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Buildings: What Can Go Wrong

Case Studies of Excavation and Tunnelling Failure
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e Excavation

e Common causes
of failures

. Cas 1-CBP waII

* Case 2 — Sheet pile
wall |

* Tunnelling

* Hazards, settlement,
damage and issues
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e Case 3 — Chinese cemetery

e Case 4 — Bukit Timah Formation
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Risks of deep excavation works
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7 wmzp  Ground movement
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due to excavation

Ground level

1] / ERSS wall

excavation

Wall deflection

Safety of worksite and impact to
adjacent buildings
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Instability of retaining system

Excessive wall deflection due to

excavation
Excessive ground settlement due

to lowering of groundwater
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) . Inadequate seepage cut-off at ERSS wall
excavation for tunnel construction
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Excessive pile movement caused by unstable internal slope within excavation in soft clay

Damaged to RC piles, spun piles and bored piles were reported for these sites
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A sink hole behind a utility gap where
the RC laggings were not constructed
at each localised stage of excavation
and left unsupported
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| 28.5m x 36 m x 10 m deep excavated pit

Ground Level RL 103

Sandy Ground

Sinkhole caused by sheet pile gaps
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Safety Officer “sank” into the
sandy ground. Body was found in
Sheetpile Wall —» the excavated pit.

1.5m

Fatal incident involving a man fallen

into sinkhole in sandy ground
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Uncontrolled removal of pipe pile
ERSS wall caused excessive ground

settlement

A localised collapse of diaphragm wall
during trenching which trigger an
incident of crane collapsed
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Example of crane incident affecting ERSS support where the first layer strutting was dislodged due to
accidental impact loads
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Water
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For site with difficult ground condition: echarge
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Impermeable wall

* Impermeable wall @

(e.g. Diaphragm wall (D-wall), secant pile wall
or sheetpile wall)

* Adequate wall embedment for seepage
cut-off

* Recharge well

Lowering of groundwater level
in soft soil cause excessive
ground settlement

Privileged/Confidential information may be contained in this presentatlon Please do not circulate or reproduce without the permission of BCA.

Water flow
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4-storey condominium with 2 levels of basement carpark
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A level of struts I

near to the top of
CBP capping beam
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900/1100mm diameter CBP
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Views of carpark columns with large diagonal shear cracks
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5acKillling operation In progress
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Soil borehole layout of
the site
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BASTVENT 2 PLAN

Basement 2 layout
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| Thick soft clay layer

Wy |

ik Boreholes soil profile

at the site
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Excavation level
at the time of
collapse
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Excavation level at the
time of collapse
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Layout plan of the ERSS
for the excavation site
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I Ex::avatmn EaseZ(Sheet pile wall)

After the collapse, overall view of the site
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Excavation - ae i (Shet pile wII)
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After the collapse, road in front of site and adjacent existing substation
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Excavation - Lase Z (Sheet pile wall) 21

After the collapse, road in
front of site and adjacent

existing substation
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I Ext:ayat_mn Case Z (Sheet pile wall)
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Backfilling operation in progress
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Backfilling
operation in
progress
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ﬂ Tunnelling - Hazards

\ Potential Hazards — Tunnelling Projects

Graphics from external sources —

In August 2010, a hole suddenly opened up in a road in

Taiyuan, China, causing the collapse of part of the nearby

building of the Shanxi Provincial People's Hospital an hour

later. No casualties were reported in the accident. BEH

UUIIUW
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ﬂ Tunnelling - Damage to nearby building

’ Building damage due to nearby tunnelling J
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»Sinkhole at 4m away from the existing pile foundation of the house
» Building suddenly settled by 28mm
»Building damaged with large cracks

» Residents decanted immediately after the incident
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Tunnelling - Settlement

extent of surface

(distance ahead trough
of face)
x\_ Winax (maimum [ Ground surface settlement J

Y (tranverse
distance)

C(cover to |half length) |
crown)

——0.6-S

vmax

ol _ width) [ . -
won oo o S, point of inflection
v settlement
crown
t | f
pﬂr}:iona“ Y / shoulder
(depth) Rt e '
crown v IS ‘e(%:nnel excavated ::':0 fovel
::io'ullggzl e diameter, D) i
ari invert
invert Tunnel
Tunnel

Graphics from external sources

ACA
i B . — Y . . : . Build
Privileged/Confidential information may be contained in this presentation. Please do not circulate or reproduce without the permission of BCA.



