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ABSTRACT

Failure investigation of temporary excavation candeployed in a systematic manner
using the principles of forensic engineering. Thegper focuses on the investigation
works for two (2) temporary excavation failureskiang Valley area, Malaysia. Both

excavations utilised temporary steel struts propggainst partially completed basement
structure as lateral shoring supports along thapiperal retaining wall. The two

investigations show that it is undoubtedly necgssarhave appropriate and sufficient
materials sampling and testing as part of the iy&tson processes if conclusive
evidence regarding the failure cause is to be oeted. The method, combined with the
experience of the investigators, adequate evidentewsaterial defects and numerical
modelling of actual construction processes by diretement analyses, provide useful
insight in exploring the probable causes of thdapsle of temporary excavation and
identify the major cause(s) accounted for the psks. The excavation failure

investigation methodology presented in this papen serve as a guide for the
investigation of similar failures and also as ataslearnt for future excavation projects.

1 INTRODUCTION

Engineering failure investigation is a detectiveqass of determining why and how things went
wrong. Forensic engineering can be defined asafimdication of the engineering sciences to the
investigation of failures or other performance peofs, with a focus on uncovering causes so that
improved facilities can be engineered.

The first stage in determining the failure causedhe investigative synthesis, where all the
information gathered is recorded in a logical manrtgpically in a report format and in
chronological order. The following details are geily required from the Client for undertaking a
excavation failure investigation study:

I.  Subsurface Investigation (Sl) factual Report.
ii. Geotechnical design report prepared by the condifeavailable)
iii.  Original topography of the site (before earthworks)
iv. Earthworks plan and cross-sections
v. Permanent retaining walls and temporary struttiégjgh analyses and calculations by the
consultant or/and contractor

vi. Detailed construction drawings of the walls andeitsavation and strutting sequences

vii.  As-built drawings of the basement walls

viii.  Construction sequences adopted at site

iXx. Weather records of the site

X. Instrumentation monitoring reports
xi.  Site records and reports of the incident



From the listed information, it is then necessarydetermine which information supports or
refutes each of the possible failure hypothesdss may be initially be done by considering general
failure causes, such as those related to natusakwirs, act of sabotage, material defects, design,
construction sequences, or the environment.

Once the probable causes of failure are identitieel information and knowledge learned during
the investigation should be listed, for inclusiorthe final investigation report. This should unbé
any unusual aspects of the failure, and also acgmenendations as to how the failure could be
prevented in the future, through improved desigmpstruction controls or good maintenance
practices, or through an increased knowledge oftaterials used and their properties.

It is normally impossible to conclude with completertainty what the cause of the excavation
failure being investigated was. Instead, thereoftien multiple factors that contributed to andhwit
one most probable factor triggered the failurewhiich probable causes are normally stated in the
context of failure investigation. The common prioleacauses of excavation failure could be one or
more than one of the following factors:

Natural Disasters : fire, earthquake, tsunami, tneiwind, rainfall and flood
Act of Sabotage: explosive substances
Material Defects: reused steel strutting sectiortb poor conditions, concrete properties
Design: modelling and design parameters, robustnassiuctility
Construction: sequences of works, excavation depth
Maintenance: drainage system, no timely reviewnsfrumentation results
In general, the investigation procedure in geotexchfailure are listed below but not limited to:
i. Check safety factor of the original design
ii.  Check the as-built construction for any deviatibmosn original design
iii.  Identify design shortcomings, material defects, kmmainship deficiencies, if any
iv. Interview design team, construction management tedampersonnel and eye withesses
v. Consult other experts if required, for matters bwlydhe investigator's expertise or
knowledge of the facts
vi. Identify possible collapse scenarios and ratiorat@nflicting facts or evidences
vii. Determine the major contributory and triggeringtéas that cause the collapse
viii.  Conduct advanced non-linear analysis /tests tertso the collapse mechanism
ix. Confirm the collapse mechanism with those fromdactd evidences
X.  Write report

This paper discusses the approach taken to ine¢stipe two case studies of distressed open
excavation with contiguous bored pile wall (CBPYl ateel strutting system at Klang Valley area in
Peninsular Malaysia. During the course of invegtan, interesting processes of gathering factual
evidences, verification of conflicting facts, arafy/for the sequence of events and finally arrivang
conclusive findings with convincing evidence wit biscussed in the paper. Last but not lead, it i
extremely useful to learn from these two failuresesato improve construction safety of future
projects.
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2 CASE HISTORY 1 (Liew & Khoo, 2008)
2.1 Project Background

This case history involved construction of a tworgy basement in an urban area. The scope of
investigation was to evaluate the conditions ofstrelssed temporary shoring structure, investigate
the probable causes and subsequently to propossi@ptions.

