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ABSTRACT: This paper presents two case histories coveringllapsed piled supported reinforced soil wall aakw deposits under
extreme weather condition and another case of skeemovement of piled road embankment approacfiestiag the bridge abutments.
The first case history demonstrates an ultimaté tate condition under the most unfavorable nrefegical events of which the failure
was expected and justified from the design reviehereas the second case shows the problem of tisslatation settlement of working
platform resulting free standing condition of thmlankment piles with high lateral loading from then-pile supported approach earth
embankment of lower height. Both cases involverttaehing of ultimate lateral pile resistance & gupported structure. Sequence of
events established from investigation evidenceditggto the failure are illustrated in the paped aemedial solutions are also presented.

INTRODUCTION

This paper presents two case studies sharing teeegiing forensic I
findings on piled supported structures in takirtgral loading.

1. CASE STUDY - A
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1.1 Introduction
8 material

The project site is located within a new residédrdiad commercial
mixed development at the southern region of Petanddalaysia.

The collapsed structure is a combined 2m high oeaefd concrete A
RL16.5m to RL17.5m

(RC) wall sitting atop a 8m high reinforced soilSRwall supported
on 400mm thick RC slab and six rows @qB0Omm driven
prestressed spun concrete piles at weak thick iatluvdeposits
overlying a more competent very hard residual soithe 255m m ||

long combined wall was constructed as the buildatatform at Figure 2 Cross section of the original design ahbimed walls
RL29m for a commercial complex in which there B.5m deep and
6.5m wide monsoon drain in front of the wall. Ta#fit of 400mm PREVIOUS BOREHOLES ADDITIORAL BOREHOLE

(After Failure)

thick RC slab is at about RL18.6m, whereas therineemonsoon \
drain varies from RL16.5m to RL 17.5m towards ugesin. Figures oo ‘
1 and 2 show the layout plan of the project site emss section of ] ke
the combined wall respectively. =
Generally, fill consisting of medium stiff to stitflayey SILT 53
and clayey SAND (N=6 to 10) was found at the tojw $m below ]
the initial platform at RL20m. Subsequently, veoftdo soft CLAY =
material (Su=40kPa) of about 4m thick was detecteerlying a &
stiff to very stiff sandy SILT (N=10 to 30) of abtoLOm thick. The

(i 331

groundwater level fluctuated between RL14.0m and&am. The s Errer 3 Eo
subsoil profile and soil conditions of the projsite are summarised 3 3 E,
in Figure 3. ]
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Figure 3 Subsoil conditions of the site

1.2 Chronology & Observations of Combined WalCollapse

In early Jan 2007, a portion (Ch Om to Ch120m) ke nhearly
: B A completed combined walls collapsed towards the wamsdrain

o coeas VL 2B AN L after prolonged intensive heavy rainfall. Befdne collapse, the
= “E ; affected wall was only left with the balance of kfiling work of

Constructed ~ _ the completed upper RC wall and some with the mmeoctf the
s kol g upper precast RC wall stems at the beginning chaina

The following observations at the failure scenesanamarised:

S e a. Collapsed retained ground with water stagnation was
T B observed at the tension cracks on the granularfiiaoid the

s upper cohesive backfill.

Monsoon Drain

Figure 1 Layout plan of the RS wall
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b. Wet wall panels and traces of watermarks were w@bser
implying evidence of seeping water through the pgoiets.
The highest level of observed seeping watermarksatahe
top of the RS wall indicating high water level bathithe wall
panels as shown in Figures 4 and 5.

c. The base slab was still well attached to the |djetanslated
RS wall. As shown in Figure 6, the upper parthef €xposed
piles had suffered flexural hinge damage at bothpilte head
and 1.8m below the slab soffit probably under esives
lateral loading resulting in lateral translatiordamtation of
piles towards the monsoon drains.

NI
Wall tilted and
collapsed

’

Figure 6 Damaged foundation piles
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Following the wall collapse, additional subsurfameestigation was
carried out to confirm the ground conditions fovestigating the
causation of failure and proposing remedial desidrainfall data
for the corresponding period was also gathereth®investigation.

The following aspects as tabulated in Table 1 ves@mined in
the investigation of probable failure conditiontieé combined walls
and also the review of remedial design.

