (“prints”). Tygicatone
columns are 10 — 15m with deeper columns extentingsm
but seldom used while typical CMC columns are 10m.20

Dynamic replacement and vibro stone columns arsidered
non-rigid “flexible” columns and the settlement impement
ratio is typically 2 to 4. The settlements aftepiovement are
typically larger than those treated with CMC since CMC
columns are more “rigid” than granular columns. WheMC
columns are founded on firm stratum, the settlemard usually
much lesser compared with granular columns. Typical
settlement is in the range of 10 — 20cm in mostsas

is Dynamic replacement is cost-effective for largetmeent ar-

eas (> 10,000 with its high productivity but only if the
surface vibration is not an issue of concern. Theiae of
backfill materials is flexible with option of usingand,
aggregate, rock pieces or even construction defimicks,
broken concrete blocks, etc.) or a mixture of halgable and
inert materials whichever is cheaper. Vibro stor@umn

CMC is also used for anti-liquefaction treatment undetechnique is a cost-effective solution when theveaireadily

seismic condition. The design of CMC in this cas®iporates
the effect of volumetric strain on the surroundswl and the
increase shear resistance of the composite CMCrsads to
resist lateral displacement and shear stresseséddduring a
seismic event. During installation, the displacememger
displaces the soil laterally without extractionspbil and hence,
increases the density of the soil which reducestiseeptibility
of liquefaction. Menard (1975) suggested that aumdtric
strain of 4% in sand will result in an immediatengaaction
which increases the limit pressure by a factor ah@d hence, it
increases the bearing capacity accordingly (Taple 2

Table 2. Influence of soil displacement againstéased in
bearing capacity (Menard, 1975)

Volumetric Improvement Factor
Strain Sand Silt Clay
1% 1.3 1.2 1.1
2% 1.5 1.4 1.2
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cheap supply of stones and a source of water withiise
distance. Otherwise, dry method of installation twabe carried
out which has a lower productivity compare to thet wmethod.
Stone columns are generally not used when dispdsilidge is
a problem (for wet method); stone stockpile aremgted or
sensitive structures or utilities within close diste. CMC
columns is fast gaining a reputation as an enviental
friendly solution. The installation is vibrationef, quiet and
minimum spoil to dispose. It has a smaller poststetion
settlement and most suited for urban works wheneeog grout
can be readily obtained. Behaviour of CMC is somewhat
between stone columns and RC piles.

7. SUSTAINABLE DEVELOPMENT AND LOW CAR-
BON ECONOMY

Sustainable development is defined as “...developnikat
meets the needs of the present without compromisieqieeds
of the future...”. The need for sustainability issdribed in Yee
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& Oo0i (2007). To sustain means to “hold up” andiprimarily
the role of geotechnical engineers to improve faiioth
designs and construction processes that hold ugtthetures to
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proved to be more economical.

Table 4. CQ emission audit on a container terminal project

be built on it with less materials, less energygesand generate
less CQ. It may not be able to achieve zero-energy debign

the move towards a low carbon economy of recyddingd using

alternative low-carbon construction processes gftened to be

more profitable for the contractor as well as bettdue for the

client. A number of case studies are presentedwbdior the

calculation of carbon footprint, the G@mision for materials is
based on manufacturing process while for operatibiis based

on CQ emission during works.

Vertical drains and fill Vacuum consolidation

surcharge - 1.5mm thick HDPE

- 4m surcharge fill membrane

- Source of fill is 10km away| - Sealing trenches

- Vertical drain of 20m length- Vacuum pumping (12kW pe
at 1.5m grid 2,500n7)

Vertical drain of 20m length

at 1.5m grid; no surcharge

fill

h

=

The first case study involved the construction efaaehouse
with an option of using deep piled foundation oralkiw
foundation on treated ground using dynamic compacfrable
3 shows a C@ emission audit exercise carried out for thg
construction of a warehouse (Liausu, 2007). Theethause is
20,000M with a working load of 5 ton/m The ground
conditions consisted of a non-engineered unsatlifdtedown

to 6m depth. There are two possible solutions; déep

foundation with 25cm thick RC slab on piles; and ginallow
foundation with loose fill improved by dynamic coagtion

with 15cm thick RC slab and a 30cm thick compactethglar

Loading of fill at HDPE membrane | 0.75 kg
source 1.00 kg|Horizontal drains 0.10 kg
Transportation 5.60 kg|Trenches 0.16 kg
BPlace surcharge fill | 0.70 kg|Vacuum pumping | 1.65 kg
Removal of

surcharge fill 0.70 kg

Transport offsite 5.60 kg

Kgeq. CQpernt | 13.6 kg|Kg eq. CQ per nf 2.6 kg
Saving of CQ for vacuum consolidation perm 11.0 kg
For the container terminal of 100,009rtotal saving 1,100
CO, tons

layer acting as a load transfer layer between theslBICand the
improved ground. Using the shallow foundation soluthelped
to reduce the overall carbon footprint by approxeha500 tons
CO, representing an offset for GGemission of about 110
persons for a year based on a per capital of 405 ©Q