Figure1 shows the location of the project site and tha@slt land lot which had been affected due

to ground distresses.

Temporary shoring structure consisting of CBP walbpped by raking struts against lower
basement slab was proposed by the contractor teiderqoeripheral support for a 10.5m deep
excavation at western boundary of the project sitee designed CBP wall was 16m long 750mm
diameter bored pile with top cut off level at RL.&4. In order to facilitate the CBP installation,



12m long temporary steel sheet piles (type FSP) MAre installed at retained ground at RL59.0m
with about 0.7m offset from project site boundaryptovide sufficient working platform and as the
temporary shoring support for the exposed 4.4m tearg excavation (from RL59.0m to RL54.6m).

Figure 2shows the details and cross-section of the prapaliernative temporary shoring system
and permanent retaining wall.

After completion of CBP wall installation, excawatiwas continued from RL54.6m to RL52.0m.
Ground distresses at the adjacent retained platiotiee forms of ground subsidence, tension cracks
and excessive deviation of the CBP wall were olexkrizrom the site observation, deviation of CBP
wall was likely caused by the over-excavation a temporary passive berm with localized deep
pile cap excavation in front of the wall withoutely installation of the planned raking strut. The
incidence had affected the adjacent property Ith wonsiderable ground distresses and also resulted
in structural damages to the CBP wall.
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Figure 1. Site location.
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Figure 2. Cross-section of the proposed alternaitaning walls.
2.2 Site Conditions

From the earthworks as-built drawings, the grounel before excavation was relatively flat with
levels ranging from RL54.8m to RL56.5m and a ste@pslope (1V:1H) of about 3m high sloping
from adjacent lot (at RL 59.0m) towards the proplosiee. Based on the topographical survey plan of
adjacent lot, which was believed to be the condibefore the earthworks, part of the proposed site
(i.e. at north-western side) is of sloping terrfiom approximately RL65m to RL56m. There was a
6m high cut slope existed within this sloping grd@as indicated ifrigure 3
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Figure 3. Topographical survey plan of adjacen{dabjected to disturbance before reaching theHa level).

Based on the pre-development topographical comd@gshown ifrigure 4 the contour lines for
both the adjacent lot and the project site rangenfRL54m to RL47m. As such, it was evidenced
that earthworks had previously been carried otihe@ge areas to raise the building platform level to
RL 59.0m and RL 56.0m for the adjacent lot andpfagect site respectively. Both of the sites are
on filled platforms. Particularly, the distresse&a was primarily located at the valley wherekihic
fill was placed. High potential of saturation df flue to perched groundwater seepage after gllin
in the previous valley terrain can be expectediifssirface drainage is not provided. In addition to
the topographical map, assessment on the pilingrrimdtion was carried out to reveal the soil
consistency profile within the site as showrFigure 5 It was found that the distressed ground and
retaining wall areas correspond well with the expedhicker fill and deeper weathering profile at
the valley area.
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Figure 5. Interpreted contours of hard stratum fling penetration information.



2.3 Site Inspection and Mapping

It was observed that continuous tension cracks appeat varying distance away along the sheet
pile wall of approximately 73m long. The tensioacks were more distant away from the sheet pile
wall at the southern end and became closer tohbet pile walls toward northern end. At the time

of inspection, more extensive excavation was caroet at the southern portion than the northern
portion. The platform for the backyard car parktleé adjacent lot had shown ground subsidence
with tension cracks as shownhkigure 6andFigure 7

Project site Adjacent site

Project site

—

Figure 7. Site conditions of adjacent lot afterith@dence of wall and ground distresses (Northweed).



