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Abstract: Due to rapid development in the early 1990sjousr types of pile foundation system have beengdesi and

constructed in Malaysia. Pile foundations suchraged precast reinforced concrete square pilessdgiles and micropiles
were already widely used in Malaysia and othertiradly new foundation systems such as large dianmtmteed piles (3.0m
diameter) and high capacity jack-in spun piles écity = 3000kN) were recently being introduced iald/sia. Due to the
challenges of urbanization where site with “goodil & becoming increasingly rare, innovative foatidn design approach is
also required for civil engineering works in sofognd. Recent innovations include piled-strip-fafindation system in very
soft clay, high capacity jack-in piles for highaistructures in congested urban areas and piledotafdation system. This
paper describes some of the relatively new foundasiystem introduced in Malaysia, its evolution gudential future

applications. The paper also shares experiencewundéation system such as jack-in piles and pilag-saft in soft ground

where Malaysian engineers have accumulated codiieexperience in the performance of such fouadaystem.
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1 INTRODUCTION

Since its independence in 1957, Malaysia has uoderg
rapid development and the development of geoteahnic
engineering practice in general, and specificallije p
foundation design and construction have also pssg in
tandem with the nation. Ting et al. (2004) briefly
summarised some of the achievements made by geitath
engineers in Malaysia in the area of pile foundafiom the
earliest form of “modern” pile foundation using nmgrced
concrete (RC) square pile with Grade 20 concredst n-
situ as there was then no pile manufacturing téedlj to the
use of bored piles where considerable experiensebban
accumulated over the years (Mitchell, 1985, Tohlgt1989
and Tan et al., 1998). Malaysian geotechnical exegmhave
also made significant contributions in the designd a
construction of micropiles (Chan & Ting, 1996 andeG&
Liew, 1998), foundations in limestones (Ting, 198&)d
piled embankment (Chin, 1985). The experience ghine
some major civil engineering projects such as thaaRg
Bridge — Figure 1 (Chin, 1988), North-South Expresg
(PLUS, 1990), Petronas Twin Towers — Figure 2 (Azztm
al.,, 1996), etc. have also led to innovations sashhigh
capacity RC spun piles, understanding of arching
mechanism using individual piles to support embagrhim
and piled raft foundation system. Another worthy
contribution in the practice of pile foundationtiee method
of predicting ultimate capacity of piles proposeg ®hin
(1970) and the diagnosis of pile conditions (CHhi®;78)
which have gained worldwide recognition. It is the
achievements of these early generations of geoisadhn
engineers in Malaysia which had subsequently iespir
further innovations and developments in the practit Fig. 2 Petronas Twin Towers.
geotechnical engineering in Malaysia.




Some of the
construction introduced in Malaysia include largandeter

recent applications in pile design andlimestones or their metamorphised equivalents dgvel
tropical features which show spectacular tall steidpd

bored piles (Figure 3) and understanding of archinghills (Jennings, 1982) and solution features sucpianacles,
mechanism associated with individual piles to supparth
embankment, Figure 4 (Gue et al., 2007). In thjsepasome
recent developments
construction practice from a Malaysian consultant’s limestone (Yeap,
perspective are summarised.
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Fig. 3 Casing for 3.0m diameter

sinkholes and cavities. The treacherous and almost
unpredictable karstic bedrock associated with extig

in pile foundation design andvariable overburden soil properties is a typicatfiee of

1985), which leads to a variety of
geotechnical problems and hazards. Ting (1985) @uod
(1999) discussed some of the common engineeringens
associated with limestone formation and Figuresn8 &
show some typical piling problems in limestone area
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Fig. 4 3-D finite element modelling of arching mechanism.
2 PILE FOUNDATION IN LIMESTONE AREA

Limestone formation is widespread in Peninsular adyisia
with one-third of Kuala Lumpur (capital of Malayyia
situated on limestone formation. The limestone fofam in
Peninsular Malaysia is of Ordovician to Triassieag

The design and construction of foundations in limes
areas have posed various problems to geotechmigaleers
due to the karstic features of limestone such aspbt
inclined bedrock, cavities, floaters, etc. Karsters to a
characteristic topographic feature or landscapehkvban be
developed by rock undergoing dissolution by petouia
meteoric water (Jakucs, 1977). In Peninsular Madays
under tropical humid conditions, calcite and dol@mi
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F]g. 6 Pile breakage in steeply inclined bedrock suriai
adverse geological features.

In Malaysia, the design of pile foundations to cafier
highly erratic bedrock profiles and sloping bedrock
associated with limestone formation involves thikofeing
(Tan & Chow, 2006):
i) Provision of compensation piles within the pile gwo
(if necessary) to ensure that the induced rotatiihin
the group is within tolerable limits, i.e. withirhd
bending moment capacity of the pile and pilecap-
column connection and no piles within the group are
overstressed. This also applies in situations where
significant differences in pile lengths are obsdrve
within the same pile group due to the highly irdagu
bedrock profile of limestone. Such large differende
pile lengths induce bending moments and also uneven
distribution of loads within the pile group due to
different magnitudes of elastic shortening of tlies
Therefore, provision for higher percentages of
compensation piles is usually required for
driven/jacked-in piles foundation in limestone atkee
to the complex geological settings of limestone



i)

ii)

formation. In addition, the risk of pile damage idgr
driving is also higher in limestone formation. This
however, can be minimised with use of proper Oslo
shoe, competent site supervision and experience
contractors.

Provision of Oslo-point rock shoes (Bjerrum, 19%7)
areas where the overburden soils are soft or leose
prevent pile deflection during installation andetasure
the pile toe is properly secured to the rock assitated

in Figure 7. The hardness of the hardened steel fase
Oslo-point rock shoes should be larger than 30h&lr
hardness) and the yield strength of the rock shoeld

not be less than 700 MPa. The rock shoe should b
designed to take the full required load at the acinand
extra care should be taken during construction tqg
prevent altering its properties, in particular,eglding.
Typical details of Oslo-point pile shoes are shaown
Figure 8.

Adjustment of rock sockets based on the actualdoédr
surface encountered during construction to ensurg
sufficient socket capacity for rock socketed bopdds
or micropiles, especially in steeply inclined besko
areas with adverse geological features or
pinnacle/cliff areas as illustrated in Figure 9.isTh
illustrates the importance of input during constiarc
for the successful design and construction of
foundations in limestone areas. The information
obtained during subsurface investigation (SI) can b
greatly enhanced by input during construction as th
bedrock level can be continuously updated as piling
works progress. In addition, the inclination of the
bedrock surface can be deduced based on the bedro
level as encountered during pile
construction/installation, and refinement to destm
then be continuously carried out as construction
progresses.
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The effect of founding pile foundations on floatibgulder
as idealised in Figure 10 is that the axial loadha piles
founded on the intended founding layer increaséslevthe
axial load in the piles on the floater decreasdss Will

induce uneven settlement in the pile group and éenc

rotation is developed which will induce bending nemts in

the piles at the pile heads and also causes paitenti

overstressing of piles founded on the intended dmm
layer.

ii)

proceeding to the next higher cavity.

If required, packer(s) are to be adopted to preflent

out of the grout/mortar before achieving the reegir
criteria of acceptance or pressure specified. Ehith
hole for grout treatment may be accompanied by at
least one vent hole or pressure release hole afasim
depth and size.

