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Abstract: In the rapid expansion in housing, istiracture and utilities developments in the lasy&ars, engineers have to deal with
less favourable sites such as coastal lowlandsmpwafilled ground, reclaimed land, etc. A numbénmega size infrastructure

projects such as the construction of the 966-kmtiNSouth Expressway, the 179-km electrified douldeking railway project

between Rawang and Ipoh, etc. would have been edoally non-viable and/or technically non-feasibiléhey had been constructed
using conventional methods meant for good soil ¢@rs. For these mega projects and other simitajepts, it was necessary to
explore the innovations of using non-conventionatirods 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 thgeproequirements where settlement
requirements are more stringent and poor grourmhgth needs to be significantly improved. Thiseisrted as ground improvement.
The common types of ground improvement used areritbesl in this paper. Due to the increasing awasgé the construction impact
on the environment, sustainable construction tegkes 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
1.1Malaysian Construction Industry in the Past Decades

When Malaysia attained its Independence in 1957ettemomy
was fundamentally primary commodity-based with lyedepen-
dence on rubber and tin which contributed about Hi%otal
export earnings, 28% of government revenue and 86%tal
employment (EPU, 2003). The economy remained higblyen-
dent on foreign trade to generate foreign exchaayaings to
finance its development.

During the period of 1984-1990, the governmentitistd
major structural adjustments in the economy. Pubdictor ex-
penditure was restrained to reduce budgetary tefi€lrivate
sector led growth strategy was adopted. This iredueconomic
liberalization and deregulation and improving inwesnt poli-
cies and incentives to promote private sector gpetion. Priva-
tization of public sector activities, agencies amderprises was
introduced.

Except in 1998 when the economy was adversely tafieby
the Asian Financial Crisis, there was generallystanable eco-
nomic growth. The 7 Malaysia Plan (1996-2000) followed by
the 8" Malaysia Plan (2001-2005) were implemented dutitig
period to steer the nation’s development agendackieve the
challenges of Vision 2020 which laid out the diieas for Ma-
laysia to become a fully developed nation by 2020.

Housing development became a priority in Malaysidésel-
opment programs. It aimed at improving the qualitjife. Vari-
ous housing developments were undertaken by bathptiblic
and private sectors. While the private sector fedusore on
overall market demand, the public sector contintegrovide
houses for sale or rent to the low-income grouprifi@uthe pe-
riod of 1996-2005, approximately 1,642,000 new lesusere
built for the growing population, formation of newwuseholds
and the replacement of existing old houses. Tatpkediture
amounted to approximately RM15 billion (US$1 = RBI3). for
housing and other social services (EPU, 2003).

Development of infrastructure and utilities wasused on ca-
pacity expansion to meet demand. The higher thpeasd de-
mand necessitated the adoption of fast track impigation
processes, application of new and adapted techieslogeduc-
tion of processing time as well as the accelerptadhtization of
projects. The design and build method was useddbtfack the
construction of projects while in some mega pragjebe Built,
Operate and Transfer procurement method was usedewthe
financing of projects was facilitated by developtimancial in-
stitutions through privatization and the deferragment scheme.
In the 7" and &' Malaysia Plans, the government had provided
substantial allocation of funds for infrastructaned utilities de-
velopments (see Table 1).

Table 1: Development allocation for infrastructamed utilities
(EPU, 2003)

7" Malaysia Plan 8" Malaysia Plan
(1996-2000) (2001-2005)
Expenditure Estimated Expenditure
(RM millions) (RM millions)
Transport:
Roads 12,270 18,614
Rail 5,450 6,301
Ports 1,089 3,041
Airports 1,271 2.055
Utilities:
Water Supply 2,383 4,810
Sewerage 665 1,666

The national road network increased from 61,387ikrh995

to 75,160 km in 2003 with another 1,640 km duecfmmpletion
in 2005-06. Infrastructural works for railway despient in-
cluded double tracking, strengthening and electifon of
tracks. Port development continued to focus on edjpeg capac-
ity, upgrading and increasing equipment and faedlitThe total
tonnage of cargo handled increased from 152 milloms in
1995 to 481 million tons in 2005. During this pefjoabout
RM500 million was spent on dredging and reclamatimrks.
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Airport development was required to expand capaaitg up-
grade existing facilities. The air passenger tragfiew from 27.3
million in 1995 to 41.6 million in 2005. The air rgm traffic
grew from 482,030 tons in 1995 to 1,129,152 ton20A5. The
other utilities development included water supgkgwerage ser-
vices and communication. The year 2007 will seectirapletion
of the RM1.93 billion Stormwater Management and d&Rdannel
(SMART) project.

The Malaysian construction industry has witnessestrang
growth in the back of a higher government expemditn infra-
structure projects and increased construction sitlemtial prop-
erties. Employment in the construction sector leasnmded an av-
erage annual growth of 1.7% contributing 4.4% opkyment
creation or 38,700 new jobs (EPU, 2003). Hencegtiean ur-
gent need to improve and upgrade our construcgchnology
with the application of new and adapted technicares ground
improvement is one area which has contributed &rthtion’s
development and proves to be the mainstay of pmuyidreen
technology solutions for sustainability.

1.2The Role of Ground Improvement

In the early days of development, only the bestlabvie lands
having reasonably good soil conditions are beinglbped. This
is due to the owners and engineers who have hadeppsrience
with the high cost of foundations on poor soilsr Ekample, de-
velopers tend to shy away from building on ex-miniands that
demand higher investment cost on foundation. I, factential
foundation problems have played a significant rolsite selec-
tion. If a site investigation has shown that thd sonditions
have been found unusually bad, it has been prudembve to a
more favourable site.

However, due to the rapid development as descrétee,
the relative importance of good soil conditionssite selection
has diminished. The growing scarcity of sites hgwyood soil
conditions had made it necessary to utilize allrdreaining land
regardless of its soil conditions. Some sites aw being devel-
oped that were once tin mining lands underlain bff slime.
With the increasingly large scale development ohynhousing
and infrastructure makes it necessary to incorpobaith good
and bad soil conditions in a single project. Otfaetor such as
the demand for access to deep water has madeeisseay to de-
velop ports and container terminals at coastalsavelsich are
very often unfavorable swamps close to water chaniiée de-
mands for roads connecting remote towns with chigge forced
construction into areas that may not have goodcamititions at
all. Therefore, it is becoming apparent that insieg use must
be made of sites that previously had been congldarsuitable.

For these unsuitable sites (also referred to agimarsites),
most often, the ground imposes restrictions ordéségn and the
engineer has, apart from abandoning the projeat,dptions: (1)
to replace the poor soils with suitable fill matésj (2) to bypass
the unsuitable soil by using piles or deep fournetj (3) to re-
design the structure to meet the ground limitatiamg4) to alter
the natural condition of the poor soil to meet pheject require-
ments. The latter is often termed as ground imprerd.

The partial or complete excavation of unsuitabiessnd their
replacement with better fill materials may be cdesed. Fine or
coarse grained soils can be used as backfillingemads if the
ground water level is located below the excavatiGnanular
materials should be used when the ground watet Isviigh.
Complete replacement is generally suitable fossitigh shallow
deposit of unsuitable soils, usually less than &ptla. In excep-
tional cases, it may exceed 3m as in the caseeoKtlala Lum-

pur International Airport as shown in Fig. 1. Thepth of exca-
vation is limited to the depth of open excavatioithaut side

supports. For deep-seated soft soils deposit, ifsdantage of
this method is the need to maintain the stabilftthe side slopes
and to cope with the ground and surface water dbatimulate
inside the excavation. Besides, the problems fad#éddisposal

of excavated materials especially in urban aredstla@ increas-
ing cost of imported suitable fill materials (udyatand) may
have a bearing on the overall feasibility and ecop®f this

method.

Fig. 1 Excavation and replacement of unsuitableerels

Structural solutions either adopting a deep foundabr a
change in the structural design is usually not @nemical op-
tion. In the case of constructing a road embankmpattial
structural solution is for the embankment to restpiled sup-
ported concrete caps or rafts. A full structurdution is the con-
struction of viaducts.

Ground improvement is a viable alternative to caoriomal
structural support solution. In most instancegrdves to be the
more economical solution. The main functions ofug im-
provement are: (1) to control deformation and aegé consoli-
dation; (2) to increase bearing capacity and twidmlateral sta-
bility; and (3) to increase resistance to liquefatt Liquefaction
has become important in view of the increasingdeots of
tremors (due to seismicity in neighbouring countityat have
been felt in Malaysia in recent years.

The above main functions can be accomplished byifgring
the soil's characteristics with or without the adxi of imported
materials. Improving the soils at the surface igallg an easy
task and relatively inexpensive. When at depth tdis& becomes
more difficult. It usually requires more rigorousadyses and the
use of specialized equipment and construction phaee Local
experience is also important.

One of the earliest published applications of gecbimprove-
ment in Malaysia dates back to 1978 for a housienebpment
project on dynamic consolidation (Ting, 1982 andgdret al,
1982). This early case history started a rapidjyeexiing body of
practice on ground improvement in the years after.

2 MARGINAL SITES FOR IMPROVEMENT

The word “marginal” is a relative term. G.F. Sowensce re-
ferred it as “almost any engineering quality ofl ¢bat is suffi-
ciently poor that foundation costs are unusualghhihat special
technique of foundation treatment must be utilizedthat the
risks of future trouble are great might be termexdgmal”. Fur-
thermore, ground improvement need not be necegsaiilied to
sites having poor soil conditions. It may happeat %o medium
ground, which may not require improvement at agilad, may
prove to be inadequate in relation to a higher isegldoad.
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Ting (1998) has presented a comprehensive listite$ shat
may require improvement:

(i) Filled ground — When a natural stratum is exatad and/or
deposited as fill without compaction, the resultifitled-up
ground can often be deficient. Non-compacted §ilir a loose
state and partially saturated. When saturated bigraion of
water, “collapse” settlement will take place undgplied load
and the self-weight of the fill;

(ii) Disturbed ground — This mainly refers to nauground
that has been disturbed by mining activities stemain mining
operations. The problematic soils are the loosal samd soft
slime materials that are deposited in tailing pordi®r the
processing operations. The loose sand tends tosdepearer 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 faest.