Site mapping had been carried out on the obseerresian cracks and tilted sheet pile wall. Much
more tension cracks were observed at the soutlegiar. In this particular location, the sheet pile
wall was seriously deviated outward relatively be initial wall alignment. Efforts were made to
map the crack lines by using measuring tape amuesiweter. Figure 8shows the details of mapped
tension cracks. Generally, the worst tension cragk® measured with crack width of up to 400mm
and shear drop of 500mm between the two dislodgeith dlocks. At the critical location (Gridline
G), the major crack line was measured at approxdind.2m from the original fence line. While,
the furthest crack line was measured at approxisnatam from the original fence line. In addition,
the overall tilt angle of subsided platform at tarsa was crudely measured to be about 12 as shown
in Figure 6 Sheet pile wall had also moved outward aboutimar 1.2m from the initial wall
alignment (at Gridline G). On the other hand, teasured pile top deviation of contiguous bored
pile wall is also shown ifigure 8

During the emergency repair work, the vibratioreeffof re-installing the temporary sheet piles
wall by vibro-hammer had caused further tensionckgaat the backyard car park platform.
Therefore, it was suspected that the platform wadilled ground, which might not be well
compacted as the effect of vibration might havesedusoil densification and aggravated the creep
movement.
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Figure 8. Crack mapping layout and CBP wall movetnen
2.4 Subsurface Investigation

Before the wall and ground distresses, two stafeslsurface investigation (SI) works were carried
out at the proposed site. The second stage Slswsrthe additional Sl conducted at the perimeter
western boundary for the alternative basement aegign by the contractor. At that time, no much
attention was given in identifying the weak depo&ietween the original ground and the platform
backfill. The Sl layout is shown igigure 9.

After the incidence, additional three boreholes eveunk within the distressed wall area to
investigate the subsurface profile and to instedtruments for substructure construction monitaring
In particular, a layer of 6-9m thick of very sadt $oft sandy/silty clay (SPT-N 4) was encountered
between RL52m and RL43m as detected in the fewhiotes near to the distressed wall area.



Generally, SPT-N values of the subsoil range froto 8 at the top 13m of the subsoil and gradually
increase with depth thereafter. This implies ittt top layer of subsoil is most probably of fill
material underlain by the soft deposits in the esall An interpreted cross-section of subsurface
profile at the distressed wall area is showrFigure 10 The groundwater levels recorded in the
boreholes and observation wells were generally drigtt the western side and lower towards the
eastern side of the project site, which tallieshwiiie suspected flow path in the valley during pre-
development condition.
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Figure 9. Layout of subsurface investigation botef.o
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Figure 10. Interpreted subsurface profiles at threbsed wall area.



2.5 Back Analysis

In order to confirm the probable causes of grousttesses and wall movement, Finite Element (FE)
analysis using computer software “PLAXIS” was pearied independently based on the interpreted
subsurface profile as shownhigure 11 The construction sequences of excavation wenelated

in the FE analysis.

At the analysis stage where over-excavation intfmithe wall was carried out, the analysis
results revealed that the retained earth platfosplaced excessively in the horizontal and vertical
(settlement) directions with the temporary shekt mtaining wall moving forward. As part of the
lateral resistance to the temporary retaining wals the passive berm was removed before
installation of raking strut, over-excavation oistipassive berm had reduced the lateral resistance
the sheet pile wall and subsequently mobilisedsthectural strength of the retaining walls beyond
serviceability state condition reaching towards tiftemate limit state condition. The excessively
displaced temporary sheet pile wall had inducedtiadl lateral force to the installed contiguous
bored piles (CBP) walls. The high induced flexwstaess unavoidably damaged the CBP pile. The
results of FE analyses (sé&ure 1) reasonably well agreed with the measured wall enmants
and ground deformations (e.g. tension cracksese#ht and depression).

—> 917mm displacement (sheet pile wall)

ANV

Figure 11. Results of finite element analysis.

