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Observational Method (OM)

The Observational Method in ground engineering is a continuous,
managed, integrated, process of design, construction control,
monitoring and review which enables previously defined modifications
to be incorporated during or after construction as appropriate. All
these aspects have to be demonstrably robust. The objective is to

achieve greater overall economy without compromising safety.

Ciria R185 (Nicholson et al., 1999)
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The Observational Method

Background

= 1940s - 1960s: Terzaghi “learn - as - you - go”

= 1969 : Peck’s Rankine Lecture - Observational Method
introduced with two approaches of Ab-initio & Best-way-out
1970s - 1990s: Progressive Moditfication

1999: Ciria R185 - OM definition with updated Ab-initio

(cautious)

2000s: EC7 / Ciria C760

Eurocode 7:
Geotechnical design —

Part 1: General rules

Guidance on embedded BRITISH STANDARD BSEN
retaining wall design
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The Observational
Method in ground
engineering

T
.. principles ™
., and applications



Page | 5

New OM Framework (ciria c760)

Ab initio Ipso tempore
[
| | |
Approach A Approach B Approach C Approach D
Optimistic Cautious Proactive Reactive
Ab initio in Peck 1969 Ab initio in| Ciria R185 Previously undefined Peck’s “Best Way Out”
Planned with Most P%ﬂl]ll&-d with Things going well Thing going wrong
Characteristic
probable Modification possible Contingency needed
Contingency with ' Modification with

Characteristic Most Probable Ciria C760 (Gaba et al., 2017)
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OM approach selection flowchart

Excavation design stage

. Back-analyse good case histories
)
=
'
o
= Reassess case with most probable
o
on=t parameters
&
ﬁ] l
o
-
-~ tod s
Decision-makers
Review

- Assess savings - Earthwork Savings
""""""""""""" = wall options * Compliance period (= 3 months)
* propping * Long term settlement estimation

Most probable parameter

- Risk assessment
Design risk vs savings

Ab initio approaches

b k.

(with a completed Instrument | Conventional design

& Monitoring plan)

Approach A design Approach B design
(with Contingency Plan) (with Modification Plan)

Ipso tempore

Ipso tempore

L k.

Construction Construction

Meet Assurance procedure better

Approach C design Approach D design
* [
| (optimisation ' (for unforeseen &
lopportunity is challenging difficult |
| identified) situations) Y

------------------------------ | Construction

PhD Thesis (Chen, 2018)
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OM new development

ISSMGE TC206 (Since 2020)

= Practice Barriers
Contractual issue Working Group - Guidance on value engineering clauses, contract format for OM,;
« Codes & Standards Working Group - Guidance on the OM terms written in design codes
and standards (e.g., new EC7 edition by 2023 July);
« Tunnelling OM Working Group - Compare and feedback the similarity & difference in
practising OM in tunnelling Vs ground engineering;
= Technical Barriers
* Instrumentation & Monitoring Working Group - data (Collaboration with TC220);
» Real Time back analysis Working Group - Optimization Machine Learning Algorithms &
linked parameters for efficient back analysis (Collaboration with TC104 & TC309);



The Observational Method

What is it ? (for new development)

= An integrated + interactive design + construction control method, linking

design to observed performance (I&M) during construction.

= The intentis to use observed structural + ground performance to enable

pre-planned OM design (optimistic | modified) during construction.

= Well established technical basis - Ciria R185, Ciria C760, EC7. Example in
UK: Crossrail Tottenham Court Road Station, Crossrail Moorgate Shaft,

Limehouse Link.
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The Observational Method

Essential Requirements:

= Reliably obtain critical observations in a timely way + ability to implement

timely pre-planned contingencies.
= Avoidance of progressive and/or sudden collapse.