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

(v) Coastal and estuarine deposit — They are ysuelly loose
to loose silty sand often presents as coastal @spasd soft
marine clay that occurs both as coastal and esi@eposits.
Peats are also encountered in coastal, estuarimelbas inland
deposit

3 GROUND IMPROVEMENT METHODS

The Malaysian practice of ground improvement isegelty di-
vided into 3 main categories: consolidation, deécaiifon (com-
paction) and reinforcement. Consolidation of sofiesive soil is
achieved through surcharging using fill materialthwhe use of
vertical drains. Vacuum pressure replaces or sumppiés the
surcharge fill materials in a vacuum consolidatwocess. Den-
sification which applies mainly to loose granulail sncludes
dynamic compaction and vibro compaction. Soil ricément is
further divided into 2 groups: (1) non-rigid incloss are those
involving granular backfill materials (i.e. dynamieplacement
and vibro replacement columns); and (2) semi-rigiclusions
are those involving cement grout (i.e. deep soikimg and

and vice versa. In practice, it may require thect@n of one or
a combination of techniques to meet the projectireqents 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 generaltgted on low
lying coastal and deltaic areas as shown in Figsd@ne of the
recent flood plain deposits along old rivers magoatontain lo-
calized deposit. The thickness varies from 5m ton 2and in
some locations may exceed 30m thick. These depasityvery
soft clay either of marine or alluvial origin.
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COASTAL/RIVER  ALLUVIUM
LIMESTONE FACIES
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Fig. 3 Geological map of Peninsula Malaysia (Tib@35)

The pertinent characteristic of this soft cohesigi is that the
void ratio is well above 1 and saturated. Water teoh is
generally high typically about 60% to 90%; closeewen higher
than the liquid limit. Because of the high voidisaand water
content, they are very compressible. However, type of soil
can be improved markedly as they consolidate uadmrstained
static load. Unfortunately, this improvement by solidation is
accompanied by a volume decrease which may resulani
unacceptable ground deformation (settlement). Tfegsard
against this, the underlying soil is often “forc®’ consolidate

controlled modulus columns). Fig. 2 shows the commoynder loads higher than the design loads (termed‘sas

techniques of ground improvement used.

soft clay loose sand
REINFORCEMENT methods
CONSOLIDATION - ; ” : COMPACTION
fethods Semi-Rigid Inclusions Non-Rigid Inclusions methods
(cement grout etc.) (sand, stone, etc.)
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Dynamic Compaction
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Soil Mixing
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Vacuum Consolidation Vibro Replacement

Columns
Fig. 2 Common ground improvement techniques

Vibro Compaction

Some techniques are more suitable for one typ®ibfahile
others apply to a wider range of soil. Compacticgthuds such
as dynamic compaction and vibro compaction aimntprove
loose granular soil. Needless to say, they aralslgitfor densi-
fication of loose sand which is susceptible to difaction, are
generally not used at all for improvement of saedasoft clay,

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

4.1 Vertical Drains

When the anticipated time for consolidation excetdsallow-
able construction schedule, vertical drains aréallesl to accel-
erate the rate of consolidation. Vertical drainevie artificial
drainage paths for the water flow. Prefabricatedica wick
drain consists of a central core, whose functicio iact as a free-
draining channel enclosed by a geotextile filtexese which
prevents the fine soil particles from entering teatral core but
allows free entry of pore water into the core.

The effectiveness of vertical drains depends orp#reneabil-
ity of the filter and the discharge capacity of thrain. The dis-
charge capacity is significantly reduced when therfis pressed
into the grooves of the central core due to latpraksure from

the surrounding soils and also as a result of gitosettlement
which causes the drain to buckle or kink. Hencejery soft soil
where large settlement is expected, a more rigidticad

cylindrical drain is preferred. Fig. 4 shows thestailation of

vertical cylindrical drains for treatment of sofinge in Ipoh for
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the construction of the North — South Expresswag983. It is
important to note that the tensile strength ofdteén is sufficient
so that it will not tear during installation.

Fig. 4 Installation of cylindrical vertical drairia Ipoh for the
North-South Expressway

. RPN s

Many published papers have been written on verticains
with surcharge to improve soft cohesive soil faustures, in-
dustrial buildings, highways, railways, ports armhtziners, air-
ports and runways, oil tanks and other infrastmectutilities.
One of the earliest reports of a large scale \articain project
carried out in Malaysia is probably on the coatage yard of the
Port Kelang Power Station Ph. 2 in 1984 (Risseetal. 1986).

DRAINS INSTALLED

e

FILL HEIGHT (M)

O=NWANONROE

TIME { DAYS )

Fig. 6 Time-settlement curve at the coal storagel,yRort Ke-
lang Power Station (Risseewtal.,1986)

Another early application of vertical drains andcharge was
reported by Wesley & Richards (1987). A field tnaés carried
out with vertical drains installed at 1.5m and 2ndgo 14m
depth at Prai near Butterworth for a housing agttlindustrial
development. It was concluded that due to the cexityl of the
underlying soil conditions the rate of consolidatend the effec-
tiveness of vertical drains can only be determibgdneans of a
full scale field trial.

There were extensive tin-mining areas in and arokindla

The 250,000 fstorage yard which provides a storage capad-umpur (Klang Valley) and Ipoh (Kinta Valley). Byid¥1980s,

ity of 760,000 tons of coal with heaps up to 13nghewas lo-
cated on a reclaimed mangrove swamp along thelir@asthe
soil conditions consisted of about 18.5m of verft swarine clay
with 2.5m thick of hydraulic sand placed above. Twater con-
tent and the compression ratioc{G-e) was about 60% - 80%
and 0.25 from 0 — 7m and 80% - 100% and 0.38 froml8.5m
depth respectively. The undrained shear strength agalow as
10 kN/n? increasing with depth. In 1984, a total of 3,300/
of vertical drains was installed to 21m depth aspacing of
1.41m triangular grid. The criterion of acceptanees an average
consolidation of 91% based on a surcharge fill 6Mmlwith
anticipated induced settlement of about 3.1m. bighows the
undrained shear strength increase. Fig. 6 shows tithe-
settlement behaviour.

UNDRAENED SHEAR STRENGTH. S rm?
1 2 3 4 5 5 7

GEPTH {M)

~24

DATE

TOTAL FILL
2.5H

HEIGHT

-z8!

JUME 84

—— —— SEFT 8& 4,14

OKT A4 16,3M

Fig. 5 Shear strength increase after consolidattdhe coal stor-
age yard, Port Kelang Power Station (Risseetial., 1986)

there was a need for rehabilitation of these eximgitands and
ex-mining ponds for building and road constructidn. the

rehabilitation process is the treatment of a waséterial from
mining operations commonly known as slime whiclvesy soft
silty clay with fine sand. Slime is weak and congsible. Tinget

al. (1992) reported compression ratio (Cc/1+eo) ranfyech

0.07 to 0.38 with a mean value of 0.2 in Ipoh.

One of the earliest reported housing projects ctaimed ex-
mining ponds is probably the Kampung Pandan Deveéoyt in
Kuala Lumpur (Awanget al.,1987). In 1985, it was decided to
reclaim 8 ex-mining ponds with depth of water vdrfeom 3 to
5m and thickness of slime between 8m and 25m. Thieg was
to build walk-up apartments. The ponds were re@dimsing the
containment method where the slime and soft clayewepped
beneath a geotextile mat (Yee, 1990). These saienaks were
subsequently treated with vertical drains and sangdh A total of
1,580,000m of vertical drains was installed to maxin depth of
28m at spacing between 1m and 2m. Surcharge upntovés
placed and settlement induced was about 1m to @ising a pe-
riod of 4 to 5 months. Soon after the completiortha$ project,
similar housing projects on reclaimed ex-mining g@such as
Kampung Pasir Wardieburn Development at SetapakPasar
Borong Development at Selayang were adopting éulrtique to
treat slime and soft clays. In 1986 another ex-ngniand of
200ha was systematically engineered and developedhé
present day resort living water theme park knownBasdar
Sunway (Yeowet al., 1993; Ooi & Ooi, 2009).

Bridge approach embankments on soft clays areetteaith
vertical drains and surcharge to reduce post coctstn settle-
ment and differential settlement between the emivemit and the
abutment. At the Tinjar Bridge project in Sarawedstical drains
were installed to depth of 40m. The soil condisiomere firm
sandy clay at the upper 2m overlying very soft ¢t slayey

4
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silts/silty clay with Njpt= 0 to 4 down to 40m. Layers of mediumtight impervious geomembrane over the soft satdratgl to be

stiff to very stiff clay were found below 40 — 45Kertical drains
were installed at spacing of 1m triangular gridttiSment up to
1.3m was recorded after 6 months of consolidafidre ground
improvement work was completed in 1986 — 87.

Five years later, in 1992 vertical drains wereahest! to depth
of 50m surpassing the previous Asian regional kkadrdeepest
drain installation of 45m at Changi Airport (whiebas carried
out in 1979). Fig. 7 shows the 53m vertical draistallation rig
at Miri, Sarawak. This is probably the deepestrdiastallation
in Malaysia and among the deepest installatioménvtorld.

Fig. 7 A 50m-vertical drain installation at Miri

With the privatization of infrastructure projects the late
1980s and 1990s, the application of vertical draiad increased
many folds especially with mega projects such as North -
South Expressway, Shah Alam Expressway, Kuantarertel
Railway and the Double Tracking Railway projectvietn Ra-
wang and Ipoh. This has increased the usage a€akdrains 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 d¢fetproject.
Faster and stronger purpose-built installation nigee 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 conventionaistastallation
rigs.

Applications of vertical drains have also extendeaffshore
applications. Vertical drains were required to hetalled off-
shore at the Sapangar Bay Container Port, Sabah.vétical
drains were installed on barges to depths of 20@btn. The in-
stallation works were completed in 2005

4.2 Vacuum Consolidation

Vacuum consolidation was first proposed in the yed®50s
(Kjellman, 1952). However, its application has nmeleen satis-
factory until Gognon (1991) conducted a full scasearch field
trial in 1988. The basic procedure consists ofailfiagy an air-

consolidated (Fig. 9). Vacuum is then created belbg geo-
membrane using a dual venturi air-water pumpingesys He

demonstrated that the success of vacuum consaoliddgpends
on the ability to create a non-saturated fill lapeneath the im-
permeable geomembrane in order to maintain a densiva-

cuum pressure which acts on the soft cohesive lspaddition,

the detailed construction procedure in creatingpmplete air-
tight seal of the vacuum system around the perin@dtéhe area
to be treated has to be carried out precisely.

11111

gl
Comes wad

Fig. 9 Schematic layout of a vacuum consolidatigstem

Vacuum consolidation is used as a replacementrfsupple-
ment to the surcharge fill. Unlike surcharge fithish may cause
lateral spreading of the underlying soft soils go$e stability
concerns, vacuum consolidation does not pose aalilist
problem since the treated block of soft soils @atled” laterally
as well as vertically by the vacuum pressure i.acuum
consolidation is isotropic stress increase whefilasircharge is
deviatoric stress increase. Hence, it is most slaitbor very soft
soil where stability of construction is of major noern.
Principles of the technique are described in ¥tal. (2004).