2.6 Remedial Design

The immediate remedial measure was to temporaaitkidl the excavation adjoining the distressed
area to the top of CBP wall with temporary stabitisberm (1V:1H). A variety of permanent
remedial options have been explored. Finally, rimdk strutting against permanent basement
structures was adopted to provide a safe and tfestiee solution.

The remedial works carried out included installatmf additional row of 18m long sheet piles
behind the deviated CBP area to stabilise the ided¢ing retained ground. Temporary strutted
cofferdam was constructed to facilitate the lo@alizift pit excavation. Two layers of temporary
horizontal strut were used to prop the sheet pidl wgainst the partially completed permanent
basement structures as showrkigure 12 Excavation was only allowed to be carried oustages
after the struts were put in place. Once the fexadavation level (B2) was reached, the deviated
CBP wall was cut off at that level and verified hihtegrity testing using (both low and high strain



dynamic pile tests) to confirm the structural integrity. Fortunately, most of the damages of the

deviated CBP wall were well above the B2 level.

constructed with the exposed starter bars from the intact CBP wall.

basement structure is shown in Figure 13.
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2.7 Summary of Findings and Lessons Learnt

The investigation results and lessons learnt fiosidase study revealed the following findings:-

a. The distressed ground was located over a natuli@lywahere thicker fill was placed over
the previous soft deposits without proper engimgetreatment to form building platform.
Soft deposits at the lower part of the valley anteptial concentrated underground seepage
are common in hilly terrain and should not be cvekkd. Desk study of pre-development
ground contours to identify potential geotechnmablems is highly recommended.

b. Filling over valleys without proper site clearinggmoval of unsuitable soft deposits and
compaction could result in highly unstable backblt any open excavation. It is important
to thoroughly investigate the subsoil condition degth the fill. Otherwise, proper treatment
to the low-lying ground before the developmentleaarks shall not always be assumed.

c. Occurrence of tension cracks during initial opecasation and installation of sheet piles
suggested that the underlying subsoil and at thieyarea are inherently vulnerable to
ground disturbance and hence are prompted to skstige

d. The existence of soft compressible material atvtdkey area was further confirmed during
additional subsurface investigation and localizegpl pile cap excavation when reaching
the final excavation level.

e. Original topographical features are the importaesigh consideration for excavation
stability and remedial strategy. In these casdissy natural valley with soft deposits was
not detected during design stage causing costagmnahs a result of costly remedial work.

f. Perched groundwater regime can occur in backfillonger natural valley leading to
unfavourable behaviour of backfill.

g. Excessive removal of passive berm with localizdd pap excavation without installing the
planned strutting resulted in loss of wall suportl led to excessive ground movement.

3 CASE HISTORY 2

3.1 Project Background

This case history involved construction of two-lebasement in city area using CBP wall with
temporary strutting. About 40m stretch of CBP walllapsed, after the water pipe burst incident at
the back lane reported 3 hours ago as shovgimre 14
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Figure 14. Collapsed CBP between Gridlines C and H.

11



Figure 15shows the overall retaining wall section for th®we-mentioned development. The
affected walls in this investigation were 1000mrandeter CBP wall installed at 1075mm centre-to-
centre (c/c) and unreinforced CBP wall of 1200mantkter installed at 1500mm c/c at a distance of
2.4m behind this 1000mm diameter perimeter CBP.wafiother row of CBP wall was installed for
localised lift core pit excavation.
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Figure 15. Section of CBP Walls.
3.2 Review of Information and Technical ClarificatMeeting

A technical clarification meeting was held betwetbe contractor and consultant (Professional
Engineer engaged by the contractor for temporargksyowith the presence of Loss Adjuster to
discuss, clarify and confirm on the supplied infation, technical aspects of the design and
discrepancies identified in the information prowde

During the site visit, it was observed that cenrattion (Gridlines C to H) of CBP wall had
collapsed; single inclined struts at Gridlines @ &hwere observed buckled and disconnected from
steel corbels while steel corbels at Gridlines @nE F mounted at Basement 1 slab were completely
sheared off. The unreinforced CBP wall and pe@mé&BP wall fell rotationally and leaning
towards the excavation face as showhigure 16

Based on the photographs taken before the walur&iland information provided by the
contractor, the as-built strutting layout was restoucted and presented kingure 17 Figure 17
shows that horizontal tie beams were installedrtwige lateral restraint for single inclined sthuit
no bracing system was provided to properly tranafedt balance the restraint force. The lateral
restraint system provided by horizontal tie-beans wsaomplete in accordance with BS5950-1:2000
where Clause 4.7.1.2 in the BS5950-1:2000 statet dhrestraint should be connected to an
appropriate triangulated bracing system for thealeternal stability of the strutting system.