Acceptance criteria for cavity treatment using ghoortar
are commonly based on the following criteria:

‘ BAD X ; GOOD V| i)  For soils within the treatment zone, the indixadl SPT-
N values at any point are not less than 20 and the
| | | | average SPT-N value is not less than 25
i) No void is encountered
Floater/Boulder i) Unconfined compressive strengths of the cofds

ED

required) are in excess of 2N/mrar other strength
requirements as per design

/ Preboring through | | =
1 Floater/Boulder _— —11 L]

Good construction practice is also very importanehsure
successful installation of driven/jacked-in pileifaations in
limestone areas especially for sites where steemyned

Limestone Limestone Bedrock bedrock and floaters are expected. Some good cotistn
practices are summarized below:
Fig. 10Pile foundation on floating boulders. a) Based on available boreholes and cavity probingtppi

Therefore, to cater for such situations, the foitmyyvis
normally carried out:

i)  Preboring through floaters prior to installation of
driven/jacked-in piles. This is to ensure that fies
reach the intended founding layer.

i) In the event that the driven/jacked-in piles teran

prematurely on a floater, provision of compensation
piles should take into consideration the reduced
capacity of the piles founded on the floater and th
pilecap/tiebeam should be sufficiently stiff and
adequately designed to span across the piles fdunde

on floaters.

The essential steps for successful treatment oitycawnd

slump zone involve:

i)  Cavity and slumpzone probing

i)  Injection of grout/mortar. Mortar is preferretiie to its
cost effectiveness and also easy to control at site

iii)  Verification of cavity grouting

Cavity and slump zone probing should be carriedusutg a
suitable drilling machine to a minimum depth of 1@mo
solid limestone if no cavity is encountered or 18ahow the
last cavity encountered. Based on the results witycand
slump zone probing, the required treatment shoeldarried
out using grout/mortar according to the followiregjgence:

b)

i)

i)

If there is more than one drill hole for treatment,
generally mortar injection should commence around
the perimeter of the treatment zone and then
proceeding toward the centre. Each hole should be
drilled and grouted before moving to the next hole.

In the case of multiple cavities or multiple limase¢
layers in any drill hole, treatment should procé&ean c)
the lowest cavity and completed for that cavitydoef

interpretation of the bedrock profile is carried.othe
interpreted bedrock profile will serve as reference
during pile driving where the hammer height is
reduced when approaching the interpreted bedrock
profile to prevent slip-off of pile point. Howevethe
Engineer should be aware that the interpreted lokdro
profile is only a rough guide as the limestonesdsally
highly irregular in depth and therefore, good
engineering judgement must be exercised. When the
pile point has come into contact with the rock acef
which normally can be recognized by a sudden change
in the response of the hammer, pile driving is then
continued with a very small drop height of the ram
(typically about 100mm to 200mm). After the pilesha
been subjected to a series of blows until the patien

of the pile is negligible, the fall is increaseddouble

the height. The steps are repeated until the reduir
termination criterion is achieved. This proceduse i
intended to socket the pile into competent bedeouk

to prevent sliding of the pile point at the contadth

the rock surface.

Continuous monitoring through high strain dynamic
pile test should be used to calibrate the pernlessib
drop height to prevent damage to piles during
installation of driven piles. It also serves ass&ful
tool for quality control during pile installationnd
detection of damaged piles. For preliminary estiomat

of pile driving criteria, methods based on wave
equations, e.g. using software such as GRLWEAP,
could be used to determine the permissible droghhei
and set criteria. The use of dynamic formulas (e.g.
Hiley) is strongly discouraged as there is clear
inadequacy of this method.

In the event of premature pile termination daethe
existence of intermediate hard lenses (high SPT-N



value) or small boulders, the problem can be oveso
by applying a higher jack-in force or increasing th

driving energy (a heavier hammer is preferred tof3

higher drop heights to reduce potential pile daage

= unconfined compressive strength of intact rock
= reduction factor with respect to quc (Figutg 1

reduction factor with respect to rock massedaff
(Figure 12)

Quc
a

Again, the use of high strain dynamic pile tests is

recommended to monitor
installation of driven pile in such situations tosere
the compressive and tensile stresses induced ipilthe

pile stresses duringiable 1 Summary of Rock Socket Friction Design Values

for Limestone Formations in Malaysia.

are within tolerable limits.

Working Rock Socket | Remarks

Friction

2.1 Bored Pile in Limestone Area

In Malaysia, bored pile design in limestone is figav
dependent on semi-empirical methods. Generallydésign

rock socket friction is a function of the surfaceighness of
rock sockets, the unconfined compressive strenfjthtact

rock, the confining stiffness around the rock sdocke

relation to fractures of rock mass and socket diamend

the geometry ratio of socket length-to-diameterugtmess
is an important factor in rock socket pile designiahas

significant effects on the normal contact stresthatsocket

300kPa for RQD < 30%
400kPa for RQD = 30%
500kPa for RQD = 40%
600kPa for RQD = 55%
700kPa for RQD = 70%
800kPa for RQD > 85%

The working/design values
given are subject to 0.05 x
minimum of (q, e,
whichever is smaller.

Ouc = Unconfined compressive
strength of intact rock

interface during shearing. The normal
increases due to dilation, resulting in increasedkst
friction. The degree of dilation is mostly governeg the
socket roughness. The second factor on the intack r
strength governs the ability of the irregular aggeof the
socket interface transferring the shear force, rotise
shearing through the irregular asperity will ocalure to
highly concentrated shear forces from the sockké third
factor will govern the overall performance of styén and
stiffness of the rock socket in jointed or fractlireck mass
and the last factor is controlled by the profile sicket
friction distribution. It is very complicated to gutify all of
these aspects in rock socket pile design. Theref@sed on
local experience, some conservative semi-empinegthods
have evolved to facilitate quick and simple rockchks
design taking into considerations the factors dised above.

contact stres

RQD = Rock Quality| f, = compressive strength of
Designation concrete/grout for piles
b
1.0 —r111|||| I IIIﬁl'Ii T T TTTTI

Rock socket skin friction
= fs =o B Quc
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In most cases, roughness of socket is only quatist

Unconfined compression strength g, (MN/m?)

assessed due to lack of systematic and reliablaadstof
assessment. The other three factors can be qedntifi
through strength tests on the rock cores and poat tests

Fig. 11 Rock socket reduction factar,(Tomlinson, 1995).

on the recovered fragments, RQD values of the sanmgples
and some analytical method of assessing the soch
distribution. It is also customary and importantperform
preliminary and working load tests to verify thekasocket
design using such semi-empirical methods. A sdtatior of
two is a common requirement for rock socket pilsigie.
Table 1 summarises typical design/working sockitién
values for limestone formations in Malaysia.

Another more systematic approach developed by Resgn
& Journeaux (1976), Horvath (1978) and Williams &l

(1981) is also referred to in Malaysia. The follagisimple

expression is used to compute the rock socketidngtfs

with consideration of the strength of intact rocklahe rock
mass effect due to discontinuities:

fs = a*B*quc

1.0 T 25
I
et L Values of B
S o8 \ RQD|[Fracture| 0 %
S o, [frequency /
&£ j‘/ % |frodus g
5 / 0-25 | 15 |02
5] \ &
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8 e
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S v Valuesof j S| §
;c:’ 02 e P = - =5 W
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Mass factorj = E,,/E,

where

Fig. 12 Rock socket reduction factd,(Tomlinson, 1995).