Investigation & Geotechnical Assessment
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Table 1 Probable failure conditions

Type of Analysis Assessed Elements

Total Imposed| Assessment of Lateral Earth Pressure

Loadings on Wall & with Water & Vertical Loads

Foundation

Pile-Soil Interaction of Axial, Shear & Moment Loading

Foundation Distribution on Piles

Structural & Axial Shear Moment

Geotechnical (Struct/Geo)| (Struct/Geo)| (Struct)

Capacities of Piles

External Wall Stability Sliding Overturnin Bearing
? Capacity

Overall Limit Factor of Safety against Instability

Equilibrium Stability
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Based on the assessment, the following findingsheateduced:

a. The foundation pile design, at service groundwaterdition,
had achieved optimum design requirements with aatequ
safety factors.

b. Rise of water table to RL25m after prolonged ardecé
rainfall and follow by a triggering rainfall indudeexcessive
lateral force on the foundation piles supporting tombined
walls, in which the ultimate limit condition wasaehed.

c. Excessive imposed lateral stress exceeded theatétitateral
resistance of the foundation piles resulting in tiolapse of
central portion (CH40-CH70) of the combined waltlgnulling
the adjoining wall from both ends.

Investigation Findings

1.5 Proposed Remedial Works

The following remedial works were proposed at site:

a. Dismantle the collapsed combined wall and demolisk
original RC slab,

Replace the disturbed weak foundation soils witiskeer run,

Install 6 rows of new offset raked and verticalridation piles,

. Construct new RC slab with same reinforcement tetid

reinstate damaged monsoon drain,

e. Re-erection of RS wall with additional weepholesrirontal
drainage pipes and drainage layer behind the waitiels.
Additional weepholes and horizontal drainage pipese also
introduced to the intact wall survived in the faduncident,

f. Re-erect the new RS wall with free draining batkfibterials
and top compacted cohesive fill for the upper Rall,w

g. More proper construction controls and precautiomagasures
such as temporary cut-off drains of larger capaagquence
and compaction of backfill granular material andosel
monitoring works on both intact and re-erected Rl were
carried out. Figure 7 shows the cross sectionalvof the
remediated wall.

%

=

oo

Drainage blan%g&éMPm\‘{g pipe ;

|
| [EEET :
]'I . well compacted
g | | granular fill material :
TOPVEPpipE .l

| b one

\ i s

—— |
BT £ RATD »

— st e
- AR BN

3 s G0 BROSTRESGED 57U PLCS
il At

|
!
T T PN AL

Figure 7 Cross section view of remediated combimafil
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CASE STUDY -B
Introduction

The project located at the State of Selangor, Madayinvolves a
construction of 3-span concrete bridge (Pier 1 & Z£h 3286 & Ch
3307, Abutment A & B at Ch 3266 & Ch 3328) overusial
formation with ground level at about RL8.5m anderivnvert at
about RL7.2m. Fill of 1.5 to 2m thick over the 1Ghick weak
alluvial deposit was required for the piling platfoat RL10.50m.
Generally, the fill thickness at the site is ab&4m above the
original ground level. Subsurface exploration conéd that the
underlying weathered residual soil of 7m thick ésirfd above the
weathered meta-sedimentary formation of primary dsame
derivatives. The subsoil parameters are summains€eble 2. Due
to higher embankment fill (5.4m) and relatively \Wea ground
condition at the Abutment B side, the approach evkiveent was
supported on 200mx200mm RC pile foundation at 1.8m grids for
a stretch of 30m long and the lower embankmentamathe treated
ground using Prefabricated Vertical Drains (PVD}mwsurcharge.
Trial Electrically-conducting Vertical Drains (EVDYyas applied at
the small area of 20mx20m replacing the origindégignated PVD
treatment. Both abutments were supported with fooret row of
raked piles and rear row of combined vertical aaked piles for
both the lateral and vertical resistancgd00mm “ICP PHC” Class
Prestressed spun concrete piles were used fobthlimant piles.

