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FINAL ANNOUNCEMENT
AGS (HK), HKIE Geotechnical Division (Working Group on Application of
Innovative Technology in Geotechnical Engineering - Geotechnical

Computer Program Users Group) & Department of Civil Engineering, HKU

1-day Seminar on Geotechnical Computer Modelling

Theme

This 1-day seminar aims to provide a forum for sharing of knowledge, exchange of ideas and
discussion on topics related to numerical modelling in geotechnical engineering involving
both soft and hard ground. Local and overseas numerical experts from regulators,
consultants, contractors and universities will give presentations at the seminar.

Date
20t April 2013, Saturday, 8:30 am to 5:00 pm.

Venue
Meng Wah Complex Lecture Theatre 1 (MWT1), Hong Kong University, see attached map.

Program
The program is shown on page 2.

Registration Fee

(Including tea and coffee for morning and afternoon breaks, lunch is NOT provided)
HK$ 700 for normal registration

HK$ 500 for members of AGS (HK) (see enclosed list)

HK$ 300 for full-time students (limited to 30 persons).

Registration & Enquiries

For registration and payment please refer to enclosed Registration Form.

For enquiries on registration please contact Doris Tse at tel: 2973 5777 or e-mail:
chrislee@cmwal.com.

For general enquiries on seminar please contact S W Lee at tel: 2591 1713 or e-mail:
swlee@golder.com.hk.

Cancellation Policy
Cancellation will only be accepted in writing via email or fax, not later than 2 weeks before
the seminar, and only 50% of registration fee will be refunded.

Attendance Certificate
The seminar is designed for 1 CPD day. Attendance certificates will be provided at the end
of the seminar.

Book Prize

Book prize is open to all young attendants under 35 years old for the submission of a good
quality report (max. 500 words) on this event. Book Prize reward comprises a book "Geology
of Site Investigation Boreholes in Hong Kong" by Chris Fletcher and book coupon HK$300
from Page One. Please submit your report to swlee@golder.com.hk, AGS (HK)’s Honorary
Secretary. Please refer to AGS (HK)’s website for details of Book Prize.
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1-day Seminar on Geotechnical Computer Modelling, 20 April 2013, HKU

Time Topics Speakers
8:30 - 9:00 Registration
9:00 - 9:10 Welcome Address Barry SUM (AECOM)

Chairman AGS(HK)

Session | — Chairman

(S W LEE - Golder)

9:10 - 9:40 am

Applications & limitations of geotechnical
computer programs commonly used in Hong
Kong

Mark CHAN (GEO)

9:40 - 10:10 am

Numerical modelling in geotechnical
engineering — Concept and challenge

Axel NG (AECOM)

10:10 - 10:40 am

Is my geotechnical modelling conservative or
aggressive?

Gavin TOH (Gammon)

10:40 — 11:00 am

Coffee Break

11:00 - 11:30 am

Mohr Coulomb model and dilation angle — Do
you really understand?

Ryan YAN (HKU)

11:30 - 12:00 am

Recent experiences of numerical prediction &
assessment — Excavation over a tunnel of
unbolted segmental tunnel lining

Leslie SWANN (Jacobs)

12:00 - 12:20 am

Discussion

12:20 - 1:20 pm

Lunch (not included)

Session Il - Chairman (Ryan YAN — HKU)

Large cavern design in jointed rock using Ardie PURWODIHARDJO

1:20-1:50 pm discrete fracture network and numerical & Les MCQUEEN
modelling (Golder)

. . Field considerations for computer analyses for | Sandy MACKAY

1:50 - 2:20 pm o L
underground space stability assessment (Nishimatsu)

2:20 - 2:50 pm Cod_e_based de5|gn:_ Examples in practice for Nigel I_DICKERING
retaining wall analysis (Benaim)

2:50 - 3:10 pm Coffee Break

. . Advanced 3D modelling for debris mobility

3:10-3:40 pm and flexible barrier structures Jack YIU (Arup)

3:40 — 4:10 pm Probabilistic slope stqblllty analysis .and. seismic Jui-pin WANG (HKUST)
hazard assessment with Excel applications

. . . - Angus MAXWELL &

4:10 - 4:40 pm !ntegratmg geotephnlcal design prediction Wiliam TAI (Maxwell

into the construction control process
Geosystems)
4:40 - 5:00 pm Discussion
5:00 pm Distribution of CPD Certificates
AGS (HK) page 2 of 9
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About the Speakers :

Mark CHAN (GEO)

Ir Dr Mark H. C. Chan has worked in the USA, UK, Canada and Hong Kong in
geotechnical analysis, design and construction. Presently he works on vetting of
geotechnical computer programs and other R&D projects at the GEO. He is the
leader of the Geotechnical Computer Program Users Group, Working Group on
Application of Innovative Technology in Geotechnical Engineering, HKIE GD.

Axel NG (AECOM)

Axel obtained his PhD in geotechnical engineering at the University of Sydney,
specializing in finite element methods for complex time-dependent geotechnical
problems. He has over 20 years of geotechnical experiences from projects in Hong
Kong and other parts of Asia: China, Vietham, and Korea. He is currently a Technical
Director in the geotechnical business line of AECOM Asia Company Limited. Within the
company, Axel serves as an in-house specialist to provide advice and training to
project teams on numerical modelling for complex geotechnical problems, including
deep excavation, tunneling and debris flow. Axel was also a member of ISSMGE
Technical Committee on Forensic Geotechnical Engineering.

Gavin TOH (Lambeth/Gammon)

Gavin obtained his BEng (Hons) in Civil Engineering from The University of Western
Australia (UWA) in 1988. He then joined the Geomechanics Group of UWA. His research
topic: "Numerical and Centrifugal Modelling of Soft Mine Tailing." He received his PhD in
Civil Engineering in 1994. He came to Hong Kong in 1993 working in consultants involving
in projects such as the Hong Kong Station, Kowloon Station and the Island West Transfer
Station. He joined Gammon Construction in 1997. He is currently a Senior Engineering
Manager of Lambeth Associates Ltd (in-house engineering consultancy of Gammon).
He is responsible in managing the Foundation and Geotechnical Team to provide safe,
economical, and innovative geotechnical engineering solutions for a variety of civil,
railways, tunnels and buildings projects in Hong Kong. He is also an RGE.

Ryan YAN (HKU)

Dr Ryan Yan is an Assistant Professor at the University of Hong Kong. Prior to joining
HKU in 2009, he has been a Postdoctoral Research Fellow at the Hong Kong
University of Science and Technology, a Research Scholar at the Technical
University of Hamburg-Harburg, Germany; and an Assistant Professor at the
University of Macau. He is now serving as a committee member of a number of
professional bodies, including HKIE (Geotechnical Division), ASCE (HK Section), and
AGS(HK). Ryan's research interests include experimental testing and constitutive
modelling of geomaterials, numerical modelling of soil-structure interaction
problems, Bayesian-based reliability analysis and soil-plant interactions.

Leslie SWANN (Jacobs)

Leslie is a civil / geotechnical engineer with about 40 years of international
experience including Hong Kong, UK, Middle East, Australia and throughout South
East Asia. He has been based in Hong Kong since 1995 and has been involved in
many of Hong Kong’s major infrastructure projects. He has developed a
geotechnical team locally with a significant capacity in numerical modeling.
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Ardie PURWODIHARDJO (Golder, Brisbane, Australia)

Ardie Purwodihardjo has more than 22 years of experience in civil and geotechnical
engineering including project and design managements, business development,
construction supervision and research. He has been involved with various types of
projects: mining in United Kingdom and Indonesia, tunnels in France, United
Kingdom, Middle East, Hong Kong and Australia, port facilities and marine
engineering in Indonesia and Australia, buildings and other infrastructure projects in
Indonesia and Australia.

Ardie’s main areas of technical expertise are in design development, detailed
design and desigh management, including soil/rock tunnelling design, soil/rock-
structure interaction analyses, deep excavations in soil and rock, different types of
retaining walls, deep and shallow foundation designs, slope stability assessment,
embankment design, soft-soil engineering, ground improvement and geotechnical
instrumentations.

Ardie started his career in Indonesia as a Civil Engineer and Structural Engineer, and
then spent four and half years in France for his Masters and PhD in Geotechnical
Engineering. Ardie worked in the United Kingdom as a Senior Tunnelling Engineer
with W S Atkins, and moved to Australia in August 2005 to join Golder Associates. He
is the author of several papers, mainly in numerical analysis and modelling in
soil/rock structure interaction.

Leslie MCQUEEN (Golder, New South Wales, Australia)

Les is a Principal of Golder Associates with over 30 years’ experience in
geotechnical assessment and design for tunnelling infrastructure projects. His key
skills are rock mass characterisation and classification, rock mechanics and tunnel
support design, tunnelling machine performance assessment, risk assessment and
financial due diligence. He is currently working on the tender bid for a 15km rail
tunnel with 5 stations in Sydney. His recent experience includes investigation and
temporary tunnel support design for a hydro tunnel in the Philippines and the CLEM7
Tunnel Project in Brisbane.

Sandy MACKAY (Nishimatsu)

Sandy is a Chartered Civil and Mining Engineer and Chartered Geologist with
almost 28 years professional experience practicing in over 16 countries. He joined
Nishimatsu Construction Company Limited as the Geotechnical Manager early 2012
and is presently responsible for tender coordination and advisory support (mainly
design and construction) for their on-going Mass Transit Railway Corporation Ltd
(MTRCL) contracts. Prior to this he was the Acting Regional Manager / Managing
Director at Snowy Mountains Engineering Corporation (SMEC) Asia Ltd overseeing a
team of 60 multi-disciplinary professional staff, based mainly in HKSAR and Mongolia,
responsible for business development and maintaining profitability. Over the past
five years, prior to joining Nishimatsu, he managed over 50 civil engineering
projects, ranging from heavy haul railways, highways, site formations and sub-
surface excavations ranging in capital cost up to US$ 2 Bilion. Past project input
includes being the Project Team Leader for the US$ 23.5 Billion oil and gas pipeline
installation across Sakhalin Island, East Russian Federation 2006 to 2007.
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Nigel PICKERING (Benaim)

Nigel Pickering is currently Geotechnical Manager at URS Benaim, part of the URS
Corporation a leading provider of engineering, construction and technical services
for public agencies and private sector companies around the world. He is a
Chartered Civil Engineer with more than 20 years geotechnical consultancy
experience in civil, structural, marine and infrastructure projects. He has worked in
UK, USA, Middle East before moving to Hong Kong.

Jack YIU (Arup)

Jack is a senior geotechnical engineer in Arup Hong Kong. His genuine interest and
strong technical background in civil / geotechnical engineering have led to his
involvement in a wide variety of significant projects such as the 2012 London
Olympics, Singapore MRT Downtown Line, and the Hong Kong Express Rail Link. His
particular expertises are in deep excavation and numerical methods for
geotechnical design. Jack is currently the lead geotechnical engineer for MTR
South Island Line (East) C901 Consultancy, leading a design team on geotechnical /
tunnelling works. He is also the project manager of the pilot numerical investigation
in landslide debris - flexible barrier structure interaction for the Geotechnical
Engineering Office in Hong Kong.

Jack obtains valuable overseas experience through his secondment to Singapore,
London and San Francisco office. Since then he has developed his skill set in ground
engineering works in markets such as the UK, Singapore, and the Gulf region.

Jack has been actively involved in the geotechnical computer programs
development through his participation in the Geotechnical Software Committee in
Arup. He is responsible for the development and statutory approval of geotechnical
computer programs for Arup Hong Kong.

Jui-pin WANG (HKUST)

Dr. JP Wang received his B.S. and Ph.D. from National Taiwan University and
Columbia University in 1999 and 2007, respectively. Before joining the HKUST in 2010,
he was a practicing engineer in the U.S. mainly involved in probably-based
earthquake projects. Also he worked for EPA Taiwan for another two years before
starting his Ph.D study in 2004.

One of Dr. JP Wang’s current research focuses is probabilistic analysis in
geotechnical engineering and natural hazards. He has recently published a few
technical articles about slope stability analysis and seismic hazard assessment,
including those open-sourced user-friendly tools developed in-house for performing
probabilistic analyses.

Angus MAXWELL (Maxwell Geosystems)

Dr Angus Maxwell is the founding Director of Maxwell Geosystems Ltd. providing
instrumentation management systems and geotechnical consultancy services to
the tunnelling and deep excavation industry. He is an Engineering Geologist with
twenty two years of experience in underground excavation design and
construction working on major projects in the UK, Europe, Australia and Asia. He
retains an interest in geological and geotechnical data acquisition and processing
as well as numerical analysis for design of tunnels, open excavations, slopes and
foundations. He is an accomplished numerical analyst and software developer and
has written code for non-linear numerical soil models in FLAC and for database
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information management systems on large projects including CTRL and the SSDS
scheme. Between 2002 and 2006 he lectured on Tunnelling and Underground
Space on the Hong Kong University MSc course on Applied Geosciences. He is
immediate past Chairman of the Association of Geotechnical Specialists Hong
Kong.

William TAI (Maxwell Geosystems)

William Tai is an Associate at Maxwell Geosystems and has 22 years of experience in
the field of civil, structural, geotechnical engineering include project management,
structural & geotechnical design and site supervision covering China (PRC) and
Hong Kong. William is well versed in Hong Kong and Mainland design codes having
designed or design checked several large infrastructure projects including KCRC
and MTRC railways projects. He also has in depth experience of site supervision
having been appointed as Engineering Representative and Resident Engineer.
William is currently Project Manager for the Independent Monitoring Consultancy for
the MTRC Regional Express Line.

AGS (HK) page 6 of 9
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REGISTRATION FORM

Event : 1-day Seminar on Geotechnical Computer
Modelling
Date : Saturday, 20t April 2013
Time : 08:30 for registration; 09:00 -17:00 for seminar
Venue : Meng Wah Complex Lecture Theatre 1, HKU
Registration Fee : HK$ 700 normal
HK$ 500 members of AGS (HK)
HK$ 300 full-time students (limited to 30 persons)
Note : Registration is on a first-come, first-served basis
and seats are limited.
Mail Please complete the details below and return together with your

Registration :

crossed cheque made payable to The Association of Geotechnical

and Geoenvironmental Specialists (Hong Kong) Limited by mail to :

Ir Chris Lee (AGS HK)

C M Wong & Associates Limited

1104 Universal Trade Centre,

3-5A Arbuthnot Road, Hong Kong
(Telephone enquiry: 2973 5777 for Doris Tse)

Fax / E-mail Attn: Ir Chris Lee at fax no. (852) 2521 9979 or chrislee@cmwal.com with
Registration : |cheque payment expected at the seminar venue.
Full Name :
Contact e-mail :
Contact Tel. No. : Contact.
Fax No. :

Company Name :
Reaistration Fee: |:| $700 $500 AGS $300

egistration Fee: Normal AK) member Student
Fax Registration ONLY
| promise to pay on the day and D ves |:| No
please reserve me a place.
Mail Registration ONLY Cheque

: Bank

My attached crossed cheque is No.
I would like to receive a CPD
attendance certificate : |:| ves |:| No
Sighature : Date :

AGS (HK) page 7 of 9
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List of AGS (HK)’'s Member Organisations

AECOM Asia Company Limited

ALS Laboratory Group

Atkins China Limited

Au Posford Consultants Limited

Aurecon Hong Kong Limited

Bachy Soletanche Group Limited

Benaim (China) Limited

C M Wong & Associates Limited

DrilTech Ground Engineering Limited

EGS (Asia) Limited

Fong On Construction Limited

Fugro (Hong Kong) Limited

Fugro Geotechnical Services Limited

Gammon Construction Limited

Golder Associates (HK) Limited

Halcrow China Limited

Hong Kong University of Science and Technology

Jacobs China Limited

Lam Geotechnics Limited

LMM Geotechnics Limited

Mott MacDonald (HK) Limited

Ove Arup & Partners (HK) Limited

Paul Tong & Associates Consulting Engineers Limited

SMEC Asia Limited

Stanger Asia Limited

Tenax International B.V.

Tony Gee and Partners

Tysan Foundation Limited

Victor Li & Associates Ltd

VSL - Intrafor (HK)

Note: If your affilliated organisation is one of the above organisations, you are

entitled to HK$500 registration fee.

AGS (HK)
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Applications and Limitations of
Geotechnical Computer Programs
Commonly Used in Hong Kong

Ir Dr Mark-H. C. Chan
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Geotechnical Engineering Office 1% i o L
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Civil Engineering and Development Department L] j:'-" "



Prior Acceptance

Private projects - BD (PNAP ADM-6)

Government projects - CGE/S&T, GEO (Project
Administration Handbook for Civil Engineering
Works)

The Standards and Testing Division of the GEO carries out the
vetting/checking of geotechnical computer programs for the
purpose of prior acceptance.



Application for prior acceptance

(1)the background and underlying theory of the
program;

(1) Building Regulations, codes of practice or
other requirements which the analysis or design
produced by the program will comply with;
(111) areas of application and limitations; and

validation examples.

Note: The limitations and precautions stated in the Appendix
are not exhaustive.



“Validation of Geotechnical Computer Programs” by Mark H. C. Chan,
Proceedings of the International Workshop on Constitutive Modelling, 2007

Check whether the documentation is complete and clearly presented.
Review the underlying theory of the program.

Review the quality assurance procedures of the program (if any).

W D

Review previous experience in the use of the program, in particular to
solve local problems. Consult both in-house and external users, if
possible.

5. Decide whether the test examples supplied by the program developer
are adequate. If not, devise additional test problems, run the program
using the additional problems and examine the test results.

6. Document the results of the validation process.

The prior acceptance of any geotechnical computer program will
normally be valid for three years.



Program Classes

» Excavation and Lateral Support
» Slope Stability Analysis

» Tunnel and Cavern Construction
 Foundation Analysis

» Seepage Analysis

* Rock Fall Analysis

 Debris Flow

 Retaining Wall Stability Analysis
» Rock Slope Stability Analysis.



Formulations

* Finite Element

e Finite Difference

e Distinct Element

e Discrete Element
 Boundary Element

e Limiting Equilibrium Analysis
* Vibration Analysis
 Impact Analysis

e Hydrodynamic

e Particulate System

» Stereographic Projection
» Coupled/hybrid



LPILE Verification Notes by L.C. Reese and S.T. Wang, 2006:
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Fig. 3 Representation of deflected pile
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where
F ot = axial load on the pile, F,
¥ — lateral deflection of the pile at point x along
the length of the pile, L,
p = soil resistance per unit length, F/L,
W = distributed load along the length of the pile, F/L, and

El, = flexural stiffness, FL".
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where
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where
E, = a parameter with the units F/LY, relating pile

deflection v and soil reaction p.