ﬂ Tunnelling - Volume of excavation

Theoretical volume

el

Estimated volume removed
based on measurement of
materials out from the
chamber.

Over-
excavation

Actual volume removed

i ._»_ Estimated volume removed
Over-excavation' = ==pcrefical volume !

Excavation management system J
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Volume Loss B== Ground settlement trough

Theoretical

volume
Actual volume

removed

' Ground settlement trough J
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ﬂ Tunnelling - Common issues

Graphics from external sources

Materials of very
different strength and
stiffness on same face ,

B‘u‘nld@ w |

6640mm
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ﬂ Tunnelling - Issues with mixed-face

High wear and
damage to cutters
due to impact

-

Chip Formation = = A ch-======--
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ﬂ Tunnelling - Issues with mixed face

Graphics from external sources

{Face stability LWater ingress
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ﬂ Tunnelling - Case 3 - Chinese cemetery

Old Chinese Cemetery

Location of sinkhole J

* Sinkhole
Location
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ﬂ Tunnellmg Ease3 Ehmese [:emetery
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‘actual tunnelling
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Tunnelling - Case 3 - Chinese cemetery

90.0 Building and Construction »Authorily

Excessive over-excavation
at R240 and R241.
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42 BCA circular on large diameter TBM
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REQUIREMENTS ON BORED TUNNELLING WORKS

0.0

Objective

4 E 24 3 244 245- This circular is to inform the industry the control framework of safety requirements for

bored tunnelling works. The framework aims to mitigate risks associated with bored
tunnelling works in order to ensure structural stability of buildings and structures, and public
safety. The requirements are applicable to projects involving tunnelling works carried out
using Tunnel Boring Machines (TBM) under the category of Geotechnical Building Works

236 237 238 23

' BCA circular on bored tunnelling works | S Bc
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This circular, which has incorporated input from the professional institutions, is for




Graphics from external sources

Boulders/rock debris stuck Install additional plates to
“at cutterhead minimize risks of jamming
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2 Tunnellmg Case d - Ehmesecemetery

Graphics from external sources

’ Appropriate sizing of crusher grid J
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Tunnelling - Case 3 - Chinese cemetery

—— Weg /

o,

ndey” |
//

—

B x
(o
@

by Rock Chips
" ) -ﬂ'y/’

Increased opening -~ .. \

Anti Jamming plates

Protection Plate

Rock crusher — protection plates and
anti-jamming plates
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ﬂ _nelling - Case 4 - Bukit Timah Formation

Sinkhole of:
12m (length)
5m (width)
3m (depth)
occurred on
May 2008

J
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ﬂ Tunnelling - Case 4 - Bukit Timah Formation -

BUKIT TIMAH

CENTRE \ o
BTC

— o — - = e

{Location of sinkhole with geological formations ]
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ﬂ Tunnelling - Case 4 - Bukit Timah Formation

Faulty equipment The electronic muck control (EMC) system used to track the excavated soil/rock
volume and compare it with the forward movement of the tunnel boring
machine (TBM) for both inner and outer bound TBMs were not properly
calibration.

The EMC was hence unable to provide accurate estimation of the excavation
and over excavation volumes. It was also observed that the bentonite density
for the outflow pipe carrying the excavated material was typically lighter than
that for the corresponding inflow pipe, indicating a faulty density meter.

LEquipment J—> Faulty density meter J

Poor estimate of excavation volume ]
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ﬂ Tunnelling - Case 4 - Bukit Timah Formation

Inexperienced Personnel | The professional engineer and key tunnel manager lacked experience in this
form of tunnelling. Their decisions were highly dependent on third party
advice from outside their firm. In addition, key tunnelling personnel of the
tunnel team were not on duty during night shift tunnelling works.