Table 2 Strength parameters of subsoils

’ Unit Undrained Shear Strength, Su
Subsoil
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global lateral movement of the bridge deck in theedaion
from Abutment B towards Abutment A. Bridge movernen
monitoring layout in Figure 10 revealed maximumdbge
movement of 40mm in longitudinal direction as shioviFigure
11. However, movement of the bridge before comrmissg
the monitoring works was not registered.

As shown in Figure 12, the filled piling platformas settled
about 400 to 1000mm in magnitude beneath the RIEdslab
and flexural cracks were observed at numbers ef $tanding
piles at the piled embankments.

movement led to 100mm gap at joints of the slab.

Distorted

Bearing P

Figure 9 Shearing distortion of rubber bearing

* Settiement Markers (LOT) - 28 May -31 Jul 2005
# Displacamant Marks s (by LDC) ; 02 Mar~ 18 Jun 2006
® Displacement Markers by G&F) : 25 Apr—7 Way 2007
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Ch 3307.42
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ch 332812
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. Slab of piled embankment was damaged and the slab

Weight Abutment A

Abutment B

Filled Materials 20 kN/m3 40 kPa

40 kPa

QOriginal ground 16 kKN/m* 12 kPa (about RL 6.5m — RL 9m)

20 kPa (about RL 1m — RL 6.5m)

15 kPa (about RL 8m — RL 9m)
12 kPa (about RL 6m — RL 8m)
10 kPa (about RL 3m — RL 6m)
15 kPa (about RL 1m — RL 3m)

Hard materials (SPT'N’ > 50) 18 kN/m? >250 kPa

>250 kPa

M2 "

Maxirmuen di

—&— 3/3/5006
—m— 5/3/2006
—— 8/3/2006

Figure 8 shows the layout of distressed piled erkivemt and
the embankment on two ground treatment technigeas @h 3375.

2.2

Site Observations

The following observations during the constructiand after the

distress were summarised:

a. First failure occurred at the PVD treated area ichiaiely next
to the piled approached embankment after the enmbenikfill
was completed 6 days later.

. Subsequently, development of tension cracks leadirsgidden

collapse of embankment fill was reported at the EtviEated

area and the adjoining piled embankment after iagchm fill
height.

Thereafter, spalling of concrete and gap openintpetridge

deck near Abutment B were observed.

. After the failure of EVD embankment and piled embaent,
most electrometric rubber bearings at Abutments il &
suffered observable shearing deformation as shovigure 9.

. From the bridge bearing distortion at abutments pieds, it
was confirmed that there was clockwise rotationptan and

—— 1613/2006
—%—21/3/2006
—e—31/3/2006
—— 2142006
——— 4/5/2006
—| |—— 161512006
I |—e— 1612008
—m— 18/5/2006
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Figure 11 Movements in the longitudinal direction

Figure 12 Settlement of piling platform and flexbdamage of
embankment foundation piles

2.3  Geotechnical Assessment & Forensic Findings

Back analyses of the collapsed embankment at thmungr
improvement areas revealed a slight increase ofitabidPa in the
mobilised undrained shear strength comparing to thiéial

undrained strength of 10kPa. With the plastic defiion of the
underlying weak subsoil under the embankment I@adinthe PVD
and EVD treated area and marginally low safetydia¢EOS), the
piles would gradually approach flexural yieldingnd@ion and
exhibit excessive pile movements and rotation atpghastic hinge
formed. The lateral thrust of the relatively uld¢éaembankment on
treated ground with potential failure mechanismihehthe piled
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embankment could have also imposed excessive festiress to
the RC piles. The net horizontal thrust after dtidig the lateral
resistance of the group piles beneath the embartkthen pushed
Abutment B, bridge decks and Abutment A. The beadistortion
shape agrees well of the load path traversing fileenAbutment B
through bridge decks and the piers and finally meag Abutment A.
A schematic diagram of such scenario is shownguare 13.

4=  MovementDirection % pig

(7, Clockuise Rotaton
G niciockwise Rotaion

Plastic Hinge

Pa: Active Earth Pressure

between Piled Embankment Slab & Abutment
Pile Group Capacity of Embankment Piles
t on Stability Soil Mass with

AbutmentB  Piled Embankment

Figure 13 'Schematic bridge movements

In assessing the embankment stability and givirghtbnefit of
doubt, the lateral resistance from the piles todttidge supports was
maximised by assuming attaining ultimate limit statondition
considering the excessive lateral movements of {hiked
embankment, abutments, bridge decks and bearirtgrtibs as
observed. Table 3 summarises of the computed atiimresistance
of all the bridge structure elements related tddleral movements.

