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Outline

* Project Outline

 Observation Method and Instrumentation
» Ground Movements in Bored Tunnelling
» Ground Movements in Station Excavation
o Effects on Adjacent Buildings

» Conclusions
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Underground Work Contracts

JV BCKT
Underground
Structure -
South Contract

11.5 km twin tunnel
O stations
3 intervention shafts
1800 m depot
approach

ION JV
Underground
Structure -
North Contract

10.5 km twin tunnel
O stations
5 intervention shafts
1800 m depot
approach
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Station Construction

Cut and cover (top-down method)

Concrete diaphragm wall using permanent
floor slabs as internal support

Ground treatment - jet grouting/ dewatering

Monitoring of ground responses




:]u

-y -
——

-i







]
Ll
1

%ﬁ% 'ﬂ\\ﬁ)

T R e e i o e S e o i
B R e gy it T T S A g T o
TRE L= - "#-'I." I._" - r 1 T " -
T o LU Y F 3 R T R I i |
SRR AL e L [ e i f1 Emllgi

4

If-
w7 Mgk f_:. =
|

¥







5.7-m Inside diameter of the single track
tunnels

Shields: Eight 6.46-m-diameter Earth

Pressure Balanced (EPB) Shields

Lining: Precast concrete segmental rings,
each 1.2 m long and 0.3 m thick, made up
of 5 segments and a keystone

Backfill grouting




TBM-Kawasaki
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DEPTH BELOW GROUND LEVEL (m)
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DEPTH BELOW GROUND LEVEL (m)
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Profile 1  Profile 2

Figure 2 Typical Soil Profiles







The Observational Method

 Deepest D-wall excavation ever attempted

o Largest shield tunnelling ever attempted
 Construction in business district of the city

* Need to minimize impacts on adjacent buildings

e Adopted The Observational Method




BUILDING PROTECTION PRINCIPLES

O DESIGN & CONSTRUCTION METHODS
TO MINIMISE GROUND MOVEMENTS
O PREDICTION OF MOVEMENTS IS REQUIRED

O BUILDING CONDITION SURVEY

O 2nd & 3rd STAGE ASSESSMENT IF REQUIRED

O ALERT LEVELS IDENTIFIED BEFOREHAND
O BUILDING PROTECTION IF REQUIRED

O INSTRUMENTATION & MONITORING




STAGED ASSESSMENT

Check all buildings in influence zone

No further check if predicted settlement < 10 mm &
ground slope <1/500

Check damage level using the limiting tensile strait
approach (Burland et al & Boscardin and Cording)

Structures placed in Category 3 of damage
classification (moderate) or above need further
assessment (detailed analyses)

Establish protective measures requirement
Monitoring (till 3 months after movement stops)




Typical values of maximum building slope and settlement for damage risk assessment.

Risk Maximum Slope of  Maximum Settlement Description of Risk
Category Building of Building
(mm)

Less than Y/sgo Less than 10 Negligible: superficial damage
unlikely

Y500 0 Hago 10 to 50 Slight: Possible superficial
damage which is unlikely to
have structural significance

Y500 10 s 50 to 75 Moderate: Expected superficial
damage and possible structural
damage to buildings. Possible
damage to relatively rigid
pipelines

Greater than /s, Greater than 75 High: Expected structural
damage to building.
Expected damage to rigid
pipelines. Possible damage to
other pipe lines.




INSTRUMENTATION & MONITORING

4 sub-contractors appointed

Leo Jovian JV and STS-Sol Data JV on South Contract with the

work split geographically
GMT Corp on North Contract

Each responsible for installation of instruments, monitoring, data

input & manipulation of data base, plotting & reporting
Large range of instrument types with special readout units

Reading interval to suit work but often daily at critical periods




Instrumentation

Type of Instrument

Scope of Use

BM Suney

to monitor BM reference elevation

Surface settlement point

to monitor surface settlement

Building settlement point

to monitor settlement of buildings

Structure settlement point

to monitor settlement of structures

Utility settlement point

to monitor settlement of utilities

Subsurface Heawe Indicator

to monitor movement of excavation

Standpipe piezometer

to monitor water level

VW Piezometer

to monitor water pressure

Inclinometer

to monitor diaphragm wall deflection

Extensometer combined with Inclinometer

to monitor settlement and ground movement

Tiltmeter

to monitor changes in inclination of

Crack gauge

to monitor cracks in building/structure

Rebar stress transducer

to monitor stress/strain in D/W steel rebars

Strut strain gauge

to monitor stress/strain in structs

Strut Load Cell

to measure load in struct

Tape Extensometer

to monitor convergence of tunnel




Surface Settlement Array

Surface Settlement Points

Northbound

Thaim Ruam Mit
station

Southbound

Combined inclinometer / extensometer

Tunnelling Direction




Subsurface Movement Instrumentation

Extensometer installation in Extensometer installation in
South contract North contract