During borehole exploration, statistics of,.qcan be  adopted for bored pile construction in limestonerfation.
compiled for different weathering grades of bedraokl the ~ Such an arrangement enables any unexpected gedlogic
rock fracture can be assessed through the RockitQual formations and uncertainties to be detected andggwto
Designation; RQD on the rock core recovered or bythe design can be made immediately to ensure safeast
interpretation of pressuremeter modulus in the ro@ss  effective design. In order for the successful immatation
against the elastic modulus of intact rock, which i of the observational approach, the designer shantidipate
equivalent to the mass factgrwhich is the ratio of elastic and identify the potential difficulties and measutkat need
modulus of rock mass to that of intact rock. In sarases, at to be carried out due to “unexpected” geologicairfation,
very small cost, the point load test is used teesssand such as criteria for compensation piles due to elarg
verify rock strength on recovered rock fragmentsirdy  differences in pile length caused by irregular be#r
bored piling after proper calibration with borehodsults. profiles, etc. which should be in place during thesign
stage. Therefore, foundation construction in liropstareas
In general, the contribution of base resistanckared piles is expected to involve significantly more input rfrothe
should be ignored due to difficulty in proper clean of designer during the construction stage as comparether
base especially for wet hole construction (withlidg fluid). less complicated geological formations.
The contribution of base resistance can only be ifsi is
verified by results of instrumented test piles, bweed pile  In Malaysia, construction method for bored piles in
is constructed in dry holes, proper inspectiorheftbase can limestone areas is also modified to ensure propendtion
be carried out, or if base grouting is implemenfeah et al.  of the piles. Figure 13 shows a modified rock cgrinol
(1998) reported low values of mobilised base rasist for  used for bored pile construction in limestone ar&gh a
bored piles in tropical residual soils wherg,Kalues of  tool enables the casing to penetrate (reamed) tmtthe
between 7 and 10 were obtained,, K the ultimate base required rock socket length and thus prevents problsuch
resistance factor for the semi-empirical correlaiof base as the collapse of loose soil (slime) surrounding lbored
resistance with N-values from Standard Penetraliests hole normally associated with the construction otkr
(SPT-N values) given in the equation below: socketed piles as illustrated in Figure 14.

Ultimate base resistancg, £ Ky, X SPT-N (in kPa)

The relatively low K, values are due to the soft toe effect |
which is very much dependent on workmanship and pil
geometry. This is even more pronounced in longspitewet
holes.

In view of the difficulty of proper base cleanirthe authors
strongly recommend ignoring the base contributiobared
pile design unless proper base cleaning can beaeassund
verified.

The construction method is also an important carsiibn
in the design of bored piles in limestone formatidn
Malaysia, the two most common methods of formingkro
sockets are rock coring with rock cutting bits, ahiselling = ,
by mechanical impact. Both methods have their ovenitsn  Fig. 13 Modified rock coring tool for bored pile constrigst
and need skillful operators to form a proper rockket. In in limestone areas.

general, the rock coring method will form a smoathmit

intact socket surface while chiselling will formlagvely Temporary casing
rougher sockets, but these rock sockets could bes mo . —

fractured due to dynamic disturbance to existing Inclined limestone
discontinuities in the bedrock. Therefore, chisglliis Collapse of bedrock

usually not recommended in highly fractured limesto Loose Soil
formations to prevent the risk of further fractgrithe rock (Slime) \ —
mass. Rock

DI WV A FV N W

In addition, construction of bored piles in limestoareas
often requires good collaboration between the dhesig
engineer and the contractor. This is due to thehlhig
variable ground conditions which require signifitamput
from site personnel in addition to good geotecHriesign. Fig. 14 Collapse of loose soil (slime) surrounding thedabor
It is recommended that the “observational approakt” hole (Tan & Chow, 2006).

Soft Toe

Socket




Figure 15 illustrates the performance of the medifcoring
tool in preventing the above problem at the insfa
between rock and soil by coring through to the egl
socket depth together with the casing. Conventiomethod
of construction, where the temporary casing is ailhest
using a vibro-hammer, is unable to penetrate ihto rock
layer and thus causes situations such as thosenshow
Figure 14 and also loss of concrete during cormugedf the
pile.

/Temporary casing

Inclined limestone
bedrock

No collapse of loose
soil (slime) surrounding —
the bored bole ?}%3; Rock

M
Socket

Fig. 15Performance of modified coring tool.

2.2 Micropile in Limestone Area

Micropiles in limestone areas are usually desigasdock
socketed piles in the limestone bedrock to carmheei
compression load or tension load. All micropilese ar
designed to transfer load through the shaft friGtiand end
bearing at the pile tip is generally negligible dadts small
base area. In Malaysia, the design of micropileasigally
based on British Standards such as BS449, BS8(B41H
and BS8004 as there is no specific design stanftard
micropiles. References are also made to other gatiins
such as the Federal Highway Administration, FHWAore
titted “Micropile Design and Construction Guidelgie
(FHWA, 2000), Bruce et al. (1997), Gue & Liew (19%td
Juran et al. (1999).

The design rock socket friction can be estimatdibviong
the procedures outlined above for bored piles.rAttavely,
preliminary estimates can also be made with refereio

a bonding medium, plays an important role in trarrgig
axial load from the reinforcement to the foundirigawim.
Therefore, the grout must be in good integrity aedntact
to transfer the load effectively. If the grout faih crushing
due to excessive compressive stress before thermeement
reaches the design axial stress, progressive defgpatthe
grout/reinforcement interface is then expected, chen
increasing the elastic deformation at the debondiel
segment and reducing the load transfer efficiencytha
grout/soil interface. This is particularly criticafor
micropiles with bar reinforcement under compressoad
as the bar reinforcement will buckle due to insint
confinement by the crushed grout.

Although the compressive strain limit for concrégewell
recognised to range from 2.0 x Qo 3.5 x 10 (e.g.
AASHTO section 8.16.2.3 limits the maximum usable
concrete compression strain to 3.0 X Hhd BS8110 adopts
a failure strain of 3.5 x 13), it is believed that yielding of
grout at lower compressive strain may occur. Twituifa
mechanisms can be expected if the strain of the
reinforcement reaches the yielding strain limittloé grout.
First is the crushing of grout body under excessive
compression. Second is the yielding at reinforcefgesut
interface. Gue & Liew (1998) are of the opinion ttlilae
second failure mechanism will likely happen, beeatlse
adhesion of most normal material is always lowemtlits
cohesion, which is governed by its grout stren@thce the
overstressing occurs, the yielding of the groutf@icement
interface will propagate to a deeper depth uni@ #tress
level in the grout under lateral confinement drbptow the
limit. The yielding of the interface is expected he less
significant for micropiles socketed into sound rogkis is
because the confinement provided by the sound andkthe
axial strain in the micropile attenuates very rapidith
depth at the rock socket. The design implicatidristerface
yielding are elastic shortening, reduction of effex
composite sections and unsatisfactory load tranafethe
yielding portion of the pile to the ground. In tdesign of
friction piles in soil, care has to be taken to imise such
yielding. Similar concepts are applicable to tensples.