= Stakeholder support - close teamwork + trust

- Contractor/Designer/Client/Checkers

- MUST work as a single team (no “them/they”! BUT "we/us” are key)
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RealTime Back Analysis - RTBA

» Linkage of Constitutive Model Parameters

2020.11 = Collection case histories (testing back analysis) 2024.02

» [SSMGE — Special Session

= Working Group Set-up
i i i 10 “Back lysi ing ML
= 14 Active members Mogthly Tal!< & Ig(lscc::us?on / Joint ack analysis using
ymposium onterence for the OM — Lessons learnt

» Head: Fadi Haddad -
and Future Directions™
_ = XVIII ECSMGE - Joint

Tschuchnigg (Graz 2021.09 Joint Workshop

Workshops with TC103 &
University, Austria) TC206 / TC304 / TC309 en00 & ERTCT

(Bauer) / Dr Franze (Since 2022.01)

https://www.ecsmge-2024.com/



Why Back Analysis ?
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" Uncertainty on the ground has a consequence of high environmental &

financial costs to the construction industry ”

Gl .
)
. X )
Project Lifecycle N\ S
RO
Poor I B <'\\\O
: . Cautious Parameters . Datanot Analyzed NS \\O
Information I (only compare with threshold vales) &
Disconnected ;QOQ
2O
NI

Current Approaches:

* Increase Gl (pre-design)

=  Use advanced soil constitutive models & 3D
FEM (design)

= Measure real response (construction)

'\\)@@i\\&d\
: & Q°
Operati@n gy
Asse

Management

Constructissues
Surcharging load
Other site activities

Select analysis modelling
Apply soil models

Numerical Tools I Measurements o) |ﬂ ﬂovation SO|utiOI’1

Site Investigation
Lab/in-situ testing
Geological historical data
Derive design parameters

/

! Mechanism

Experimental
testing data
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Manul Back Analysis

Conventional manual back-analysis process

Model /
Algorithm

e Pseudo FE

¢ § (displacements)
e 2D FE e Strut force

e Soil parameters
¢ Groundwater

e Construction 3D FE * Wall forces :BM/SF
information ® Empirical ® Measurable predictions
7 J y

’[ No = adjust inputs Convergence criterion

Yes

@

Engineering Back-analysis completed Observations

J udg ment (‘most probable’ parameters) IV RIELHTTTRETEY
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Machine Learning Back Analysis
CONSTRUTCION

Machine Learning back-analysis process | > Review process in

S . place
Optimization Algorithms: |

= Deterministic Algorithms. / | \
DATA - MODEL

= Stochastic Algorithms. Routinelyi checked
(e.g., Probabilistic Bayesian / MCMC / Genetic Algorithm) E o
s ~ RTBA (Real:Time Back
Machine Learnin I
Optimization 7 O Ana!y5|s
—_— Algorithms a l
m Outcome (valldatlon/

kptlmal parameters) /

= [ =
Observations Models

(reviewed Pseudo FE ‘Optimal’ / 'Most v
monitoring data) lg gg EE probable’ parameters Modification Design
* Empirical Verified / to be

\ + Mathematic Method/ Developed




Explored ML-BA Tools

Tilt
(developing)

Bayesian Method

DAARWIN
(Cloud - Platform)

Genetic Algorithm

DAARWIN
SANLG

GEOMECHANICS
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Meta Model
(Cloud - Platform)

Statistical Bayesian Method

.
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Bayesian Method

| Ground water levels

Soil parameters

Structural properties

- MCMC
Monte Carlo Analysis  Low rank approximation
l, probabilistic analysis

Probability Distribution of ULS
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Genetic Algorithm

Based on mechanism of natural evolution (Darwin) D/\/\ RW‘ N

P2

Search Space

EEN
EEEEEEEEEEEEEEEEEEERE
EEEEEEEEEEEEEEEEEEERN
EEEEEEEEEEEEEEEEEEERN
EEESNEEEEEEEEEEEEEEERN
EEEEEEEEEEEEEEEEEEEN
EEEEEEEEEEEEEEEEEEEE

P1

Initial Population
» random combinations

l Check fitness between ‘estimations’ & ‘observations’

Second Generation Population
= random combinations surround the ‘good’ result obtained
in the Initial Population

Create generations until the best fitness obtained (control)

v

End Generation Population
= Optimal combination(s)
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Case History: Crossrail TCR-WTH

» |Located at center

point of London
(U.K.)