Extensometer _
|ncl|no_meter Extensometer Inclinometer
casing casing
/ SoftClay
Soft Clay

=

Stiff Clay Stiff Clay

Tunnel / | Tunnel/




Summary of instrumentation for bored tunnelling

quantity
Surface settlement point 1,276
Settlement array

Subsurface instrument 36 set
Building settlement marker On 339 buildings




Subsurface Ground Movement Instrumentation

Extensometer North Contract | South Contract

For tunnel excavation 24 18
- Subsurface settlement type 1 24 of 24 4 of 18
- Subsurface settlement type 2 0 of 24 14 of 18
For shaft excavation 18 0

Total 42 18




Side-by-Side Tunnels Typlcally 10 — 65 mm
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SURFACE SETTLEMENT AND SOIL PROFILE IN SOUTH CONTRACT
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SURFACE SETTLEMENT (mm)

DEPTH BELOW GROUND LEVEL (m)

SURFACE SETTLEMENT AND SOIL PROFILE IN NORTH CONTRACT
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Effect of Face Pressure

Surface Settlement (mm)
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Significant Influencing Factors

Face pressure

Rate of advancement - Obstruction &
Breakdown

Soll type - Sand
Workmanship




Settlement Troughs in North Contract

Ground Settlement Array of Section A
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Settlement Troughs in North Contract

Ground Settlement Array of Section C (Ratchadapisek Road) Ground Settlement Array of Section C (Asoke Road)
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Surface Settlement Arrays

Surface settlement trough for tunnel excavation North Contract | South Contract

Installed in green-field condition 8
- Gaussian fitted 50f8
- Non-Gaussian fitted 30f8
Installed in existing structure area 21
- Gaussian fitted 10 of 21
- Non-Gaussian fitted 11 of 21

Gaussian Fit : 19 out of 39 arrays




Ground settlement array no. 26-AR-001

Zone 26
Ratchada - Lat Phrao
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Ground Settlement Array No. CS-4D
( Lumphim - Bon K )

First tunnel

O excavation (SB)

ground loss 0.69%

Second tunnel

| O excavation (NB)

ground loss 0.80%

Soft clay

Stiff clay

Very Stiff clay
-26 m.

Dense sand

0 10 20

Distance from Centre between Two Tunnels(m)




Surface Settlement

Ground Settlement Array No. CS-1A
( Hua Lamphong - Sam Yan )

Soft clay

First tunnel
| O excavation (SB)

ground loss 0.43% Stiff clay

-20 m.
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| Second tunnel
|00 excavation (NB)
ground loss 0.61% Very Stiff clay
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Skew of Settlement Troughs

e 2 = 0.03-0.58 of the distance between
the two tunnel centerlines (d).

e The mean a/d 1s 0.16




w Width of Settlement

| | ® Single tunnel

: © Twin Tunnel Trough

Rock, Hard Clays,
Sand above
aroundwater 1evel;

O’Rielly and News (1982)

Soft to Stiff clay

Sgnd below

[ | ® Single tunnel
groundwater level

| - |® Twin tunnel i=03Z -i=04Z -—-i=052Z -~
- L - i =0.6Z

2.00 3.00 4.00 5.00
iR

Peck (1969)

Depth, Z (m)




Tunnel Volume Loss

Typically 0.5-2.5%

In difficult sections , 1t was up to 3.5%.