LHuman ]——> Lack experience J

Night shift — not on duty ]
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ﬂ Tunnelling - Case 4 - Bukit Timah Formation

Face pressure not in Tunnelling works carried out for rings 1512 to 1515 were not in

accordance with accordance to the TBM Instruction Sheet. The affected rings were in

SOP transition of full-face rock (rings 1512 and 1513) to mixed face (rings
1514 and 1515).

The input face pressures (ranged from 1.2 to 1.8 bar) were much lower
than the specified pressures (ranged from 2.3 to 2.4 bar). Also, some of
the KPI were not controlled within the allowable ranges.

For example, at ring 1517 the stipulated face pressure was 2.3 bar while
the actual face pressure varied from 1.9 to 3 bar, way beyond the
acceptable variation of 0.1 bar from the stipulated value. Large variation
of bentonite level was observed during tunnelling for rings 1519 to 1523
(rings located directly beneath the sinkhole) which the project parties
attributed to a faulty bentonite level sensor.

LFace pressure ]—ﬁ Lower than required/large variations ] BeA
: Buld&d &
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ﬂ Tunnelling - Case 4 - Bukit Timah Formation

Face instability Daily TBM Excavation Meeting minutes on May 2008 recorded that the
TBM face appeared to be loosened and unstable despite using
compressed air for ring 1516. Additional 6 cutter head interventions
were carried out within a short period of one week under mixed face
condition without implementation of additional
precautionary/preventive measures.

The cutter head intervention for ring 1515 was initially carried out
under free air condition (instead of compressed air) and could have
adversely affect the face stability. In addition, there were no records of
temporary supports installed to support the unstable face. Frequent
and prolong cutter head intervention under unstable mixed face could
have resulted in the observed over excavation.

LFace stability J—>LCHI carried out under free air (no compressed air) J

Bunld@ w H
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ﬂ Tunnelling - Case 4 - Bukit Timah Formation

Over-excavation Large volume of over excavation was observed (estimated from relative
dry weight of the excavated material) for five of the tunnel rings - rings
1525, 1522, 1521, 1518, 1515 (with excavated material dry weight
ranged from 1.5 to 3 times that of for a normal ring). Daily TBM
Excavation Meeting minutes also recorded an estimated over
excavation of 35m3, 40m3, 40m?3 for rings 1525, 1521, 1515, respectively.

The design assumed a 1.5% volume loss (approximately 0.74m3 per
ring). The observed volume loss of completed tunnel was typically less
than 1%. The estimated gross volume loss at the location of incident
was estimated to range between 80% to 200% (based on relative dry
weight).

{Over excavation HLa rge over-excavation volume ]

BUI'd@ w H
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ﬂ Tunnelling - Case 4 - Bukit Timah Formation

(\'[o)

Concerns on

TBM being
“erouted

U

”

surface | Although over excavation was reported for ring 1515 and ring 1521 on
grouting of over-
excavated void

May 2008, the project parties decided to carry on with TBM operation
and to grout the voids later, after the TBM has passed through the over-
excavated portion. They were concerned that the TBM might be
“grouted up” when the grouting was targeted at voids near to TBM
shield and cutterhead locations. However, as the TBM was operating in
mixed face condition, the TBM could only be advanced slowly. The over-
excavated voids eventually collapsed, causing sinkhole formed at the
ground surface.

Tunnelling works were carried out not in accordance to the Method
Statement for TBM Excavation Management in Mixed Face Ground. The
method statement required that surface drilling and grouting to be
carried out if more than 10%/15% of over-excavation was observed.
However, despite observations of large volume of over-excavation for
rings 1515, 1518, 1521, 1522, 1525, as early as 10 days prior to the
sinkhole, tunnelling works continued without grouting.

Privileged/Confidential information may be contained in this presentation. Please do not circulate or reproduce without the permission of BCA.
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Building and Construction Authority

BCA circular Advisory Note 1/09

we shape o safe. high quality, sustainable and friendly built environment

Qur Ref : BCABC 15.0.3VOL 11

Building Engineering Division (#05-00)

Fax 63257482
DID 6325 7571
2 Apr 2009
See Distribution
Dear SirMadam

ADVISORY NOTE 1/09 ON EARTH RETAINING OR STABILISING

BCA is review all buil

on a

regulations on a 3-year cycle basis with priority given to those rulg
impact on construction costs and those that have aftracted frequ
industry. A review of BCA's requirements covering the design and coil

recently carmed out.