Table 24, BS8081: 1989 where summaries of rockfgrou Therefore, it is recommended to limit the strainptevent
bond values which have been employed in practiae fo yielding of grout. For preliminary design purposasstrain

ground anchors are presented.

In this paper, only specific design aspects related
micropiles in limestone area are discussed. Forergén
design aspects of micropiles, reference can be ntade
publications cited earlier and also by Gue & Lieh948) for

Malaysian practice.

One aspect of micropile design which is often axeked is
the strain compatibility between the unconfinedugrand
the reinforcements. In view of the relatively higlesign
axial stress (50% of the yield stress of the retdgment)
usually adopted for the reinforcement, the primévad
carrying element in micropiles is the reinforcemargtead
of grout. In the load transfer stratum, the gromt the
annulus between the reinforcement and foundingustraas

limit of 1.0 x 10-3 is recommended for unconfineug.
This strain limit corresponds to the yield limitegjified in
BS8110: Part 1 which is given by the following et

&yield = 2.4 X 10" (foulym)*®

where
feu = characteristic strength of grout
Vm = partial safety factor (= 1.5)

Therefore, for typical range of grout strength BN2mnt to
40N/mnf, the above equation would give values £0f1d
between 1.0 x 1Bto 1.2 x 10

An example calculation of the strain compatibilggoblem
for micropile design is illustrated below:



Assuming:

Yield strength of steel pipe (API), ¥ 552,000 kPa
Young’s modulus of steel reinforcement,#£210 x 16 kPa
Characteristic strength of groug, £ 30,000 kPa

At allowable working stress of steel reinforcem% of
yield stress), the elastic straim, on the reinforcement will
be as follows:

€= 05/ Es= (0.5 x 552,000) / (210 x 0= 1.314 x 10

For strain compatibility, the grout should have theme

strain as the reinforcement and the calculatedesatixceed
&yietd O the grout of 1.0 x 1 and therefore, yielding of the
interface is expected.

The solutions to this problem for piles under coesgion
are as follows:

a) Reduce the pile axial stress to an acceptablaendinaiit
of grout by downgrading the pile capacity or
increasing the reinforcement.

b) Use grout with higher characteristic strength and
stiffness and therefore, a higher yield straintimi

c) Provide permanent steel casing to confine the gaeut

higher strength and stiffness are experienced Ih fu
confinement of the material. The confined stat¢hef
grout inside the casing section also allows theuigro
support higher strain values without fracturing WA,
2000). Based on FHWA (2000), typical value of
Young’s modulus for grout, d is 23,000 MPa for
unconfined grout and increases to 31,000 MPa for
grout confined in a cased length. Such confinediigro
would be able to support higher strain values and
therefore, strain limit of 1.3 x 10is recommended for
confined grout.

For micropile design in limestone area, if emptyigaor
very soft slime zone is encountered, the bucklingdl
should be considered for necessary downgradingilef p
capacity in compression. The Euler formula showlowe
can be used to calculate the buckling load depgnaimthe
end constraints:

Per = TCEl, / (KL)?

where
P.; = Buckling load (kN)
E, = Young’s modulus of equivalent pile
section (kN/rf)
I, = Moment of inertia of equivalent pile
section (1)
L = Length of pile column without lateral
support (m)
K = 1.0 for pinned ends
0.25 for fixed ends (for the cases of
cavity or slime zone — Cases A and B)
0.7 for one fixed end and one pinned end (for
the case of soft clay — Case C)

Figure 16 shows the possible end constraints faklmg
piles in different cases.
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Fig. 16 Buckling modes of micropiles (Gue & Liew 1998).

Similar to other pile foundations, the success afropiles
in limestone area also relies on the quality ofaltation and
therefore some construction control guidelines tsuee
successful pile installation are given as follo@si¢ & Liew,
1998):
a) As itis very difficult to determine the rock cotidns
for every pile, visual inspection of the rock chipgp
by experienced supervising personnel is useful in
determining the degree of weathering, indicativekro
strength, rock mass structures and/or karst femture
Records of the socket penetration rate, calibratete
borehole information and the hydraulic pressure
applied on the drill shafts can provide indicatioh
rock quality. Changes of water level or stabilisthagd



may indicate the existence of cavities, solution need for a relatively stronger platform to supgdarge and
channels and permeable layers where excessive grouteavy machinery and a generally larger working amea
loss is anticipated. Change of hydraulic pressura o install the piles. However, the drawbacks can beaged if
sudden drop of drill shaft may also indicate karstthe designer is aware of these limitations and-jackile

features. foundation systems have been successfully adopted i
b) Measures should be taken to avoid drillhole cokaps congested condominium developments, piling works at

by means of temporary protection casing and/ordifferent platform levels with limited working spacand

stabilising fluid. works carried out at lower ground level associatgth
c) Grouting should be carried out immediately after basement construction.

cleaning the drillhole by flushing the drillhole twi

clean water. Figures 17 and 18 show typical high capacity jatlpile

d) Permanent casing can be used to minimise excessivehachine in Malaysia and schematic of the machine

grout loss. Alternatively, the use of rapid hardeni respectively. Table 2 summarises some key techdatal for
grout or compaction grout to seal the flow charosed the machines.
be used.

e) Proper connection ensuring both ends of the pipes i
full contact for coupler and threaded joints and
sufficient lapping of reinforcement bars is impoitéo
ensure efficient load transfer between the
reinforcement. At coupling or reinforcement lappiitg
is recommended to stagger the coupling or lapping t
avoid weak sections.

f)  Centralisers of reinforcements are important elémen
to ensure adequate grout cover for the bonding of
interfaces. g

g) Excessive welding on high yield steel reinforcement§
should be avoided as heat can alter the chemiahl an
physical properties of the material.

h) Grease or coating on reinforcement should be rethove
to ensure good bonding. However, cleaning of the|
debonding material at the inner surface of the pige
very difficult.

i) Provision of holes should be allowed at the tipA@f
pipe to facilitate grouting between the drillholedathe
API pipe.

3 JACK-IN PILE

Jack-in pile foundation has been successfully astbph
Malaysia since the 1990s and currently, large diamspun
piles of up to 600mm diameter with working loadsugf to
3000kN have been successfully adopted for high-risg
buildings of up to 45-storeys. The popularity ofljan pile
foundation system especially for construction wotks
urban areas is due to their relatively lower n@igd lower
vibration compared to conventional piling systemshsas
driven piles. Jack-in pile foundation also offedvantages
in terms of faster construction rates, better dualontrol,
less pile damage and cleaner site conditions deds not
require the use of stabilizing liquid/drilling fhlitypically Fig. 17 Typical high capacity jack-in pile machine in
associated with bored piles and micropiles. In ficacpiles Malaysia.

installed using the jack-in method are expecteletslightly

shorter than driven piles. This is because drivéespare

often driven to greater length than is truly neaegslue to

the uncertainties associated with their geotechmi@pacity

during driving. However, jack-in piles are jacked the

specified capacity and therefore, result in savingthout

compromising the safety, serviceability requirerseand

integrity of the pile foundation. However, like alailable

systems, jack-in piles also have their drawbaaksh @s the
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Fig. 18Typical schematic of high capacity jack-in pile
machine.