(Q is the same as P,)



Validation

7 types of error sources:

(1) Modelling error,

(2) Coding error,

(3) Human error,

(4) Discretization error,

(5) Errors originating from inappropriate boundaries and boundary
conditions (and initial conditions where applicable),

(6) Errors originating from inaccurate input parameters, and

(7) Computation error.

Chan, Mark H.C. (2012). “Sources of Errors in Numerical Modelling and Program
Validation”, Geotechnical Computer Program Users Group Meeting No.1, Working Group on
Application of Innovative Technology in Geotechnical Engineering, HKIE Geotechnical
Division.



Modelling Error (Error Type 1)

Query: The soil is assumed to act as a series of discrete resistances,
not as a continuum.

Answer: Full-scale experiments show that p-y curves of a soil remain
about the same when subjected to different pile loadings.

Reese, L.C., Wang, S.T., Isenhower, W.M. and Arrellaga, J.A. (2004). LPILE Plus Version 5.0
Technical Manual (Section 2.1.2.7), Ensoft, Inc.



Discretisation Error (Error Type 4)
Query: How many increments are needed?

Answer: From experience, perhaps 50 to 200, when using double-
precision (i.e. 15 significant figures).

LPILE Verification Notes by L.C. Reese and S.T. Wang, 2006 (Page 6).



Computation Error (Error Type 7)

Query: In performing a computation, the program utilizes the
computed values of E, and iterates until the differences in the
deflections for the last two computations are less than a specified
value. How can one ensure that the solution is sufficiently accurate?

Answer: If a tolerance of 0.00025 mm in pile deflections is selected,
less than 20 iterations are sufficient.

LPILE Verification Notes by L.C. Reese and S.T. Wang, 2006 (Page 7).



Validation examples include a number of case studies
In which the program outputs (bending moment and
pile head deflection) are compared with experimental
measurements.

Relative differences between experimentally measured
maximum bending moments and program outputs are
In the range of xx to xx%. For pile head deflections
the relative differences are in the range of xx to xx%.

Consistency tests are also carried out on some of the
program outputs.



When using the programs, assure that

1.the programs are applicable to individual case;

2.all the program limitations are taken into account in
the analysis;

3.the assumptions are valid;

4.the mathematical modeling Is correct;

5.the calculations are accurate;

6.the theory of analysis and mathematical basis of the
computational algorithm are correct; and

/.the results comply with the appropriate requirements
of the Buildings Ordinance, Building Regulations and
codes of practices.




Quality Assurance of Engineering Simulation

System and competent personnel to carry out
validation and simulation — do not rely too much on
the program developer! (if you are not the program developer)

Maintenance of pre-accepted programs — check for
updates from program developer; make notes of bugs
found.



Excavation and Lateral Support

OASYS FREW
PLAXIS 2D
WALLAP

FLAC (2D)
OASYS SAFE
DIANA

PAROI 2

RIDO

OASYS STAWAL



SLOPE/W
OASYS SLOPE
GALENA
PCSTABLSM
SLOPE 2000
JANBU

SLOPE

Slope Stability Analysis




Tunnel and Cavern Construction

PLAXIS 3D Tunnel

Phase 2

UDEC

OASYS XDISP (or TUNSET previously)



Foundation Analysis

PIGLET

PIES

OASYS VDISP

OASYS PILSET

OASYS ALP (a structural program)
PLATE (a structural program)
Lateral Pile (a structural program)



Seepage Analysis

SEEP/W
OASYS SEEP
Phase 2

Processing Modflow (PMWIN)



RocFall
CRSP

DAN-W
2d-DMM
DEBRIFLO

Rock Fall Analysis

Debris Flow




Retaining Wall Stability Analysis

GWALL
OASYS GRETA
Rock Slope Stability Analysis
DIPS
UNWEDGE
SWEDGE

Phase 2



Who 1s a moonwalker?

Answer (a) Buzz Aldrin



You Promised Me Mars Colonies.
Instead, | Got Facebook.




Answer (b) Michael Jackson

[MICHALL JACKSOH
w JJT00MWALKER .

<

(from Wikipedia, 16.4.2013)



Simulation % Animation

Simulation is the imitation of the operation of a real-world process or
system over time. The act of simulating something first requires that a
model be developed; this model represents the key characteristics or
behaviors of the selected physical or abstract system or process. The
model represents the system itself, whereas the simulation represents the
operation of the system over time.
Animation is the rapid display of a sequence of images to create an

of movement. (Wikipedia, 15.3.2013)

“It is not only how quickly one can carry out an analysis; it is how
accurately and quickly one can carry it out.”




Thank You




Background

Geotechnical practitioners In Hong Kong have
accumulated great amounts of knowledge and
experience In using geotechnical computer programs
In various projects. Discussion meetings between
qualified and experienced users will help to advance
the knowledge base of geotechnical practitioners iIn
Hong Kong.

Purpose

To promote knowledge of the underlying theory,
applications, limitations, precautions, accuracy ISSues
and user-friendliness of various geotechnical computer
programs.




A model is a simplified abstract view of a
physical phenomenon which can be very
complex. In the model the physical
phenomenon Is characterized by a set of
parameters/variables and geometric
boundaries. Mathematical relationships are
established between the parameters so that
when some of the parameters are given
(Input parameters), some other parameters
can be calculated (output parameters).




The relationships include basic
relationships (e.g. strain-displacement),
constitutive relationships (e.g. stress-
strain relationships) and governing
equations (e.g. stress equilibrium
equations resulting from force and
moment equilibria).



Numerical Modelling Is a form of
modeling In which numerical
computation is used In calculating the
output parameters. We will consider only
cases In which the calculations are
carried out using a computer program.



Numerical Modelling gives you an answer
and a guestion:

Answer — settlement, structural force, etc
Question — how good Is the answer?

Errors in Numerical Modelling arise due to
the following factors:



(1) Modelling error. Errors occur when
the physical phenomenon iIs simplified.
For example, a beam on elastic
foundation Is used to represent the
Interaction of a flexible retaining wall
and ground. Errors also occur due to
simplified constitutive relationships,
mathematical approximations/errors in
the formulations, etc.



(2) Coding error. Examples include typos
In coding a program.

(3) Human error. It includes user error
(e.g. misunderstanding of concepts, errors
In Inputting and in reading output), errors
arising from misunderstanding of the
program manuals (e.g. communication
error), errors due to the user being misled
by 1ll-written program manuals.



(4) Discretization error. Inaccuracies
can arise from a coarse mesh.

(example below from Cook, Malkus
and Plesha, 1989)
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(5) Errors originating from inappropriate
boundaries and boundary conditions.

(6) Errors originating from inaccurate
Input parameters (e.g. soll properties,
structural properties).

(7) Computation error (e.g. truncation
error).



Due to the above errors, there are
discrepancies between computed results
(e.g. settlement) and field measurements
(neglecting measurement errors).



While program developers should use the
best models available to develop their
programs and prepare comprehensive
documentation, program users should
understand the capabilities of the
programs and have awareness of possible
Inaccuracies. An experienced designer
using the computer program should know
the approximate error magnitudes in the
calculations.



“What 1s Verification and Validation?”

By

American Society of Mechanical Engineers
&
National Agency for Finite Element Methods
and Standards , UK
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Who must ensure that a program

works properly and produces
correct results?

-The program developer’s
responsibility?
-The user’s responsibility?

***Life and economic consequences



The program assessment (and later,
the use of the program) must be
carried out In a conscientious and
professional manner, by personnel
with suitable experience In
geotechnical analysis and design.



In Hong Kong, prior acceptance

of geotechnical

computer programs to be used to support
engineering design of private projects should be
obtained from the Buildings Department. Where

requested by the BD, the Geotec
Engineering Office checks that t

nical
ne technical

assessments of the programs uno
applicants for prior acceptance h
adequately carried out.

ertaken by the
ave been



In Hong Kong, a useful source of
Information is the list of accepted
geotechnical computer programs
maintained by the Buildings
Department, from which details of the
areas of application covered by the
assessment and the program limitations
can be obtained.



Quality Assurance Checks of a
General-Purpose Boundary Element

Program Named "FROCK" (Fractured
ROCK)

Chan et al (1990)
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Applications and Limitations of Geotechnical Computer Programs
Commonly Used in Hong Kong

Mark H. C. Chan

Geotechnical Engineering Office, Civil Engineerangd Development Department

Nowadays the use of computer programs has becometegral part of geotechnical
engineering analysis and design (for example, sageCet al (2000)). The users of
computer programs should carry out their own vaiieof the programs before use in
actual projects which can have consequence to dife economic consequence
implications.

PNAP ADM-6 advises that prior acceptance of geaiei computer programs to be
used to support engineering design of private ptsjeshould be obtained from the
Buildings Department (BD), while the Project Adnsimation Handbook for Civil
Engineering Works advises that prior acceptancgeuftechnical computer programs
should be obtained from CGE/S&T, GEO, prior to these in Government projects.
GEO Circular No. 35 advises that geotechnical cdempprograms which have not been
checked and accepted by GEO should not be useésigré or studies where errors
could have significant safety or financial implicais. The Standards and Testing
Division of the GEO carries out the vetting/checkof geotechnical computer programs
for the purpose of prior acceptance.

In applying for prior acceptance, the applicantidigubmit information on:
(1) the background and underlying theory of the program
(i) Building Regulations, codes of practice or othguiszsments which the
analysis or design produced by the program will glyrwith;
(i)  areas of application and limitations; and
(iv)  validation examples.

Based on records of vetting by the BD and GEO, &#utical Computer Programs can
be categorized into different program classes adcgrto their respective areas of
application.  These program classes include Exmavatand Lateral Support,
Slope Stability Analysis, Tunnel and Cavern Corwtam, Foundation Analysis, Seepage
Analysis, Rock Fall Analysis, Debris Flow, RetaigiWall Stability Analysis and Rock
Slope Stability Analysis. It is noted that a mpig-purpose program can fall into more
than one program class (e.g. Excavation and LaBnaport and Seepage Analysis).

Regarding theoretical background, the programszetiifferent formulations including
Finite Element, Finite Difference, Distinct Elemgebiscrete Element, Boundary Element,
Limiting Equilibrium Analysis, Vibration Analysismpact Analysis, Hydrodynamic,
Particulate System, Stereographic Projection, agled/hybrid formulations.



In this paper, the relatively updated versions afstncommonly used programs are
reviewed. It is noted that the pre-accepted anéapplication of the programs are based
on the applications for prior acceptance submittedlarded to the GEO. Therefore a
program could have other areas of application af@anmn the pre-accepted ones.
Likewise, the limitations and precautionary statetaeof a pre-accepted program are
based on the applications for prior acceptancee lifhitations and precautions stated in
the Appendix are not exhaustive. They are notdasea comprehensive review of the
programs, nor a detailed assessment of performainttee programs and experience of
their application.

The validation process of a geotechnical computegnam, which should be carried out
by the applicant for prior acceptance, normallyudes the following steps (Chan, 2007;
AGS, 1994):

* Check whether the documentation is complete aratlglpresented.

* Review the underlying theory of the program.

* Review the quality assurance procedures of theranodif any).

* Review previous experience in the use of the pragma particular to solve local
problems. Consult both in-house and external usergecessary.

» Decide whether the test examples supplied by tbgram developer are adequate.
If not, devise additional test problems, run thegoam using the additional
problems and examine the test results.

» Document the results of the validation process.

A summary of the pre-accepted programs and theapewive areas of application,
limitations and precautions are given in the Appendhe prior acceptance of any
geotechnical computer program will normally be ddlor three years, after which a
renewal of prior acceptance should be obtainedhkyusers. This is to ensure regular
updating of the program to incorporate recent adearin science and technology and
revisions to relevant codes of practice. A listtoé currently accepted geotechnical
programs can be downloaded from BD’s web page tgt/ftww.bd.gov.hk/english/
inform/index_acp.html.

When using the programs to support calculationsdesigns submitted to the Building
Authority, the user should thoroughly read the eesipe manuals and assure the
following aspectsH(ttp://www.bd.gov.hk/english/inform/index_acp.htaridd PNAP APP-
128): -

i.  the programs are applicable to individual case;
ii.  all the program limitations are taken into accaarthe analysis;
iii.  the assumptions are valid,;
iv.  the mathematical modeling is correct;
v. the calculations are accurate;
vi. the theory of analysis and mathematical basisettmputational algorithm are
correct; and



vii.  the results comply with the appropriate requiremefithe Buildings Ordinance,
Building Regulations and codes of practices.

To assess and improve the accuracy of the calonitimore appropriate use of the
program or even improvements in the program itsel§ be needed. Before doing so, it
is important to understand the possible sourcesrmirs in the numerical calculations
(Chan, 2012; NAFEMS, 2009). Chan (2012) has pregdke following 7 types of error

sources: (1) Modelling error, (2) Coding error), KBiman error, (4) Discretization error,

(5) Errors originating from inappropriate boundarad boundary conditions (and initial
conditions where applicable), (6) Errors origingtiitom inaccurate input parameters,
and (7) Computation error.
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Appendix

A summary of pre-accepted programsand their respective areas of application,
limitations and precautions

Excavation and Lateral Support

OASYSFREW

Specific applications — FREW is a computer progtsad to analyse the behaviour of
flexible retaining walls. It predicts the displacemts, shear forces, bending moments and
earth pressures on each side of the wall resuftorg a series of actions. These actions
include excavation, filling, dewatering, changirgl ©r wall properties and applying or
removing struts, anchors or surcharges. Both Gl&adkty Factor and CIRIA C580
(Partial Safety Factors) Approaches are included.

Limitations — Regarding the soil model, only the FEAmodel method should be used.
Subgrade reaction model should not be used. Usetlallinear elastic perfectly plastic

soil model with Mohr-Coulomb failure criterion. Tmew stability check feature (V.19,

for use under C580) is excluded.

Precautions -

» Ka and Kp values applied in FREW should be in thaziontal direction. When
opting for the "Calculated" option, FREW will contputhe earth pressure
coefficients based on the method given in the Wamual.

* Numerical instability may occur if the ratio of seption distances between any
two pairs of nodes is greater than 2.

* When the surcharge is expected to appear aftevalienstallation, the surcharge
values should be applied in stage 1 instead oedagf the FREW analysis. Users
are reminded that the purpose of stage 0 is to hitbdexisting ground condition
prior to any construction works.

» Surcharge value applied in stage 0 correspondsetgituation where the loading
is present at the existing ground condition, andE¥Rwill reset the wall
deformation to zero prior to the stage 1 analysis.

» Surcharge modeling: It is recommended to use UDichaurge instead of strip
load surcharge if the surcharge is widespread adtessite. Users are reminded
that application of strip load surcharge will omhodify the active pressure limit
of the underlying soil, whereas the applicationU#dL surcharge will modify
both active and passive pressure limits of the tyidg soil.



PLAXIS2D

Specific applications — Both Global Factor and C58fproaches are included.
Hydrostatic or steady state seepage flow conditeombe specified in the input. Ground
deformations are also modeled in addition to wafbdmations, shear forces and bending
moments.

Limitations — Regarding the soil model, use onlg timear elastic perfectly plastic soil
model with Mohr-Coulomb failure criterion. The walbil interface friction ratio should
not be assigned unrealistically low values to avad-convergence. Modelling of sound
rock with individual joints which substantially afft the deformation-failure behavior of
the rock formation is excluded. Transient seepagkcansolidation analysis is excluded.
When the Modified C580 Approach is used, specifiocpdures (e.g. checking the
sensitivity of the wall behavior to the wall embezgithdepth) should be followed.

WALLAP

Specific applications — The program analyses a @aafy retaining wall problems
including cantilevered walls, anchored walls anditttd excavations. It outputs the
displacements, shear forces, bending moments atidl ga@ssures on each side of the
wall resulting from excavation. Both Global Facémd C580 Approaches are included.

Limitations — Some optional features are excludesismic loading, thermal stress of
struts, wedge stability, yield moment of wall, F@&8culation, single pile analysis, etc.
Linear elastic perfectly plastic soil model with MeCoulomb failure criterion is
assumed.

Precautions -

» Users are reminded that the active and passivke pegssure coefficients (Ka and
Kp) values applied in WALLAP are the horizontal qmonents. When opting for
the manual input for Ka and Kp, users should ugerés 18 and 19 of Geoguide
1 to obtain the earth pressure coefficients. Whbeting for the WALLAP
calculated values, WALLAP will compute the horizantearth pressure
coefficients based on the method given in the nomgmanual.

* Users should note that the Finite Element (FE) tengarameter of the wall
under “Wall / Pile” definition is pre-set by thedgram automatically based on
the actual length of wall, which however can bengeal manually. It should be
noted that a longer “FE length” may reduce the ey of analysis results,
therefore it is recommended that the manually esegth should not deviate from
the “recommended length” by too much.

* In the case of computer analysis convergence &ililve user should check the
problem geometry as well as other possible reas@unvergence failure due to



geometry sometimes could be resolved by a minarsadient of the “FE Length”
parameter.

FLAC (2D)

Specific applications — The program predicts th&pldicements, shear forces, bending
moments of the wall and earth pressures on eaehafithe wall resulting from a series
of actions. These actions include excavation,nfillidewatering, changing soil or wall
properties and applying or removing struts, ancbourcharges.

Limitations — Only Global Factor Approach is incadd

Precautions — Accuracy is limited by the qualityirgbut coefficients. As a result, the
program is normally calibrated to sites using obastonal data.

OASYS SAFE

Specific applications — The output of bending motrdéagram, shear force diagram and
deflection profile can be produced for the retagstructure.

Limitations — Only Global Factor Approach is inckti Consolidation analysis is
excluded.

DIANA

Specific applications — The program analyses propgred staged excavations with a
vertical flexible retaining wall embedded in graemubr cohesive soil layers. The soil
model includes elasto-plastic stress-strain ratat@nd strain softening laws.

Limitations — The modulus of the wall is constant.

PAROI 2

Specific applications — It outputs the displacermgshear forces, bending moments and
earth pressures on each side of the wall resuitorg excavation.

Limitations — Only Global Factor Approach is incael Elasto-plastic soil model is
assumed.