Correlation between VVolume Loss and Ratio of Face
Pressure to Overburden Pressure

+ Side by side Tunnels

= Stacked Tunnels
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Ratio of EPB face pressure to overburden pressure




Ground Movements with Shield
Advancement

i STEP ? 4ch STEP

L.,.sgnm by tail void
Succeading settiement




—e— RE-5T-06-1-18.3
—s— RE-5T-06-2-16.3
—a— RE-5T-06-3-14.3
—e— RE-5T-06-4-12.3

—o— SSS-5T-34B
(Surface)




Extensometer Monitoring Result
No. 25-1E-003 Sutthisan - Ratchada

Elapsed time (days)
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Long-term Ground Movements

e Most ground movement occurred In the
vicinity of shield advancement

e Some long-term movement occurred within
soft clay layer

* No significant long-term movement in stiff
clay layers




~= After SB TBM Passing (2106/99) :

—+— After NB TBM Passing (24/6/99) |

= Last Measurement (18/10/99)

Spacing 15.0 m

9909960669069% o a0,

g

9,

Poag

Spacing4.8 m

---o--- After SB TBM Passing (23/05/99)

---o--- After NB TBM Passing (26/05/99)

—— Last Measurement (17/03/00)

Subsurface Settlement (mm

-10 0
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Subsurface settlement
Instrument RE-5T-7 (Bon Kai - Sirikit)

20
I|

Soft clay

Stiff clay

Very stiff clay
Very stiff

clay Dense sand
-25m. |

-40 -20 0

Soft clay

Depth (m)

-15m.

Stiff clay
-20m.

010 010

Subsurface settlement (mm)

eL_argest settlements occurred in soft clay layer

«Some showed in stiff clay layer

Subsurface settlement
Instrument 23-IEX-001 (Thiam Ruam Mit - Pracharat)

-20 -40 -60
l ] !

O

Measurement

Loganathan &
Poulos (1998)

342m.
—

0D 000 000 © O

i ;——17 m.
Stiff clay

Soft clay

-15m.

-23m.

Dense sand

Stiff clay

Dense sand

20

Subsurface settlement (mm)

Depth (m)




Lateral Ground Movement

Cases of Low Face Pressures

Inclinometer no. 30-IE-001
( Mo Chit - Kamphaeng Phet )

e gap parameter, g, from back

calculation was in the range of 20-
60 mm (Timpong, 2002).

Elevation (m)
St Clay

e Tylomitoring

Dense Sand

—&— Loganathan and Poulos (1998) E
Werrmjt & Booker (1996)
30 20

Cumulative Deviation (mmn)




Inclinometer No. IN-T7-04
(Phetchaburi - Sukhumvit stations

Made ground

Avg. face pressure = 100 kPa
Avg. grouting pressure = 2.5 bar

C.L.=188m
2.35 m from the inclinometer

Zone 2 Zone 3

A. 2D before the shield face
B. 1D bhefore the shield face
C. at the shield face

. D. 0.5D behide the shield face
Very stiff clay E. at the shield tail

F. 2D behide the shield face
G. 3D behide the shield face
H. 4D behide the shield face

-4 -2 0 2 4 6
Lateral Deformation (mm)




at 31-1E-001(Kampkaeng Phet - Bang Su ) |

-15

-20

-25

-30

-35

-40

-45

-50

-55

inclinomet

NB : SB

: Tunnel clearance

—*— After SB TBM Passing (30/01/00)

—®— Analytical prediction g=20 mm
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Analysis of Subsurface Ground Movements

@o metho@

Numerical methods

Empirical and

Analytical methods
PLAXIS

and FLAC

/4
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Vertical Movement Contour for Single Tunnel

Loganathan and Poulos (1998)’s methog




Vertical Movement Contour for Twin Tunnels

—
Loganathan and Poulos (1998)’s metha

M = 505.00

M 2 .00-3.50

M 050200

O .00-0.50

O z.50—1.00
M -4.00-2.50
W 5504 .00
O -7.00—5 50
M =507 .00
O An.00—5.50
W -1 501000
O -z.00-11 50
O 14 50-12.00
M -15.00—14 50
O 17 50—15.00




Twin tunnels

Subsurface Vertical Movement

209 m.

Tunnel depth

Spacing

209 1.

RN U o

Spacing = 100 rn.
Turnel depth

20
45mm. , GL.=15%

3.96%

Subhaurface Settlement (o)

—&=—HB TBEM Pagsing 1152100

—— Loganathan and Poulos |, g

=20

——PLAKIS, G L.