The 1990s saw a rapid development of the vacuursatioia-
tion technology, particularly in countries knowntesving tradi-
tionally very soft compressible soils. Today, arireated 40
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vacuum consolidation projects with more than 6,00007 has
been successfully treated following the above sehérig. 9).
The success behind a vacuum consolidation projegerts
upon a combination of technological know-how andefid
implementation of design details. Practical proldesuch as
tears and punctures in the impervious geomembiaoer, seal
between the geomembrane and the ground along ftifgheeal
trenches, and vertical drains extending into layefshigh
hydraulic conductivity (e.g. sand layer) all teodé¢duce vacuum
efficiency, reduce equivalent surcharge effect andrease
pumping capacity and pumping cost of the vacuunsaclidation
system. Constraining factors such as: (1) adeghatezontal
drainage to allow sufficient removal of water whidhains out
from the soil during consolidation; (2) adequatdenaaturation
along the peripheral trenches, (3) soil stratifa@atincluding
permeable sand seams within the clay deposit dbdbedary of
treatment, and (4) depth to groundwater, all nedaetaddressed
in a successful implementation of the vacuum cadatibn
system.

The first country outside France (being the birthcp of this
scheme) to apply this technique was in Malaysia.whs
introduced and used in Malaysia in 1992. Tieigal. (1995)
reported the first application of vacuum consoiwmlatfor the
construction of a bridge approach embankment onstiafe and
soft clay deposit for the North-South Expressway.

Package 8B-1A involved the construction of a 7nmhHigdge
approach embankment on an ex-mining land locatéoeagouth-
ern part of Ipoh. The upper 6m to 12m consistedliofie and
soft alluvium overlying limestone formation. The drained
shear strength was as low as 7 — 10kN/m

The bridge structure on piled foundation was camséd
ahead of the fill embankment. To construct the 7mghh
embankment on soft soils, the conventional solutdrusing
vertical drains and surcharge would ideally be Hudution.
However, due to the close proximity of the pilesl éhe fear of
excessive lateral movement of the underlying softssupon
embankment loading, vacuum consolidation was sect
Furthermore, time was also a constraint for stagmustruction
and consolidation.

The criteria of performance were (i) to maintairfaator of
safety not less than 1.3 for the stability of th@bankment during
construction; and (i) to limit residual settlemeatlOcm over 10
years. The vacuum pressure was maintained at @h@ubars
which is equivalent to about 3.5m of surcharge. fillhis
represents a surcharge to embankment height r&tb50 The
vacuum pumping was maintained for 3 months.

Construction of the embankment started after twekseof
vacuum pumping. The 7m high embankment was coristiin a
single stage without any rest period in-betweene Blverage
degree of consolidation with respect to the contbimacuum
pressure of 0.70 bars and the 7m high embankmdet &f
months of vacuum pumping was about 80%. The aveiage
duced settlement was about 70cm. The theoretictrfaf safety
computed for embankment stability was 0.9 withoatuum
consolidation and 1.54 with vacuum consolidatioratelal
movement of the underlying soft soils was limited about
10mm. Hence, vacuum consolidation had providedaitezler-
ated consolidation required besides, controlling tlateral
movement and enhanced embankment stability. It diad re-
duced the amount of imported fill material for tteguired 3.5m
equivalent surcharge. Fig. 10 shows the close ristaof the
vacuum treatment area to the installed piles aadtlige struc-
ture.

Fig. 10 Vacuum consolidation for the North-SouthpEessway
in Ipoh

0o0i (1997) and Ooi & Yee (1997) reported the usgamfuum
consolidation for the construction of the new KuchDeepwater
Port at Kg. Senari, Sarawak. The deepwater pdoceted along
the Sarawak River and it consists of an island fvthesign with
11m water depth to accommodate for 20,000 DWT Ve3$e
total wharf length is 635m.

The ground condition consisted of an upper 20meoy woft
silty clay with shear strength between 10kRi/amd 20kN/m.
Underlying this layer is a layer of soft to firmagky silt. The
water content was about 60% with liquid limit of%80The water
table fluctuated between 1.5m and 3.5m below waerkilatform
elevation.

For the consolidation of the underlying soft clasgrtical
drains and surcharge was used for the generalinentarea lo-
cated some 40m behind the river bank while vacuansalida-
tion was used along the river bank due to potertisability
caused by the surcharge fill as shown in Fig. 11.

Piled Breges

Fig. 11 Simplified cross-section of ground improwemscheme
for the New Kuching Deepwater Port

At the general area, vertical drains were instadiedpacing of
1.5m, 2.0m and 2.5m triangular grid with fill suacge height of
1.5m and 3m. The vertical drains were installe®&on depth.
Closer to the river bank, vacuum consolidation wasied out. It
was maintained at about 0.60 — 0.65 bars whiclyuisvalent to
about 3m of surcharge fill. The vacuum pressure wasitained
for about 3 months.

The average degree of consolidation with respet¢héovac-
uum pressure of 0.6 bars after 3 months of vacuumping was
about 75%. The design value was 70%. The inductkérsent
was about 60cm. At the general area, for an “edgna area
with 1.5m grid vertical drains and 3m surcharge, $ettlement

6
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after 12 months was about 50cm while the contreaawithout
vertical drain, the settlement was 33cm. Field vahear tests
were carried out at the same locations before ded @acuum
consolidation. The average increase in shear stremgs about
14kN/nf as compared with the theoretical value of 12kh/m

In this project, vacuum consolidation has provideel 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 nivieank. The
vacuum consolidation works was completed in 1996. E2
shows the vacuum treatment area beside the SaRiwek

i

4 ey TUC K
consolidation for the New Kuchingepwater
Port at Kg. Senari, Sarawak

Fig. 12 Vacuum

As described earlier, the intrigue characterisfia successful
vacuum consolidation lies on the effectivenesshef $ystem in
creating the necessary isotropic consolidatioresttis involves
the detailed implementation of the necessary workseating an
air-tight sealing system as well as the maintenafi@econsistent
vacuum pressure through the non-saturated fillrlagmeath the
geomembrane. Unsuccessful application has beemntegpahere
the above characteristic and careful implementadioworks ac-
cording to details were not followed.

Tan & Liew (2000) reported a failed embankment asuum
treated area during construction. The embankmerg oen-
structed on very soft silty clay of 4.5m thick oyarg soft sandy
clay to depth of 12m. A layer of very loose claymnd was
found below the sandy clay. Undrained shear sthemgtried

from 10kN/nf to about 20kN/rh Cracks appeared when the

embankment reached about 5m height in about 116. d&ye
pore water pressure measurements were taken.esha trend
of increasing pore water pressures for more thamonth dur-
ing the construction. Vacuum pressure was inseffici

4.3 Suitable Types of Soil for Consolidation Treatment

The type of soil most suitable for consolidationveytical drains
(in combination with fill surcharging) and vacuumnsolidation
is normally to slightly overconsolidated saturaseils with low

from 400% to 900% for the peat and 140% to 210%Heror-
ganic clay.

4.4 Design Issues

The design of a surcharging program involves themdation of
(1) the time-settlement curve under the design;lead (2) the
time-settlement curve under the surcharge load. dihssical
one-dimensional consolidation theory is used. Ttemane the
time required for surcharging, one has to deterrtlieeestimated
total settlement (or the required induced settleénaéer consid-
ering the allowable residual settlement) on theetsattlement
curve of the design load. Then, from the time-sgatént curve of
the surcharge load one has to predict the timeuodhsirging
which would result in the same amount of inducetiesaent re-
quired.

If the time required for surcharging is more thha permitted
time (which is often the case), vertical drains argtalled to
accelerate the consolidation process. In this dasth, radial and
vertical drainage are considered in establishing time-
settlement curve of the surcharge load. The thebgonsolida-
tion by radial and vertical drainage is well esisti®d (Barron,
1948). The design procedure for vertical drainsléscribed in
Hansbo (1979).

Although the mechanism of consolidation betweenticar
drains with surcharge fill and vacuum consolidatioay be
different, the results are rather similar. In thesence,
geotechnical design analyses used to evaluatecakertirain
spacing, settlement rate and strength gain forhsuge fill with
vertical drains are equally applicable to vacuumsodidation.
However, the stablilty analysis is different. Swaage fill is
basically a deviatoric stress increase while vaceonsolidation
is isotropic stress increase without the risk stability as in the
case of the deviatoric stress increase.

4.5 Performance Evaluation

Among the common geotechnical instruments useddansoli-
dation project are settlement plates, piezometedsiaclinome-
ters to measure and monitor for ground deformatiand the
build-up and dissipation of pore water pressuréh tiine. These
measurements are used to determine the placeméneamoval
of surcharge fill as well as to control stabiliturthg construc-
tion.

4.6 Choice of Consolidation Methods and Selection @dte

The rate of consolidation is affected by (1) thaikable drainage
facilities; and (2) the rate of filling (e.g. in &@nkment construc-
tion). By reducing the vertical drain spacing,nitieases the rate
of consolidation. However, the rate of filling i®tnaffected by
the presence of vertical drains but solely conglby the shear
strength of the soft clay. Vertical drains servestrmuctural sup-
port to the soft clay.

Typical undrained shear strength)(of soft clays can be as
low as 5kN/m to 20kN/nf. Due to such low strength, surface
loading of soft clay would anticipate progressiadure. When

permeability such as soft clays and silts, andeslifihe greatest the stress imposed by a load such as an embanlexeseds the
effectiveness is in inorganic clays and silts teahibit litle ~ Strength of the soft clay foundation, bearing cégaer “mud-

secondary compression since vertical drains daffett the rate Wave” failure takes place. Because soft clay i® asmewhat
of secondary compression. To minimize the effecsadfondary Sensitive in most cases, bearing failure often safilace at a
compression, additional surcharge or extending sheeharge Much lower stress than is calculated by the gerstrear failure
period is necessary. Cognoet al (1994) reported the bearing capacity analyses. Conventional bearingqagpanaly-

applications of vacuum consolidation for a road anttment on  S€S for an embankment indicate an ultimate capaity, =
3.7m thick of peat and organic clay with water emtranging ©-14G. However, analyses assuming elastic conditionsoupe
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instant of local soil shearing show that failurellcbdevelop pro-
gressively when the stress reachgs @.14¢. Therefore, at any
stage of construction the height of filling is lted. In fact, in

vertical drains and fill surcharge there is a basiotradiction in

that the soft soil which cannot sustain the norimgdosed em-
bankment load is now called upon to support adudtio
surcharge load. Pressure berms may be used todprstability

when the height of fill is high. However, in mostses there is
space constraint. Stage construction can be caeside take
advantage of the increase in the shear strengtéruhd imposed
load at each stage of fill placement. Again, in tnoases
sufficient time is not available. Hence, for constion on “ultra”

soft soil where stability is of major concern aivdd is limited,

vacuum consolidation may be the solution to thebfem.