RIDO

Specific applications — The program calculatesetlastoplastic equilibrium of embedded
retaining walls. It outputs the wall displacemerstsear forces, bending moments, strut
loadings and earth pressures on each side of thieregalting from excavation and
surcharges.

Limitations — Only 2 surcharge types are covereflQUOT and BOUSSINESQ.

OASYSSTAWAL

Specific applications — The program analyzes aileast or propped ‘non-gravity’
retaining wall (e.g. sheet pile or diaphragm wadltl)determines the penetration required
to prevent instability and calculates the bendirgmmants and shear forces occurring in
the wall at this limiting condition. “Fixed earthdr “Free earth” condition with either
active or passive soil pressures are assumed tmabe wall as appropriate.

Limitations — Mechanisms of failure other than “&ikearth” or “Free earth” mechanisms
are not considered.

Slope Stability Analysis

SLOPE/W
Specific applications — FOS of slope using limiteguilibrium method.

Limitations — Only Bishop Simplified, Janbu Simpdid, Morgenstern & Price and
Spencer methods with Mohr-Coulomb strength mod&ome optional features are
excluded:

- Use of partial factor for slope stability anabysi

- Bearing capacity analyses

- Pseudo-static earthquake analyses

- Active and passive pressures

- Block failure

- Analyses allowing passive mode

- Probabilistic analyses

- Hoek-Brown failure criterion for modeling shearenigth of soil or rock

- Unsaturated shear strength

- Analyses using SLOPE/W finite element stress oekth



- Auto-Locate (or Auto-Search) for critical slipréace will produce results for indication
only

- SHANSEP model for soft soils

- geotextile reinforcement

- pile wall

Precautions — When excessively steep slip surfaeessed, or when a strong soil layer
overlies a very weak one, iteration may not congerg

OASYSSLOPE

Specific applications — FOS of slope using limitieguilibrium method. The program
uses the method of slices and variety of estaldishethods for calculating interslice
forces such as Fellenius or Swedish slip circldyais the Bishop horizontal or constant
inclined inter-slice forces method and Janbu method

Limitations - The Partial Factor Analysis functig excluded, and Fellenius Method
should not be used.

GALENA

Specific applications — FOS of slope using Bishomdlified Method and Spencer-
Wright Method.

Limitations — Sarma Method not included. The foliogvfeatures are excluded: cohesion
computed based on the function of the effectivelmwelen pressure; overhanging slopes.

PCSTABL5M

Specific applications — The program analyses skipbility using Bishop and Janbu’s
simplified methods.

Limitations — Spencer’s method is excluded.

Precautions — When using Janbu’s simplified metpodsible inaccuracies may occur in
analyzing deep-seated slips, shallow slips or cagésieback loads.



SL OPE 2000

Specific applications — The program analyses skipbility using Bishop and Janbu’s
simplified methods and Morgenstern-Price methodaltt locate the critical slip surface
(however, the user should cross check the out@di. nail force calculation can be
controlled by tensile strength of nail, bond lengtioportional to the effective zone or
bond stress from vertical overburden stress. Baress from overburden stress can be
determined using the Hong Kong practice.

Limitations —
1. Pile anchorage simulation is not allowed.
2. Sarma’s, Wedge, Lowe Karafiath analysis and B&l\ais options are not allowed.

3. Davis method on bond load calculation for sail is not allowed.
4. Combined bond load from soil friction and roakld for soil nail is not allowed.

JANBU

Specific applications — Circular or non-circulapsurfaces with different soil conditions,
external loads and slope profile, using Janbu’spBfiad Method.

Limitations — Minimum 3 slices and maximum 50 stice

SLOPE

Specific applications — The program analyses sktability with or without external
forces using Bishop or Janbu’s (simplified and rggs) methods.

Limitations — The following are excluded: earth gsere and bearing capacity problems;

wedge shaped failure analysis; landslip under gagke force; reinforced soil analysis
and design; Fellenius method; soil suction caloutat

Tunnel and Cavern Construction

PLAXIS3D Tunnel
Specific applications —

(1) to determine the settlement of a building and thanges in load and bending
moments in its piles caused by tunnelling benegtie. building is supported on
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friction piles where previous ground treatment byuging to form a stiffened soil
raft has been carried out. A similar previous aafseinneling under the building
at the same site has been back-analysed for progakionation.

(2) For 3D analysis of tunnel linings in soil. A tuhmismantling process is being
modelled. There is substantial soil cover (4 tiamel diameter). Prior to the
dismantling works, ground improvement works in tbem of a 3 to 5 m thick
annulus grout has been carried out to stabilisgtbend. Compressed air is used
before applying temporary shotcrete layers to sttppe exposed ground around
the tunnel perimeter. The results are to be tsebtermine ground movements
and to check localised tunnel stability and to sssthe load on temporary
(shotcrete) linings for advancement of a tunne¢faeyond the zone supported by
existing tunnel linings or the tunnel shield and ground is supported by fluid or
air pressure. The application is restricted tdopams where 2D analyses are not
appropriate.

Limitations/precautions-

1. The Lining Contraction method of modelling tunnenstruction should be
used with care, as in some circumstances the progea predict unrealistic
and excessive ground heave. Sensitivity analyseg atternative methods of
modelling ground volume loss caused by tunnellirgracommended.

2. The geometry of the 3D finite element model in thi-the-plane direction
cannot be varied. For modelling of variable groaondditions into-the-plane,
the variation may be modelled in a “stepped” chaggnanner. Circular piles
may need to be modelled as equivalent square piles.

3. Interface elements can only be modelled in twodtioaal planes, not in all
three directional planes. Care should be exercigdten high stress
concentration is predicted, especially in the dicg@al plane where interface
elements cannot be modelled.

4. In a similar manner to other finite element progsastandard analyses are of
small deformation type (i.e. typically used for Beeability Limit State
analyses). Analysis convergence problems may beouatered when
substantial deformations/slips/yielding occurs. Véheery large deformations
are predicted which may be indicative of the depelent of incipient failure
mechanisms, users should take particular care ansider other approaches
to confirm the findings.

5. Relatively large deformations can occur in an “Updamesh” analysis, the
magnitude of which can exceed the typical limitsdeformation associated
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with Ultimate Limit State (ULS) conditions of thersgcture. In such a
situation, users should check the development of irampient failure
mechanism in the analysis.

6. When the “Updated mesh” function is used togethén the “phi-c' reduction”
function to calculate a factor of safety (FOS), @S calculated may be
higher than when the “Update mesh” option is nedus

7. Only steady-state seepage flow analyses can beedaout. For cases
involving transient flow, other approved seepagsvfprograms may be used
to estimate the water pressure distribution atrqodar time. This estimated
water pressures can then be manually input intoPthgis 3D Tunnel V2.4
program using the “User-defined pore pressureidigion” option to carry
out the equivalent analysis with the transient watessure distribution.

8. Acceptance is only given for the linear elasticrf@etly plastic Mohr
Coulomb constitutive model. Where the analysioisnodel relatively short
term events where fine grained materials can beectgd to behave in a
predominantly undrained manner, the fine grainedterreds should be
modelled as being undrained with undrained sheangth parameter (c

Further Precautions - where a good standard ofngradwestigation has been carried out
and tunnelling methods are adequately controllé@, magnitudes of the variation
between predictions using Plaxis 3D Tunnel anddfigleasurements are typically as
follows:

0] volume loss ratio (M): -50% to +25%. For example, the analysis
predicts a Y of 1% for a given set of tunnelling parameters &l
measurements give 0.5% to 1.25%.

(i) maximum greenfield ground surface settlements oiildibg
settlements: -50% to +20%. For example, the armlpsedicts a
maximum greenfield surface settlement of 10 mm athe
measurements give 5 mm to 12 mm.

(i)  soil pressure acting on tunnel linings: +/-25%. Foample, the
analysis predicts a total overburden pressure 6fkKEa acting on the
tunnel crown level, and the measurements give 7 tkP125 kPa.
This range is dependent on the magnitude of stedie$ caused by the
tunnel excavation and is affected by tunnelling kmaainship.
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(iv)  Maximum pile settlements/lateral displacements tluetunnelling:
-50% to +20%. For example, the analysis predictaaximum pile
lateral displacement of 10 mm and the measurengaragss to 12 mm.
However, the overall pattern of the pile settleraBateral
displacements is usually reasonably predicted.

(v) Pile axial forces/bending moments due to tunnell#d®% to +20%.
The pile axial force and bending moment are reladhe pile
settlement and lateral displacement respectivancé they have the
same percentage of discrepancy as Item (iv).

Please note the predictions of Items (i), (ii),i)(ii(ilv) and (v) associated with
Serviceability Limit State (SLS) conditions nornyalHave a safety factor against failure
of at least 2 to 3.

In view of natural ground variabilities and varaati of tunnelling workmanship,
sensitivity/parametric analyses should be carriedfor the upper and lower bounds of
the input parameters of the analyses. The rang@eafictions given by the upper and
lower bound analyses may approximately cover tpe#y variations between predicted
and measured movements and stresses. The variatier@imarily due to differences
between assumed and actual input parameters.

Phase 2

Specific applications — circular hole in infinitéastic/Hoek-Brown medium with lining
and structural support.

Limitations — Modelling of individual rock jointsiexcluded.
UDEC

Specific applications — Modelling of ground excavatand rock reinforcement in tunnel
and cavern works using the Distinct Element Method.
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OASY S XDISP (or TUNSET previously)

Specific applications — The program calculates ¢neund movements induced by
excavation of a circular tunnel, assuming a givelume loss and that along and parallel
to the tunnel centre line settlement follows pralgbdistribution curves. For the
combined effect of multiple tunnels, the movemantkiced by each tunnel are simply
added.

Limitations — Limited to the following calculatiomethods under the TUNNELLING
problem type: O'Reilly and New (1982) with certdki derivation methods; Mair et al
(1993) and New and Bowers (1994) with user-spetifié.

Precautions - Selection of an appropriate valueoddime loss and “k” shall be based on
engineering judgement and experience gained froior gorojects in similar ground
conditions and using similar tunnelling techniquesr the case of multiple tunnels,
possible interaction between tunnels should beidered when determining the volume
loss adopted in the analysis in order to obtaitistea settlement predictions. The user
should assess the appropriateness of using the BNIE DAMAGE ASSESSMENT
function for the case in hand.

Foundation Analysis

PIGLET

Specific applications — The program analyzes piteig behavior under axial, lateral and
torsional loads. It estimates an overall stiffnedsthe pile group, together with the
bending moments and lateral deflections for usecifipd loads. The soil is assumed to
deform elastically, with soil shear modulus beingstant or varying linearly with depth.

Limitations/precautions — pile depth should be tgedhan the critical pile depth for

lateral pile analysis, otherwise, lateral deflegtiill be underestimated and bending
moment will be overestimated. Overall stabilitytloé pile group is not checked.

PIES
Specific applications — The program computes thal amovement and load distribution

within a single pile or a pile within a group, setied to axial load and/or externally
imposed soil movement.
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Limitations — Only a pile within a group can be Bzad. Only vertical axial loading can
be considered.

OASYSVDISP

Specific applications — The program calculates shlement and stresses in the soill
layers due to several foundation loads using thasBioesq method and the Mindlin

method. The modulus can be constant or vary ligedth depth in each soil layer. Non-

linear stress-strain curves may also be specified.

Limitations — The soil zones and loaded areas testrientated parallel to the Cartesian
co-ordinate system.

OASYSPILSET

Specific applications — The program calculatessétiement and stresses of a single pile
and settlement of the surrounding soil using thiegral method by Mattes and Poulos
(1969). Effects of pile-soil slip, soil heave aswttlement are modelled.

Limitations/precautions — An approximate treatmentemployed to allow for two
different soil stiffnesses above and below the fmke It automatically assigns a Young's
Modulus to the soil around the pile shaft even wttensoil has literally zero stiffness,
leading to an underestimation of pile settlement.

OASYSALP (a structural program)*

Specific applications — The program predicts thespuares, horizontal movements, shear
forces and bending moments induced in a pile whiested to lateral loads, bending
moments and imposed soil displacements.

Limitations/precautions — Only Elastic-Plastic geSified P-Y curves soil models can be
used. Loadings are applied at nodes only. Watesspre can be specified and may be
either hydrostatic or piezometric, but may not ppligable to the specified P-Y curves.

Surcharges may be specified at any level, but nohya applicable to the specified P-Y

curves.

* Note: The program is classified by BD as a “stawal program”, however, it still has
substantial geotechnical contents.

15



PLATE (a structural program)

Specific applications — Analysis and Design of @I8tructure to Code of Practice for
Structural Use of Concrete 2004. For a piled fotindathe ring shear theory (Randolph
and Wroth, 1978) is used to model the pile-soipiteraction. For a raft foundation, to
model the foundation soil, a Finite Element progiamsed as a subroutine to PLATE.

Limitations/precautions — Lateral and moment loads applied on the pile cap but not
directly on the piles. In modeling pile-soil-pilatéraction, the case with multi-layered
soil is excluded.

Lateral Pile (a structural program)

Specific applications — analysis of a vertical pifeder lateral load in Winkler media.
Limitations/precautions — The analysis is basichilya single pile, however, a pile group
may be simulated by equivalent pile or each pile loa analysed according to its share of

load. No consideration of the shadow effect or rextBon between adjacent piles;
reduction factor may be applied to subgrade cdefiidor closely spaced piles.

Seepage Analysis

SEEP/W

Specific applications — Analyses 2-D steady state#ient and saturated/unsaturated
seepage flows.

Limitations — Vaporization from ground surface & modeled.

OASYS SEEP
Specific applications — Analyses 2-D steady staterated seepage flows using FEM.

Plan flow or radial flow conditions may also be lgmad. It can also analyze flow
normal to a row of wells.
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Phase 2

Specific applications — steady state seepage flalyais in saturated-unsaturated soils.
Limitations/precautions — The saturated coefficieftpermeability, the water phase
coefficient of permeability and any other assummicelated to the matric suction of the
ground to be input should be verified using proegperimental techniques. Modeling of

siphon effect in steady-state seepage analysisdghreaturated-unsaturated soils has not
been validated in the application for prior accap&a

Processing M odflow (PMWIN)

Specific applications — To model 2D seepage in lggneous and isotropic soil using the
Finite Difference Method.

Limitations — Modeling of wells, recharge, trangilow and solute transport is excluded.

Rock Fall Analysis

RocFall

Specific applications — Energy, velocity and "boairfweight" envelopes of the falling

rock over the entire slope are determined by thegnam, as is the location of rock

endpoints. Distributions of energy, velocity anduboe-height are also calculated along
the slope profile. The distributions can be graplaed comprehensive statistics are
automatically calculated.

Limitations — The rock is assumed to be spherical.

CRSP

Specific applications — The program simulates rdaksbling down a slope and predicts
the statistical distribution of speed, kinetic egyerand bounce height based on slope
profile, re-bound and friction characteristics bétslope, and the shape and rotational
energy of the rocks. The constants used in tleédn function and the scaling factor in
the program’s algorithm were determined by expemnime

Limitations — Rock shapes are limited to spherida¢oid or cylindrical.

Precautions — Accuracy is limited by the qualityigbut coefficients. As a result, the
program is normally calibrated to sites using obsgonal data. It is helpful to choose a

17



range of input parameters and vary only one in@uameter at a time to know what
effect each input parameter has on the results.atberacy of the Program is limited by
the number of boulder fall simulation runs. Sewsit runs should be carried out using
different simulation numbers to see the effectshenoutput results. In any case, the user
should justify that the number of simulations useddequate for the problem being
analyzed.

Debris Flow

DAN-W

Specific applications — Dynamic analysis of landisé assuming shallow flow.
Limitations — Voellmy and frictional rheological els only.

Precautions — Solution may be unstable in certages where the flow is deep or abrupt
changes of slope occur. If the walls of the bounpddocks are drawn normal to the slope
profile, a highly curved slope will cause the tapface to loop on itself if it is too steep,
creating an incorrect geometry. On the other hammtical slices do not have this
problem, however, they are not recommended foipssé@pes because their shape can
become very stretched. Large time steps are mooeepto instability caused by
numerical divergence of the solver.

2d-DMM

Specific applications — Dynamic analysis of landiséi assuming shallow flow, using
Voellmy, plastic and frictional rheological modelg.he landslide debris can consist of
trapezoidal cross-sections. A functionality modtde simulating motion of landslide
debris using the sliding-consolidation model isikade. The initial debris velocity can
be specified by the user. Volume changes of delésto entrainment/deposition are also
simulated.

Limitations — It cannot simulate sharp changeqaftow path profile such as man-made
steps and bends on plan. It cannot simulate lasprabding of debris.

DEBRIFLO

Specific applications — Modelling of debris flowofits where the debris is composed of
soil, rock and water flow along an inclined channel
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Limitations — estimates of runout are conservatiwen no deposition is assumed as the
debris front is decelerating.

Retaining Wall Stability Analysis

GWALL

Specific applications — The program calculatesdiacof safety of gravity retaining walls
and cantilever walls with a base. Bending momentssiear forces in the stem and base
of the wall are also calculated.

Limitations/precautions — No checking on bearingufa. The active pressure due to

compaction is used as a lower limit on the actikesgure in the calculation of bending
moments and shear forces, but not in the stalodityulation.

OASYSGRETA
Specific applications — The program analyzes theral stability of a gravity retaining

wall. Bending moments and shear forces in the shech base of the wall are also
calculated.

Rock Slope Stability Analysis

DIPS

Specific applications — rock slope stability (kinetm) analysis using stereographic
projections.

Limitations - The following features / functionseaexcluded — Flexural toppling, fold
analysis, oriented core and rock mass classifigatio

UNWEDGE

Specific applications — Stability analysis of a 8Bderground rock wedge formed by 3
intercepting discontinuities and excavated surface.
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Limitations — Initial in-situ rock stress is negled. Excluded features — modeling of zero
water pressure condition at tunnel face; use ofllBwand Split-Set bolts; use of Barton-
Bandis strength criterion.

SWEDGE
Specific applications — Evaluation of geometry atability of surface rock wedge.
Limitations — Areas in seismic and probabilisticabssis are excluded. The program

(Version 4.0) cannot identify some potential weddeg). wedge formed where the
intersection of the two joints being considere@isécts a tension crack).