Note: The vertical drain design and the inducedeseent are
the same for both options and hence, the carbotprioo
computations are not included above.

Table 5. CO2 emission audit on a road embankmeipgiro

(UNDP, 2007) Removal and replacement |Dynamic replacement and
- 550,000m of unsuitable |vertical drains

Table 3 CQ emission audit on a warehouse construction project materials to be excavated |- 1 DR rig, 1 PVD rig and 1
Deep foundation Shallow foundation and removed. shovel
- 1 pile per 20rhwith 50cm |- 1 DC rig and 1 shovel - Transportation of 650,000 Induced settlement of 35¢n

diameter pile and 7.5m |- Induced settlement of S0cn} | of suitable fill materials |- 147,000m of DR backill

length - 30cm thick sand blanket - 550,000m of compacted fill- Vertical drain of 6.5m length
- Concrete for 25cm thick slab Concrete for 15cm thick slab | yvolume. at 1.35m grid; no surcharge
Piling operation 0.49 kg|Crane fuel 0.81 kg - Dewatering process fill
Concrete for piles | 15.0 kg|Shovel fuel 0.48 kg Dewatering, DR rig fuel 0.95 kg
Additional concrete| 20.0 kg|Sling / pounder 0.35kg excavate unsuitable PVD rig fuel 0.50 kg
(0.1n?/m?) for slab Fill for settlement | 4.50kg | |materials and 18.2 kg|Shovel fuel 0.45 kg
compared with Sand blanket 4.90kg | transport offsite Sling / pounder 0.07 kg
shallow foundation Loading of suitable Vertical drains 0.34 kg
Kgegq. CQperni |35.5kg|Kgeq. CQpernf | 11.0kg| |material at source | 12.5 kg|Fill for settlement
Saving of CQ for shallow foundation per m 24.5kg | |and transport to site and DR columns | 3.04 kg
For the warehouse of 20,008notal saving C@ 490 tons|  |Dewatering, bunding

and temp. platform,

The second case study involved the constructiom sibrage |geotextile, placing | 6.71 kg
terminal with two options of ground improvementther using |and layer compactign
vertical drains with 4m of fill surcharge or vacuunmKgeq. CQpernt | 37.4kg|Kgeq.CQpernt | 5.35kg
consolidation with 0.8 bars of vacuum depressudnato treat Saving of CQ for DR and PVD per M 32.0 kg
the underlying soft cohesive soil. Table 4 show&a emission |For the treatment area of 102,000total saving 3,264
audit exercise carried out for the constructiontitd storage |co, tons

terminal (Liausu, 2007). The storage terminal i6,000n7. The
ground conditions consisted of soft marine clay ddw 20m
depth. With vertical drains and fill surcharge, tesest source
of fill material for surcharge was 10km away frone tsite. Any
surplus fill material at the end of the consolidatiperiod was
required to be taken offsite. Alternatively, vacuoomsolidation
provided a possible mean to do without importing il
material for surcharging. A design vacuum pressir@.8 bars
was used to replace the 4m fill surcharge. Forgelé&reatment
area, this leads to a substantial saving in theraelof imported
fill materials, reduced cost of transportation aatthmoving
operation. Using the vacuum consolidation soluti@iped to
reduce the overall carbon footprint by approximatiell 00 tons
CO, representing an offset for GGemission of about 245
persons for a year. In this case, vacuum cons@itatas more
sustainable than vertical drains with 4m fill stagie and also

Note: The sand blanket is considered as part obekrhent fill
material and hence, the carbon footprint computai® not
included above.