5 DENSIFICATION METHODS

Deposits of very loose granular soil or cohesiolssil (e.g.
sand) require improvement. They are somewhat “cesgible”
(Varaksin & Yee, 2007) and are very unstable wherjested to
even a modest shock and vibration. D’Appolonia (9&ported
that granular soil is prone to liquefaction. Foradinstrain of the
order of 10 to 10° the minimum relative density to prevent
liquefaction should be about 70% and that fine saith a
relative density less than 50% is subject to ligagbn during
ground motions with acceleration in excess of 0.1g.

Deposits of natural loose sand are found in coaatehs.
Similarly, loose sand mingled with clayey mateiiglfound in
riverine deposit generally within a watercourset thas been re-
peatedly deposited in times of flood and recessiomaters.

In recent years, coastal reclamation presents arraajrce of
loose sand. Much land has been reclaimed usingahiidally
filled sand. The large volume of water needed idrhylic filling
must be “ponded” to allow sufficient time for thansl to settle.
The resulting structure is likely to be very loassd it will re-
main loose and saturated because of the capiktdéeyption of the
sand which prevents the sand particles from roliimg a stable
and denser orientation. Relative density betwee¥ 48d 80%
after hydraulic placement was reported by Choa &vd&ee
(2002) in the Changi Reclamation project. Valuedlgf; can be
as low as 3 to 4 while CPT cone resistancean be as low as
0.5 to 3MPa were measured below mean sea level.

Mine tailings from tin mining operation consist fafie loose
sand. Loose sand tends to deposit nearer to theadge point of
the tailings due to its weight as compared witmsliwvhich tends
to deposit further away from the discharge pointor F
rehabilitation of ex-mining lands, it is necesstryimprove the
loose sand tailings.

While loose sand is not as compressible as soft ti@ com-
pressibility is sufficiently great that it cannog lignored in the
design of foundation. More important, is the inimrimstability
of the loose sand particle orientation. Althoughsle sand may
be unstable and change state readily, their vestalility nature
makes it possible to alter their structure effestiv Vibration
through shearing of the loose sand particles tm fardenser and
stable orientation has been the most effective mméandensify-
ing loose sand. This results in higher bearing ciéypdower set-
tlement and increased resistance to liquefactidnthd surface,
densification is accomplished by surface compactidimen at
depth, densification is more difficult. It requirspecial tech-
nigue and equipment.

5.1 Dynamic Compaction

This process is also known as dynamic consolidatiomeavy
tamping. This is one of the most versatile andtlexpensive
ground improvement techniques. The densificationdipyamic
compaction is done systematically usually in a ¢gegermined
grid pattern. It consists of delivering high enemppacts at the
ground surface by repeatedly dropping steel pownddr to 40
tons from heights ranging from 10 to 40m as showfig. 13.
The spacing between the impact points depends ynaimlthe
depth of treatment, the grain size distribution @sgermeability
and the location of the ground water level. Degjters up to 2m
are formed upon impact. The craters are filled vaéimd after
each pass. In loose sand, the heave around tleescimgenerally
small.

Fig. 13 Various phases of dynamic compaction mece

The initial spacing of the impact points usuallyresponds to
the treatment depth. It is often advantageous & rmaximum
compaction energy (with heaviest pounder fallirgrfrmaximum
drop height) for the first few blows in order totemd the
compaction effect as deep as possible. The spaciegluced for
the subsequent passes thereby allowing adequateaction to
be carried out at the shallower depth.

The depth of improvement is related to the compactinergy
per blow. Dropping a 15-ton pounder from 20m willeg 300
ton.m compaction energy per blow. Fig. 14 showsdépth of
treatment against the compaction energy.

@& Predominanlly cohasionlezs soll
| © S&lity soils, 1ills, rubble
4 Full gepth of improved zong nol delermingd /
7/

4

[5]
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Fig. 14 Compaction energy against depth of infbeehtreat-
ment depth (Green & Kirsch, 1983)

Compaction is generally higher below the poundesxishium
increase in density is at about one third of thetldef treatment
from the surface. An increase of the penetratizgistence of
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300% to 400% can be expected in sand and gravehahginal
sand and unsaturated fill materials, the increasgsually about
200 to 300%. Relatively large area greater thaBQyf have to
be treated in order to increase its cost-effecttgsrdue to higher
cost for mobilization. Typical production rate iscat 12,000rh
to 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, 1982T&g et al,
1982). The site was a valley used as a soil dumpas filled
with materials ranging from boulders to cobblesvgis, sand,
silt and clay without any compaction. The thickneédill was
about 12m. The material was probably partially seted. Hence,
settlement is expected with saturation by infiloat of water
over a period of time. Thus, settlement was a gmob&lthough
bearing capacity may be adequate. Dynamic compreias car-
ried out using a 13.5 ton pounder with a drop hemh25m.
Compaction energy was about 337 ton.m per blowitawds ap-
plied over 5 phases at grid spacing of 7m. Totahgaction en-
ergy used ranges between 135 — 270 ton’nifime enforced set-
tlement was between 40 — 96cm. Results from thespremeter
tests show improvement down to 12m depth. The niiaih

Fig. 15 Dynamic compaction at Bandar Menjalaradiouble sto-
rey houses on non-engineered filled ground.

Similar treatment method was adopted by establistead|-
opers at Kepong, Puchong, Desa Sri Hartamas, Hahgét,
Jalan Kelang Lama areas, etc. for their housingept® on non-
engineered fill ground over ponds and valleys. éntain cases,
dynamic compaction was carried out close to bulthousing

pressure (P was increased from 5 bars to 13 bars and the meanits at a distance of 10 — 15m away. In such casbgation
pressuremeter modulus fjEwas increased from 60 bars to 150monitoring was carried out. Where the peak partigiocity

bars after treatment. The improvement was abou¥@2%0300%.

exceeds the permissible value of 8mm/s, an opechresas dug

Toh et al. (1985) and Ooi (2007) reported the application oto absorb the surface wave energy.

dynamic compaction for the foundation of Wisma Skée in
Kuching. It is a 22-storey tower block resting omaét founda-
tion; a surrounding 7-storey podium founded orpsfwundation
and a 7-storey car park on steel H-piles. The aaft the strip
foundations rest in part on rock and in part orl sdiich has
been improved by dynamic compaction. The soil ciiorliwvas
clayey silty sand overlying loose sand over versdhgound un-
weathered sandstone rock at depth of 4m to 9m beglmund
surface. Dynamic compaction was carried out usiri8& ton
pounder with a drop height of 25m over 2 phases gtid spac-
ing of 6m. Altogether, 16 blows were delivered giyia total
compaction energy of 150 ton.m pef.Before commencement
of dynamic compaction, the area was first coveréti sand as
working platform. After dynamic compaction, the ters were
backfilled with sand and the second phase of dyoamimpac-
tion was carried out in-between the prints of tingt fphase. The
craters were similarly backfilled with sand. Fiyalthe entire
area was then given the ironing phase with a lavep height
on an overlapping 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 measurertaden after
construction agreed well with the calculated valdése compac-
tion work was completed in early 1983.

With increasing demand, more housing developmergse w
carried out on filled ground over valleys. Mosttése areas are
non-engineered fill. Uncompacted fill of variousngoositions
ranging from boulders and rock pieces, construdtielris to silt
and clay were used to fill valleys without compaunti Hence,
dynamic compaction was used to improve bearing @ggpand
reduce post construction settlement.

Fig. 15 shows dynamic compaction carried out fdroasing
project at Bandar Menjalara for double storey luses on in-
dividual footings. The fill material was a mixtuoé residual soil
with rock and boulders. Anticipated problems weeétlement
due to self-bearing and collapse settlement. Tlieresd settle-
ment was 40 — 60cm with treatment depth betwee i —

The heaviest compaction on filled ground was cdroet in
2005 for a housing development at Desa Sri Hartatiaala
Lumpur where the thickness of non-engineered filerds to
more than 15m. A 23-ton pounder dropping from 2@&tivdring
compaction energy up to 460 ton.m per blow was ueetbm-
pact fill ground with large sized boulders. Tworstp semi-
detached houses were constructed on individualinfgetafter
treatment.

In 1994 — 95, dynamic compaction was carried outgithe
750 ton.m capacity Hecto machine (being considethe %
largest compaction machine in the world) to lift ®8s pounder
to 30m drop height for the Shah Alam Expressway.(Ri6).
This represents the largest compaction rig usédalaysian his-

tory. _

Fig. 16 Hecto 750-ton.m DC rig used in Shah Alarpriessway



Geotechnical Engineering Journal of the SEAGS & 8E8Vol 41 No.3 September 2010 ISSN 0046-5828

In 2000, shallow vibratory compaction (SVC) wagadiuced
for the first time for the Kuantan — Kerteh Railwpsoject. The
objective was to densify the upper 3 — 4m loosel sarerlying
cohesive soil. In the Double Tracking Railway pobjbetween
Rawang and Ipoh, more SVC works were carried oig. E7
shows SVC works using dynamic compaction at clasguce to
existing “live” track. Typical CPT result is as st in Fig. 18
before and after treatment.

Fig. 17 SVC using dynamic compaction at Bidor-Kamfor the
Rawang — Ipoh Double Tracking project
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Fig. 18 CPT results before and after SVC at Bidéampar

5.2 Vibro Compaction

Vibro compaction involves a process of re-arrangerbg shear-
ing of soil particles into a denser orientation beans of
horizontal vibration. Vibrations are created ina@ibontal plane
providing a lateral compaction effort. Typical eguient used
includes an electric or hydraulic vibroflot suspiendfrom a
crane as shown in Fig. 19. The vibroflot considtsa dorpedo
shaped horizontally vibrating probe that vibrate§requency of
30 to 50Hz with an amplitude of 10 to 40mm. Fig.s2@ws the
vibro compaction process.

Spacing of compaction points depends upon the tgp#,
density requirements and the vibroflot charactesstit relied on
personal experience of the engineers and contsaetod semi-
empirical design charts. Recent research has imedicthat the
degree of improvement is also a function of theighidensity

and clay fraction in the soil, among other paramset&he final
field compaction spacing is usually establishedhlite comple-
tion of a field trial compaction at the start oktlwork. Typical
spacing for the compaction points ranges from lt&bm5m.