Phase 2

Specific applications — shear stress distributionai thin annulus of grout around a
grouted rock bolt subjected to a pull out force.
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CONCEPT

GEOTECHNICAL PROBLEM
Examples:-
* Excavation

— soil / structure interaction
* Slope

THEORETICAL MODEL
* Equilibrium Equation

¢ Soil Constitutive Model
- elasto-plastic
- critical state

EXACT SOLUTION

(CLOSED FORM )

* Mathematical challenging
* Non-homogenous material
* Complex geometry

* Non-linear material

NUMERICAL SOLUTION
Example:-
* Finite Element Method
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CHALLENGE

Poisson’s Equation

Diffusion Equation

Wave Equation

Bi-harmonic Equation
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Heat Transfer

Transient Problemes,
Consolidation
(time-dependant)

Wave propagation,
Vibrations

Deformation of Plates
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CHALLENGE

Cu = 200 kPy

b=0
E, = 20,000 kP,
v = 0.45

4m
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Nunber of iterations
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CHALLENGE

Legends:
——

Very Coarse (~50 elements)
.

Coarse (~100 elements)
-
Fine (~500 elements)

—

Very fine (~1000 elements)
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Mesh 1 (728 DOF)
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Mesh 2 (1576 DOF)

Zienkiewicz, O. C. & Taylor, R. L. (1967)
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LEVEL OF SKILL

ELASTIC

BI-LINEAR (Elasto-plastic)

STRAIN SOFTENING/
HARDENING MODEL
(CAM-CLAY MODEL)

STRAIN SOFTENING/
HARDENING MODEL
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DISCUSSIONS
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Is My Geotechnical Modeling
Conservative or Aggressive?

Gavin Toh 20 April 2013
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Reference:

“Constructability and Safety
Perspective in Design of a Deep
Basement Excavation in the Urban
District of Tsim Sha Tsui.”

The HKIE Geotechnical Division
Annual Seminar 2010

& May 2010 / Hong Kong

Geotechnical Aspects of
Deep Excavation

With permission of the Chinese Estates (Tung Ying Building) Ltd and Gammon

Construction Ltd
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Geological Condition

Carnarvan
Road
Nathan | The Site K
Road r T4

‘ Proposed Struts

Existing MTR Tunnel
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Geological Condition

The Site

Existing Piles
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Input:
 Soil parameters (well literature in Hong Kong) e

DESIGN

» Geological profile (from Gl logs)

 GW.L (measured with reasonably accuracy)

« Wall/strut stiffness & preloading (specified structure)
« Surcharge (estimated with some conservatism)

SURCHARGE Monltorlng:
o Deflection/Settlement
L. e GWL
e Strut forces
} STRUT  EA e
ETIFFNESS L 0 =3
PRELOAD
_______ EXC. T
______________ iy ‘ _
WALL STIFFNESS , E1 é il
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STAGE 10: 53n & scavale boiow 54
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Chan (2003) “Observations from Excavation — A Reflection” HKIE Geotechnical Seminar 2003

Fill & Mal_rlne E = 15N
Deposit

Chater Station, Central E =2.0N
CDG /HDG 0 Case Histories in
sau:rans

: : 9 May 2003
Fill & Alluvial _ Hong Kong
: . E = 1.5N
Evergreen Hotel, Wan Chai Deposit |

Festival Walk, Kowloon Tong E 2.0N

Hong Kong Station, Central Al /éllljuc\;lum/ E =4.0N




Lesson from Published Literature

Pan, et al (2001) “An application of the observational method at Tsueng Kwan O Station and
Tunnels” HKIE Geotechnical Division Seminar 2001

Tseung Kwan O Station and Tunnels

Detlection (mm)
410 0O 10 20 30 40 50 60 70 80 80 100

Figure 14: Comparison of ‘final’ measured
and predicted deflection profiles for north
wall at Section D of Area 57b

1)
o Predicted Deflection
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Lesson from Published Literature

Sze & Young (2003) “Design and construction of a deep basement through an existing
basement at Central” HKIE Geotechnical Division Seminar 2003

Chater House, Central
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Askew, I, Sein, D, Frame A (2006) “Improving Design
Efficiency and Construction in Substructure Building Works in
Hong Kong Through Observational Method Design”

KCRC Contract HCC301 - Hung Hom to TST
Tunnels

Strut Layer Max Predicted Max Measured ERZXIEClel[e(cTe

Strut Force Strut Force Strut Force
(KN/m) (KN/m)
S1 155 65
S2 927 550
S3 700 470

* S2 preload 37%; S3 preload 47% of max. Load

Max Predicted Max Measured % of Predicted
Deflection Deflection Deflection
(mm) (mm)

95 70

TRAFFIC / WORKING DECK

SHEET PILE WALL —=— ‘
~=— PIPE PILE WALL

KING POST

"= GROUT CURTAIN



Lesson from Published Literature

Askew, I, Sein, D, Frame A (2006) “Improving Design
Efficiency and Construction in Substructure Building Works in
Hong Kong Through Observational Method Design”

ASD Youth Centre — Chai Wan

* No preloading applied

Strain Max Design Max Measured RNl lely

Gauge Strut Force Strut Force Strut Force
(kN) (kN)
L3G1 435 200
L3G2 725 250
L3G3 350 200
L3G4 3300 950
%» L3G5 2970 900
;; L3G6 990 600
L3G7 2310 600




... are we being conservative?

high
consequence

dense
population
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©2004 Gammon Construction Limited. All Rights Res




Design Model

Granville

Road
I —— Proposed Struts |

1. Soil Shear |

Strength |

Fill ¢’ = 33° .

Alluvium ¢’ = 35°, ¢’ = 2kPa

CDG (N<200) ¢’ = 36°, ¢’ = 5kPa

CDG (N>200) ¢’ = 38°, ¢’ = 10kPa ALL 1
2. Soll Stiffness v

Fill E=10xN

Alluvium E=10xN

CDG E=20xN Final Exc. -18.5

v

3. Groundwater
Movement Design Measured Level
Structural Design  Measured + 2m

4. Modelling of rock  Socket modelled as a strut
socket** (zero rotational stiffness)

** 610 pipe toe at rock + UC section into rock
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Monitoring Plan
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Predicted and Measured Displacement
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HOTEL MIRAMAR
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Predicted and Measured Displacement

Normalised Depth
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Norm alised Deflection
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Measured 12

Measured 11

N

Prediction Measured | Location of Inclinometer
Along Nathan Road
I2 — at middle portion of
46mm 10mm the cofferdam
(RH @ 22m) (RH @16.5m)
36mm |1 — at the corner of the
(RH @16.5m) mm cofferdam wall
(RH @ 12.5m)

Max Predicted

Max Measured

% of Predicted

Settlement Settlement Settlement
(mm) (mm)
19 10 52%
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Predicted and Measured Results

Max Predicted

Max Measured

Settlement Settlement
(mm) (mm)
21 15

% of Predicted
Settlement

70%

Strut Layer % Difference
Measured / FREW

S2 *15%

S3 1 5%

S4 64%

S5 40%

Strut Layer % Difference
Measured / PLAXIS

S2 1+ 20%

=¥ T 4%

S4 73%

S5 79%

** Max. Strut Load of Excavation Stages Only

% Preload /
Max. Load**
(FREW)

65%

41%

30%

28%

% Preload /
Max. Load**
(PLAXIS)

62%

42%

35%

54%




.... Is my geotechnical modeling conservative or
aggressive?
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1-day Seminar on Geotechnical Computer Modelling on 20 April 2013, HKU

Mohr Coulomb Model and Dilation Angle
— Do you really understand ?

Ryan Yan
Dept. of Civil Engineering
The University of Hong Kong
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Agenda

* Mohr Coulomb “Model”
* Dilation Angle
« What's Wrong !?

» Concluding Remarks

NN FIK S == B2
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Mohr Coulomb Model

Ac What did we learn in BEng

7. =C+o'tang’

The so-called “model” only gives us the shear strength (yield criteria) of the
material !!

l.e., T < 14 (OK); : )
=1, (FAIL!) Pre-yield behaviour ?
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Elasto-plastic Model

« Elastic region
* Failure (yield) criteria

— X _elastic _, elastoplastic
[
o |
L frictional coefficient ‘[ >
ultimate __
strength =N
A stiffness l A
?

» X

governed by k

Stress-strain-strength response is completed only if both elastic
and plastic behaviour are fully described !!
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Elastic Part

Isotropic linear elastic

[66] =[C][ %]

C= C(E,v)

where E and v are constants

Isotropic nonlinear elastic
[6a]=[C][o%]

C= C(E,v)

where E and v vary with material state
e.g., E=E(s,A)

Anisotropic linear elastic
[66]=[C][ %]

C=C(E,,E,, Vv,V etc)

I.e., E and v depend on the orientation

\
m
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Poisson’s Ratio

Poisson’s ratio — could it be negative ?

Auxetic material
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Plastic Part (Yielding)

7, =C+o'tang’

» O
AG].

MC Yield -

surface ‘
e '/
| M_ohr-—coulpm_'nb Mohr-coulomb 2 : d

yield condition yield condition 4 Drucker—Prager e
yield condition pa
.. pa
Triaxial .

co;npréssion

extension

Drucker—Prager
yield condition

AGS (HK)
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Mohr Coulomb Material upon Yielding

» Simple test helps to understand the model response

* Triaxial test

O-ceII+AO-
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Quick Review on Triaxial Compression

Stress tensor 6=| o,, ©,, O,

li Often omitted for simplicity

(o) &

P73

4= [os:
2
tr

_tr(s))
3

1,
_(glzg( 1+2(73)

3"
3 — o o _
ES” s; 50,—0'| Triaxial condition where 6,=c5

I

Physical meanings of pand g !

S=0
c,=03tAc

G,=03
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Drained Triaxial Compression - MC

Linear elastic perfectly plastic

Z\((E v) = E (in this case)

Saxial
T 1 | Can you calculate it ?
“ 1 1
4 8voli
JIhE, v)
i NContraction SaxiaI;
vDilation

10
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Drained Triaxial Compression — Elastic Part

* For simplicity, let's assume that the material follows an isotropic linear
elastic model prior to failure (plastic). Under the triaxial condition, we have

Fully drained condition implies “ a constant difference between ¢ and ¢’ 7, i.e., Au=0

Ag, . 1 -v —vl|/ Ao,
Ae, ==| v 1 -v|| Ao, | withinitial stress: o, =0, =0,
Ae, ~v -v 1 ||Ac,
I T Known (see previous page)
Ae 1 —-v —v
a 1 oF 1 iy
=>Ag |==|-Vv 1 —v|| 0 |=>As,=—0,;; Ag, =—0
E E E
| Ag, | v -v 1] Oﬁ
(1-2v)
Agvol = A‘E‘a + 2A‘c"r = E qf What happens If
v=0.2 ?
v=0.5"7

In a triaxial drained compression test:
Change in the radial stress is zero

11
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Undrained Triaxial

Compression — Elastic Part (1)

» Under an undrained condition, volume change is zero and we expect to see

the generation of pwp.

Initial stress: o, =0, = o,

We are looking at the effective stress !!

[ Ac, | 1 —v —][Ao,
Ag :i v 1 =l Ao Unknown

r E Ir

| Ag, | v -v 1 || Agc,

= Ag, = é(Aa; ~2VAG,); As, = é(—vAo; +(1-v)Ao, )

Ag,, =As, +2As, = 3(1-2v)

(AO';+2A0';) 1 Ap

E

3 K

To give zero volume change for a finite value of K (K in this
case should be calculated by say v=0.2-0.3 but not 0.5),
Ap’ must be 0.

In other words, the no-volume-change condition imposes a
constraint to the mean effective stress increment.

12
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Undrained Triaxial Compression — Elastic Part (2)

A

This predicted shear
strength will give us
troubles!

€

v axial

Everything looks fine... BUT ...

>

Syl

Contraction Eaxial

Dilation

13
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Angle of Dilation

* Dense sand / OC clays dilate upon shearing !!

4 Eyol

Contract .
Dilate Eshear

Could we capture the behaviour by slightly modifying the simple elasto-plastic model ?!

ﬁ\ HE=F ==

\\\Q¥ 14
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Angle of Dilation + Mohr-Coulomb (1) ‘

Dry material
(y=0) (y>0)

‘9\/0I ‘9\/ol
A A
) Plastic vol. strain
+ve: contraction
€a ba

How about saturated material under a fully drained condition ?

ﬁ\ HE=F ==

\\\\N

15
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Angle of Dilation + Mohr-Coulomb (2) ‘

Fluid-coupled undrained analysis. PWP is allowed to be developed.

(p=0)

Aq Aq

+ve: contraction

Sol i

At =0

vol

ﬁ\ HIh=F ===

(y>0)

&ol
A
e _ p
A‘g‘vol _Agvol
(total Ag,, =0)
____ v
........ c

a
«
Y
tey,
]
Y
]
e,

A
Agl, <0 (dilate)

vol

16
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Angle of Dilation + Mohr-Coulomb (3)

Magnitude of dilation angle

A
+ve: contraction
A‘C"viz)l — O ‘fa
Ag\(’ao' =0 5gvol = 5‘9\?0I + 58VF2)|
é‘ 1
= —Kp +0g

—
—
=

z
=
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Soil Response

400 ' ' ) ' ' 300 T T T T T T T T
+ lualic CSL
[ ] /
d M- 138 250 r ° * i
w00l , (3 34.1° | = TSP  Total stress path
A &
~ 200 .
)
= A
82200 F wrare 1 &1s50f 1
g ¢ 160 120; o
e; 0 ThER) ‘5
kS L i
E 100
100 | 4 A
+ Wt s SR TI 50 _
£ 200450, ¢2001°400; _
/ e, 11AD) ¢ 01R7D) 0 Cul | | cuog)
0 |
0 100 200 300 400 500 0 50 100 150 200 250 300 350 400 450
p' (kPa) Mean normal effective stress, p’ (kPa)
Wang, YH and Yan, WM. (2006). Laboratory studies of two
common saprolitic soils in Hong Kong. J. Geotech. Yan, WM and Li XS. (2012). Mechanical response of a
Geoenviron. Eng ASCE 132(7), 923-930. medium-fine-grained decomposed granite in Hong Kong.

Eng. Geol. 129-130, 1-8.
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Implications (1)

W4
""""" Py 7'/
overestimate
1. Prediction: y=0
2. Prediction: >0
3. “Dense” soil
4. “Loose” soil
¥ P
N HK=F ===
L\\\\ 19
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Implications (2)

A Undrained shear of
0Vere$t'mate@__ an 1D consolidated

Undrained shear of
an isotropically
consolidated sample

v
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Way Forward

st Rl | iﬁ’ff."ﬁ

Images from internet

21
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Some thoughts

Did you verify your understanding of the numerical software and material
model that you are using, by say simulations of simple boundary value
problems, prior to the modeling a complex soil-structure interaction problems
including perhaps soil, pile, tunnel, retaining wall, nails, etc ?

Do you understand your input parameters ?

22
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Ryan Yan
ryanyan@hku . hk
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Recent Experiences of Numerical Prediction & Assessment
— Excavation over a Tunnel of Unbolted Segmental Tunnel Lining

By Leslie Swann & J.B. Wang etc.
Jacobs (China) limited




Recent Experiences of Numerical Prediction & Assessment
— Excavation over a Tunnel of Unbolted Segmental Tunnel Lining

Introduction :

* A 700 m long Grade Separated Road (GSR) links the new Terminals to a new set of
remote stands at an Airport in UK.

* GSR involves excavation adjacent to and over the existing live underground tunnels.
which were built in the 1970s using an unbolted concrete segmental tunnel lining.

* 3D model together with a series of 2D models were developed to investigate the
iImpacts on the unbolted concrete segmental tunnel lining from the GSR work.

* Both short and long term behaviour of the existing underground tunnels during and
after the GSR construction was examined,

* GSR construction scheme was developed to minimise the impacts on the existing
tunnels.




Recent Experiences of Numerical Prediction & Assessment
— Excavation over a Tunnel of Unbolted Segmental Tunnel Lining

Figure 1l Proposed GAR — Layout Plan & Longitudinal Profile
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Recent Experiences of Numerical Prediction & Assessment
— Excavation over a Tunnel of Unbolted Segmental Tunnel Lining

Constraints & Concerns :

the existing underground tunnels were built in the 1970s using an unbolted concrete
segmental tunnel lining.

Construction of the GSR involves excavation adjacent to and over the existing live
underground tunnels.

The GSR ramp crosses over the tunnels at an angle of 57 degrees and then runs
approximately parallel to the tunnels with a minimum 4.3 m spacing.

Heaving / ground movements due to the excavation causes deformation of the
existing tunnels;

Differential /distortion of the tunnel may cause damage of the live tunnel during and
after the GSR construction.

Therefore the excavation for the GSR, over and adjacent to the live tunnels, causes
great concern over safe operation of the trains.




Recent Experiences of Numerical Prediction & Assessment
— Excavation over a Tunnel of Unbolted Segmental Tunnel Lining

Site Conditions :

* The GSR is about 700 m in length and 12 m wide, lying above the existing live
tunnels. The GSR ramp is about 3 m to 8m deep.

J .« The GSR ramp crosses over the tunnels at an angle of 57 degrees and then runs

approximately parallel to the tunnels with a minimum 4.3 m spacing.

* The ID of the existing tunnels is 3.81 m, formed by 22 numbers of precast
concrete segments. The tunnel rings are approximately 0.6 m long and 152.5
mm thick.

* Visual inspection of the running tunnels found the tunnel was in reasonably good
condition generally.

* The circularity and gauge survey shows that section of the crown tunnel is out by
10-15 mm which equates to between 0.26% and 0.39% of the diameter.