= Excavation in over-
consolidated
London Clay

= Bottom-up
Construction
Sequence for 30m
deep excavation

= OM lpso-tempore
Approach C
modification
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Back Analysis TCR-WTH

Method Manual ML ML
Time Period | 4‘ weeks | < 24 hours' 8 - 24 hours?
(including OM design)
Approx.
numbers of <100 ~ 1,000 3,000 - 8,000
Analysis
EEM Pseudo- FEM Plaxis 2D Plaxis 2D
(validated in FEM)
RTBA Not To be tested Trialled in the UK

1. Single desk station computational time, Mohr-Coulomb soil model & Single stage back analysis in Tilt.
2. Depending on Soil constitutive models, Single or Multiple stage(s) back analysis, computational time varies on DAARWIN.



Tilt (Bayesian Method) - with Antonio Canavate-Grimal [BX10L%

Deflection calibration. Posterior parameters. It. stg 8 03

= ® Observed Back Analysis Results
= Most Probable
— 95% CI Model
95% Cl Obs
others 120 - ~*% 4 95% CI Param.
E3 [
58.3% 2 ".0’
115 - & R
;! ¢4
) .,
\ ‘..
\ %
110 1 . S~ T,
& .
5 .‘ Obs'eryg:cl.c.)n error
S N "...
P »\ .'...
2 105 1 '\ '-.....
g ' ~—— .,
eristic ‘s,
9
100 - Max 0x > 40mm &
“‘
“““
“““
95 1 ““'
e 0 o . .
Sensitivity Analysis Results o
"
w ‘ _
‘0
.y . . . *
A Probabilistic analysis to assess the most probably design o

parameters for use in the Observational Method, Grimal et. al. 55 3% <o 75 100 125 150 175 20
2022 Defiection [mm)] Page | 19



o . M
DAARWIN (Genetic Algorithm) -withsaate =M 21480

Single stage back analysis - Mohr-Coulomb Soil model

0 ) 0
k ™S Backwards
5 - Predictions Over'estimate 5 Backwards
. .. Predictions
Optimal’ stiffness
10 is SOFT for early 10 /" Buck analysis af
Back analysis ¥ ! +FFL. (+95.4
at+111.1 stages) -(F92.4)
_ 15 15
E E
g { |
8 2 Under-estimate £ .
< Optimal’ stiffness is
’s STIFF for later stages)
25
Excto+1215 Excto+1215
—— Excto+114.2 — Excto+1162
i Excto+111.1 Excto+111.1
30 f - Excto l:g?é 30 — Exc:o :1{:31
1 xC to+ J .
'r[ Forwards Excto +95.4 (FFL) E:E:g :;EL?FFL]
' - 2012-06-09 2012-06-09
-r1 Predictions 2012-06-14 2012-06-14
35 |l 1 2012-07-17 35 2012-07-17
'i;l 2012-08-07 2012-08-07
il 2012-09-04 _ 2012-09-04
2012-09-27 2012-09-27
40 40
0 2 4 & 8 10 LE T 16 Page | 20 0 2 4 6 8 10 12 14 16
Displacement [m] Displacement [m]

A case study of excavation back analysis using two machine learning optimisation algorithms, Proceedings of the 4th ISMLG, University College Cork, Ireland, Chen, Y., 2023



DAARWIN (Genetic Algorithm) - with saale

Multiple stages’ back analysis - Mohr-Coulomb Vs HSS Soil models

0

10

15

20

Depth [m]

30

Back analysis

6 8 10

Mohr-Coulomb

Excto+1215

e Excto +116.2
- Excto+111.1
w Excto +108.1

Excto+101.0
Excto +95.4(FFL)

12 14 16

Displacement [m]

Controi Zone

10

HSS - Stiffer response

at small strain level. ~—

M v SAALG

o
MacDoNaLp  CEOMECHANICS

. Backwards

s ol S el o e
rreaictions

15
HSS - Not very T
responsive when strain_ £
experienced rapid 3 20
Increase.
Mohr-C - less precise z
prediction at very
small stiffness, but 30
fitted-well at each dig
stages'!