X

Fig. 19 Electric vibroflot for sand compaction
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Fig. 20 Vibro compaction process

The compaction is generally higher closer to theator. The
relative density is usually about 100% up to 0.8n05m from
the vibroflot. The compaction decreases gradualty ywcreas-
ing distance. The lowest relative density is usuabitained half-
way between the compaction points. An increasehefgene-
tration resistance of about 200% to 300% can bescrd in
clean sand. The typical production rate is abo@O@nf to
7,000n7 per month using one rig working on a single shift.

Vibro compaction was used at the Bidor — Kampakage of
the Rawang — Ipoh Double Tracking Railway projéag(19). It
was used at close distance of less than 10m texiiséng “live”
railway track where dynamic compaction producedfesar
vibration more than the allowable value of 14 mm/se

5.3 Suitable Types of Soil for Compaction Treatment

Dynamic compaction was developed into a “systerhatieans
of densification of loose, cohesionless saturatgitl lsy Louis
Menard in the late 1950s (Menard & Broise, 1975pob
impact, the saturated soil liquefies and the deribn process
is induced by shearing of the soil particles intodanser
orientation. Vibro compaction has similar densiiica
mechanism but has lesser compaction energy compaitid
dynamic compaction.

Vibro compaction is best suited for use in cleandsaith
percentage of fines (particles less than 63um) rgépenot
exceeding 10% and clay content not exceeding 2 — B¢
effectiveness for vibro compaction reduces in cfaged silty
soil. It is also less effective in very fine unifiolly graded sand.
The effectiveness of vibro compaction is also redudn

10
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cemented sand. The reason being the cohesion prbiigl these
fine materials prevents the momentary breakingriofién bond

between particles through vibration and in saturageil the
lower permeability impedes the densification pracétence, the
application of vibro compaction in Malaysia is r@stwidely used
compared with dynamic compaction due to the finastent. In

most cases, loose soil is marginally clean sang. (glty or

clayey sand). Also, most non-engineered fill areastain large
aggregates or boulders. In such conditions, dynaamigpaction
is more suitable as penetration of the vibroflotyrba difficult

and may cause damage to the equipment. Dynamic axiiop

has been successfully used for soil containing érigfines

content but in most cases, the soil is non-satdratéhough, it

has been used in saturated cohesive soil, its ssiGgsaincertain
and may require special attention to the generatiomd

dissipation of excess pore water pressures. Faragatl soil, a
limiting fines content of about 20 - 25% applies dgnamic

compaction.

Although dynamic compaction is conventionally usedden-
sification of loose sand, the majority of the dym@aepmpaction
works in Malaysia in recent years has been perfdratesites of
non-engineered fill, ex-mining land, solid wastesd dandfill
sites (municipal wastes). Dynamic compaction wasexh out at
the Jelutong landfill site for the Jelutong Sewerdgeatment
Plant in Penang. Another increasingly common appbo has
been for the stabilization of collapsible soil whis usually stiff
and dry in their natural state, but lose strengtt axperience
significant “collapse” settlement when they beconet, and also
ground with shallow cavities and metastable in reatihe Batu
Toll area of the DUKE Expressway, located in miread land
over the cavernous limestone bedrock was treatéld meavy
dynamic compaction for this reason.

5.4 Design Issues

The design of dynamic compaction requires the detetion of

pounder weight and size, grid pattern, drop heighimber of

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

D=nvW.H (1)
where W is the pounder weight (tons); H is the dnemht (m)
and n is the soil type rheological factor whichiearetween 0.3
and 0.8 depending on the type of soil.

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

E, = N.W.H.P

. @

where Fis the average applied energy (ton.m) over theedea
area; N is the number of blows; W is the poundeghigton); H
is the drop height (m); P is the number of passesSais the grid
spacing (m).

The design of vibro compaction involves selectidigrd pat-
tern, spacing and depth. These parameters depetie dypes of
soil, the required densification and the charasties of the vi-
broflot used. Based on past experience, semi-ecapidesign
charts are produced according to the characterisbic the
vibroflot. A larger capacity vibroflot with a biggecentrifugal
force, larger amplitude and a lower frequency wilally has a
larger grid spacing of compaction points comparét & smaller
capacity vibroflot. Fig. 21 shows an area pattezsigh chart for
vibro compaction (Glover, 1982). The actual spacinf
compaction will be confirmed with field trial comgtéon results.
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Fig. 21 Area pattern design chart (Glover, 1982)

5.5 Performance Evaluation

For dynamic compaction, the performance indicatans the
pounder penetration depth, crater volume and simgunt of
ground heave and subsidence and the amount ofiliagkina-
terial. Cone penetration tests (CPT) and pressuegntests
(PMT) are often carried out to assess the effectize of dy-
namic compaction. When there is a nearby struaburatility,
vibration monitoring is necessary.

For vibro compaction, the degree of densificatiortearms of
relative density is usually specified. Relative signis often used
as an intermediate soil parameter. This is usuakyasured by
CPT q. Direct derivation from gof relative density (as well as
the angle of shearing and modulus values) dependasmpirical
correlations. These may have some backing frombreaion
chamber tests, but it should always be remembéwdstich cor-
relations are limited in the range of soil to whittrey apply
(Meigh, 1987). Alternatively, PMT may provide a teetin-situ
test to measure the effectiveness of vibro compagti terms of
limit pressure for bearing capacity calculation gmessuremeter
modulus for settlement calculation. However, PMTinse con-
suming to carry out. It is suggested that a contlinaof CPT
and PMT is to be performed with probably 1 PMT éwery 3
CPT. Evaluation of improved ground is usually dahéocations
intermediate between compaction points.

5.6 Choice of Compaction Methods and Selection Criteria

The determinative factor in the choice of compactiwethod is
the type of soil or fill material to be compactéeside, envi-
ronmental constraint needs to be considered. Becalithe in-
herent characteristics of a heavy pounder hittirgground, dy-
namic compaction produces vibration concerns. Tdwetable
vibration limits vary from one standard to anoth&ccording to
the German Standard DIN 4150 peak particle veld€iBV) less
than 8mm/sec will not likely to cause any damagedgacent
structures supported on spread footings due tesethts of the
underlying materials. Structural damage requiresuah higher
PPV up to 50mm/sec. The PPV at a distance of 30m the
point of impact is usually less than 50mm/sec. &duce vibra-
tion, a cut-off trench of 1.5 — 2m deep is usualstructed to
intercept the surface wave which causes the viati Yee &
Ooi (2003) reported a close distance of 7m fronerise train
line where dynamic compaction was carried out using5ton
pounder dropping from 20m. With trenching, the need PPV
was limited to 15mm/sec at a distance of 7m. F&ysBows the
PPV measured at Bidor — Kampar site for dynamic gamtion
plotted together with measured PPV for vibro contipac
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top of the inclusions. These inclusions act ascagrto support
- the distributed load. The soil and its reinforcelgments act in
combination, interacting through friction and adbas to
increase the shear strength of the soil mass; thicee its
settlement under the load and to improve its rasts# to
liquefaction. The volume of soil replaced by thesaforcing
L [\ elements is referred to as the area replacemeiut (Ato/A)
where Aol is the area of the reinforcing elements and Ahis t
r total influence area. Typical area replacemenbridi non-rigid
\ inclusions is between 15% and 30% and 2% and 8%duoni-
rigid inclusions.
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5 = 6.1 Vibro Replacement/Displacement Columns (Stone Gudum
- v
0 vvpts Although constructed using the same equipment awtk w
0 5 10 15 2 2 30 3 procedure as vibro compaction (except that theoffir has a
Distance from Source (m) smaller amplitude and higher frequency), stone ook function
[e0c-rsmorop_abc-2omcrop mve-tamev  wve-soow | as reinforcement rather than densification. Theywsed in soft

soil to (1) increase bearing capacity; (2) reduettlesment; (3)
Fig. 22 PPV for dynamic compaction (DC) using @8-t accelerate the rate of consolidation; (4) impraabitity; and (5)

pounder and vibro compaction (VC) resist liquefaction. It involves replacing 15 — 3@%he cohesive
soil with stones in the form of columns in most lagggions.
Dynamic compaction is cost-effective for large caeton Typical diameters of stone columns are between 8@ooh

areas (> 15,000fwith its high productivity but only if the sur- 100cm and the column spacings are between 1.6m2&rd.
face vibration is not an issue of concern. Vibranpaction is Stone columns are installed using the wet methdbrgvre-
cost effective when the require treatment deptteess 10 — 15m placement) or the dry method (vibro displaceme@ther
but for sand having less than 10% fines. With iasieg fines methods such as rammed columns using temporarggcasive
content such as marginal dirty sand, the spacingoofpaction also been used but to a lesser extent.

starts to be close and productivity drops substinti The vibroflot penetrates the ground under its ovenght aided
by water jetting as in the wet method (Fig. 24rompressed air
6 REINFORCEMENT METHODS as in the dry method (Fig. 25). Horizontal vibratiis produced

close to the base of the vibroflot. Stone bacikdilintroduced in
control lifts, either from the surface down the alus created by
penetration of the vibroflot as in the top feed wggstem or
through feeder tubes directed to the tip of theofibt as in the
bottom feed dry system.

Experience has shown that silty clayey soil dodgemct to com-
paction effectively. Fig. 23 provides an indicatiof the soil
compactibility in terms of CPT cone resistancg @nd friction
ratio (R) results. For this type of soil, the improvementisually
measured by the percentage of the soil replaced.

100 =

tEEsct

CONE PENE TRATION RESISTANCE, MP:
3

i

o a5 1 15 2 25 3
FRICTION RATIO, %

Fig. 23 Soil compactibility according to CPT rdsuMassarch

& Heppel, 1991)

In-situ reinforcement of poor soil is accomplistmdinclusion
of vertical reinforcing elements in the soil withet main benefit
resulting from the structural aspect of these efgmeThese
elements can be non-rigid inclusion (e.g. stoneroal) or semi-
rigid inclusion (controlled modulus column). Reirdfed
concrete piles are rigid inclusions.

The non-rigid inclusions operate as stiff but coessible

columns embedded in weaker soil. The applied Ieatistributed  Fig. 25 |nstallation of stone columns by bottoradry method
by a granular layer (usually sand) acting as axiffle raft” on
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The wet method is generally used where the “boegtsibbil-
ity is questionable. Hence, it is suited for siteslerlain by very
soft to firm soils and a high ground water tabléhaigas, the dry
method is suited for firmer soils with a relativébyv ground wa-
ter table (FHWAA, 1983). However, the main conirajl factor
is the availability of a nearby source of water fegt method.
Otherwise, it would be the dry method.