* Airbus A380 / Boeing 747 aircraft loading of total 9000 kN is considered in the
design of the bridge and retaining walls.
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Ground & Groundwater Condition

Ground level at 23.1m AOD

Made Ground (Fill)

22m AOD
— 21mAOD
River Terrace Deposits (sandy gravel)
18m AOD
London Clay
-40m AOD

Lambeth Group /Upper Chalk
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+—e—» Retaining walls

E +——» Foundations
g
z “ I » Tunnels
=
o l >
Q . : :
£ Conventional soil testing
=
u
=
v Larger strains
0 ‘ . = I T ;l' Shear strain v, [-]
le le le le le” le
- i
Dynamic methods
r & Local gauges " "

Stiffness-strain behaviour of soils for laboratory tests and application strain range of structures.
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Small strain stiffness of London Clay

» London Clay has highly nonlinear elastic properties - strong dependency of the soil
stiffness on the strain levels experienced;
» higher stiffness at lower strains;

» The small strain stiffness characteristics of London Clay were studied in Lab testing
under undrained triaxial loading; reconsolidated to its estimated in situ stresses;

» 4 pairs of Undrained triaxial tests on 100 mm diameter by 200 mm high rotary cored
samples tested;

IS0 ey T b —rrr
i (n) shear stiflmess ]
! i - Legond: 7]
| . —a— Hell Common 7
[ -y -~#— Westminster .
| e T (GReain.  —e— Momgm Benk (LCID)
5'1.5“1 . ™~ Avera§e)  —e- Morgan Bank (LCD |
L e o N T (fov icofrafsic - B
= | N X e .
o 1000 [ N« 1
- N .
= 3 -\““‘\ N
v 5 : - - - ----_,_\_“‘ '\- -
i 3 I .- - - -]
1~ - q

II-‘l 2 Bk 8 v ryui i § 8 E.naaa a SR a -
0.9001 - 0001 061 01 i

Axial strain, Eg (%)
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Proposed Construction Scheme :

Construction of the proposed GSR involves the installation of 900mm diameter
embedded secant pile retaining walls, casting bridge decks across the underpass
sections, and subsequent excavation within the walls to depths of up to 11m with
temporary propping, in places, to reach formation level for casting the base slab.

The secant piles above the tunnels will terminate at approximately 6 m above the
tunnels and the piles shall also be a minimum of 3 m away from the tunnel structure
as required by the tunnel exclusion zone.

One to two layers of temporary props are proposed to support the secant pile walls
during GSR construction. At the underpass area, with a bridge deck at the top, no
props are proposed during excavation. Construction of the GSR shall adopt top-down
method under the bridge deck and bottom-up construction sequence for other parts.
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Numerical Analyses for GAR Construction

— ¢ Plaxis 2-D Numerical analyses were carried out at selected critical sections to

estimate the associated ground movements and to assess the impacts to the
underground line.
* The western ramp of the GSR crosses over the existing tunnels at a skew, which

requires a more sophisticated study. A three-dimensional numerical model was
developed and analysed with Finite difference software FLAC 3D version 3.1.

* This presentation concentrate on Flac 3D modelling only.
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2D Design Sections and 3D Modelling Zone

3D Modelling Zone

T T T T -
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Development of Flac 3D Model

Modelling domain and boundary conditions

, * The three-dimensional model developed is a rectangular block of 102 m long x 100 m

wide x 63 m deep comprising a total of around 60,000 soil zones.

‘o The model simulates the western portion of the proposed GSR which runs above the
existing twin tunnels at an acute angle, between chainage of 26 m and 135 m. A 100
m length of the twin tunnels are covered in the model, running parallel to the y-axis
fromy=-560mtoy=+50m.

* For the four vertical external boundaries, horizontal movement perpendicular to the
plane is restricted while movement in the plane of the vertical boundary is allowed.
The vertical movement is not permitted at the base boundary of the 3D model.
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General view of FLAC 3D model

T — e
ey At OBH Coneichimn

3-bay construction in 3D model
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Plan view at 13.9 m bgl
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Development of Flac 3D Model

Soil Elements and Soil Properties in the Model

;- ¢~ * The ground under consideration comprises London Clay overlain by Made Ground
| and River Terrace Deposit. A constitutive model of linear elastic perfectly-plastic with
Mohr-Coulomb failure criterion was adopted for the Made Ground and the River
Terrace Deposit. The nonlinear elastic properties of the London Clay shows a strong
dependency of the soil stiffness on the strain levels experienced. The nonlinear
tangent elastic properties of the London Clay can be described by the following
equations, given by Jardine et al (1986):

E, = cu{A+ Bcos(a 7 )- Bat™ sin(c y)} (1)

In(10)

cu = undrained shear strength
I = 1og10 (¢a/ C)
A, B, C, a, y = material-specific constants, and

2 , , , )05
€a :?{(51 _52) +(52 _‘93) +(‘93 _51) }
el , &2, &3 = Lprincipal strains (or principal deviatoric strains)

where
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» Comparison of secant Eu/Cu between Jardine’s (1986) equation and
Flac 3D-Jardine model :

S-shaped modulus decay curve

3000
== |ardine Equation
— Flac3D_Jardine Model
2500 O Test 12.6m 1
2000
-'; 1500
w
1000
500
0 T T
0.001 0.010 0.100 1.000

Axial strain, g, (%)
Figure 6
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* The soil parameters adopted in the 3D model,

Table 1: Soil Parameters
Soil Type Y v'/v | ko ¢’ /cu ¢’ E'/Eu K
(kN/m3) (kPa) @) (kPa) (m/s)
Made Ground & | 20 0.2 0 —1.6mbgl: 0.5 0 36 37500 2x10-4
River Terrace 1.6 — 5.5mbgl: 0.4
Deposits
London Clay 20 0.49 5.50 - 11.25mbgl: 2.6 Increase with depth | - nonlinear 2x10-9
11.25 - 31.75mbgl: 2.2 | (86 kPa at London strain-
_ Clay top) stiffness as

Table 2: Jardine Model Parameters for London Clay

A B C(%) a v Emin Emax
(%) (%)
1350 1350 0.001 1.319146 0.66336 0.0011 0.3
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Development of Flac 3D Model

.. Tunnel Lining in the Model

+ * The existing tunnel lining comprises 22 unbolted pre-cast concrete segments with a
ring length of 600mm. Since it is impractical and unnecessary to build a 3D model
with those lining segments modelled precisely, an “equivalent stiffness method” by
Muir Wood (1975) is adopted, which suggests:

le = ljoint + (4 / n)2 x Isegment (2)
where
le = equivalent moment of inertia for a continuous “liner” element in model

lioint = moment of inertia of joints between lining segments (= 0 if no structural connection)
Isegment = moment of inertia of segments

n= number of segments (n = 22 in current case)

» The tunnel lining were modelled as a liner structure element in the FLAC 3D model
that can take the tunnel hoop stress, bending moment and shear stress and also
friction between the soil and the tunnel lining. The secant pile wall and base slab of
the GSR were also modeled as liner structure elements.
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Development of Flac 3D Model

Proposed works and modelling sequence

(a) Establishing initial conditions

‘ «  To establish the existing conditions of the ground and the existing underground
structures, the 3-D model was set up to include the major construction history of the
existing tunnels including the construction year and tunnel face volume loss during

tunnelling.

» The tunnel construction stage is followed by long-term consolidation in which any
excess pore pressure generated due to tunnel excavation would be fully dissipated.

* At existing condition, tunnel crown-invert predicted about 4mm moving apart; similar
pattern as the circularity and gauge survey.

-
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Development of Flac 3D Model

Proposed works and modelling sequence

(b) Modelling of construction Sequence

 The excavation and GSR construction are designed to be carried out in 3 bays.

» Subsequent to the installation of secant pile wall which is assumed as “wished-in-
place”, excavation to 1mbgl and installation of the first layer struts and bridge deck
are modelled.

« Construction of the GSR is then carried out bay by bay in three stages as shown in
Figures 7 to 9.

 Upon completion of base slab construction for the Bay 3, all struts would be removed.
Construction of the airfield pavement would then be modelled.

.+ Finally, a long-term consolidation is then carried out. The construction stages
modelled are detailed in Table 3.
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3-bay construction in FLAC 3D model
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Construct LU Tunnel - EB
Construct LU Tunnel - WB

Construction sequence
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Install 2" layer of struts for Bay 2
(base slab not shown)

i U T T b
e A s N ey

Install 2 layer-of struts for-Bay 3- 7

(base slab not shown)

Construction sequence
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Results and Discussion

Predicted Tunnel Movements

Long term ground movement in a horizontal plane shows that the line of zero
transverse ground movement vector generally matches the centreline of GSR.

The ground heave effect including ground movement towards the excavation from
both sides;

Maximum tunnel lining deformation of the crown and invert along the east bound
Tunnel occurs at the area where the proposed GSR runs across the EB Tunnel.

An upward movement of around 8.5 mm and 1.8 mm at the crown and invert, giving
a differential vertical movement of 6.7 mm (moving apart).

The maximum deformation occurs at the end of excavation in Bay 2, when the
excavation is directly above the tunnel.

The tunnel is squeezed horizontally by approximately 4.8 mm at the end of
excavation in Bay 2.
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Above maximum differential lining deformation after excavation does not change

line of zero
k-displacement vector

Contours of transverse ground movement in horizontal plane
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* 3D not only give movements on ground surface, but at all depth in 3D space;
* No approximation by interpolation between 2D design sections

Contours of ground movement - Zone of Influence mﬂﬂ
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Contours of transverse ground movement in horizontal plane
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* Critical — East Bound (closer to deeper excavation)
¢  Maximum differential vertical movement between crown and base —

6.7mm (displace apart, right beneath proposed excavation)

11[1‘[“\.\_‘
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Y Direction (m)
-50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45 50

/-
5§
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Al

E -r’_-_.
N

- Original Crown
- Original Invert

N

- Deformed Crown (exc. to FEL - bay 2)
- Deformed Invert (exc. to FEL - bay 2)
- Deformed Crown (exc. to FEL - bay 3)
- Deformed Invert (exc. to FEL - bay 3)
- Deformed Crown (final consolidation)
- Deformed Invert (final consolidation)

Predicted lining deformation along EB Tunnel (exaggerated by 30 times)
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X Direction (m)

11
/-
3 12
7=
. ¥
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N
13
e
A
o ‘8’14
/. 2
_ D
3 N 15
16
- Original
- Deformed - y=-1.25m (excavation to FEL - Bay 2)
17 .
- Deformed - y=-1.25m (excavation to FEL - Bay 3)
- Deformed - y=-1.25m (consolidation)
18

Predicted transverse lining deformation
(exaggerated by 30 times)
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Results and Discussion

. Predicted Tunnel Lining Forces

, * The predicted bending moment of the tunnel lining in the transverse (hoop) direction
after excavation completion remains small throughout the GSR construction as
expected.

* The hoop force of the tunnel lining is reduced slightly after GSR excavation, from
average 403 kN/m of the tunnel lining compression at the existing condition down to
average of 397 kN/m.

* Therefore the overall structural force change of the existing tunnels associated with
the proposed GSR construction is expected to be small.

* Estimated lining bending moment and hoop force at end of excavation to FEL in Bay
3.
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Estimated lining moment in transverse (hoop) direction
at end of excavation to FEL in Bay 3
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Estimated lining force in transverse (hoop) direction
at end of excavation to FEL in Bay 3
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Results and Discussion

“+ Pore Pressure Change

* pore pressure changes cause volumetric strains to occur that influence stress;
in turn, pore pressure is affected by the straining that takes place.

* Negative excess pore pressure is developed in London Clay due to clay swelling
upon unloading in the undrained condition.

* Excess pore pressure would be dissipated within around 10 years time - Contours of
total pore pressure at the end of full consolidation.
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[Job Titke: Heathrow Airpurt GSH Construction Schams Design - 30 Modeling . FILAC3D 3.]0  |Job Tite: Heathow Airport GSR Consuction Schame Design - 30 Modeling
Tavign 9 i

Suction in Clay Layer near
Excavation Base

pore pressure immediately after construction Total pore pressure after full consolidation

(Immediate Response) (Long-term Response)
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Results and Discussion

Wall Deflection from Flac 3D

* development of wall deflection at various locations during and after GSR construction
showing the restraining effects on the wall deflection from the bridge deck of the
taxilane underpass.

* The predicted wall top deflection at the end of excavation from 3D modelling is
similar at various locations.

~* However, the long term wall top deflection developed from less than 2mm at the
decking area, to around 9.5 mm and 22 mm respectively at 4.5 m and 13 m away
from the underpass decking. Wall top deflected towards the excavation with the
dissipation of the negative excess pore pressure.
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Predicted Horizontal Wall Deflection
at the End of Excavation(mm)

o 1 2 3 4 5 6 7 8 9 10 11 12

Depth (mbgl)

—e—y =23m(13maw ay from Deck Portion)
—A—Yy = 32m(4.5m aw ay from Deck Portion, close to Section B)
—>¢—y = 41m(w ithin Deck Portion)

(a) During & immediate after GSR construction

Predicted Horizontal Wall Deflection
at the End of Final Consolidation(mm)

0 2 4 6 8 10 12 14 16 18 20 22 24

Depth (mbgl)

—e— Yy =23m(13maw ay from Deck Portion)
—A—Y =32m(4.5m aw ay from Deck Portion, close to Section B)
—>¢—y =41m (within Deck Portion)

(b) Long Term

Development of lateral movements of the secant-pile wall
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depth (m)

Comparison of predicted wall deflection at end of
excavation from 3D & 2D analysis

wall deflection (mm)

-0 12 3 4 5 6 717 & 9 10 11 12

—¢— wall deflection from 3D
—®— wall deflection from 2D

depth (m)

Comparison of predicted wall deflection at long
term from 3D & 2D analysis

wall deflection (mm)
0123456 78 91011121314 151617 18 19 2021 22

—o— wall deflection from 3D
—=®— wall deflection from 2D
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Comparison of predicted wall deflection at long
term from 3D & 2D analysis

wall deflection (mm)

0 2 4 6 g 10 12 14 16 18 20 22 24

e
A
8%

I

depth (m)

—&— wall deflection from 3D
(13m away from deck)

—®— wall deflection at setion B
from 2D
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Results and Discussion

Wall Deflection — 2-D vs 3-D prediction

* 2D analysis at section B (4.5m away from the decking) was also carried out using
geotechnical software Plaxis.

* The Plaxis 2D analysis adopted Hardening Soil Model with small strain stiffness
(HSsmall) for London Clay while Mohr-Coulomb soil model was used for other soil
stratus.

* The 2D analysis results give a wall top deflection of 23 mm at long term compared
with less than 10mm predicted by 3D analysis.

* The 2D analysis of the section B is unable to consider the restraining effects from the
adjacent underpass deck, hence significantly overestimate the wall movements.
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Results and Discussion

,. Wall Deflection — 2-D vs 3-D prediction

* the wall top deflection from 3D modelling reached 22 mm at the location of about 13m
away from the underpass deck, which is similar to the deflection of 23 mm predicted
by 2D analysis at section B.

* Thus the restraining effect on the wall deflection from the underpass deck decreases
to negligible at a distance of about 1.5 times of the retaining height away from the
restraint.
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Conclusion

* The 3D model analysis results suggest that the deformation of the segmental tunnel
lining is small and the structural force change of the tunnel lining is also insignificant.

* The ELS scheme developed and the construction in sequential bays, the impact on
the existing tunnels associated with the proposed GSR construction is expected to be
small.

* Comparison of the 3D and 2D analysis results for the long term behaviour of the
retaining wall near the underpass deck illustrated the 3D modelling ability to analysis

e problems in 3D environment.

* A 2D analysis for 3D problem case would overestimate the structural deformation and
ground movements significantly.

* With the rapid development of computer speed and capacity, 3D modelling should be
carried out to get a more realistic prediction of the structure / ground response.

LJACOBS
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Caverns — Rock Mechanics Design Process

Geological data_colle;cﬁ(:w% ‘

vlr Rock mass behaviour ?
Laboratory and in situ testin

lr _ Rock mass behaviour ?

Rock mass characterization and classification
(Q, RMR, GSI, joint properties, in situ stress, water, ...)

¢

Selection of excavation and support alternatives

}

ka mass behaviour ?
| Empirical methods

Numerical methods
' Ack mass behaviour ? J'

Gravity-driven |
failure

Stress-driven
failure

'

\ ‘

Excavation and support design

‘ Source: Kaiser and
others

Site characterisation approach for standard geo-engineering projects; the arrows are
where a sound understanding of rock mass behaviour is needed
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Model?
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Rock Mechanics Process — Analysis

Rock mass behaviour ?

 Rock mass behaviour ?

Rock mass behaviour 7 Failure modes?




Rock Mass Behaviour - Tunnel Failure Modes
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Need information on discontinuities

Rock face mapping
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Caverns — Sewerage Treatment

Bondi STP Pumping
Station

12 m span

Flat roof

o PP
Fedalimimisid?




Caverns — Road Intersection Chambers

CLEMY Tunnel, Brisbane °




Caverns — Hydro Electric Power Stations

Tumut Power Station, Snowy Hydro




Cavern Wall Design — Large wedge?




Caverns — Salt Water Reservoir Hong Kong
University

From: Chung (2011) Black & Veatch




Caverns — Rall Stations
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From: Chan, Kotze & Gee (2005)




Numerical Tunnel Modelling — what type?

Displacement
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Cavern Roof Design — Rockbolt shear
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Cavern Roof Design - Low Cover
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Source:
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(2009)
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OUTLINES

Case Study : Road Cavern

Empirical Method

Structural Controlled Failure Modes:
m Discrete Fracture Network - Fracman

Stress Controlled Failure Modes
m Boundary Element Method : Examine3D
m  Continuum and Discontinuum Models : Phase2 Analyses
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Key Plan : Road Cavern, Brisbane Australia
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Road Cavern, Brisbhane, Australia
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Geotechnical Conditions

Soill Tuff4/5

¥ Base of Tuff
(model truncated below base of boreholes)
VIEW LOOKING SOUTH-WEST

Base of Tuff
{mﬂdel truncated below
base of boreholes)

&) Golder

VIEW LOOKING NORTH-EAST
Associates




Empirical Method

10
m Precedent Charts, by N
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8 4
m Available empirical
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Structural Controlled Failure Modes

m Unwedge Analyses :
wedges are formed by only three joint sets

m FracMan Analyses :

blocks are multifaceted (the actual number of facets
depends on the number of joint sets and their orientation
distribution)

24




Discrete Fracture Network - FracMan

Golder Associates proprietary Discrete Fracture Network software FracMan has
been used in these analyses

To model the rock mass fabric by describing the fracture system in a more realistic
way than conventional geotechnical characterization methods, allowing a description of
the fracture geometry that is driven by verifiable data.

To describe the heterogeneous nature of fractured rock masses by explicitly
representing key elements of the fracture system as discrete objects in space with
appropriately defined geometries and properties.

By building geologically realistic models that combine the larger observed
deterministic structures with smaller stochastically inferred fractures, DFN models
capture both the geometry and connectivity of the fracture network as well as the
geometry of the associated intact rock blocks.