35

40
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[
Back analysis
(V]
-
lv\
N
%
-
=
;
(3]
2
Excto +121.5
e Excto +1162
Excto+111.1
(4

— Excto+108.1
Excto+101.0
Excto +954(FFL)

o)

7[.‘.? NA

08-07
2012-09-04

2012-09-27

15 20

Displacement [m]
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Machine Learning Back Analysis
Key Point:

= Machine Learning Optimization Algorithms - improve back analysis efficiency & accuracy.

= Capacity to work with 2D / 3D Geotechnical modelling, and the advanced soil

constitutive models.

= Timely available I&M data (e.g., I&M data Platform), and reliability of observations are

critical for a good real-time back analysis.

* |nterpretation with Engineering knowledges (NOT Al yet !')
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Euston Station TSS Shaft - RTBA Trial

mmace 24 M " S/\/\LG

Working in MOTT "
partnership with Hsz M ronalp GEOMECHANICS \

4, (Tunnel Opening)

N

Z  inclined Temporary Props

u Square Shaft (~ 21 m by 22m), /,lnstruments:

Z  * Inclinometer=IC
* Prisms atcapping beam levels (not shown)

= Maximum excavation depth over 20m; * Strain gauges on temporary props (not shown)
= Contiguous Piled-Wall (1.07m @ @ 1.5m spacing c/c);

» Bottom-up construction method;

» ‘Three-levels’ temporary props (diagonal corner props);
» |&M: In-Place-Inclinometers / Prisms / Strain-gauges

for temporary props




I TSS - Sections

nimace pdneg M
Working in
partnership with

MOTT
MACDONALD

Made Ground (MG)
22.50mAOD L1 - EA/LS =90 MN/m?
River Terrace Deposit Max load < 225 kN/m
(RTD)

20.00mAQD &

L2 - EA/LS =145 MN/m?

Max load < 1350 kKN/m

London Clay (LC)

L3 - EA/LS =145 MN/m?
Max load < 1250 kN/m

e LS

Lambeth Group (LG)

Sand Channel 1~ 3m thickness

A 70mACD
(-10.0mAOD)

-13.00mACDy
Upnor Formation (UF)

Section A-A’

T

w 23.585mAOD

(Assumed Ground Water Level

w 20.50mACD

(Toe of soft grouting piles )

F

7.0mAOD
(-10.0mAOCD)

23585mACDy  IC-04

L1 at +23.0mACD

h - vertical spacing of prop

L2 at +16.5mACD

Up to 20m
excavation
depth (H,)

L3 at +2.0mAOCD

w -10.0mAOD

Section B-B’

YINAVANIE

GEOMECHANICS
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DAARWIN SALS,

create connections
control points in BA

DAARWIN - Cloud-based data platform
Sensitivity Study Function

Machine Learning Back-analysis Function
‘Digital-lwin’ visualizing design vs monitoring

Project Data-base

CONSTRUCTION PHASES

= Define stages in m
= Filter data into stag
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T CONSTRUCTION PHASES ; i
As-built record confirmed
with construction progress

Piled Wall installation 2021-07-16 2021-11-20

Northern ventilation tunnel formation 2021-11-20 2022-04-20

Excavate for Capping beam construction 2022-01-03 2022-03-29

Excavate to below Level 2 props 2022-03-26 2022-04-26

Excavate to below Level 3 props 2022-04-27 2022-05-20

Excavate to formation levelConstruct Base Slab - RC preparation 2022-05-21 2022-07-16

v
5 Eat

Construction Shaft Structure (Date TBC) I 2022-07-25 2022-1-16 I
: Planned ___ |
L 2