Stone columns were installed using the bottom f@gdme-
thod for the Kajang Ring Road and the DUKE ExpressviFor
the Kajang Ring Road project, the soil conditiorSatdang site
was soft to firm clay/silt with bt varied from 2 to 5 down to
10m depth. Below 10 — 12m, stiff clayey silt witkkgy> 15 was
encountered. Stone columns of 70cm diameter westalied to
depth of 10 — 12m at triangular spacing of 1.6msupport a 9m
high road embankment. The installation works waspeted in
2000.

For the DUKE expressway project, bottom feed dnihoe
was used at Setapak site where stone columns wstaléd to
22m deep. At the Jalan Kuching site, stone columese in-
stalled to 12m and at the Segambut site, stonemc@uvere in-
stalled to 18m. The stone columns were 100cm diemaetd in-
stalled at spacing between 1.6m and 2.3m. Withtgretepth of
installation, a crawler crane-based machine wdizedi Fig. 26
shows the SAS rig of 35m section used in the SdUng
Valley Expressway (SKVE) which is considered as ohdhe
largest rigs for stone column dry method instadiatin Malaysia.
Total quantity of stone columns installed in the \&
expressway exceeded 400,000m.

05/08/2009

Fig. 26 Dry bottom feed stone column installatioiSKVE

The design of these small diameter stone columrsstwact as

vertical drainage columns and at the same timesase the bear-
ing capacity of the ground. The stone columns veseed using

plate bearing test. Plate, settlements of 8 — 15neme wecorded

under a load of 150kN/mTotal quantity of stone columns in-
stalled was about 70,000m. The installation works wompleted

in 2005.

6.2 Dynamic Replacement Columns

Similar to vibro replacement (stone columns) whiglan exten-
sion of vibro compaction, dynamic replacement (D&Rpn ex-
tension of the dynamic compaction. Although coreted using
the same equipment but with a different work pracedand a
different pounder shape, dynamic replacement isen@orrein-
forcement rather than densification. Dynamic repfaent is
applied to soft cohesive soil to (1) increase bepdapacity; (2)
reduce settlement; (3) accelerate the rate of diolagion; (4)
improve stability; and (5) resist liquefaction.

This technique starts out by producing a pilot DRter
(“print”) with light pounding. Unlike vibro stoneotumns where
only stones of certain sizes are used, the DRrsratn be back-
filled with sand, aggregate, stone or even roclkcegse(up to
300mm size) or a mixture of these materials that ieick
together under subsequent heavy pounding. Becafisteo
higher permeability of these backfill materials, rpowater
pressure from the underlying and adjacent cohesoik will
dissipate quickly. This process is repeated untihadiceable
decrease in crater formation occurs. The dynanptacement
process is shown in Fig. 27.

Fig. 27 Columns formed by dynamic replacement (piRess

This technique results in large diameter columnsoofipacted
granular backfill material. Typical diameter up 266 — 3m is
common for dynamic replacement. The surface arethede
columns is approximately Sntompared with 0.8ffor a 100-
cm diameter vibro stone column. Hence, a workiragllap to 80
— 100 tons per column is typical for dynamic reptaent
columns in soft to medium stiff clays compared vdth— 25 tons

While bottom feed dry method was used due to norfpr vibro stone columns. Similar to vibro stoneuwuhs, these

availability of water, top feed wet method is uspalsed for
higher productivity and generally larger columnesiZop feed
wet method was used to install 100cm diameter stohenns to
12m depth at Kepong for DBKL (Kuala Lumpur City Habad
project. The stone columns are used to suppotinéoreed earth
supported bridge approach embankment of 6m heagirtdfed on

columns also act as large vertical drains whilevigliag struc-
tural support.

The concept of dynamic replacement is similar toravire-
placement. It involves typical replacement ratio 1& — 30%.
Typical spacing of columns varies from 4.5m to 7md a typical
configuration of a dynamic replacement scheme wdeldh col-

soft silty clay with Nt between 1 and 4. The columns wergdMn Of 2.5m diameter at Sm square grid. This willega re-

spaced at 1.7m, 2m and 2.3m. Plate bearing testihgte stone
columns were conducted and plate settlement o®®m was re-
corded at 150% of the design load.

Similarly, top feed wet method was used at Sabalnde
(Selangor) for a JKR (PWD) road project. The roatbankment
was 4.3m high with 1.5m surcharge founded on vefyrearine

placement ratio of 20%. This is equivalent to vistone column
of 1m diameter at 2m square grid. Besides havitagger influ-
ence area, dynamic replacement columns do not nalgéily
upon loading due to its larger sectional area and,tbetter bear-
ing capacity. Since the DR columns are installed h@avy
pounding, any localized “bulging” (due to localizedft layers)

clay with Nspr between 0 and 2. Small stone columns of 60cryould have been induced by the numerous high erierggcts

diameter were installed at 1.2m, 1.5m and 1.8nmdudar grid
down to depth of 13m. These stone columns may belthe
smallest diameter stone columns ever installedgusiet method.

during installation of columns prior to permanesading.
Dynamic replacement started about 10 years later #fe in-
troduction of dynamic compaction in Malaysia. Orighe earli-
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est published applications of dynamic replacemankalaysia
most probably is the Medan Pejasa housing developpreject

pass at Machang in 2005 were constructed on dynamic
replacement “sand” columns. An estimated area ddeatith

at Jalan Kelang Lama (At al, 1997) and the Kampung Pakar dynamic replacement for roads exceeded 1,000,0@9nend of

housing development at Sg. Besi (letaal, 1989). Both projects
were completed in 1988.

The Medan Pejasa project site was located witttisased ex-
mining land comprised of an ex-rubbish dumping aitd an ex-
mining pond. The ground condition was 6 — 7m thigkbish
(household wastes) overlying layers of loose silgyey sand
and clayey silt. The ground water table was about2low sur-
face. Single and double-storey terrace link-housegse to be
constructed. The acceptance criteria for groundromgment
works were (1) a safe bearing capacity of 120K\/amd (i) a
maximum differential settlement of 1/600. The impFment
works consisted of excavation and replacementefifiper 2.5 —
3m young rubbish and backfilled with clean sand.n&myic
replacement columns were installed below individfadtings
and dynamic compaction was carried out everywhise & 2m-
surcharge was placed for 6 — 8 weeks for settlememitoring.

Dynamic replacement was carried out with a 14-tonrgler
dropped from 20m over minimum 3 phases of compac#d the
structural areas, 24 blows per print were delivegedng total
compaction energy of 240 ton.m pef. it the infrastructural ar-
eas, 16 blows were delivered giving total compacenaergy of

2006.

Railway construction presents a major applicatmmdynamic
replacement in the early 2000s. Some of these awilprojects
include the Petronas Railway between Kerteh andntamin
2000 — 01 and the Double Tracking Railway betweemdhg
and Ipoh in 2001 — 04. The Rail Link between Semal Tg. Pe-
lepas port was constructed on very soft organig siby down to
5m depth with 7 — 12% organic content. Fig. 28 shdhe
ground condition before treatments® was between 0 and 2
with CPT q < 0.3MPa. The ground water table was about 2m
below surface. The height of the embankment vdriath 8m to
10.5m. Large diameter up to 3.5m dynamic replacéme@nmns
were installed using 200 - 400mm size rock pietesgrid of 5m
giving an area replacement ratio of 28%. Plate ibgaests on
single columns were carried out registering 5mntlesaent at
200kPa and 7mm settlement at 300kPa. Full embartkneight
was reached in less than 3 months. A 2m-surchaegeapplied
for 8 weeks. Measured settlement during embankment
construction was between 15cm and 30cm. After 6kevesf
surcharging, the rate of settlement was less thbmi per day.

190 ton.m per f The enforced settlement obtained during theéi

compaction works was about 60cm which represemnisitab4%
of the remaining rubbish thickness. In-situ presmeter tests
were carried out. The limit pressure had incredsech 3 — 4
bars to 12 — 16 bars after treatment. The pressiegrmodulus
had increased from 25 — 30 bars to 80 — 140 bamn®the 2m-
surcharging period, the measured average settlewasntabout
13mm.

The Kg. Pakar development consists of 8 blocks-efosey
apartments built on an ex-mining land. The groundditions
were highly heterogeneous and consisted of loosd aad silt
with soft clay pockets. The JM; varied from O to 2 for the soft
clay and 2 to 10 for the loose sand. All the apartts are on raft
foundation after ground improvement using a comitimaof
vertical drains and surcharge, dynamic compactiwh dynamic
replacement. For dynamic replacement, a 15-ton g@umvas
used. The maximum drop height was 25m. Compactiargy
up to 270 — 335 ton.m pernwas delivered. The enforced
settlement was about 60cm to 85cm. The improveepth was
about 8 — 9m.

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

Dynamic replacement columns using rockfill matenehs
used on an ex-mining land (slime) for the Ipoh wmpéng pack-
age of the North-South Expressway in 1993. SinyijallUKE
Expressway at the Jalan Kuching site was treatéd dyinamic
replacement “rock” columns in 2006. Dynamic reptaeat
“sand” columns were used for the Shah Alam Expragsand
the Ipoh-Lumut Expressway in 1994 — 95. Yee & T{@§04)
reported the use of combined dynamic replacemesmtd‘'sand
stone” columns with vertical drains for the constion of a road
embankment up to 16m height on soft clay and peButajaya
U4 Interchange in 2001. Similarly, the semi-higleesp test track
for PROTON (Malaysian national car manufacturer)Sitah
Alam was treated with a combination of dynamic aepment
and vertical drains in 1993 — 94. Upgrading of &g roads at
Puchong and Putrajaya in 2003 and the construdiiorew by-

& ; 5 i oy 2 -
/ - i A U, ‘% i
g?;é-—r D ROl AN ST
Fig. 28 Site condition before treatment (top); 360.m DR rig
(middle) and 3.5m diameter DR rock column (bott@inpenai.

The estimated dynamic replacement treatment are@ifovay
construction would probably exceeded 600,00Bwmthe end of
2006.

Yee & Varaksin (2006) and Orgg al. (2006) reported the use
of dynamic replacement columns to support largendyical
tanks on marginal ground. Tanks up to 76m diantedse been
successfully supported on DR columns. The spefifindation
treatment for tanks follows a specific earthworksgedure in
combination with dynamic replacement columns fasnfdation
support and settlement reduction. During the penb6d 997 —
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2000, many petrochemical projects were building thexms at
Kerteh, Gebeng and Kuantan such as Optimal,
Centralised Tankage Facilities, Malaysian Acetit. @nd these
tanks are founded on treated ground resting on eoted sand
pad rather than on RC slab on piles.