To condition the fracture model as much as is possible to available data, and then
use Monte Carlo simulations to quantify the uncertainty of extrapolation of the fracture
pattern throughout the problem volume. It is a stochastic process allowing multiple but
equi-probable realisations to be created.

To identify all formed blocks defined by the underlying DFN system and the excavation
surface.
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Input Data

Summary of Defectsin Brishane Tuff — Lutwyche Cavern Area
Joint Set Dip Dip Direction | JRC Spacing (m)
J1 | Avg 6 038 11 1.5
Range 1-33 000 - 360 3-16 0.04-194
J2 | Avg 67 232 11 3.0
Range | 46-88 188 - 251 4-14 0.1-108
J3 | Avg 76 010 11 34
Range | 62-87 319-024 8-16 22-46
J4 | Avg 47 305 12 20
Range 33-53 274 - 306 10-16 0.1-105
J5 | Avg 73 068 10 39
Range | 60-89 43-76 2-14 0.03-109

BOREHOLE

pTa T
DTSB [101]
DTE[21]
oT7 [62)
D8 [21]

J1 6036
J2 67232
J3 TEI10
Ja 471305
J5 TI0EE

Exgual Angle
Lowel Hermsphere
2082 Poles
282 Ertries
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Input Data

DFN models require certain primary fracture properties to be defined:
m fracture orientation distribution;

m fracture size distribution; and

m Fracture intensity.

| oistibitanTsed | o | reng | S Varatior PP | Trend Variation
Set 1 Fisher 84 218 40 -
Set 2 Bivariate Normal 23 052 9 12
Set 3 Bivariate Normal 14 190 6 10
Set 4 Fisher 43 125 45 -
Set 5 Fisher 17 248 50 -

27




FracMan Analyses

m Synthesised Fracture Orientation Data in FracMan
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e
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Geometry Used in FracMan Model
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Visualization of small model volume

100m x 100m x 100m

— .—L =
= 0

Trace lengths from model

Frequency




Visualization of Tunnel Traces




Schematic of typical blocks formed within a
selected FracMan DFEN model

Schematic of the
blocks formed
within one of the
FracMan models
intersected by a
25 m

long section of the
FraCMan Cavern Cavern — Scenario A
excavation type

Cavern — Scenario D

Cavern — Scenario C
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Cross section taken of a typical FracMan
model for the Cavern Excavation




Stress Controlled Failure Modes

m Boundary Element Method : ExaminesP

m Continuum and Discontinuum Models : Phase? Analyses
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Examine3D
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Strength Factor
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CONTINUUM VS DISCONTINUUM MODELLING

MODELLING

CONTINUUM DISCONTINUUM

s @

MEDIUM

INTACT ROCK (;)
1 -3 JOINT -
e @
ROCK
MANY JOINTS / |
HEAVILY @i}
JOINTED ROCK
MASS




Continuum vs Discontinuum — Scale Factor

Continuum Approach

Continuum with Discontinuity

Continuum with Discontinuity
or Discontinuum Approach

Continuum Approach

Continuum Approach

Intact rock specimens
- use equation 5

One joint set - do not use
Hoek-Brown criterion

Two joint sets - do not use
Hoek-Brown criterion

Many joint sets - use
equation 1 with caution

Heavily jointed rock mass
- use equation 1
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Discontinuum Model — Without Bolts :
Wedges Failure Mechanism

m First Top Heading

40




Discontinuum Model — Without Bolts :
Wedges Failure Mechanism

m Second Top Heading

M1




Discontinuum Model — Without Bolts :
Wedges Failure Mechanism
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Discontinuum Model — Without Bolts :
Wedges Failure Mechanism

m Left Side Heading




Discontinuum Model — Without Bolts :
Wedges Failure Mechanism

m Bench




Discontinuum Model — Without Bolts :
~ © Wedges Failure Mechanism

m Top Heading

~ sat
2500003/ | [359]
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Discontinuum Model — Without Bolts :
Wedges Failure Mechanism

m Right Side Heading




Discontinuum Model — Without Bolts :
Wedges Failure Mechanism

m Left Side Heading

"|5.856-003

’ >
3.90e-003] ;|
v

3.25e-003
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CONTINUUM & DISCONTINUUM MODELS

m Discontinuum Model : 1m3scale ® Continuum Model : tunnel scale

lNo Data
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Phase2 Model

m Continuum Model : tunnel scale

m Discontinuum Model : 1m?3 scale
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Empirical Design Guidelines

m Precedent Charts, by ’
comparing against : ’ _ Lutwyche Caverns
m Available empirical "
guidelines and 7
m  Other similar projects within =5
the proposed area = |
E 2 Lane Tunnels
a4
@
34
2
14
0

6 8 10

12 14 16
Span (m)

@ 0 0 X

— SMEC 1950

Cording 1971

= |Lang & Bischoff 1984

Q (2000) ESR=1
Brunswick 5t 1993
Vulture 5t 2000
NSBT 2008

APL Tender 2007
Design

= = == Lang (1961) & US Com Eng (1980)
e Farmer & Shelton 1980

—— Stilborg 1984

== « Schach etal. {1979) - Geoguide 4
51 Sewer 1999

Buranda 5t 1999

Boggo Rd 2008

APL Design 2008

B o+ 0O =

30
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Summary

m Empirical Method : as guidelines
m Structural Controlled Failure Modes are required when :

E Q=0.1
m GSI=25
m RMR=30

m Stress Controlled Failure Modes :
m  Continuum and Discontinuum Models:

Psaudo-continuum
wsing condiruem

l"|,.= .-;J:;r".rl_r""r._rrl
ot
Gl gy

[

T ]

=i

Cortingum
agproach

b -
1

1

fot

Hiie Y
I:I-I:L1 o l-l1ﬂ'|]
 FEM or FDM DEMorFEM+JN | FEM or FDM or BEM
GSI =25 GSI =85
RMR =30 RMR =90
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Geotechnical
Computer Program Users Group
Seminar on Geotechnical Computer Modeling

“Engineering Geological Considerations
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Presenter:
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O EATH INTRODUCTION

Hiakimatsu Construttion Co. Lid

1. Tunneling Work in Hong Kong
2. Were do computer analyses fit into this?
3. Application of Computer modeling

4. Examples of Computer Applications to Caverns
and tunnels

NEVER GIVE CREDENCE TO IDEAS THAT
ARE MADE INDOORS (NIETSZCHE, 1895)

E'I' X | i T4 10 8% 8§
.'-
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N Tunneling Work in Hong Kong
Hiesimatsy Comiruttion Co, Ll

2009 - 2014 Sheung Wan Station to Kennedy Town (3 int. stations)
Extension Admiralty Station to Ap Lei Chau (2 int.

2011 - 2015 -
station)

2014 - 2018 Exte_nsmn from Kennedy Town to Ap Lei Chau (3 int.
stations)

2012 - 2019 Extension from Tai Wai to Central Station (7 int. stations)

2011 - 2015 Extension from Yau Ma Tei to Whampoa (2 int. station)

2011 - 2020 26km tunnel in HKSAR connecting to the China rail
network.

2009 - 2014 Tsuen Wan to Yau Kom Tau.

2009 - 2014 22km, up to 160m depth below ground, 3m int. diameter.

2013 - 2017 Tunnel construction beneath a sub-sea shipping channel.

2013 - 2017 Dual 2 to 3 lane carriageway from Fanling towards Sha

tau Kok
2013 - 2017 ?::I 3 lane carriageway running from Yau Ma Tei to Kai
2011 - 2016 IE:ianlt?’ lane carriageway running from Central to North

Main Parties:
1. Mass Transit Railway Corporation Limited (MTRCL)

2. Highways Department (HyD)
3. Drainage Services Department (DSD)
4. initiatives from Geotechnical Engineering Office

tl.b il = PECT I FEE TH T N L B
e I el o YR | T ot e



Tunneling Work in Hong Kong

Shenzhen Lo Wu !
ok Ma Chau Sheung oy : Dﬁrﬂ:}ﬂ > (]
Shui ) y
Shekou 'lﬂ‘:?ngmn -lf’.
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Taken from Tunnels and Tunneling magazine (Thomas, April, 2008)



ﬁ g B J'HY Were do computer analyses fit into this?

Hiemimatsy Comiruttion Co, Ll

(design input stages / considerations)

TASKS ‘ RELATIVETIMESCALE >

Outline Design

Layout

Geometry (A)

Concepts, preliminary stress analyses and support estimation (B)

—

No
Complete
Yes

Detailed Design

Initial design development

Stress analysis (Phase 2/UDEC) (C)

Rock structure analysis (DIPS/UNWEDGE) (D)
Q Systemand empirical guidelines

Overall support assessment

Support elements (E)

‘Specifications and drawings (F)

Complete

Construction

Initial excavation monitoring setup, access tunnels and headings (G)
Excavation sequence (H)

Verification of detailed rock structure analysis (1)

Review design parameters

Check nomination of reinforcement

Excavate and install support

Complete

Site Investigation (J)

¢ &

® o o

Items B, C, D and I potentially require
computing analyses (Swannel & Hencher,

10\
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GG 1S W Were do computer analyses fit into this?

Wiakimatny Congtruction Ca. Lid (design input stages / considerations)

B. OUTLINE DESIGN - Stress analysis / support estimation
(Rock mass classification assessment, stress changes,
compression zones);

C. DETAILED DESIGN - Stress analysis (Stresses around
excavation, intact rock failure, displacement, support
requirements);

D. DETAILED DESIGN - Rock structure analysis (Failure mode
identification, support requirements for un-stable blocks);

I. CONSTRUCTION - Rock structure analysis verification
(Identification of potential local wedge failures during mapping.
Substantial of the support adjustments using UNWEDGE as
required).

i BN TEEEER

After Swannel and Hencher, 1999 t iy
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Hissimatsi Conatrustion Ca, Lid
Type Software Supplier

Limit UNWEDGE Rocscience Inc.

equilibrium

DIPS Rocscience Inc.

Numerical PLAXIS Rocscience Inc.

continuum
analyses

PHASE 2 Rocscience Inc.

Numerical dis- UDEC / Itasca
continuum 3DEC

Consulting Gp
analysis incorporated

Application of Computer modeling
(suitable software)

Use

Requires accurate definition of
kinematically feasible rock
wedge release around an opening
Interpretation of the block size
for use in "Unwedge”

Finite difference software to
analyse stresses and
displacements. Discrete
discontinuities may be included
in the analysis

2D finite element software for
support in un-jointed and / or
heavily jointed rock

Jointed rock masses (2 and 3D
analyses)

I TIEE R EE L2 A 0 0 )
After Swannel and Hencher, 1999 t i -



¢ A 1 Application of Computer modeling
/ M (staff / teamwork)

Hiesimatsy Comiruttion Co, Lid

ngineering Geologist | Geotechnical Engineer verlap
Good at observation, Applies systemaitic [dentification of ground
description, mapping, approaches to problem conditions, evaluation of
Able to create 3 solving involving analysis | engineering properties and
dimensional ground and creative design. design and construction
models from limited Numerate and has a
surface and sub-surface | sound basis in analysis
Information. and design
Empirical, indirect, rule- | Precise, specific, The geotechnical engineer
of-thumb, qualitative, analytical, rigorous, or engineering geologist
Intuitive. calculative, quantitative.| should have a broad
Tends to answer from Tends to answer from | knowledge and flexibility
experience (viewed by a | theory (viewed by a
civil engineer). geologist).

_.I'_ EEN i FiENTHNEER
After Fookes, 1997 t . -
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Hiakimatsi Conmrustion Co_ Lid

Y

Application of Computer modeling
(appropriate information / input)

Two Englneerlng aeologlsts QEES carrying out the same assessment — outcome:

1. EG1-Q VALUE OF 0.02 - IMMEDIATE COLLAPSE, 75 TO 100MM SHOTCRETE

2. EG2-Q VALUE OF 5 - ONE MONTH STAND UP TIME, NO SUPPORT REQUIRED’

Q parameter | Engineering | Estimates Engineering | Estimates
Geologist 1 Geologist 2
RQD 0 (nominal | Cleavage is a true | 75% Cleavage is an incipient plane of
10%) discontinuity set. weakness, which manifests as fine
cracks.

Jn 15 Estimate the least favorable |12 Estimate of the least favourable joint
joint set over the scale of set over the scale of the excavation
the excavation considered considered

Jr 1 Persistent and smooth | 2 Impersistent and smooth undulating.
planar

Ja 4 Clay is seen very rarely|1 Joint surfaces are typically only
along joints discolored

SRF 5 The excavation will be near | 2.5 The excavation will be near surface
surface in a relatively low in a relatively low stress regime. T
stress regime.

Jw 0.66 Some exposures show a|l Joints within the rock mass are more
little water seepage. likely to be tight and less permeable.

Q 0.022 5

ESR 4.5m 3.6m

Stand up Immediate collapse 1 month

time

Support 75 - 100mm mesh No support

Example of incorrect information and / or .

feedback for analysis (Fookes, 1997)

HEEER
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N Application of Computer modeling

Hinkimatayu Comtruction Co. Lbd (appropriate information / input)
ncorrect information interpreted from a
TERRACE SAND borehole ground investigation. Potential
and GRAVEL ’ misinterpretation that could be presented in
ground model input for computer analysis.
LIMESTONE Example taken from the East Midlands, Low -
approximate limit mid Jurassic strata, United Kingdom.
of highly weathered rock
nterbedded
ALLUNVILUM-
"I\~ CLAY and SILT st
e ouried valley
o L solifiuction head deposits {mainly
- e b ey LIS P —_13‘ A interbedded saty clay overlying
T [ - I'I'leﬂEI'EJIEE}' 51]'!'.'2:1'@ g li ﬁ"; CLAY SAND sand and grawel)
[ i = LIMESTONE | | | { e > and SILT
1 I I | E 5
| w— I - : : - _ 4 _:'1:*1__.. MUDSTOME
P —t . = - l' i - = I|";:.._;E"‘-.'::.__ :':1-..-."'- EHEEam
..... : - e 1 RES S P, o e » I , -
=1 N Al e e e
= 5 J a Rty ST R s
— f_. ——f—::-'_-‘__ o -::_:.::-.-.. _’- ':'.:_:. n
LI"==| e T S S e o 11 T W e e 2 \}"j"-'—-"*'
— \ p——
—— - weak MUDSTONE == = SANDSTORNE  fmEsTone _—

Ground model interpretation is based on
3 “"deep” boreholes (Fookes et al, 2008)

EEANIAFIrENTITHEEEN
il iiE

=THATIME "N Ty N L
o W & o el damlIL



, - Application of Computer modeling
¥TY
_iﬂi M (appropriate information / input)

involutions in TERRACE SAND and Correct information interpreted from a site

N topsoil GRAVEL overlying silty CLAY investigation, including borehole ground
investigation. Often difficult / complicated to
O D e T represent in a ground model ALLUVIUM
--I-. ¥ " I-- .::-_".« ;_1.!,';1.'_1._:. = X - =
Eéf\'\ FAE e T T e T Sandy limestone bed displaced recent alluvium
l‘-:'i.. RS L :-":...-Ti'f_:_?__:_:_-.:_ " * ¥ by old ratational slide overlying buried
R e N solifluction head yatloy Sapoui
e = e NN infilling gulls (lenticular beds
B i, e el et st ﬂ_f__f?\i_‘,;, '::--—_:«,q of sand and
T —— e NI Competent limestone gravel, silly clay
£ g E T G TY YA affected by cambering siiand pest)
] J | | Ly b Py
-5 [ [ [ L TR i | SR S imvolutions
'-' = - o —w e YT e
. i B " ..__...-—--"1_' L= — - ""'*-__:;"""' » : "3 :""'-.
’ 5 . ; —— et T ST r e T AT~
P s g
s e — T e
T L — — ? I = T m— 3 y %
——=r - I ®
i i — -:::-_ i i
- — ==
— —
Ground Model Interpretation is ﬂa‘:aw::;ﬂﬂt? incompetent S
O ron
based on 3 deep boreholes & gﬁfgf;”; TILL with
(Fookes et al, 2008) valley bulging limestone

boulders



¢ AT 1 W Application of Computer modeling

Missimatsy Conutruttion Co. Lid appropriate information / input)
f‘_")' L ﬁ“ L
2
’! ¥ -
s

® .

How to represent field information in a model for analysis — example of ground encountered.



¢ GEEAT 1 Jay Application of Computer modeling

Miskimatsy Construction Co_ Ld (contractual considerations)

MTRCL PARTICULAR SPECIFICATION (PS) requirements.
Typical examples below (usually MTRCL PS 7.3.25 - 30):

Should the following criteria apply:

1. The mapped Q value (empirical assessment for the tunnel support) be
found to be less than 0.05 for single track tunnels and 0.13 for twin
track tunnels (about 16m span)

2. If the tunnel is less than 1 diameter from junctions and / or
intersections and / or span greater than 16m

The Q value is supplemented with numerical analyses

MTRCL MATERIAL & WORKMANSHIP SPECIFICATION (CIVILS)
requirements. Used to supplement the PS.