Table 2 Key technical data of high capacity jack-in pile

As jack-in pile foundation system is relatively newailable
data and experience on jack-in piles are stilltiahi As such,
geotechnical design of jack-in pile is normally édson
driven pile experience, which is expected to beseovative.
Recent experiences by the Authors, as well as o#serarch
findings, have shown that geotechnical capacityaok-in
piles is expected to be higher compared to drivéesp
Therefore, based on the Authors’ experiences (C&ovan,
2009) a more reliable indicator of the ultimate acfy of
jack-in pile is based on the maximum jack-in fonrgposed
onto the pile during installation. Some of the aiqreces
gained by the Authors in the application of jackgites
based on case histories of four sites which arerteg in
Chow & Tan, 2009 are briefly discussed in this paBeme
details of the four sites are as follows:

a) Site A- 31-storey condominium development

b) Site B — 45-storey condominium development

c) Site C — 40 to 43-storey condominium development
d) Site D — 15-storey condominium development

All four sites are located in weathered granitenfation
with overburden materials mainly consisting of ysilt
SAND/sandy SILT with variable thicknesses. Typical
borehole profiles for the sites are shown in Figut® and
20.

[ No RecovERY [T MAJOR/MINOR

Fig. 19Borehole profiles at Site B.

machines.
ITEM TECHNICAL DATA
Maximum Jacking Force 6000kN
Applicable Spun Pile Diameter 250mm to 600mm
Applicable RC Square Pile Sizeg 250mm to 400mn

Self Weight (Excluding 1800KkN to 2000kN

counterweight)

11.1x10.0x9.1
13.55x12.0x 7.44

Overall dimension in meter
(Length x Width x Height)

Minimum clearance required fof 5.5mto 6.9m

piling works (Centre jacking)

Bearing pressure on sleeper Up to 175KN/m

B /"
sooef iyt
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Fig. 20Borehole profiles at Site D.



Details of the jack-in pile adopted and testedttierfour

d) SiteD

sites are summarised below: PILE TYPE WORKING | TERMINATION
a) SiteA LOAD CRITERIA*
PILE TYPE | WORKING TERMINATION @400mm spun 1700kN
LOAD CRITERIA* pile (L00mm thk)
@450mm 1520kN Jacked to 2.5 times ©500mm spun 2300kN Jacked to 2.0 timeg
spun pile working load with holding pile working load with
(200mm thk) time of 30 seconds (110mm thk) holding time of 30
@500mm 2300kN Jacked to 2.0 times @00mm spun 3000kN seconds
spun pile working load with holding pile
(110mm thk) time of 30 seconds (110mm thk)
b) Site B *The maximum jack-in pressure with holding time 8@
PILE TYPE | WORKING TERMINATION seconds is carried out for a minimum of two (2)legc
LOAD CRITERIA* Note: It can be observed that different termination criteria
@450mm 1600kN were adopted f0f the four different sites vvith ma>_<i mum ja_ck—
_ in pressure ranging from 2.0 to 2.5 and holding time varying
spun pile from 30-seconds to 60-seconds. The reasons behind this is
(80mm thk) due to techni_cal researph carried c_)ut by the Authors to fi nd
_ the most optimum maximum jack-in pressure and to satisfy
@00mm 2100kN Jacked to 2.1 times other parties (e.g. Clients, Sructural Engineers, etc.) who
spun pile working load with holding| &€ noF familiar with the relatiyely new jack-in pile
_ foundation system. As such, sometimes more conservative
(90mm thk) time of 60 seconds maximum jack-in pressure and holding time was adopted for
©600mm 2800kN qertain proj.ects Gener_ally, maxi n_1umj.ack-in pressure to 2..0
_ times working load with a holding time of 30 seconds is
spun pile sufficient (2 cycles). The implication of the difference in
(100mm thk) maxi mum jac_k—in pressure and holding time is not expected
to affect the findings in this paper.
c) SiteC Results of the pile load tests are summarised eTa. All
PILE TYPE | WORKING TERMINATION the piles selected for testing at the above fotasspassed
LOAD CRITERIA* with settlement within allowable limits.
@450mm 1900kN
spun pile
(2100mm thk)
@500mm 2300kN Jacked to 2.0 times
spun pile working load with holding
(110mm thk) time of 30 seconds
@600mm 3000kN
spun pile
(110mm thk)




Table 3 Summary of pile load test results.

Pile Diameter

Settlement (mm)

Remarks

g

Pile Length (m) - -
(mm) Working Load 2*Working Load
Site A
450* 10.5 6.36 12.89 -
500 37.0 4.53 11.89 -
500* 20.6 9.23 20.46 20m preboring
Site B
450 12.0 3.04 6.96 -
500 17.7 7.82 17.81 -
500 22.6 5.39 12.77 -
500 9.5 5.41 15.03 -
500* 6.5 8.32 19.73 -
600 17.7 4.82 12.16 -
600* 20.7 5.57 13.05 -
600 14.5 9.88 21.28 -
Site C
450 27.6 8.88 18.21 -
450* 325 6.72 15.93 -
500 24.7 8.85 22.22 Instrumented (PTP-1)
600 27.0 8.62 17.67 -
600 175 7.35 16.37 -
600 23.0 7.99 20.75 Instrumented (PTP-2)
600* 21.4 7.37 17.30 Instrumented (PTP-3)
Site D
400 7.5 9.23 19.99 -
500* 16.5 6.41 21.83 -
600* 34.8 8.48 16.76 Instrumented (PTP-1)
Pile tested up till 2.5*WL.
Settlement at 2.5*WL: 23.84mm.
Residual settlement after unloadi
from 2.5*WL: 5.48mm.
600 25.5 7.46 15.38 Instrumented (PTP-2)
Pile tested up till 2.5*WL.
Settlement at 2.5*WL: 21.90mm.
Residual settlement after unloadi
from 2.5*WL: 6.33mm.

g

*Plots of load-settlement results shown in Figu2égo 24.
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Fig. 21 Load-settlement results of pile load test at 8ite
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Fig. 22 Load-settlement results of pile load test at Bite
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Fig. 23 Load-settlement results of pile load test at Site
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Fig. 24 Load-settlement results of pile load test at Bite

From the above pile load test results, the follawiis
observed:

long as 15 minutes. However, it should be noted tha
objective of the termination criterion is to enstine pile is

a) Pile performance is satisfactory for pile lengttshert  jacked to the required soil depth in order to aehi¢he
as 6.5m with settlement at working load and twoeBm required geotechnical capacity and is not for eetnt
working load of 8.32mm and 19.73mm respectively.  verification. This is similar to installation of igden piles

b) Pile performance is satisfactory for piles where where the termination (or “set”) criterion of pileis
preboring has been carried out. This demonstraies t determined to ensure adequate geotechnical capanity
validity of the assumption that the geotechnical long-term settlement of the piles definitely cannog
capacity of the pile is a function of the jack-iorde directly assessed during pile driving. For boredegi
during pile installation. verification of pile capacity and settlement chéesstics

c) The termination criterion adopted of jacking to two depend solely on load tests.