2 This circular is to inform you of the Advisory Note 1/09 wh
changes that pnmarily relate to more relaxed allowable wall deflec]

sites but subject to additional i moni and

]

changes include:
a) Allowable wall deflection limits (Para 9 and 10)
b) Ground improvement (Para 18, 19 and 20)
¢) Control Strategies (Para 22 and 23)
d) Instrumentation and monitoring (Para 29)

3 This Advisory Note 1/09 will replace the Advisory Note 1/0}

which was issued on 5 May 2005 with immediate effect.

4 The requirements of (hrs Advisory Note are for compliand
pp in the des}
ERSS | woulcl appreciate it if you would disseminate the contents

. builders and , where

me attention. The
www.bca.gov.sg.

attached Advisory Note is also avai

5 Please contact me or Dr Poh Teoh Yaw at 63255181 or
63257492 if you need any clarfication. Thank you.

']

Privileged/Confidential information may be contained in this

Pro|

jectRef: ___ Project Name:
(note : this form is to be completed and attached to the design calculations)

SECTION | (to be completed by the QF(D) for ERSS)

I

Ke
| have designed ERSS in
design is structurally safe

design considerations

Adequate and appr
Proper evaluation and
Effects due to onero
Effects due to onerol
solls, as well as the e
Effects of surcharge |
slope, load from adjac

Design robustness al
loads etc;

Structural adequacy o
Provision of proper

adequate stiffeners al
Provision of restraints

Effects of ground defl

| have also allowed in my

Construction toleran
Full water table level
wall;

Factor of safety for th
Mobilization factors
respectively for limit
Unplanned e xcavation.

Table 1: Allowable maximum ERSS wall deflection limits

Locations of buildings, structures and critical

Wall deflection limits/Zones utilities
“Mdr;ta from tion f *iow.d
Hipemalartorie-vau B Zone 2 (xH>2)
8 = wall deflection (XH<1) |[(1SWH<2)
Exc_erss_Annex A Ground Ground
Type A Type
DESIGN CONSIDERATIONS FOR EARTH RETAINING OR STABLISING STRUCTURES (ERSS)
Allowable maximum ERSS
wall deflection limits (5,/H) 0.5% 0.7% 0.7% 1.0%
CERTIFICATIONS BY QPs and BUILDER Exc_erss_Annex B
Project Ref: Project Name:
SECTIONT T = medby = OP{S) 7o EASS r" BCA_INST_ANNEX_E_PAGE1
o lor )
| e sloa s o @ N o
a| | append below the consiruction plans and work sequence. | confirm that the builder's detailed excavation pian l Page 10f4
accordance to the ERSS design, and shall instruct the builder to seek my approval before proceaeding with any excal Building and Construction Authority @
every strut level.
2 luﬂwon ot M 'om Wwe shape a safe, high quality. sustainable and friendly built environment
a| | shall check that ERSS are constructed in accordance to my design and assess its performance at every strut lev Print this page
giving approval to the builder for further excavation.
b| Ishall camry out site inspections, including but not limited to the following:- BCA_INST_ANNEX_E
e Check that the as-constructed embedded piled wall sizes and penetration depths are in accordance to my design
« Check that the structural sections, connactions and bracings are structurally adequate and robust; and they a MONTHLY INSTRUMENTATION & MONITORING RESULTS
installed in accordance to my design
* Check that the structural supporting elements used on site are in accordance to tha drawings, free from defl (This form shall be completed by QP(S) and QP(S)(Geo)
damaged or deformed, and all are within the tolerances allowed for in my design. where applicable and submitted to CBC/BCA by 7th day of
Check that the actual soil and water conditions. loads and pressures do not axceaed design limits and assumptions| the following month after obtaining permit of GBW/ERSS
3 Gmund movement monitoring works)
a| | shall ensure that an adequate instrumentation and monitoring plan is executed and in place on site b
commencement of ERSS. (The locations, number and types of instruments as well as the frequency of taking read Date: [07/06/2022
other instrumentation measures are shown on the plans). OBl Building and Construction Authority _|g
b| | shall closely monitor the site to inspect and ensure that all deformations, loads and pressures do not exceed critic
shall take necessary preventive, protective and remedial actions on site in consuitation with appropriate QP and AC, 1 Commissioner of Building Control
and the client/developer, in order to remove danger immediately and prevent damage to surrounding properties. Building and Construction Authority
52 Jurong Gateway Road, #11-01
4 | Monitoring and | ons Singapore 608550
a | | shall ensure that the monitoring readings are properly and timely taken and assessed. Website : http://www.bca.gov.sg
b | | shall conduct regular site inspections and assess the actual performance of ERSS to ensure that the safe condition
I Rt B L 4o e e S
c | | shall instruct the builder to take corrective action immediately and notify BCA if any of the critical limits is reached or |
damage to the neighbouring properties. 1. This form is to be digitally signed by the appointed Qualified Person.
d| | shall ensure that copies of “Site Inspaction & Approval Records™ and “Ground Movement Assessmeant Racords™ ar