Clause 3.29 (1) - in addition to the face mapping records, for every 100m of
tunnel excavation summary stereo-plot of the joint data shall be submitted

to the Engineer
t ¥ | i B rTEEEER




@ N Examples of Computer Applications

Nishimatsy Congtruction Ca. Lid to Caverns and tunnels

Granite :);tr:mely Discrete element Shotcrete / permanent bolt support
. Extremely . Increased from 15 to 18m span.
e good DI LI Shotcrete / permanent bolt support
30m Granite Good Block Shotcrete / temporary bolt support

New Austrian tunneling Excavation
Method. Iterative monitoring /

ST Finite Element analyses optimizing construction

18m C/HDG

X sequence (Endicott et al, 2000).
Pipe pile roof support.
20m Granite Fair to good Block Shotcrete / temporary bolt support

(*)

27m Granite Fair

(wedge stabilization)

3D finite / 2D Extensive pre-support to prevent
discrete element dilation

24m ?:;mlte Poor to Good Block Permanent Concrete Arch roof
25m  tuff Fair Block and finite Shotcrete / permanent bolt support
element analyses
Granite . 10 caverns, 12m separation.
— (+) e e Shotcrete / permanent bolt support
Granite . 2 caverns. Shotcrete / permanent
17m ($) Fair to good Block bolt support
Coarse ash Block and finite Shotcrete / permanent bolt support
A tuff XL element
Summarized from GEO Publication 1/2007 (Engineering Geology) * - weakening effects from faults and
Main Parties: intrusion and deep weathering
1. Mass Transit Railway Corporation Limited (MTRCL) + - feldsparphyric rhyolite dykes
; Highways Department (HyD) $ - weak zones and basalt dykes and
v Drainage Services Department (DSD) shear zones

- Civil engineering Development Department (CEDD)
- Environmental Protection Department (EPD)

unhwnN

il.in Dby | <TEETIFE N "N PP N L E
. I el o YR | T ot e



CAVERN LOCATIONS - HKSAR

KCRC - West Ra DB 350 portal

Stanley Sewage L s Lo R, ik sg:tt:l 3, North
Treatment Works @7 S iaiins o S >k (N :

KCRC - West Rail

Island West Waste DB320 Portals

Transfer Station

.. v I-_ D ?LI_' If.' '\il:

— e ot T Ll

= G = e e ok _-_‘ga.'—.._ i
= IE I.’:—| ..__,’ 7 -. = | .“ o B "';‘ L} A e
|l,’: (i Ihlm"ii el el

= i == o gt

— f '-:.I____-_— .-_: . = =t :: 1 r ¥
Kau Shat Wan E MTRCL - Tai Koo MTRCL - Quarry Bay MTRC Pak Shlng
Explosives Depot Shing Station Station Kok Crossover
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Hiesimatsy Comiruttion Co, Lid

N o
*a {1 @l BACKGROUND

Due to reduced rainfall in Australia, desalination
plants have become a popular solution to supply
water in Australia. The Adelaide Desalination Plant
supplies 50 billion litres of water, or 25 % of
Adelaide’s annual water demand.

tunnels (Adelaide Desalination Plant - LOCATION)

JV Examples of Computer Applications to Caverns and

1 k -~ 1 .-"-{ of =21
W B
o ; [ _./ 1
e : fry
‘ L 3 -
= J:}’i"lf! Image & 2010 DigitalGlobe i ¥
& W CataS10, NOAA, LS. Navy, NGA, GEBCO i ‘
/,{:'."._\ £ g . .'.amnGOOgle
Lugw . 2

35°05'54.867 S 138°32'4813°E elev 4161t Eyealt 53.85mi
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Examples of Computer Applications to Caverns

& e
ﬁ' N and tunnels (Adelaide Desalination Plant)

Hintimatyy Coniruition Co, Lid PLAN - MAIN STRUCTURES
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Examples of Computer Applications to Caverns
and tunnels (Adelaide Desalination Plant)

ONSHORE

STRUCTURES

INTAKE AND OUTLET STRUCTURES/

TUNNELS

STORM SURGE - L. 25im AHD Wil -0.1n 4HD

L

TFALL RISER

H-._‘__,\_r\_ OUTFALL DIFFUSER SHAFT [6 Hal
- HEAD [ Hal

i3 1]
I I

= TEATIFEE "N T N A
T el oy Ty N | T Cemln [cais

Caverns and tunnels - Long section (main E:“ dAAN AR iGN TN EEY
. i

structures)




Examples of Computer Applications to Caverns

¢ G

N _ - On-shore geology - Brachima Formation

Port: Sunies 4 (s . ==.-% Tp = " (Pre-Cambrian, strongly foliated, meta-
' 7 ‘y/ = & - = sjLtstone and sandstone)

4Ll -Eden Burnside Fault (Intercepts the

tunnel alignment offshore)

Site located on the western limb of the

Anticline, dipping west to north west, 50

to 80 degrees.

il Bk TR T M ciaa . B
- PR o RETE e B



ﬂ fiE AN N Examples of Computer Applications to Caverns
and tunnels (Adelaide Desalination Plant)

LONG SECTION - MAIN GEOLOGICAL FEATURES

« On-shore geology - Brachima Formation (Pre-Cambri
strongly foliated, meta-siltstone and sandstone)

« Eden Burnside Fault (Intercepts the tunnel alignment
offshore)

+ Site located on the western limb of the Anticline,
dipping west to north west, 50 to 80 degrees.

EANITAFIiNNTITHEEEY

..... =TEATIFAE "N Ty D LB
K Ca B = iR RN et B



Examples of Computer Applications to Caverns
and tunnels (Adelaide Desalination Plant)

On shore Structures ﬁ?—" At L b

S EFETLLLETT E— ——
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Examples of Computer Applications to Caverns
N and tunnels (Adelaide Desalination Plant)

Long section, main Geological Considerations for the computer modelil;g
(Located within the Pre-Cambrian "Brachima Formation™)

SZ — Shear Zones — 4 No. major i
identified aligned with bedding ‘ .

EANITAFIiNNTITHEEEY

=TEATIFAE "N Ty D LB
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Hiskimatyy Conelruttion o, L

Allow discharge Uppermost shaft 16m  A. 0-3m silty clay,
from the surface max. and 13m min ID to B. 3-8m BF4,

to the discharge 19m depth; 8m ID below C. 8-25m BF2a and 2
tunnel. this level. D. 5—45m BF1/2 with

N Examples of Computer Applications to Caverns
and tunnels (Adelaide Desalination Plant)

potential shear zones
Allow access to 16.36m ID, compatible 0-6m silty clay,
the desalination with the cavern ID. 6-11m BF4,

plant within the
cavern.

11-17m BF3a, 1
7 -25m BF2a and 2

©>moOw»

4 —40m BF1/2
Accommodate Span 16.36m ID (about 17 - 25m
the desalination 18m excavation span). BF2a and

process Length 70m, Height30m C. 24 —40m BF1/2
Summary of the structures and ground
L.

o= Iﬂrl-l'l-l-'
-I"I' -—-— g EE] I--I—I’—

conditions (rock mass classifications -
identified by "Brachima Formation” (BF) units
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Hiesimatsy Comiruttion Co, Lid

Ny

Examples of Computer Applications to Caverns
and tunnels (Adelaide Desalination Plant)

Rock | Description, based on British Standard (BS Density | UCS Young’s

Mass | 5930, 1999) (KN/m3) | (MPa) | Mod. (Mpa)
High to very high strength, slight to fresh 50 -

BF1 | weathering, slight fracturing and 300 to 600mm 27 - 28 =200 28000
discontinuity spacing
High to very high strength, moderate weathering,

BF2 slight fracturing and 100 to 300mm discontinuity 26 — 27 | 25-50 | 16500
spacing

BE2a High to very high strength, slight weathering, slight 26 - 27 50 - !
fracturing and 100 to 300mm discontinuity spacing 100
High to very high strength, moderate weathering,

BF3a | 30 to 100mm discontinuity spacing, locally more 26 —27 | 25-50 | 3800
Intensely fractured.
Very low to very high strength slightly weathered ]

BFSD | 2nd highly fractured (SHEAR ZONE). disai

BF4 L_ow to high strength moderately weathered and 23-25 |25-50 | 1200
highly fractured.

Parameters adopted for the analysis (derived

FEM T
from the “"Brachima Formation” (BF) units) '

I A E@NniN
.I .IL == II
I. a
s



: Examples of Computer Applications to Caverns
ﬁ-ﬂ ] *E n “ }H and tunnels (Adelaide Desalination Plant)

Hintimatsy Conwtruttion Co. L “Brachima Formation units” on site

BF 4/ SILTY CLAY EXPOSED IN SHAFT BF 3A EXPOSED IN SHAFT
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Hiesimatsy Comiruttion Co, Lid

Ny

Examples of Computer Applications to Caverns
and tunnels (Adelaide Desalination Plant)

ANALYSES |SOFTWARE/ |COMMENTS
FORMULAE
Continuum Fast Lagrangian |Used to analyze weak rock
(Linear Analysis of (UCS<10MPa), located in upper levels.
Elastic) Continua (FLAC)
Discontinuum |Universal For the Cavern, located entirely in rock,
(structural) Distinct Element |3DEC analysis was adopted. This
Code (UDEC) assumed a simplified block assemblage
bounded by deformable discontinuity
systems.
Empirical Barton and Used as a comparison for the analytical

Grimstad, 1994

methods.

Rock Loading

Unwedge 2.01

Rock block loads estimated from
discontinuity spacing.

PERMANENT SUPPORT - Permanent Lining
based on the above analyses (Mackay, 2010)

EENiIiAFIFENTHEEES
] 1l B

-




Examples of Computer Applications to Caverns
and tunnels (Adelaide Desalination Plant)

Tebbne)

RESULTS
.. Deflection,
e Outfall
- Shaft,
Upper
levels
(using
FLAC)

Relative
deflection




@ 75 #2 il g Examples of Computer Applications to Caverns
i i a R and tunnels (Adelaide Desalination Plant)
Hiarimatau m“ L Deflection, Cavern and Intake Shaft (using 3 DEC)
-5 D000E-03 : _ ey
-4 5000E- |‘ 3
-4_|Z||:||:||:|E |_ 3

ERall IIIEI

_:._;.:.|_||_||_|E I

Upper Cavern levels and shaft; south Upper Cavern levels; north




Examples of Computer Applications to
E.i" £ #L4 [ i J\Y Caverns and tunnels (Hong Kong University
Wiskimataul Comtruction Co. Lid Caverns — Location — Chung et al. 2010)

BACKGROUND - Following the University of Hong Kong Master Plan Review, carried out 2000, it was decided that
an extension to the University Centennial Campus was required. To accommodate this, the existing Salt Water
Reservoirs, previously located in a terrace adjacent to the University. Following a further review, 2006, it was
considered preferable to accommodate the reservoirs into Caverns. The project has since gained sustainability

awards

Site :
Location ' beneath Lung Fu Shan Mountain v ahom Bt b b




Examples of Computer Applications to Caverns
and tunnels. The Hong Kong University -
MAJOR GROUND CONDITIONS

¢ G

Hiskimatyy Conelruttion o, L

-—

L MAIN GEOLOGICAL FEATURES
S e 225 .. The site is dominated by NNE -
- —+__mx < = SWS trending fault (the Sandy

. Bay Fault) and an anti-clinal fold

ws = trending perpendicular to this

. . The main ground conditions

- h:\.-.ﬁ"- include:

1 1. fine-grained granite intrusion
2. Metamorphosed hornfels and
3. Mount Davis formation

-
Sy
.

A,

-
J
Sandy/Bay Fault The'site’ Mount Davi$ Formation
Taken from Mackay et al, 2008 and 2009

-
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Hiskimatyy Comiruition G, Lid considerations for the ground model)

. Examples of Computer Applications to Caverns
@ ¥ 2 ) J"""-.Y and tunnels (Hong Kong University -

.

THE GROUND

1 _ The

discontinuitie
S were
influenced by
the effects of:
faults and
intrusions
This caused
an intense
anisotropy
which needed
consideration
in the
analysis

EENiIiAFIFENTHEEES

Preferred orientation . :
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Examples of Computer Applications to
verns and tunnels (Hong Kong University)

Joint Intact Constant|GSI GSl GSl Very

Spacing |UCS (m) Widely |Medium Closely

(Js) (Mpa) Spaced |spaced Spaced
or better|100 25 60 to 70 |50 to 60 35 to 50
[ 1 50 20 55 to 65 |45 to 55 35 to 45
| 25 15 50 to 60 |40 to 50 30 to 40
I/ 1V (Il |25 15 40 to 50 |30 to 40 20 to 35

dominant)

IV /V 10 10 GSI N/A |GSI N/A 10 to 25

(notional)

Computer analysis (PLAXIS)

ﬂ T 1 EN | BN TEEEER
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Examples of Computer Applications to
Caverns and tunnels (Hong Kong University)

Computer analysis (PLAXIS)
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Contents Denailm

e Standards & Guides

e Software Analysis & Verification
 Example Application of CIRIA C580




Relevant Standards & Guidance for the
Design of Retaining Wallls

benaim

GCO PUBLICATION No. 1/90

REVIEW OF DESIGN METHODS
FOR EXCAVATIONS

Y

/" V

= ¢ Embedded
3 retaining walls

GEOGUIDE 1

GUIDE TO
RETAINING WALL
DESIGN

GEOTECHNICAL ENGI
Civil Engineering Deparin
The Government of the Ha
Special Administrative Rey

CIRIA C580

GCO 1/90;
Geoguides

STy W L 2%
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Hupnissde T =
ivstethrnles! de=l i
e 0 — e el
g
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— e — | —— — e
Lo B

Eurocode EC7,
Parts 1 & 2




oDenaim

Geotechnical Design Approaches

GCO 1/90 1990 GFA (OFS) Ref. CIRIA C104

Geoguides 1993 (Second Ed.) PSF Ref. Geoguides 2 &
3 for Hong Kong
Application

CIRIA C580 2003 PSF Ref. BS8002

Eurocode EC7 2007 PSF Part 1 : Design
Part 2 :
Investigation &
Testing

Overall or lumped FoS has proved satisfactory for many years and is intended to
cover all uncertainties in the design. A limit state approach requires consideration of
possible modes of failure and uncertainties in a more systematic way.




ULS Design Factors Compared benaim

Material Partial o m
Parameters Recommended range. [Recommended

for moderately values for worst
Method conservative p credible p s Comments
(¢', @, or Cy) (¢'=0, @)
Temporary | P Temp y |Permanent
. ) works works works works
Design Surcharge Tan. C Su >
; stress tuslzollly tus‘ué:)lly This method is
Approach ) - | L
pp Factor on TRCOm= should clwoys be
Embedment mended checked against
Depth, Fg one of the other
*Total methods
stress 2.0 . -
Effective | 12 1015 | 1510 20 1.0 121015
(b] stress These recom-
Factor on @ »30° 15 2.0 10 15 mended Fp values
Moments . vary with @' to
Based on ¢.zp to 39' 121015 | 15 to 20 1.0 121015 | to conerally
Gross ¢'< 20 12 15 10 12 consistent with
1 Ve ra FO Pressure, usual values of
Fp * Total " Fy and F,
stress - - -
Geo uide 1 1 5 1 2 1 2 2 O 1d) Effective | 131015 | 15 to 20 10 15
stress {usually | {usually Not yet tested
g ° : ° : :“‘;'"'""” 15) 2.0) for cantilevers
B:sesn sNe[ A relatively new
Aritabie method with
M o @ 1 2 1 2 1 5 Passive which littie design
CI R IA In “ I |UI I l . . . Resistance, | # 1q10; experience has
E 20 _ _ ~ been obtained.
r Stress
C580* 10kP R I
a le) Effective 1Mt012|121015 1.0 12
stress  |(usually 12|lusually 15
Factor on excepl for| except for Th'I"“"’"'s’d
Shear @'>30°| @'>30° g"ﬂce of :ﬂ"
EC7 DA1(2) 1.35 125 125 1.4 St e ol
. . . . Both Active value may|velue may o u:hels:;m|.
and Passive be used| | be used) ;"'“ : °“'d also
Sides, Fy * Total e reduce
stress 1.5 . - -
Legend :

.pn ="« Total stress factors are speculative, and they should be treated with caution,
* Unmodified <« b




Modified C580 in Hong Kong

*BD/GEO Review 2004, Trial Period 2005 —

ePartial factors, surcharges, soll properties
and groundwater as per Geoguide 1 (2"
Ed).

eStructural load factors from SLS increased to
1.4 (from 1.35)

eSensitivity for single props +/- 0.5m in level

*Ground movements, wall installation and
dewatering effects as per HK practice.




Design Factors for Temporary Works

eDistinction made in GCO 1/90
*CIRIA C580:

-The Observational Approach (Method C) In
conjunction with Method B (Worst Credible)

-I.e. Most Probable characteristic values with
contingency measures based on Method B

eEurocode EC7:

- Factors may be adjusted to be more severe in
case of abnormal risks or exceptionally difficult
ground, or less severe for temporary structures or
transient conditions where conditions justify it




Other Design Aspects... Denaim

» Groundwater profile — balanced,
hydrostatic, worst credible, most
unfavourable

« Surcharges — e.g. min 10kPa

« EP Coefficients — NAVFAC, Caquot

. 2lHsd- )(L’!-I,r
Uy 20-Hoi-] -

& Kerisel i lHed-)
o Wall friction
 Undrained — Drained
* Unplanned excavations — 0.1H, 0.5m R | = R

« Passive softening zone

e Minimum earth pressures in ; ,
| ——

—— Sheet piles or soldier
piles with lagging

undrained conditions I
o Wall stlffness—EI_adjustments T I
» Approach for multi-propped walls | }La {— \\
« Soft Clays -
o Constitutive model Strutted or Braced Wail
 Risk Level

e Soil parameters




Characteristic Values Denaim

Statistical assessment of
geotechnical properties:
s A o - Normal or log normal
! credtte et distributions
: - Usually most interest in the
95% confidence limit of the
data mean (Moderately
conservative, cautious
| estimate)
i 1008 - 5% fractile (Worst Credible)
criacssny - Sample size?
- Trends & local variations?

- Exclusion of rogue data?

Number of readings




Geotechnical Parameters benaim

Desk Study, Field Investigation,
Derivation Laboratory Testing, Correlation,
Empirical, Field/model Testing

Interpretation, statistical review,
Engineering Judgement, Experience,
Back Analysis, Criticality Assessment,
Design Approach, Risk Assessment
CAUTIOUS ESTIMATE

Characterisation

Factorisation Code / Standard Defined Factors

Analysis & Review




Geotechnical Design Process benaim
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Case History Denaim

Modified C580 Design

Multi-propped Wall

Reduced Toe Level

Software Verification




The Site




Analysis Software benaim
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o Wallap Validation - Global Factor Approach f = ' A
: = o Demo 2 [-21-1 ]ﬁamﬁm [_E Benalm (China) Ltd.
PLAXIS 2D Model _ s
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Derived Soil Parameters benaim

Soil Type Stiffness Derivation | Typical Strength
(kN/m2) Values

Fill Clay Eu = 400. Cu Cu =20 kN/m2

(8,000)
Sands E'=1.N ¢’ =35°

(10,000)

Marine Deposits Clay Eu =400. Cu Cu =30 kN/m2
(12,000)

Alluvium Sands E'=1.5.N ¢ =36°
(12,000 - 45,000)

CDG Non cohesive E'=2.0.N ¢ =36°

(28,000 — 80,000) ¢’ =5kN/m2




Software Comparison tenaim

Plaxis & Wallap Wall Deflection Comparison

Bending Moment Comparison - Base Model (Wallap vs Plaxis) 0
e | s Rase Model - Momenit Envelope - Wallap e
=pase hodel - Moment Envelope - Plaxs 5

——Plaxis Base Model

——Wallap Base Mode!