times of working load (WL) with holding time of 30
seconds is adequate. In fact, from the load testltee ~ The designer is still responsible for assessingatiequacy
(Figures 21 to 24), there is room for possible of the installed pile length based on availablessutace
optimization, as the piles can support up to twoes investigation (SI) information. For example, it isot
working load without showing signs of plunging adequate for piles where significant proportiontled pile
failure. Two of the piles tested up to 2.5*WL ine&D capacity consists of end-bearing to have the reduir
also demonstrate that the geotechnical capacitheof termination criterion on a thin layer of intermedishard
pile is more than 2.5*WL as the residual settlementlayer/boulder followed by a soft soil below. Thdepshould
after unloading from the maximum test load is terminate in a competent stratum to ensure the-daaying
relatively small (5.48mm and 6.33mm respectively).  capacity of the pile is adequate for long-term imith
acceptable serviceability limits. This is similaro t
Based on the Authors experiences, the recommendedonventional driven pile design practice.
termination criterion for jack-in piles in weathdrgranite
formation are as follows: Therefore, similar to conventional pile design, the
termination criterion for jack-in piles should bebgected to
“The termination criterion is to jack the pile tad02imes of  verification via a maintained load test to ensudecaate
the design load for a minimum of two cycles. The geotechnical capacity within acceptable servicéghimits.
corresponding pressure has to be held for minim@im 3 However, jack-in pile offers considerable advansageer
seconds with settlement not exceeding 2mm or unlesgonventional driven and bored pile system as shawiable
otherwise specified by the Engineer.” 4,

The adequacy of the proposed termination criterion
weathered granite formation has been proven adecamt
illustrated in the case histories above. Howevegstjons
still arise with regards to the adequacy of manmitaj the

jack-in pressure for the relatively short duratioh 30

seconds only where long-term settlement of the galenot

be verified. This is especially so when practicessome

other countries require the jack-in pressure tonaétained

for as

It can be seen from Table 4 that jack-in pile foatiah
system offers advantages compared to other pilstems
as every pile installed is being verified thataincsustain at
least two times the pile working load without suiffg
plunging (geotechnical) failure. This is supportdxy
research findings of Deeks, White & Bolton (2006} &ase
histories discussed earlier. Driven piles can ooRer
indirect verification which depends on a lot of extal
factors such as hammer performance, drop heightyiile



no such benefits are offered by bored piles. Tloeeefthe
risks of inadequate geotechnical capacity for jacliles
are lower as each working piles are subjectedtttits load
tests with shorter holding time.

A proper selection of suitable RC spun piles fakjm pile
application is also important to minimise pile dajea
Experiences have indicated that slightly thickeurspiles
are required to withstand the high gripping foragring
installation. The required thickness may differdifferent
gripping system is employed.

Table 4 Comparison of different types of piling systems.

The approach of using settlement reducing piles loan
further divided into two categories of application:

a) Local deformation

b) Overall deformation

The use of settlement reducing piles to controlaloc
deformation is illustrated in Figure 26 while thentrol of
overall deformation is similar to the concept ithaged in
Figure 25 and further demonstrated in Figure 27.

JACK-IN PILE DRIVEN PILE BORED PILE
Loading rate during Slow Very fast N.A.
pile installation
Termination criteria Static (pseudo) load Dynamic load imposed onto pile Based on SI

imposed onto pile head head information

Variables affecting 1. Hydraulic system 1. Efficiency of hammer, N.A.
efficiency of load of jacks helmet, etc.
transfer during pile 2. Calibration of 2. Hammer drop height
installation pressure gauge 3. Cushion properties

3. Gripping system 4. Eccentricity of

of piling machine pile/hammer

Verification of Relatively straightforward Indirect verification based on N.A.
geotechnical capacity as loading rate is slow dynamic analysis. Often
during installation unreliable.
Probability of pile Low High Depends on
damage during workmanship
installation

4 PILED RAFT FOUNDATION SYSTEM

Like most major Asian countries, the locations o&jon

cities of Malaysia are close to major rivers oriatr mouths.
As such, design and construction of civil enginagrivorks
at such areas with presence of thick depositslovial soft

clay poses significant challenge to geotechnicajirezers.
Recent innovations in the use of piled raft fouraasystem
in soft clay include the concept of short-frictigiles for

low-rise structures (Tan et al., 2004) and theafsaled raft

with different pile lengths (Tan et al., 2005 aniéW et al.,

2002).

The general concept of piled raft using settlenredticing
piles is illustrated in Figure 25. The method rstfiproposed
by Burland et al. (1977) and subsequently, varicase
histories have been reported (e.g. Love, 2003, ¥hita et
al., 1994 and Burland & Kalra, 1986). For the idesd
condition of uniform loading, the settlement prefibf the
raft foundation is of ‘bowl’ shape where the settént is the
largest in the centre and smallest at the edgedle®ent
reducing piles are therefore introduced at thereeot the
raft to reduce raft settlement at the centre ang tteduce
differential settlement.

Uniformly loaded raft foundation

\&ﬂiﬁlﬂﬂ_ﬂﬂ,._————

Central piles to reduce differential settlement
Fig. 25 Concept of settlement reducing piles
(Randolph, 1994).
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It can be seen then that with piles strategicallgated at
areas of concentrated loadings or at areas withatfggest
settlement, the differential settlement of the fdation can
be controlled to prevent serviceability problemslsias
cracking, etc. In addition, it must be pointed that the use
of settlement reducing piles would also reduce dtiesses
on the structural raft. The use of piles to redsitesses on
the structural raft can also be referred to aeSstreducing
piles” (Burland & Kalra, 1986).

The benefits of considering both raft and piles the
assessment of the foundation system are cleaubtiidited in
Figure 27. Traditionally, piles are often introddoghen the
overall settlement of the raft is unacceptable fbe
particular usage of a structure. However, by assgntiat
the loads are resisted entirely by the piles ordft {gnored)

would result in unduly conservative design where th

settlement is reduced significantly smaller thacessary. In
addition, significantly higher number and total dém of
piles are required when the load resisting contiginuof the
raft is ignored. This is significant especially flarge pile
group with large spacing in soft ground with a efil
platform where capacity of pile designed converaltyn
have to be downgraded for negative skin friction.

4.1 Piled Raft System for Low-Rise Buildings (Less than
3-storeys high)

The piled raft system for low-rise buildings is geally

based on the concept of settlement reducing pileontrol

local deformation where piles of single
strategically located beneath concentrated loats. design
approach adopted generally follows the recommeodsitbf
Poulos (2001) where four circumstances in whichila ig

provided beneath a concentrated load (i.e. colunwed):

to cracks on buildings. Therefore, Conditions 3 dndrise
which necessitate the introduction of settlememtucing
piles. The settlement reducing piles are desigrseftiction
piles and this eliminate the risk of structurallfe¢ or
inadequacy of piles due to negative skin frictiorhe
structural member of the foundation system
determined based on factors such as the archisddayout,
arrangement of columns and walls, etc in orderrtvige
the required rigidity to distribute the superstuuret loads.
Usually for low-rise buildings, the structural meentof the
foundation system consists of combination of stepd raft.
This system is adopted to minimize the thicknesthefraft
for maximum economic benefits while not sacrificitige
required rigidity. Therefore, the strips serve thl purpose
of providing the required rigidity to the foundaticystem
and also as ‘pilecaps’ to distribute the column asadl loads
to the piles. With the strips located directly bethethe
columns and walls and subsequently designed tstréw
stresses induced by the columns and walls loads thig
settlement reducing piles in place, Conditions d 2nwhich
are governed by structural considerations, are armdr
critical.