I Monitoring Data Review

I::‘::ce DRAGADOS M M S /\ /\ |_ G

O
partnership with Hsz :A(-I;ISONALD GEOMECHANICS

ICO7 data Data taken from March 2022 to November 2022 IC04 data
0 | 0 !
Y
5 \ Reaching Remove 5
Remove Remove RemoveReaching
P2 P2 P3 | FFL.
10
10
. Cross-checking the
construction activities ! s
E E
£ 20 <
& &
(a] a 20
25
25
30
) Amber Trigger
Ambler.Trlgger =0 (From original design)
| (From original design)
35

0 0.005 0.010 0.015 0.020
Displacement [m]

Section B-B'’

-0.025 -0.020 -0.015 -0.010 -0.005 0 0.005

Displacement [m] Page | 26



I Sensitivity Study
Concrete Stiffness E from 16GPa (7 days) to 25GPa (28 days)

Permanent Concrete Slab (B-1) Axial Force

Coordinates Y (mAOD)

-10

20

18

10

negligible wall shear
force change

_l-—._._'_';-

S

12. Remowe P32 Design
14, Rzmowe P2 Design
16. Remowve P1 Design

= Final Consclidation Design

-1000

-500

500 1000 1500

Shaft Wall Shear Force (kN/m)

2000

mmace M

wase S 2 M S/\/\'.G

GEOMECHANICS

MOTT
MACDONALD

-200

-1000

-1100

-1200

Axial Force [kNm/m)]

-1300

Remove Pl stage

Max=-235({A=+15)

Max =-950( & =+15)

Long term stage

Max=-1093 [ & = +28)

Remove P2 Stage

Max =-1266( 4 =+17)

Max=-1119( & = +28)

" Max=-1283(A=+17)

-1400
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-10 -5 Co

ordinate X 5] 10

Parametric study
Construction -

temporary props 2-3 weeks earlier than
Planned !

is useful to support the
Successfully removed




o mmace M
Back Ana|y5|s Stu dy s, G2 o éQE{:\H/LNch

Single stage back analysis (Mohr-Coulomb Soil model)
.
]
= Fitting well at the back analysed stage; /
Back analysis at Dig 3 - "
» Under-estimated for future excavation stages; | Forward Estimations
5
» Update Model: -
5
- Split LC into sub-layers: LC-A3, LC-A2 and LC-A1, each E o E
£
3
layer with own MC parameters; a \
- Adopt advanced soil model; 20
- Define a few MC stiffness values representing the
stiffness at variable strain status, e.g., E value at small, 25
' ' IC04_2022-04-06 Dig 3 (2D)_Rev03
medium and large shear strain level. il — e T
2 IC04_2022-05-10 — Dig 5 (2D)_Rev03
A shaft excavation in London Clay using the Contiguous Piled wall - modelling and back analysis, IC04_2022-05-15 ~— Dig6 (2D) Rev03
Proceedings of the 10th European Conference on Numerical Methods in Geotechnical Engineering, London, 1C04_2022-06-09 Dig 7b (2D, FFL) Rev03
UK. Chen, Y., 2023 20 18 10 5 Di:pln:gment [mm]
28
Model Rev03
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Back-analysis on DAARWIN

Example of Back-analysis

Model Rev03 Back-analysis
Model Rev08 Back-analysis

RTBA calibrated the ‘best-estimated’
London Clay parameters for
excavation using flexible retaining
wall structure.