Figure 18shows post-installed bolts were adopted for stedbels at Gridlines D, E and F and
cast-in bolts were used for steel corbels at Gre#liG and H. The steel corbel was lifted-up with
snhapped post-installed bolting connection after| walllapse indicating that the steel corbel
connections for struts at Gridlines D, E and Ftheeweakest link of the entire strutting system.

Other than thatFigure 19also shows that the cut holes at steel corbelStout F were not
complied with the allowable dimension permittedTable 33 of BS 5950-1:2000. This again would
lead to uneven distribution of strut loads ontatibgl connection possibly resulting into progressive
failure of bolts which may further reduce the oWlecrapacity of the strut.

12



Figure 16. Site condition and strutting detaileaftBP wall failure.

Figure 17. As-built strutting layout.
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Figure 18. As-built corbel and anchored bolts detai

Figure 19. Steel corbel with post-installed boltaapnection after wall failure.

14



It was noticed that the sequences of works moddliethe consultant were not strictly followed
by the contractor at site as presenteHigure 20andFigure 21

Stage la Stage 1b Stage 2a
No
indication
of Support

g
1) Install unreinforced CBP from piling 1) Excavate to RL33.8m. 1) Excavate to RL29.15m with passive berm
platform level. 2) Install perimeter CBP. 2) Install temporary strut.
Stage 2b Stage 3 Stage 4

No
indication
of Support

system for
Z struttinc

vate to RL24.5m.

1
2; jﬁ);l%nglﬁgﬁﬁt gct) r"eft 68[53 1) ﬁorEgHScttrH@tsggg%% gﬁ'iué:tW&Ure. 1) Proceed to excavate for lift core foundation

Figure 20. Modelled sequences of works in FE amalyg the consultant (same as FE analyses Cased Plaas
discussed in Table 2).

Stage 1 Stage 2

1) Install CBP walls from piling platform
level. 1) Excavate to RL24.65m with passive berm.

Stage 3 Stage 4

Figure 21. Sequences of works executed by the achoir at site (Same as FE analyses Cases P2 axld®gussed
in Table 2)
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Borehole Depth of Soil Type Shear Box Test Consolidated
Soil S | sample (Based on BS Undrained Triaxial Test
(Soil Sample) 5950) (C.LU)

¢’ (kPa) f' (9 ¢’ (kPa) (9
BH-G1 . Not enough soil
2.50m b.g.l Silt 4 35
(UD1) sample for C.I.U. test
BH-GL 9.00m b.g| silt 4 | g ! 1 32
(UD2) L=l
BH-G3 Not enough soil
1.50m b.g.l Sandy Clay, 4 28
(UD1) sample for C.I.U. test
BH-G3 . Not enough soil
4.50m b.g.l Silt 3 31
(UD3) sample for C.I.U. test

Table 1. Summary of laboratory test results formastmx and C.1.U. test

Figure 24shows upper and lower bound envelopes of sheangttr parameters from drained
shear box were ¢’ =4kPa aht= 35° for former while ¢’ =4kPa anid = 27° for the latter. For this
investigation, moderate strength parameters of ddkPa andf’ = 30° were selected for the
overburden soil layer. Same effective friction langf 30° was adopted in the consultant’s design
except for higher apparent cohesion ¢’ value ofPDWwas adopted.

Figure 24. Interpreted shear strength parametens firained shear box test.
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It is evidenced that the adopted high apparent stoheis not justified from the interpreted
strength test results above. The apparent cohésissignificant impact to the assessment of latera
earth pressure. A small increase in the appam@msion will reduce significantly the lateral earth
pressure. Hence, it would be necessary to be ptudassessing the cohesion parameter.