The locations of the settlement reducing piles eterdnined
based on Conditions 3 and 4 mainly concentrateolatnm
locations and along the span of line loads (i.elsjawith
the piling layout confirmed and framing of the gtraft
completed, detailed analyses of the foundationesysto
determine the stresses induced on the structunalbees are

length are carried out for subsequent structural design. Tdaa be

carried out using commercially available structuaablysis
software.

However, due to the limitations of structural amsédy

is then

a)

b)

c)

Condition 1: if the maximum moment in the structura software where supports are usually modelled using
member below the column exceeds the allowable valuauncoupled spring constants or Winkler foundatioitsis

for the structural member. necessary to determine the appropriate spring aotssto
Condition 2: if the maximum shear in the structural account for the actual behaviour of the foundasgatem.
member below the column exceeds the allowable valueT he limitations of the Winkler foundations as highked by

for the structural member. Poulos (2000) must be clearly understood in order t
Condition 3: if the maximum contact pressure below produce meaningful analysis results. The detailealyaes
the foundation exceeds the allowable design vadue f carried out can be broadly divided into two catésgor

the soil.
d) Condition 4: if the local settlement below the ¢uhu
exceeds the allowable value.

a) Local stresses at locations of concentrated loads
b) Overall stresses for the whole block of the houses

Analysis to determine the local stresses are furtivaded

Poulos (2001) original recommendations as sumnthrise into three different cases (Tan et al., 2004):

above are derived for stiff/dense soil. Howevethis paper,
the above approach has been extended for soft graith
some adjustments.

In order to adopt the concept of settlement redugiites,
the foundation raft must be able to provide adesjbatring
capacity in the first place and the piles are galeroduced
to control differential settlements within allowahimits of
angular distortion, and also to reduce the stresseshe
structural member. At areas of concentrated coluamd
walls loads, large contact pressure is induced hen soft
ground which can cause excessive local settlensamting

a) Case 1: Pile performance as per predicition

b) Case 2: Pile performance is lower than prediction

(undercapacity)

c) Case 3: Pile performance is better than prediction

(overcapacity)

The load-settlement response of the pile givenhaythree
cases above is shown in Figure 28.



_ Relative settlement
" between pile and raft

Fig. 28 Load-settlement response for Cases 1, 2 and 3.

The three cases cater for possible variations énstibsoil
properties and pile installation procedures resgltin
different values of relative pile stiffness andlsstiffness
beneath the raft. The variations of the stiffnessile affect
the stresses generated in the structural membdraesd to
be taken into consideration. A hypothetical exampke
illustrated in Figure 29 shows that different magdées of
hogging and sagging moments are induced in thetatal
member due to different values of relative pild-stiffness
of Cases 1, 2 and 3. The design of the structuesthiber to
cater for localised stresses, therefore, has toased on the
envelope of stresses (bending moment and shearhéor

With the local stresses being catered for by theetltases
(Cases 1, 2 and 3), the overall stresses for tlwewdock of
the houses needs to be analysed based on the loveral
settlement profile of the block of houses. As higjied by
Terzaghi (1955) and Poulos (2000), the Winkler esyshas
its limitations in that it is only able to furnistalues of local
stresses. Therefore, in order to cater for ovestaisses on
the whole block of the houses, additional settleragialyses
are carried out to determine the settlement profde
subsequent determination of spring stiffness fergies and
soil. The settlement analysis can be carried osethaon
Terzaghi’'s 1-dimensional consolidation theory amel $tress
distribution is based on Boussinesq’s theory. Tafeaan be
assumed to be truly flexible as the raft is rekdsiv'thin”
compared to its size (area) which is on the comgime side
for design. The settlement analysis must also tahkés
consideration the effect of adjacent rows of howseshown
in Figures 30 and 31.

Typical settlement profiles obtained from the settént
analyses are shown in Figures 32, 33 and 34 ragelyct
The settlement profile are subsequently used terohie
the spring stiffness (value of load/settlement)tfar pile and
soil support in order to simulate a similar setiemnprofile
giving the overall stresses on the whole blockafdes. The
figures show the effect of load from adjacent bloak
houses in increasing the settlement and hencergitial
settlement. Therefore, particular care should bergto the

three cases. Similar design approach using settieme design of the foundation system especially at thmer of

reducing piles has also been adopted by Love (26@3)
stiffer materials.

the blocks and at areas facing another block ofésuas the
differential settlement and bending moment arddhgest at

Umformly Dlstnbuted Load

B AN
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those areas.
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Fig. 29 Hypothetical bending moment profile for Cases and 3.

Smaller sagging moment




Sectional View

Row of houses under
consideration

'7\ Stress bulb from adjacent
- ! row of houses

Fig. 30Effect of adjacent houses on settlement
(terrace house).

Note: Vertical scale
exaggerated

P

Relative
Settleme/
(mm)

Plan View

House under
consideration

Corner unit Intermediate unit

Fig. 31 Effect of adjacent houses on settlement
(semi-detached house).

Note: Vertical scale exaggerated

Relative
Settlement
(mm)

S o

Fig. 32 Settlement profile for terrace house.

Note: Vertical scale
exaggerated

Relative
Settlement

Distance (m) ~

S D

Fig. 33 Settlement profile semi-detached house (cornej.unit

Fig. 34 Settlement profile semi-detached house
(intermediate unit).

Instrumentation results reported by Tan et al. £0%ave
confirmed the validity of the above approach where
settlement monitoring has demonstrated the adequiaihe
foundation system and also show the effect of lbath
adjacent structures influencing the settlementilerofigure

35 shows the locations settlement markers whileirfeig 36
and 37 show the settlement monitoring results.

4.2 Piled Raft System for Medium-Rise Buildings (3 to 5
storeys high)

For medium-rise buildings, due to relatively higHeads
imposed onto the foundation, the piled raft systamsists
of piles with varying pile length interconnectedthwa rigid
system of strip-raft. This approach is adopted tuehe
larger overall settlement expected as compareauerise
buildings. This will result in a more pronouncedovd’
shaped settlement profile. Therefore, piles of wayyength
with the longest piles in the middle and progresisiwhorter
piles towards the edge are adopted as shown ind-RBfito
reduce differential settlement.