The third case study involved the construction mfagerage
10m high road embankment founded on soft peaty afeym
thick below the surface. It was envisaged to renawe replace
the soft peaty clay. The ground water was at thiéase. The
distance of the dumping site for the excavated rizgdtand the
source of suitable fill was about 20km. Due to ¢nrdion
problems associated with high ground water talilgh kost of
imported fill materials and time constraint, ali@tine solution
of ground improvement was carried out on an area of
100,000, Given a 12-month construction period, the
consolidation of the soft peaty clay has to be lacated. The
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required drainage was provided by the dynamic “samdt

stone” replacement (DR) columns and vertical draifsch

were installed in-between the DR columns. In addijtihe DR
columns also served as a bearing support to themknient so
that the required rate of filling of embankment ¢enachieved.
Without DR columns, the rate of filling as well &&theight of
embankment may be limited. Table 5 shows a @®ission
audit exercise carried out for the foundation wotldsing this
combined solution of DR and vertical drains hadvadid the
construction to meet the time constraint and helpededuce
the overall carbon footprint by more than 3,000 sta@G

quire post-treatment in-situ tests such as presmisr tests,
cone penetration tests, plate bearing tests, estrumentation
of soil response still plays an important rolelie success of a
ground improvement project.

In addition to the benefits of rehabilitation of mmal
ground for development, ground improvement is abo
sustainable construction method. Bandar Sunway oad
example.The future of ground improvement is evidethat it is
firmly founded on a path of continuing developmesith
improved equipment, refined methods of analysigrowement
in the field and laboratory testing of soils andjeckive

representing an offset for G@mission of about 700 persons forperformance evaluation. All these could only inseahe

a year.
In the above case study, some of the backfillingens for
the DR columns were construction debris (brokenkbsriand
concrete pieces) obtained from a nearby demolifpiooject
uderlying the potential use of recycled materials.
An attempt is carried out to quantify the £@mission of
some commonly used ground improvement techniqiieble 6

technical and economic advantages of ground impnewn.

The objectives of this paper have been to review th
opportunities and constraints of each ground imgnmant
techniques; to provide an awareness of on-site tatlap of
specific design and construction process to sutgrevailing
ground conditions. This paper also calls for susthlie develop-
ment using low-carbon technology and to introdueebaon

shows the C@ emission based on installation works onlyfootprint accounting practice. The need to provi® emission
excluding CQ emission associated with material production andudit during technical and commercial evaluationagbroject

earth-moving operations. For example, L£@mission is
calculated for installation of PVD material in artieal drain

project while in vacuum consolidation, gCemission is
calculated for installation of PVD, horizontal draiand HDPE
membrane. Placing of surcharge and perimeter thegdhinder
earthmoving) are not included. Hence, it is nobmglete and a
detailed calculation of total carbon footprint whis needed for
each project as it is site specific and subje¢héoinitial ground
conditions and the performance specifications wiietermine
the extent of ground improvement required. Sourcds
materials, travelling distance and site accesgjtglie also to be
considered. Generally, newer and more advancegegut are

designed for lower C©O emission. Hence, the technology

employed and the age of equipment used affect deking
capacity and fuel efficiency which influence the £énission
with respect to productivity. So, different progawill have
different carbon footprint values.

Table 6. Carbon footprint for some ground improventech-
niques based on installation process (excludesriagpeoduc-
tion and earthmoving operation)

Ground improvement methods Treatment| CO, emission
depth associated with
installation works
Vertical drains @ 1.5m grid 20m 1.62 kg/m
Vacuum consolidation 20m 1.71 kg/nd
Dynamic compaction 10m 2.53 kg/mt
Vibro compaction 10m 3.09 kg/nt
Dynamic replacement@ 5m 5m 2.16 kg/mt
grid 10m 5.76 kg/m
Vibro replacement @ 2.5m grid 10m 4.50 kg/mt
Controlled modulus column®
2m grid

8 CONCLUSIONS

Ground improvement has been introduced in Malagéiae
1978 and the experience has come of age. It psedghet
engineer a solution to marginal ground - the engirfiorces”
the ground to meet the project's requirements bgrialy its
natural state, instead having to change his desigmeet the
ground’s limitations.

At the same time, it has also increased awarerfésslioita-
tions as each technique has its own merits, lifoitat and
economies. Ground improvement requires speciabnetdinten-
sive engineering input. It requires a more detailed elaborate
site investigation as well as a detailed perforrmamonitoring
program. Estimates of bearing capacity and setti¢snstill re-
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and to present them in a way that can be easilyroeonitated to
the client and allowing such choices to be madéy ear in a
project cannot be over-emphasized. It is an importa
responsibility of the engineers. Going green islooger an
option.
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