Depth [m]

Model Rev03

SANG

GEOMECHANICS

Model Rev08

-
(]

20

25

30

Back analysis at Dig 3 4 »

Forward Estimations |

IC04_2022-04-06
IC04 2022-05-05
IC04_2022-05-10
IC04_2022-05-15
IC04_2022-06-09

Dig 3 (2D) Rev03
—— Dig 4 (2D)_Rev03
—— Dig 5 (2D)_Rev03
~—— Dig 6 (2D)_Rev03
Dig 7b (2D, FFL)_Rev03

Contrelled Zone

10

15

Forwards Estimations

IC04_2022-04-06
IC04_2022-05-05
IC04_2022-05-10
IC04_2022-05-15
IC04_2022-05-28
IC04_2022-06-09

Controlled Zone

Dig 3 (2D)_Rev0$
—— Dig 4 (2D)_Rev08

Dig 5 (2D)_Rev(8 '
— Dig 6 (2D)_Rev08 ‘

Dig 7a (2D) Rev08

Dig 7b (2D, FFL)_Rev08

20

18

10 5
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Challenges & BA Attempts

= Creep movements after reaching F.F.L.

- Add ‘Stress Relaxation’ zone behind wall; and
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10

15

30

mmace I3 M M S/\/\LG

Working in O
partnersiup with Hsz N boNALs CECMECHANICS

Back analysis at Dig 4, 6, 7b

IC04 2022-04-06
IC04_2022-05-05
IC04 2022-05-10
IC04_2022-05-15
IC0D4 2022-05-28
IC04 2022-06-09

Control Zone

Dig 3 (2D) Rewv(9
Dig 4 (2D)_Revl9
Dig 5 (2D)_Rev(9
Dig 6 (2D) Revi9
Dig 7a (2D)_Rev09

Dig 7b (2D, FFL) Rev(9

15

10 5 0
Displacement [mm)]

Model Rev(09




o mmace M
I TSS RT BA Trl al e P S 2 :g;;wm éC{!\}EC/\HL;NIGCS
Outcomes:

= |tis possible to conduct back analysis in parallel with fast-paced construction

project with the ML supported back analysis tool (e.g., DAARWIN)

= DAARWIN as a back analysis tool is useful which ofters better understanding on

construction performance - support construction.

= |tis essential to interpret Observations & Outcomes for a qualitative back

analysis.
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I Summary

Machine Learning Optimisation Algorithms significantly enhance the
efficiency & accuracy of back analysis, enable the ‘Real-Time Back Analysis’.

= Timely available I&M data (e.g., I&M data platform), and reliability of
Observations is ‘'KEY' in RTBA.

= Interpretation of Back Analysis is compulsory to ensure physical and
engineering are meaningful.

= With RTBA tools, OM is an attractive option for Digital Construction / a
Data-Driven design approach, keep up with the fast-paced construction.

= For any Construction projects, RTBA its “Digital-Twin” can provide regularly
check identitying opportunity for optimisation / detect potential faults for
early warning, improve construction safety control.
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I Summary

1.

Application of observational method at Crossrail Tottenham Court Road Station, UK.
Yeow et. al. 2014

. Application of observational method on deep excavation retaining wall design in

London Clay, PhD Thesis. University of Cambridge, Chen Y. 2018

. A Probabilistic analysis to assess the most probably design parameters for use in the

Observational Method, Grimal, A.C., Chen, Y., and Nicholson, D.P. 2022

. A case study of review excavation monitoring data for the reliable back analysis,

Proceedings of the 11th International Symposium on Field Monitoring in Geotechnics,
London, UK. Chen, Y. and Nicholson, D.P. 2022

. A shaft excavation in London Clay using the Contiguous Piled wall - modelling and back

analysis, Proceedings of the 10th European Conference on Numerical Methods in
Geotechnical Engineering, London, UK. Chen, Y., 2023

. An innovative method to interpret prop monitoring data through the signal filters,

manuscript submitted to ICE Proceeding of Geotechnical Engineering (under Peer
Reviewing), Cheng, W.K. and Chen Y. 2024
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Thank you & Questions

YingChen@tfl.gov.uk
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