The interaction between the pile-soil-structureigstaft) is
carried out iteratively using pile interaction sedire (e.qg.
PIGLET, PIGEON) and structural analysis softwareg.(e
SAFE). The convergence criteria adopted for theafiiee
analysis is set at10% variation of pile reactions from
previous analysis. The proposed approach of usiagptle
interaction and structural analysis software ifeedy arises
due to limitations of the respective commercialtwafe in
modelling pile-soil-structure interaction as follow
a) General pile interaction software
- Limitations:
i. Unable to model strip-raft.
i.Unable to cater for random locations of
column and wall loads (only caters for point
load at centre of strip-raft, uniformly
distributed load over the entire foundation or
point load on each pile).
- Applications:
i. To model pile-soil interaction which cannot be
modelled by general structural analysis
software.
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b) General structural analysis software

- Limitations:

PIGLET is derived for piles of uniform length. Tléuore,
the original equation proposed by Randolph & Widi®79)
is revisited by the Authors in order to derive duson for

i. General structural analysis software usually piles with varying pile length.

adopts Winkler model for soil and uncoupled

spring constants for piles where interaction The solution for pile interaction by Randolph & Wiho

between piles and soil cannot be modelled.
- Applications:

(1979) is based on the solution for single pilen&adph &
Wroth, 1978) and extended for pile groups based on

i. To model the strip-raft and its effect on the principle of superposition. A stiffness matrix rtatg load, P

pile-sail interaction.

and settlement, wis then obtained with the pile length

ii. To cater for random locations of column and incorporated into the matrix as a constant. Thehoubtis

wall loads.

based on the superposition of individual pile dispiment

iii. To determine stresses on the strip-raft for fields, considering the average behaviour down pile

design. shafts separately from that beneath the level®pile bases.
Strip-raft
| 7|
b o\d o Y g g Y Y X X N\ Y N Y
Piles with varying length . - - -
Fig. 38 Schematic of piled raft system with varying pilad¢hs for medium-rise buildings.
It must be noted that the iterative analysis ispps®d to  Therefore, for cases with different pile lengthdiet

enable pile-soil-structure interaction analysischeried out
using commonly available software within reasonabiee
and computer resources for practical design pugioBke
analysis can also be carried out using Finite Eferiviethod
(FEM) software (e.g. PLAXIS 3-D Foundation) thatnca
model  3-dimensional  pile-soil-structure interaction
However, the FEM software will have great limitation the
numbers of piles that can be modelled practically.

Results of the analyses, such as pile
settlements, are then checked against designiarédopted
to ensure the pile capacities are not exceeded thed
settlements are within allowable limits.

In this paper, the interaction of piles is based tbe
solutions of Randolph & Wroth (1979). However, lisild
be highlighted that the original solution of Ranuol&

interaction of the pile base at different levels viery
complicated and its effect to shear stress alohg shaft
unknown. However, for the current application inftso
ground, the pile capacity is derived primarily fratmaft/skin
friction with very little end-bearing contributio.herefore
the original equation proposed by Randolph & Widi®79)
can be rewritten with pile length as variable whekery
single pile in the group can be assigned differatties of
pile length. This has been incorporated in the Arghfirm

reactions anthternally developed software, Pile Group Analysising

Elastic or Non-linear Soil Behaviour, PIGEON (ChdwM.
& Cheah, S.W., 2003).

4.3 Case Histories

4.3.1 Mixed Development Overlying Highly Compressible
Soft Clay

Wroth (1979) and subsequently adopted in the soffwa This development comprises of residential and corciale



units at a site of about 1200 acres at Bukit Tingdang,

Malaysia, which is about 40km towards south wedfwudla
Lumpur. This development was constructed over siitfy

clay, termed as Klang Clay. The detailed descnistiof the
Klang Clay were reported by Tan et al. (2004) aaedegally
consist of alluvial deposits of very soft to firnftys clay up

to a depth of 25m to 30m with presence of interaedsand
layers.

The foundation system adopted for the low-rise dings -
generally consists of 150mm x 150mm x 9m length
reinforced concrete (RC) square piles interconmketéh

350mm x 600mm strips and 150mm thick raft. The vidw , = : 5 :
recently completed houses are shown in Figuresndgia. Fig. 40View of recently completed bungalow houses.

As presented earlier, the performance of the fotiowa
system is proven adequate based on settlement oriagit
results.

The foundation system adopted for the medium-rise
buildings (5-storeys low cost apartment) generabysists

of 200mm x 200mm (RC) square piles with pile length
varying from 18m to 24m interconnected with 350mm x
700mm strips and 300mm thick raft. Figures 41 ahdlbw
typical piling layout for low cost apartment anawi of the
recently completed low cost apartment respectively.

Settlement monitoring is also carried out for tbev Icost
Fig. 39View of recently completed terrace houses. apartments and the results were reported by Tah,e2005
and Tan et al., 2006. Some of the monitoring resate
presented in Figures 43 while Figure 44 shows dbations
of the column settlement markers.
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Fig. 41 Typical piling layout for low cost apartments.



Completed 5-storeys Apartments

Soft compressible layer (= 25 to 30 m)

Piles with varying len

gth (18m, 21m and 24m)

Stiff layer

Fig. 42View of recently completed low cost apartments vgitiperimposed schematic drawing of

piled raft system.
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43 Settlement profile across settlement markers.
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Fig. 44 Locations of column settlement mark

4.3.2 2500-Ton Qil Storage Tank on Very Soft Alluvium
Deposits
A palm oil mill has been constructed over sandedill
platform with an area of about 83,000mn soft swampy
ground. The proposed site is located about 50kny drean
Sg. Guntung of Province of Riau, Sumatra, IndoneEfe
subsoil conditions of the site generally consisttad one
metre of organic materials of peat and decayedrtrets at
the surface with no obvious dessicated weathenest.cfhe
top 5m of the subsoil has over-consolidation ré@&R) of
1.6 at the top and gradually reduces to 1.0. Uregmthe
organic materials, the subsoil mainly consists efyvsoft
normally consolidated clayey deposit of 34m thiokdwed
by 12m thick medium stiff clay overlying the whiteedium
dense fine sand and dense clayey sand.

The tank structure consists of a 12.2m high stk twith
external diameter of 17.5m and shell plate thickr&s8mm.
All the tanks with coned-down base slope of 1/39 seated
on the 0.5m thick sand bed contained on the 0.5o0k th
reinforced concrete (RC) raft. There are a total18f7
numbers of 350mm diameter hollow circular prestdss
concrete spun piles spaced at 1.5m square grilts With
lengths of 24m (68 piles), 30m (48 piles) and 3@ giles)
respectively have been strategically located whih lbnger
piles at the centre rim and shorter piles at thierotim of
the raft to control the raft distortion under tlo¢at imposed
loading of about 3500 ton. Figures 45 and 46 shbe t
schematic of the piled raft foundation system arevvof
the completed tank respectively. The design
instrumentation results of the tank foundation hdneen
presented by Liew et al. (2002).

an

2500-Ton Qil
Storage Steel Tank

IR RC Tank Raft

1.1m Sand
Fill

48m Very Soft
to Medium
Stiff
Compressible
Marine Clay

Prestressed Concrete
Circular Spun Piles with
Varying Lengths
(24m, 30m and 36m)

Dense Sand

Fig. 45Schematic of piled raft foundation system.
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Fig. 46 View of completed tanks.

5 CONCLUSION
The practice of geotechnical engineering in Malays
basically self-regulated which encourages innowation
order to value add and be competitive. As suchiouar
foundation systems have been adopted in Malaystadar
to meet market demand. Traditional pile foundatismsh as
precast driven RC piles, bored piles and micropées
currently being supplemented by relatively newestems
such as jack-in piles and ground improvement methsagth
as stone columns, cement mixing, etc. Due to irsimgéy
scarce “good” soil conditions for developmentsréasingly
complex and innovative solutions are being adopited
Malaysia such as piled raft foundation and “flogtin
foundation system in soft ground conditions.
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