6.3 Controlled Modulus Columns

Controlled modulus columns (CMC) are semi-rigid eatngrout
columns. Unlike a rigid RC pile, there is a shariofyload
between the CMC and the surrounding soil facildaig the load
distribution layer (sand) as shown in Fig. 29. Tgbidiameter of
CMC ranges from 15cm to 50cm with a design loadacip
ranging from 8 — 50 tons. These columns are tylyidd) — 20m
length with larger diameter columns installed tom3@epth.
These columns are designed to achieve a pre-detedrstiffness
compared with that of the surrounding soil.

. u’i !»" W i SN

Shareof
e load.
hemeen
Eolumn

I

100l
e load in
th

Fig. 29 Concept of CMC columns compared with RIESI

The technique of CMC was developed as an extersdfidhe
conventional soil cement mixing technique. The eomional
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 soidaime cement
grout. Hence, its application in sensitive softyd& limited due
to the remoulding effect of the mechanical mixingqess on the
shear strength of the in-situ soil. The alternatetution is to
form columns by displacement method.

The installation of CMC by displacement involvesaamering
process which is vibration-free and quiet. It usespecial auger
powered by an equipment of large torque capacitytagh static
down thrust. During augering, it displaces the $atiérally and
hence, compact the surrounding soil to form dispieent
column, thus minimize amount of spoil. Once theureggl depth
of installation is reached, cement grouting of twdumn takes
place under controlled pressure (usually less thabars) to
ensure a perfect soil-cement grout contact. Duttirggextraction
of the auger, continuous grouting under contropleessure takes
place. The result is a cement column shaft thatffectively
bonded to the surrounding soil. During installatitime torque
and the rate of penetration of the auger is closebnitored.
Similarly, during the formation of the column, thate of the
auger extraction is controlled with respect to teenent grout
mixture flow rate. A measuring gauge is used tontaam the
supply of cement grout mixture which will also beed to
indicate the column diameter with respect to deftiy. 30
shows the CMC installation process.

displacement columns scheme was designed to litmit t

Kertelolumetric strain to less than 3%. The groutingsptee was

limited to the yield strength of the in-situ magrof 1 bar. The
ratio of the stiffness of columns to the in-situteral was kept at
4:1 to limit the differential settlement of 1:50Cettveen the
columns. The maximum allowable shrinkage of growteldmns
was limited to 0.5% to alleviate piping problemsy.FB1 shows
the cross-section of the raised embankment antighieolumn.

-

Fig. 30 Installation of CMC by displacement
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Fig. 31 Cross-section of raised embankment (topl) taial col-
umn (bottom) at Sebubut Dam.

6.4 Suitable Types of Soil for Reinforcement Treatment

Soft cohesive soil is improved by consolidationg(evertical
drainage with surcharge fill) and it takes time dchieve the
required degree of consolidation. Alternativelygnd reinforce-

Ting et al. (2004) reported the application of displacemeninent can be applied in soft soil to increase bgasimpport and

cement columns to support the raised embankmeatddm in
Sarawak. The installation of the columns was cdraet during
the full operation of the dam where progressiveuiifig due to
overstressing of the in-situ material may provebéofatal. The

provide stability in shorter time. Also, these feicement
columns can reduce post construction settlemert tagtor of 2
to 4. However, typical treatment depth is between-115m and
in exceptional case it goes deeper than 20m.
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6.5 Design Issues

The design of reinforcement columns requires therdenation
of (1) column diameter; (2) spacing; (3) frictiongie of backfill
material (or stiffness of columns); (4) shear gitbrof the native
soil (or stiffness of surrounding soil); (5) stresgio between
reinforcement columns and surrounding soil (argdacement
ratio); and (6) strain compatibility between colsmrand
surrounding soil.

During the installation of stone columns, due tbration the
stones are forced radially into the surroundind &miming a
stone column that is tightly interlocked with thalsThe instal-
lation of stone columns transforms the ground mtoomposite
mass of cylindrical columns of stones with intelingnnative
soil, providing a lower compressibility and higtsrear strength
than those of the native soil alone. Since thénstss of the stone
column is substantially higher than that of thesunding soil, a
larger portion of the applied load is transferredtiie column
(defined by the stress concentration factor), tinysroving the
load-carrying capacity of the treated ground anducing its
settlement. However, the column material is cohrdess stone.
Its stiffness depends upon the lateral supportngive the soil
surrounding it. If that support is inadequate, ¢odumn bulges
and ground deformation increases.

The load carrying capacity of a stone column isirecfion of
the column diameter, angle of internal frictiontbé stone and
shear strength of the in-situ soil (Fig. 32), amatiger parame-
ters. The column diameter is determined by the auktf instal-
lation, the stone size and the strength of theitinsoil. Typi-
cally, it ranges from 0.8m to 1m. Wet method ifatan tends
to give larger diameter columns, generally aboutiiameter due
to the water flushing of spoil. Dry method insttita is usually
about 0.8m diameter. The angle of internal frict{on) of the
stone column depends on the size and shape otdhe ssed,
the installation method and the infiltration of tiesitu soil
between stone particles. For top feed wet methguical stones
used are 45 — 70mm in size, crushed stone witabout 42 —
45°. For bottom feed dry method, the stones usedmadiey and
less angular to avoid blockage of the feeder tulBEnerally,
rounded stones of 15 — 35mm in size withof 38 — 42 are
used with bottom feed method.
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Fig. 32 Bearing capacity of a stone column (Beog&dLam,
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 ultimate begrin
capacity of a single column is expressed by:

out = Nse.Cy (3
whereoy; is the ultimate column capacity;Ns the bearing ca-
pacity factor for stone column (18 Ng. < 22) and g is the
undrained shear strength of the soil. Jie Han (28tfgested
=20g, and g > 15 kN/n? for stone column applications.

Pseudo-elastic and elasto-plastic theories are tasedlculate
the settlement of the composite column-soil magsguthe unit
cell concept. A unit cell represents the area tebuto one stone
column. Fig. 33 is a compilation of settlement oatiurves
(Greenwood & Kirsch, 1984). These curves relatestdement
improvement ratio (settlement of soil without stas@umns to
that with stone columns) to the area ratio (areauwt cell
divided by area of stone column).
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Fig. 33 Settlement ratio curves with reinforcemgranular col-
umns (Greenwood & Kirsch, 1983)

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

For dynamic replacement columns, the methods df/sis&or
bearing capacity and settlement calculation fonstcolumns are
equally applicable considering that both are ngrdrigranular
columns. Yee & Varaksin (2007) reported the useineitu
pressuremeter test results (limit pressure and spreseter
modulus) to calculate bearing capacity and setthérfar large
tanks founded on improved ground by dynamic replesd
columns using the direct design approach.

However, the method of analysis for semi-rigid CME
different from non-rigid granular columns. The oatif stiffness
of CMC to the surrounding soil is much higher. T$téfness
modulus of CMC is typically 5,000 MPa as compareth\80 —
80 MPa for non-rigid granular columns. Details bé tdesign
methodology for CMC is given in Plomteux & Liaug007) and
Plomteux & Lacazedieu (2007).

CMC is also used for anti-liquefaction treatmendl@mnseismic
condition. The design of CMC in this case incorpesahe effect
of volumetric strain on the surrounding soil ane timcrease
shear resistance of the composite CMC-soil massdist lateral
displacement and shear stresses induced duringraisevent.
During installation, the displacement auger disptathe soil
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laterally without extraction of spoil and hencecrigases the
density of the soil which reduces the susceptbilibf

liquefaction. Menard (1975) suggested that a votumstrain of

4% in sand will result in an immediate compactiomick

increases the limit pressure by a factor of 2 amdch, it
increases the bearing capacity accordingly (Taple 2

Table 2: Influence of soil displacement againsteased in bear-
ing capacity (Menard, 1975)

Volumetric Improvement Factor
Strain Sand Silt Clay
1% 1.3 1.2 1.1
2% 15 1.4 1.2
4% 2.0 1.6 1.3

6.6 Performance Evaluation

The performance of granular columns can be evaluagen-situ
tests such as pressuremeter tests and plate beastsy Cone
penetration tests are carried out in sand colunutsnbt stone
columns or rock columns. From the pressuremetés,tese can
obtained the stiffness of the column as well assin@ounding
soil when the tests are carried out inside the ookl and in-
between the columns respectively. The pressurenteseris in
fact, a direct test to simulate the column bulgbehaviour in
stone columns. The stiffness values obtained caaskd in re-
analysing the settlement prediction following thieect design
approach. Instrumentation and monitoring for veitgettlement
and lateral deformation are usually carried out irdyr
construction.

6.7 Choice of Reinforcement Methods and Selection iGxite

The determinative factor in the choice of reinfoneat method is
the depth of columns and the amount of tolerablst pon-

struction settlement. Beside, environmental coirgtreeeds to be
considered. Dynamic replacement produces the gteatgation

followed by vibro stone columns. CMC is vibratiomed and is
suitable for construction very close to sensititicture or in

urban areas with environmental constraints. For adyn

replacement, a cut-off trench of 1.5m deep is Ugwainstructed
to intercept the surface vibratory wave which causarface
vibration. With trenching, it is possible to redutkee safe
distance to half or reduce the vibration by 50%.

Dynamic replacement columns are typically 5 — 7mgth
with deeper columns requiring higher compactionrgneand
pre-excavation of column craters (“prints”). Tydicatone
columns are 10 — 15m with deeper columns extentir@bm but
seldom used while typical CMC columns are 10 — 20m.

Dynamic replacement and vibro stone columns arsidered
non-rigid “flexible” columns and the settlement irapement
ratio is typically 2 to 4. The settlements aftephovement are
typically larger than those treated with CMC si@dC columns
are more “rigid” than granular columns. When CMQuoans are
founded on firm stratum, the settlements are ugunallch lesser
compared with granular columns. Typical settlemisnin the
range of 10 — 20cm in most cases.

Dynamic replacement is cost-effective for largatneent areas
(> 10,000m) with its high productivity but only if the surfac
vibration is not an issue of concern. The choicbaxkfill mate-
rials is flexible with option of using sand, aggaesy rock pieces
or even construction debris (bricks, broken comchatcks, etc.)
or a mixture of hard, durable and inert materialsichever is
cheaper. Vibro stone column technique is a coseéffe solu-
tion when there is a readily cheap supply of staare$ a source

of water within close distance. Otherwise, dry roetlof installa-
tion has to be carried out which has a lower prtiditg compare
to the wet method. Stone columns are generallyuset! when
disposal of sludge is a problem (for wet methothns stockpile
area is limited or sensitive structures or utifitieithin close
distance. CMC columns is fast gaining a reputatas an
environmental friendly solution. The installatios vibration-
free, quiet and minimum spoil to dispose. It hasnaller post
construction settlement and most suited for urbanksy where
cement grout can be readily obtained. BehavioulCbfC is
somewhat between stone columns and RC piles.