From the available water standpipe readings, tremurgiwater table fluctuated between RL
33.16m and RL 33.67m. For design check and baelkysis purposes, initial groundwater is
adopted at RL33m which is same as consultant'ggdesssumption for normal design groundwater
table and within the reasonable range of the medsiata.

3.4 Finite Element (FE) Results

For fair assessment on the consultant’s designadopted parameters such as shear strengths (c’,
f"), deformation modulus (E), permeability (k) andtial groundwater table in the first checking
(Case O) were similar to the consultant’s analydis.order to study the effect of soil properties
(shear strength and deformation modulus) and aactgin sequences to the performance of
retaining wall system, the FE analysis cases asrsim Table 2 are performed.

Table 2. FE analysis cases.

Summary of design checks based on the normal desiter level at RL33m for all the analysis
cases is tabulated rable 3and reveals the following findings:

a. Design of unreinforced CBP wall for all cases o€ teection is adequate for moment
resistance. However, the moment capacity of ufoeied CBP wall will drop drastically if

18



Notes
The e

any cracking was formed when any of the structtiradsholds are exceeded and hence the
back calculated moment of unreinforced CBP wall lbamnreliable.

Design of perimeter CBP wall for all cases is addgwexcept Case P3 in which the design is
inadequate for shear resistance.

Design of lift core CBP wall for all cases is adatpuexcept Case P3 in which the design is
inadequate when the actual construction sequerncsiseawas used, which is significantly
deviated from the assumed construction sequenE& imodel and the apparent cohesion for
overburden soil is reduced from 10kPa to 4kPa asfipd from the interpreted strength
parameters.

Design of strutting members is adequate based ¢rere& strut force predicted by the
consultant. However, design of strutting membens Gases O, P1, P2 and P3 is either
inadequate or unsafe based on extreme strut fpreekcted in the independent analyses by
the investigator.

There are an increase of approximately 24% in dtwde and seven times larger in the
maximum predicted wall deflection for perimeter CBfen the apparent cohesion for
overburden soil is reduced from 10kPa to 4kPa actdah construction sequences are
deviated from site execution. These findings rétlea apparent cohesion is a very sensitive
factor on the performance of CBP wall.

Adoption of high apparent cohesion in FE analysysthe consultant had caused the
underestimation of strut force and virtually ledinsufficient provision of strutting members
(as per findings from Cases P1 and P3).

Large wall movement predicted in Case P3 reveasatioption of moderately strength
parameters in retaining wall design analysis wdnddable to identify the potential distress of
existing utilities due to large ground movementsolthad happened in this project.

xtreme induced force is compared with ultinzpacity and service (safe working load) capawitychecking the adequacy of design. In brief, #heqaacy

of design is classified as follows:

@
@
(©)

Adequate Design: Extreme induced force < Service capacity;
Inadequate Design: Service capacity < Extreme induced ford¢ditimate capacity and;
UnsafeDesign: Extreme induced force > Ultimate capacity;

Where service capacity = Ultimate capacify4

Table 3. FE analysis results.
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3.5 Back Analysis

In the second part of this investigation, the cartdton sequences were modelled based on furnished
information which was clarified and confirmed byetlconsultant and contractor during several
rounds of clarification meeting. Back analysis Hmebn carried out based on the instrumentation
data for Inclinometer INC-4 installed inside thdlapsed CBP wall. Attempt was made to calibrate
the predicted wall deflection with instrumentatidata of Inclinometer INC-4 to assess the behavior
of the CBP walls and investigate the possible meishas of strut failure and/or wall collapse.

FromFigure 16 it was sufficiently evident that all the postiim$ed bolts at struts D, E and F were
completely sheared off. Hence, these struts weaydeited in FEM back analysis as elasto-plastic
anchor element.

Repetitive water pipe burst incidents at the bastelhad contributed to massive movement of
CBP wall prior to the CBP wall collapse incidenthaghlighted inFigure 25 Therefore, water pipe
burst incidents happened on Day 206 and Day 22 teéen into consideration in FEM analysis for
best fitting the inclinometer readingBigure 26andFigure 27show the FE mesh and predicted CBP
wall deflections for back-analysis.