Table 3 Summary of ultimate resistance

Elements Ultimate Lateral Remarks
Resistance
Rubber Bearing 44KkN/bearing From
(under vertical manufacturer’s
working load of technical
170kN/bearing) catalogue
Embankment Pile 39kN/pile
(391 nos. of (fixed head) Brinch-Hansen
200mmx200mm Total Lateral hod usi
RC pile) Resistance = 371kN T:]eet n?o d‘;f?érég
(pile group efficiency imiti
of 1.0) limiting
Abutment Pile 102kN/pile resisance with
(18 nos. ofpd00mm (fixed head) p
Class A spun pile)

Assuming both abutment piles and piled embankme
foundation piles had reached the ultimate pile groapacity, the
safety factor of the embankment stability in londinal direction is
at best 1.14 to 1.26 depending on the pile ecaitytdue to lateral
displacement. Creeping foundation movements dwedarrence of
plastic deformation of underlying weak subsoil witause
unacceptable serviceability conditions of piles agdadually
undermine the structural integrity of the bridgeisture. In fact, the
entire system including the bridge, pile embankment the
embankment was at the marginally stable conditidth wery low
safety factor. The summary of the safety factothef embankment
stability at the PVD and EVD treated embankmentrimbthe piled
embankment with consideration of the pile ecceityrieffect as
shown in Figure 13 is presented in Figure 14.

As discussed by Marche & Lacroix (1972), lateraveraents of
weak foundation soils are likely to become sigaifit when the
embankment loading is greater than three timeshefundrained
shear strengths of the subsoil underlying the efkibant. Stewart,
et al (1992) also observed a bilinear responsehenntaximum
recorded bending moment of abutment piles agairs¢ t
embankment loading, indicating plastic deformaaoound the piles
when the embankment loading reaches 3 to 3.5 tiheesindrained
shear strength. The embankment stability undesetlmnditions
corresponds to safety factor of about 1.5. As médarthe safety
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factor of embankment, Hunter, et al (2003) haveeweed thirteen
trial embankments and concluded that the embankméhteach
60 to 70% and 75 to 85% of its failure height & #afety factor of
1.5 and 1.25 respectively. In this case, it igliikthat the plastic
deformation at the PVD/EVD treated area might hdeeeloped
even before reaching the finished formation lex&l0fnm below
finished road level), in which an embankment falwould have
occurred shortly after reaching the formation level
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Iauf:ral pile group efﬁciency, n
Figure 14 Safety factor of embankment stabilityhwateral pile
group efficiency and pile eccentricity effect
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2.4 Proposed Remedial Works

For the remedial design, it was crucial to simudtausly remove the
active lateral earth pressure behind both abutméatsavoid
unbalanced lateral loading and replace with geii¢exeinforced
backfill preventing lateral load from imposing teetabutments. The
embankment removal and reconstruction were closebyitored
using the movement markers. As for the distresdedembankment
structure, it was suggested to demolish and rdinsith new piles
and RC slab for the embankment height exceeding.2.5

3.0 CONCLUSIONS

From these two case studies, it is obvious thatwikak lateral
resistance of the foundation piles in supportingvye vertical
loading can often be overlooked in the conventiongthining
structure design despite optimum pile design hashlveell achieved
in the first case with the serviceable groundwatsrdition, but it
just failed suddenly with worst possible conditioh water table.
Huge contrast between the vertical resistance atedal resistance
of concrete piles, and the inherent brittle failure lateral pile
Msistance can easily lead to poor robustnessusfdfation design.
As such, it is suggested to consider ground impr&rg technique
to strengthen the weak underlying foundation sfolssupporting
heavy gravity retaining structure as a first ptipinstead of brittle
concrete pile foundation. If concrete piles wesebe used for a
specific reason, it is important to have rakedspileth lateral self-
balanced pile arrangement to improve its designstiess in taking
lateral loadings with uncertainties in additiorthe vertical loading.
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