7 Sustainable Development and Low Carbon Economy

Sustainable development is defined as “...developithat meets
the needs of the present without compromising #wds of the
future...”. The need for sustainability is descdbe Yee & Ooi
(2007). To sustain means to “hold up” and it igramiily the role
of geotechnical engineers to improve foundationigies and
construction processes that hold up the structoreg built on it
with less materials, less energy usage and genkesgeCQ. It
may not be able to achieve zero-energy design Heitniove
towards a low carbon economy of recycling and usilternative
low-carbon construction processes often proved ¢o nore
profitable for the contractor as well as betteruealor the client.
A number of case studies are presented below. Rer t
calculation of carbon footprint, the G@mision for materials is
based on manufacturing process while for operatibris based
on CQ emission during works.

The first case study involved the construction efaehouse
with an option of using deep piled foundation oralkhw
foundation on treated ground using dynamic compacfrable 3
shows a C@ emission audit exercise carried out for the
construction of a warehouse (Liausu, 2007). Theetause is
20,000 with a working load of 5 ton/fn The ground
conditions consisted of a non-engineered unsatlifatelown to
6m depth. There are two possible solutions; (i)pdieeindation
with 25cm thick RC slab on piles; and (ii) shalld@undation
with loose fill improved by dynamic compaction withcm thick
RC slab and a 30cm thick compacted granular laggngas a
load transfer layer between the RC slab and theraweu
ground. Using the shallow foundation solution hdlpe reduce
the overall carbon footprint by approximately 50ihg CQ
representing an offset for G@mission of about 110 persons for
a year based on a per capital of 4.5 tong @INDP, 2007)

Table 3: CQ emission audit on a warehouse construction project

Deep foundation Shallow foundation
- 1 pile per 20rhwith 50cm - 1DCrig and 1 shovel
diameter pile and 7.5m length - Induced settlement of 50cm

- Concrete for 25cm thick slab| - 30cm thick sand blanket

- Concrete for 15cm thick slab
Piling operation 0.49 kg | Crane fuel 0.81 kg
Concrete for piles 15.0 kg | Shovel fuel 0.48 kg
Additional concrete | 20.0 kg | Sling / pounder 0.35 kg
(0.1n/m?) for slab Fill for settlement 4.50 kg
compared with Sand blanket 4.90 kg
shallow foundation
Kg eq. CQ per nf 35.5kg | Kgeq. Coper nf 11.0 kg
Saving of CQ for shallow foundation per m 24.5 kg
For the warehouse of 20,008ntal saving CQ@ 490 tons

The second case study involved the constructioa storage
terminal with two options of ground improvementther using
vertical drains with 4m of fill surcharge or vacuweonsolidation
with 0.8 bars of vacuum depressurization to treatunderlying
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soft cohesive soil. Table 4 shows a {fnission audit exercise Table 5: CQ emission audit on a road embankment project

carried out for the construction of the storagenteal (Liausu,
2007). The storage terminal is 100,060fhe ground conditions
consisted of soft marine clay down to 20m depththWiertical
drains and fill surcharge, the closest source lbfnfaterial for
surcharge was 10km away from the site. Any surfilusaterial
at the end of the consolidation period was requicetie taken
offsite. Alternatively, vacuum consolidation progd a possible
mean to do without importing the fill material feurcharging. A
design vacuum pressure of 0.8 bars was used taceephe 4m
fill surcharge. For a large treatment area, thiadée to a
substantial saving in the volume of imported fillaterials,
reduced cost of transportation and earthmovingaijmer. Using
the vacuum consolidation solution helped to rediheeoverall
carbon footprint by approximately 1,100 tons Q@presenting
an offset for CQ emission of about 245 persons for a year.
this case, vacuum consolidation was more sustanaihn
vertical drains with 4m fill surcharge and alsoy®d to be more
economical.

Table 4: CQ emission audit on a container terminal project

e Vacuum consolidation

1.5mm thick HDPE membrang

Sealing trenches

Vacuum pumping (12kW per

2,500n7)

- Vertical drain of 20m length at
1.5m grid; no surcharge fill

Vertical drains and fill surcharg
- 4m surcharge fill -
- Source of fill is 10km away -
- Vertical drain of 20m length | -

at 1.5m grid

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
Place surcharge fill | 0.70 kg | Vacuum pumping 1.65 kg
Removal of

surcharge fill 0.70 kg

Transport offsite 5.60 kg

Kg eq. CQ per nf 13.6 kg| Kg eq. Coper nf 2.6 kg
Saving of CQ for vacuum consolidation per’m 11.0 kg
For the container terminal of 100,009 rotal saving C@ 1,100

tons

Note: The vertical drain design and the inducetleseént are the same
for both options and hence, the carbon footprinhpotations are not
included above.

The third case study involved the construction mfaaerage
10m high road embankment founded on soft peaty ofaym
thick below the surface. It was envisaged to remeve replace
the soft peaty clay. The ground water was at théase. The
distance of the dumping site for the excavated n@tand the
source of suitable fill was about 20km. Due to d¢orion
problems associated with high ground water tabigh lcost of
imported fill materials and time constraint, alt@ine solution of
ground improvement was carried out on an area 6fG0DNA.
Given a 12-month construction period, the constibdaof the
soft peaty clay has to be accelerated. The requirathage was
provided by the dynamic “sand-and-stone” replaceém(@®R)
columns and vertical drains which were installedé@tween the
DR columns. In addition, the DR columns also senasda
bearing support to the embankment so that the medjuate of
filling of embankment can be achieved. Without Diumns, the
rate of filling as well as the height of embankmenay be

limited. Table 5 shows a G@mission audit exercise carried out

for the foundation works. Using this combined siolntof DR
and vertical drains had allowed the constructiomg®t the time
constraint and helped to reduce the overall cafbotprint by
more than 3,000 tons GOrepresenting an offset for GO
emission of about 700 persons for a year.

Removal and replacement Dynamic replacement and vertical

- 550,000M of unsuitable drains
materials to be excavated and - 1 DR rig, 1 PVDrig and 1
removed. shovel

Induced settlement of 35cm
147,000 of DR backfill

Vertical drain of 6.5m length
at 1.35m grid; no surcharge fill

- Transportation of 650,000m | -
of suitable fill materials -

- 550,000 of compacted fill | -
volume.

- Dewatering process

Dewatering, excavate DR rig fuel 0.95 kg

unsuitable materials PVD rig fuel 0.50 kg

and transport offsite | 18.2 kg | Shovel fuel 0.45 kg

Loading of suitable Sling / pounder 0.07 kg

material at source Vertical drains 0.34 kg

and transport to site | 12.5 kg | Fill for settlement

Dewatering, bunding and DR columns 3.04 kg
n and temp. platform,

geotextile, placing

and layer compaction| 6.71 kg

Kg eq. CQ per nf 37.4kg| Kgeq. Copernt 5.35 kg

Saving of CQ for DR and PVD per f 32.0 kg

For the treatment area of 102,000motal saving C@ 3,264

tons

Note: The sand blanket is considered as part obekrbent fill material
and hence, the carbon footprint computation ismudtided above.

In the above case study, some of the backfillingenels for
the DR columns were construction debris (brokerckisriand
concrete pieces) obtained from a nearby demolifwaject
uderlying the potential use of recycled materials.

An attempt is carried out to quantify the £€mission of some
commonly used ground improvement techniques. Talsleows
the CQ emission based on installation works only exclgdin
CO, emission associated with material production aadhe
moving operations. For example, €6mission is calculated for
installation of PVD material in a vertical drainoggct while in
vacuum consolidation, GGemission is calculated for installation
of PVD, horizontal drains and HDPE membrane. Ppoirf
surcharge and perimeter trenching (under earthrgd\ane not
included. Hence, it is not a complete and a detaildculation of
total carbon footprint which is needed for eachigrbas it is site
specific and subject to the initial ground condisoand the
performance specifications which determine therexdé ground
improvement required. Sources of materials, travgltistance
and site accessibility are also to be considereshe@lly, newer
and more advanced equipment are designed for |d®@r
emission. Hence, the technology employed and the @ig
equipment used affect its working capacity and fefficiency
which influence the C®emission with respect to productivity.
So, different projects will have different carbawofprint values.

Table 6: Carbon footprint for some ground improvame
techniques based on installation process (excluteserial
production and earthmoving operation.)

Ground improvement methods Treatmgnt CO, emission
depth associated with
installation works
Vertical drains @ 1.5m grid 20m 1.62 kg/n?
Vacuum consolidation 20m 1.71 kg/n}
Dynamic compaction 10m 2.53 kg/n?
Vibro compaction 10m 3.09 kg/n?
Dynamic replacement @ 5m grid 5m 2.16 kg/n?
Vibro replacement @ 2.5m grid 10m 5.76 kg/n?
Controlled modulus columns @ 10m 4.50 kg/rﬁ
2m grid
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8 Conclusions

Ground improvement has been introduced in Malaysiee
1978 and the experience has come of age. It peefemengineer
a solution to marginal ground - the engineer “fefddie ground
to meet the project’s requirements by alteringhatural state, in-
stead having to change his design to meet the diedimita-
tions.

At the same time, it has also increased awarerfdss lonita-
tions as each technique has its own merits, limitat and
economies. Ground improvement requires speciakretinten-
sive engineering input. It requires a more detadad elaborate
site investigation as well as a detailed perforreamonitoring
program. Estimates of bearing capacity and setti¢snstill re-
quire post-treatment in-situ tests such as presmisr tests,
cone penetration tests, plate bearing tests, métrumentation of
soil response still plays an important role in thecess of a
ground improvement project.

In addition to the benefits of rehabilitation of myi@mal ground
for development, ground improvement is also a #uaslde con-
struction method. Bandar Sunway is a good examppéefliture
of ground improvement is evidence that it is firfdyinded on a
path of continuing development with improved equipin
refined methods of analysis, improvement in thddfiand
laboratory testing of soils and objective perforcgevaluation.
All these could only increase the technical and necac
advantages of ground improvement.

The objectives of this paper have been to review
opportunities and constraints of each ground imgmment
techniques; to provide an awareness of on-site tatlap of
specific design and construction process to st ghevailing
ground conditions. This paper also calls for sustaie develop-
ment using low-carbon technology and to introdueebaon
footprint accounting practice. The need to prov@®, emission
audit during technical and commercial evaluatioa pfoject and
to present them in a way that can be easily comrated to the
client and allowing such choices to be made earlynca project
cannot be over-emphasized. It is an important mesipdity of
the engineers. Going green is no longer an option.
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