Figure 25. Monitoring results for INC-4 and summafyconstruction activities.

Figure26. FE mesh of back-analysis.
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Figure 27. Modelled CBP wall deflections Vs morniitg results for INC-4.

From the assessments mentioned in the precedirigprseit would be possible to deduce the
following sequence of events and development of ealapse mechanism as below:

a.

The original excavation design with optimistic sgéh parameters has suffered excessive
ground movements, which subsequently led to p@krdistresses of water pipe after
experiencing the intolerable deformation.

The water leakage caused increase of lateral wallspre and induced more lateral wall
movement and more leakage, hence the same foetbmthtion of the retained ground.

The strut forces also increased as a result ahttrease in lateral wall pressure.

The steel corbel connections at Struts D, E an@édpgecially the large hole cutting for
accommodating the poorly positioned bolts, woul@ehaesulted in uneven distribution of
shear force from the struts. Hence, the totalrstesistance with probable progressive failure
of bolts would be lower than the simple summatibthe shear resistance of individual bolts
(3375kN). With the increasing strut load, the bdalt the steel corbels sheared off and led to
total loss of support for the CBP wall.

It is likely that Struts E and F had given way ffiemd affected the Struts D (bolts at steel
corbel of Struts D, E and F were sheared off) &edother two longer Struts G and H (Struts
G and F buckled and dislodged from the corbels).

Figure 28and Figure 29illustrate the important chronological events tetato the CBP wall
collapse.
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Figure 28. Flow of important events related to G&#l collapse (Part 1 of 2).

Postible flow of wall collapse on Day 24:

1) Water pipe burst

2) Steel corbel connection at Strut F sheared-off

3) Failure of strutting system to re-distribute thiufiee load to adjacent struts
a. Steel corbel connections at Struts D and E shegfetlie to sudden

increased in strut force

b. Struts G and H buckled due to sudden increasetinfstce

4)  Failure of CBP walls due to loss of lateral supp@struts)

5) CBP wall failed rotationally and retained eartlaetive soil wedge in to the

excavation site

Figure 29. Flow of important events related to G&#l collapse (Part 2 of 2).
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3.7 Summary of Findings

The findings of the independent investigation fae CBP wall collapse are summarised as follows:

a. The apparent cohesion adopted by the consultamt ike optimistic side without verification
from laboratory test which led to unexpected langdl displacement and increase in strut
forces when experiencing increase of water predseinend the wall as a result of water pipe
burst incident. .

b. The actual executed construction sequences abyitBe contractor were not conformed to
consultant’'s modelled construction sequenéégufe 20andFigure 2.

c. Improper lateral restraint bracing system and conme between the steel corbels and
Basement 1 slab by strutting sub-contractor weisenked Figure 17and Figure 19. The
uneven hole cutting at the steel corbels wouldlresulifferential mobilisation of the bolt
shearing resistance and led to lower overall shgaresistance of the support due to
progressive failure.

d. No timely review of the retaining wall and strugiinlesigns after the early incidents of the
water pipe leaking though the leaking incident badsed distresses to one of the struts (Strut
F) and had shown alarming sign of excessive walanent immediately after the leaking
incident.

3.8 Lessons Learned and Conclusion

Based on the findings from independent assessnseligtad above, the contributory factors of the
wall collapse for Case History 2 are:

a. adoption of optimistic cohesion parameter by thesodtant,

b. inconsistency of design intent and site executietwben consultant and contractéigure
20 andFigure 2},

c. improper lateral restraint bracing system and nmmaiance on hole cutting at steel corbel
by strutting sub-contractofFigure 17andFigure 19, and no timely review of the retaining
wall and strutting designs.

In addition to the above, the triggering factortbé wall collapse was the increase of water

pressure due to repetitive water pipe burst indglaappened at the back lane.

In most of the excavation failure cases, timelyeevby the consultant is important to prevent the

failure as the tell-tale sign revealed by the nummig results should alert the consultant to

implement the contingency plan once any of thestio&l limits of the excavation system is
breached.
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