20
d5rmm.  GL.=15%

=20

Subamrface Settlement (o)

—=—35B TBM Passing 1072000
—— PLAXIS |G L =394%

—8— Loganathan and Poulos | g




Prediction of subsurface movement

Limited ability in case of high face pressure




Ground Movements In

Station Excavations




Station Boxes- Hazel Hooi 2003
18 station box excavations

Typically Centre Island Platform with 3 levels
230 m x 25 m, excavation depth of 20 - 30 m
Diaphragm walls 1.0 m thick and 30 to 35 m

8edpContract North Contract

Hua Thiam Ruam Mit

Lamphong Pracharat

Sam Yan Bamphen

Silom Sutthisan

Lumphini Ratchada

Bonkai Lad Phrao

Sirikit Phahonyothin

Sukhumvit Mo Chit

Petchaburi Kamphaeng Phet

Rama IX \ ‘ Ban.g Su.
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Interpretation of Measurement Data

(1) Lateral Wall Movement

)

Excavation Depth, H (m

BONKAI STATION
INSD8

Lateral Wall Movement, §4 (mm)
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Lateral Wall Movement, §y (mm)
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== Cantilever Mode
== Braced excavation

mode bulge in soft
seil Braced excavation

mode bulge in stiff
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Plot of OH_ /H vs H

SOUTH CONTRACT

Maximum Lateral Wall Movement/Excavation Depth, dymax/H

o« oo w2 u (1) Cantilever mode
. ‘ H=16m-4.0m
dyna/H = 0.20 - 1.60

(2) Braced excavation
mode

T (soft soil)
NORTH CONTRACT H et 6_5 m — 10_8 m

Maximum Lateral Wall Movement/Excavation Depth, §ymax/H

T (3) Braedd BX28TEhS0
o o o g .. o * * mode
stiff soil

(H=1.6m-4.0m)

Braced mode-soft soil H — 12_4 m — 32.6 m

(H=6.5m-10.8m)
pmssmosesee o /H =0.05 — 0.40

Braced mode-stiff soil
(H:20.0m-32..6m)
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Dimensionless Settlement Data

SOUTH CONTRACT

7 Braced excavation
mode
stiff soil)
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o
|

Braced excavation
+ Cantilever mode (H=1.6m-4.0m) Braced mode-soft soil (H=6.5m-10.8m) mOde

Braced mode-stiff soil (H=12.4m-16.7m) Braced mode-stiff soil (H=20.0m-32.6m)
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Design Parameters vs Adjusted Parameters

Depth, H (m)
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Design Parameters vs Adjusted Parameters

Silom Station (cont’d)

Plan Bas
Lateral Wall Motemem’ &y (mm) Lateral Wall I\/Ié/ement, dy (mm) Base

ettt [} Pl iy excavation
A stage reveal
large bulge

— dueto
delayed base

?Ah@ j%s¥e§

parameters

|

Depth, H (m)
Depth, H (m)

.~ PLAXIS
/ (design)

, j— Inclinometer | ; Slightly

closer




A horizontal fictitious load applied at top of wall to
model:

» Lateral confinement due to road pavement
~Jiiceatijutterpsiiffnedegangneters used Wivsars
bedoetions

» Soft/Medium Clay : E, = 500c,, kN/m?

- 1st Stiff Clay : E, = 700 Ng, kN/m?
» Clayey Sand & Sandy/Silty Clay : E, =900 N,
KN/m?

- 2"d Hard Clay : E, = 1600 N, kN/m?

- BgiHardGleaguay | Gan (157F Zﬁ%b&al&/mégg)
-where¢-

T 6
eofF &A% d SPIO.value 500c, 500c,
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Effects on Adjacent

Buildings




Typical Foundations of Buildings in Bangkok
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Building settlement versus distance from tunnel wall.
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Building Settlement versus Number of Storey
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Conclusions

e Maximum surface settlement ranged from 5 mm to 120 mm, mostly 20-60 mm. The
corresponding volume loss was 0.4-2.50%.

* Influencing factors are :- Face pressure,
Rate of advancement - Obstruction & Breakdown,
Soil type - Sand, and Workmanship

» Most ground movement occurred in the vicinity of shield advancement. Some long-
term movement occurred within soft clay layer. No significant long-term movement in
stiff clay layers

 Outward lateral ground movement and heave from the tunnel excavation occurred for
depths below the tunnel roof in sections where high face pressure was used in EPB
excavation. This make prediction of subsurface movement difficult.

* Only few cases of damages to adjacent building from tunnelling.

» Settlement of buildings from tunnelling showed correlation with the height of building
(depth of foundation piles) and distance from tunnels.

» Typical characteristics and range of lateral wall deflection and ground settlement in
station excavation using D-wall were derived from the monitoring data.