site.

2. This form may take 10-15 mins to complete.

esentation. Ptease donot circutate or reproduce without the permission pf BC IR
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Dear SirfMadam

REQUIREMENTS ON BORED TUNNELLING WORKS

Objective

This circular is to inform the industry the control framework of safety requirements for
bored tunnelling works. The framework aims to mitigate risks associated with bored

birmmallimm tsimmlom i mmdae ba s iea mbecaab el ababilibs ad biladimmn el mbeimdi e ] miabadia

BCA circular on bored tunnelling works

Background

2 Over the past few months, BCA has met up with Institution of Engineers Singapore
(IES), Association of Consulting Engineers Singapore (ACES), Geotechnical Society of
Singapore (GeoSS) and BCA-Industry Joint Tunnelling Working Committee (JTWC) to
gather feedback on the control framework in enhancing safety of bored tunnelling works.
This circular, which has incorporated input from the professional institutions, is for

Building and Construction Authority

We shape a safe, high quality, sustainable and friendly built environment

QOur Ref: APPBCA-2020-05 For enquiries, please contact:

Building Engineering Group (#12-00)

Tel : 1800 3425222 (1800-DIAL-BCA)

01 Sep 2020 or use our Oneline Feedback Form at
http://www.bca.gov.sg/feedbackform/

See Distribution

Dear Sir/Madam

REQUIREMENTS ON BORED TUNNELLING WORKS FOR LARGE DIAMETER TEM

Objective

Thie Circular ie annlinrabla far harad tunnallina warke eina larna diamatar Tunnal

iBCA circular on large diameter TBM J

2 Large diameter TBMs are expected to be adopted in Singapore following their
st doption in o infrastructure projects. Over the past months, BCA had met
up with IES, ACES BCA-Industry Joint Tunnelling Working Committee (JTWC), GeoSS,
TUCSS, CAG and LTA to gather feedback on the requirements for large diameter TBMs.
The requirements in this circular are for compliance by Qualified Persons (“QP"), Accredited
Checkers (“AC”), site supervisors, builders and developers who are adopting large diameter
TBMs for tunnelling works.

Requirements / Control Measures with large diameter TBM

3 As large diameter TBMs involve bigger excavation volumes, they pose higher risk
and greater impact to the surrounding building and structures. The control measures in
Annex A of this Circular shall be additional/updated requirements to supplement the Circular
“Requirements on Bored Tunnelling Works™ dated 15 Sep 2017 (“2017 Circular”). These
measures aim to mitigate the risk to surrounding buildings and structures posed by the use
of large diameter TBMs. Annex B, which provides advisories and good practices to further
help mitigate the risk caused by tunnelling works, are for the project party's consideration.

Privileged/Confidential information may be contained in this presentation. Please do not circulate or reproduce without the permission of BCA.
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