Depth (mPD)
Elevation (mPD)

el M t it (kN
Envelope Moment Output (kN*m/m) 50 - o)

Bending Moments Wall Deflections




GFA & Modified C580 Denaim

» Section analysed for both GFA and CIRIA C580

Strut Force Wall Bending Moment
C580 (ULS) GFA C580 ULS /
[kN/m] [kN/m] GFA C580 (ULS) GFA
T1 697 690 1019 .
% Max. Wall Bending 5890 5098
Moment [KNm/m]
T2 1404 1593 88%
T3 1149 1306 88%
Toe Level (mPD)
T4 2769 3384 82% Global Factor Global Factor
Approach with Approach with C580 ULS case
FoS=1.5 FoS=2.0
T5 2735 3018 91%
-34.0 -42.0 -34.5
T6 2906 2043 142%

* Increase in T6 strut force highly related to over excavation allowance
required by C580




Predicted & Actual

oDenaim

Strut Force

Measured Strut

Predicted SLS Strut Force by Strain Measured /
Force (kN/strut) Gauge (KN/strut) Predicted
T3 7150 3300 46%
T4 10500 6100 58%
T5 10350 6400 62%

Elevation (mPD)

—
— ] RC Strut @ +2.0mPD
0
[} 20 40 B0 80 100 120
i& Ay ] RCStrut @ -3.0mPD
i \ ] RCSthyt @ 7.5mPD
10 \
e Y ) RCStrut @-12.0mPD
15 | \ ———Measured Wall Deflection
Steel Strut Predicted Wall Deflection
J -16.0mPD
Steel Strut

-20

-35

-40

Measured & Predicted Wall Deflection Comparison

-20.0mPD

FEL @ -23.mPD
M

N

Wall Toe Level @ -37.5mPD

Deflection {mm}




Strut Arrangements

Upper RC Struts Lower Removable Strut




oDenaim

Strutting & Excavation

Excavation Progress

RC Struts, Dewatering
Arrangement




Concluding Remarks benaim

1. Knowledge of the ground conditions depends on the extent and
guality of the ground investigations. Such knowledge and the control
of workmanship are usually more significant to fulfilling the
fundamental requirements than is precision in the calculation models
and partial factors.

2. Statistically derived soil parameters should be understood in context
of quantity and quality of the results and viewed as a back-up to
Engineer derived parameters.

3. Generally better to use a simple analysis with appropriate soil
parameters than a complex approach with inappropriate values.

4. Derivation of geotechnical parameters is typically conservative; more
records of observed wall performance and back analysis should be
reported

2. The provision of digital data should be mandatory for ground
investigations and this should be available for downstream Engineers
an Constructors.

6. Increased guidance on application to temporary works and design in
soft clays is required.




Recommendation

Denaim

Data Collection

Interpretation
& Definition of
Ground Model
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Advanced 3D Modelling for Debris
Mobility and Flexible Barrier Structures

_

AGS (HK) 1-Day Seminar on Geotechnical Computer Modelling
20%™ April 2013

Jack Y1iu

ARUP



Background

1 Yu Tung Road

Sham Tseng
San Tsuen

2008 Yu Tung Road debris flow 8o, y
g — NG o

¥

1999 Sham Tseng San Tsuen debris flow

* Relatively steep natural terrain in Hong Kong
* Close to development and major infrastructure facilities

* A need for mitigating such risks using flexible barriers

: ARUP



The Challenge

L=

Hong Kong University of Science and Technology Illgraben, Switzerland (Extracted from Geobrugg)

* A comprehensive design guidance for flexible barriers is lacking

* A better understanding of the interaction between debris and flexible barrier
structures is needed

* The numerical analysis for this problem is complex and requires advanced
numerical skills and modelling technique.




Advanced 3D Numerical Study

* Research-level initiatives required to develop design guidance
- Instrumentation and back analysis
- Field tests
- Laboratory tests
- Numerical Analysis

e Purpose of the Study
- To come up with an appropriate modelling technique for the investigation of
the interaction between landslide debris and flexible barrier structures
- To enable parametric study of different sizes and velocity of debris flow

scenario for the development of design guidance for flexible debris-resisting
barriers

; ARUP



Advanced 3D Numerical Study

* Driven the initiative of the Geotechnical Engineering Office (GEO), Arup is
undertaking an pilot numerical investigation of the landslide debris / flexible
barrier interaction.

* A staged approach with benchmarking exercise for validation

1. Simulation of rockfall field tests

2. Simulation of laboratory flume tests and real debris flow cases in Hong
Kong

3. Simulation of an instrumented case of debris flow impacting a flexible
barrier

4. Parametric study of different sizes and velocity of debris flow impacting a
flexible barrier

; ARUP



LS-DYNA

coimpiax syslers awch s vehicle siruclunes
The walily of LS-DYMNA b modsl eoeaciy and
il wizh range of malevisl models. inaks 0
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includos. & rumbes of speoéc Teaduns for
RS Rpploaicons waeh 56

= Gpeiteirhd Blodsis
+ firhag Maodais
= Bediled] Sysiem Biodels

Seriames ARalyeis

LE-0vMA provides sngrweers wilh o oo for
modeling e complex noNinear behambut of
o buslding duning seismic evanis. Mon-tnaar
nespanes Fesiory anatysis can be pedormed
g glarmanl TypaEs e Tunchor neluhbing

= Lurmnpad plesdicity

+ Fibre slemanrts

» Nonkrear dampers

+ BUCking pipmrants

+ Fiequency-dependert damgeng

Drap Testing

EES=DMA has boen used 1O pimulale snpact

eyaris of differend contanens for many yaam
from armall sleciionic produchs such

an mobiiy phones and lapiop compulers, up 1o
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bt Tt cottarers

= Elermant Free Gabsidn (EFG) for
racks

Metal Farming
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slarmging since e late 1080%% and can be

[ oL Ci aino simuilale rmming and
springbock. LS-0YMA has the capability o
mnalyse & vanefy of difersn faeming
procosses iIncluding,

« Fugid Tool Stretoh and Dey Foeming
+ Stiset mixd Tubse Hydio Foimmang

= Flax Fommimg

= Roll Forming

= Superplasto Fonming

* LS-DYNA has been extensively used in automotive, rail, civil, structural, wind and
vibration engineering.

* Able to simulate highly dynamic and large deformation problems
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* Fluid-structure interaction
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Modelling of flexible barrier structures

_




Modelling of flexible barrier structures

« Referenced from Grassl (2002) and Volkwein =
(2004)

* It discussed his numerical simulation of the
following field tests:

Rock fall test on immovable net mounted
on test rig

'~ Rock fall test on movable net mounted on '
v test rig (with & without brake rings) :

Rock fall test on a full scale flexible barrier Selected for LS-DYNA
simulation, because:
* Cases adopted for LS-DYNA simulation: * not overly complicated
Weight dropped at 16m height (both with * test results with / without

and without brake rings) brake rings available

Weight dropped at 32m height (only with
brake rings)




Setup Of movable net on test rlg Prestressed cables

Brake rings

=
L]

] i
—————— - {b) mit Randseilen .
| — Ring net
Test Rig connected to
{c] mit Bremsringen L - cables via
shackles
§ 4.08m 2
13m

ARUP




Steel wire net

* A wire bent to several windings to
form a solid ring by dint of clamps

* Rings are interconnected but freely
to move / slide against each other

* 4 connection points for inner rings
and 3 for outer ones

* Under loading, rings deform in
bending and subsequently in tension

Figure 34 LoaSng and deformatcn of the fir? (s o Dinghe Tangie sl squues
ungle-auie and tual oadine




Brake elements

* Designed to elongate for preventing
damage to other barrier components

* The stiffness can be approximated by
multi-linear force-elongation relationship

 Static and dynamic test results could be
different

o0 @

15%

relative force

S0%)

IRIERAN]

2 i"‘_,‘

Forea [kN]
cussE BRI RN ERERY

* TITE

— Gs-Emn & R B & R & B B 8B 8 2 B8
— %: 5331 Elongation i m elongation brake ring [mm]
B

Figure & Brake Ring GN-9055 Material Test (Mean)

with Geobinexs 22 mm Rope

ARUP




LS-DYNA model setup  825kgspherical

weight, 0.8m Dia.

t

Drop Height
16m/32m




LS-DYNA model setup (plan view)
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LS-DYNA model setup (ring and shackle details)
-




LS-DYNA simulation result




LS-DYNA simulation result
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LS-DYNA simulation result




LS-DYNA simulation result




Test result vs. LS-DYNA simulation

* 16m Drop — Displacement vs. Time

Coocooocoobooooooods
I
1
1
r
1
1
1
1
|

- = = = = = = = o

rings
-rings

- - - Simulation w/o brake-rings
- - - Simulation w/ brake-rings

— Experiment w/o brake-
— Experiment w/ brake
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B

0.0
-0.5
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Test result vs. LS-DYNA simulation

* 16m Drop — Total Energy vs. Time
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Modelling of landslide debris

_




Modelling of landslide debris

* Conventional meshing techngiues may not be able to handle large
deformation of landslide debris

 Arbitrary Lagrangian-Eulerian Method (ALE) has been adopted

Debris flow simulation using conventional Lagrangian meshing method




USGS laboratory flume tests

Sand loaded behind the

head gate

flume head gate

* Reported by Iverson et al (2004)

Formica base

* 2 nos. experiment carried out:

Urethane insert to form topography

* 1) Reversed topography; i1) Angular / rounded sand; ii1) gate opening size

ARUP
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LS-DYNA Simulation — Experiment A
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Experimental Result vs. LS-DYNA Simulation

* Experiment A




Yu Tung Road debris flow on 7 June 2008
(GEO Ref. No. LS08-0241)

1.508-0241
2 400m® mobilised source

-
Catchment 30 [
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6 m high rock step
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ity 3

3,000 m® debris on
Yu Tung Road




Yu Tung Road landslide — slope profile
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The LS-DYNA model — the topography

Yu Tung Road




The LS-DYNA model — runs summary

* Frictional model adopted
1.e. basal resistance is controlled by contact friction between rigid shell (the
topography) and ALE solid (debris mass) only

* Debris mass movement captured at regular time intervals

* Entrainment and secondary slides not included

* The simulation was repeated with different contact friction and debris mass
internal friction




Results and findings
¢ Simulation “Run 13” - ¢, =25° ,$=5"

£
Ay

.000000000




Results and findings @
¢ Simulation “Run 13” - ¢, =25° ,$=5"

dﬁ? Edge of Yu Tung Road Top of 6m rock step | ! ]

Ch. 413

Crest of cut slope
Ch. 543




Results and findings
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* Frontal displacement vs. time plot




Voellmy Rheology in LS-DYNA

* Development of Voellmy rheology in LS-DYNA

- Including an additional resistance term that 1s proportional to
the square of the debris velocity

- —

-~ ~

| e
T=¢[7Hi(ma+fi)mn¢fv%] ‘:
4 \

/
\\ A

\__’

'\

* Question: where and how should we apply this resistance term?

- The existing friction is applied at the ALE solid / rigid shell
(1.e. topography) interface. Can we do the same for the
Voellmy term?

ARUP



In DAN/W or similar software

 Extracted from Hungr (1995)

Fig. 3. Forces acting on a boundary block (other than
weight).

Fig. 2. The Lagrangian mesh in curvilinear coordinates.
Boundary blocks are numbered i = 1 to n, mass blocks j= 1




Voellmy-like damping function within ALE solid

* Therefore, consider adding a damping term within the ALE solid

instead
2

) Fdamp,n — DV2'mn‘Vn

- D,, 1s the new input parameter controlling the velocity-squared-proportional
damping
- m, 1s the mass of node n, v, is the velocity vector of node n

* Remember the Voellmy term is (y/ &)v? |
D,,.L.B.T.(y /g).v? = L.B.(y/ {)v2 T:A[,Hi[m%)m”g] |
DV2 - g/(g T)

Where y = unit weight, £ = turbulence term, v = flow velocity, g=acceleration due to gravity

* The correlation requires £ as well as the T (the thickness of
debris)

ARUP




Trial on 2008 Yu Tung Road landslide

* The simulation was re-run using the following parameters
(typical values suggested in GEO Report 104):

- Gy =117

2 Velocity and Average Flow Depth
= g - 5 Oom/ S 18 DANSD Vslocity 8.00
(parameter set ‘B’ |
: i il 1 1 = r "“""""1-""-" _—__ ____.& i Tﬂ Gfﬁ . hl ‘.. vt it it
- T 2m 18 / DANSD Velocity e | 8,00
(parameter st 'A) | \
) I/ BT B s 700
12 - AR 600 @
._ ]{ / £3
i
E 10 i g s00 B E
= it DAN3D Average Flow Degth 2%
= 5 {paramater sat A’) ]
2 s - e b 400 2 2
= e o # w 8 g
b X A b # A=
6 R Y L T 200 § 7
4 .ilr {‘.\‘ \\ E = S = 200
:- s [ b ‘r‘_‘.;."‘l"'i ;_"‘_;‘ W ""‘_;.;_'.'r' b /
2 - > 1.00
/ DANID Average Flaw Depth
(parsmeter set 'B)
L] T 300
4] 100 200 300 400 £00 00 To0
Horzontal Chainage (m)
O elocity {from field aqjamiﬂvaﬁon eslimates) — Calcuiated ‘."Eliunil::,' [debriflo) == DM Velocity
+ -averags flow depth based on field data —— Calculated average flow depth (debsifio) —=— DMM average fiow depih
—&— Channelisation Ratio

Tattersal et al. (2009)
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Trial on 2008 Yu Tung Road landslide

* Debris front location vs. time elapsed

M —— —_— R = S B S B Rl ek

= =Run 14 (M =300eg T=5 deg)

= =Bun 15 (ft = 30 deg, #» 10 deg)
—M]?m-ﬁml‘-]‘ Soagl —
——Run 19 (f = 25 gug 1= 1.75 deg)

wm melimy [fh w11 gag . et = 5004




Trial on 2008 Yu Tung Road landslide

* Distance between the front and the tail of the landslide debris




*

Debris-Structure Interaction

_




The flexible barrier

front

-l

The test site in Illgraben, Switzerland




Model setup — barrier type VX-140-H4

SIDE VIEW FRONT VIEW
bo=mex 15m /SN L
bt niﬂ"mw
ASAASION PROTEGTION . 350 W
e 350 4 L B0
= EM-mHml‘fﬂ.}O
i HoZ = min. 18m (5 1) /i
E o W o
b
( ; z|
=
. 3 =
1 =
b = e, B B R
bu=min SmlI6R
(5 e
Modficaton: | M% | Subsiiude for: GO-1002 ad. 07.08,08
ﬁmrmﬁnmammm . . S5 Replsced by
i st ey bt Debris Flow Protection System VX |Pmen | 180308 | o
ROCCO RiG MET 453700 T A R TR R ———| Type: = Checkad  10.03.09
' tmmnr&cm&*mmm This dacumant ke praprstary to GEOBRUGE AG and ks copyrighiad with al - s 1’5
' Fights teserved. It may nck 1 whiole of . past, be distrbuted, capied in ary Approwd | 100808 D
P L forr, transiated or otharise reproduced i any D su——
This documant will not ba axchanged, whin biing moddad. | GH-8530 Romanshom GD-1002.1e
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Model setup in LS-DYNA




Model setup in LS-DYNA

* Details of the barrier




Trial ssmulation - results

* 18t trial — very “thick” debris, internal friction angle = 40 deg

DAPLOT! lngraben ALE_MAT _1
ARAM 1

vl

000000000

ARUP




Trial stmulation - results

» 2nd trial — very “watery” debris, internal friction angle = 5 deg




*

Thank you

_




Probabilistic slope stability analysis
and seismic hazard assessment with
Excel applications

J.P. Wang
Dept. Civil & Environmental
HKUST



Deterministic analysis

SLOPE A SLOPE B

Friction angle: Friction angle:
29, 30, 31 degrees 20, 30, 40 degrees e

=> Given the same sample’s mean, the two slopes are
associated with the same factor of safety



Probabilistic analysis

* Probabilistic analysis accounts for the sample’s
variability as well, estimating the FOS’s distribution

Probability
n
o
@)
9]
>

|Failure probability

——
Factor of safety



Methods for probabilistic analyses

« Monte Carlo Simulation
 First-order-second-moment
 Point-estimate method or Rosenblueth’s method

=> One thing in common is the tedious computation
Involved during analysis



Monte Carlo Simulation (MCS)

« What is the probability getting “1” when tossing a dice?

« Below is the result of tossing the dice 100 times:

B W M Oy 0D = N =
N oW W N R g
LTSI o N < N B TN TR N o (IR ¥ ) IR S T
NN OE R W E = O R =
W b W= MNWw oW o
BN MR R RN W =
N R = NN RN
W B =W www o W
oo R W E W W R W
B O = O N = 1M

e MCS solution=17/100=0.17



Monte Carlo Simulation (MCS)

 The larger the sample size, the more reliable the result

« Although there is some suggestion about MCS’s sample
size from theoretical points of view, sizes such as 50,000
are good enough

« As aresult, it is lots of calculation
« To improve the computational efficiency in MCS:

1) more powerful hardware
2) better software (algorithms)



An efficient algorithm In searching for
the “pole” in circular slope stability

Trial and Error: New algorithm
* Pole with lowest FOS © Trial poles
a
©o o 0O O O O O O O ® X4 Xz and X,
——— S;and S,

©o o 0o o 0 o O O O ¢

N %  Lowest factor of safety
©o o o 6. o 0o O O O \ 7
O O © ;" o) c:f O O O o \_\ /

H . \ f,r .
© 0o o0/o o & o o o \

Slope

J.P. Wang et al., Computers & Geosciences (2013a)



An efficient algorithm in searching for the
“pole” in circular slope stability

Trial and Error:

* Pole with lowest FOS © Trial poles

o @] @] Q

@] @] O O

o O O (O

@]

© o0 ©
©o 0 ©
o Q o
© o0 ©
)
Slope

New algorithm

b

o X1, Xz, and XS ;’I

- .
. -
— o
’i/ Tmal
- -
P
-

J.P. Wang et al., Computers & Geosciences (2013a)



An efficient algorithm in searching for the
“pole” in circular slope stability

Trial and Error: New algorithm

Ex: in 1,000 iterations ¢ Ex:in 10 iterations
T ® X, X, and X,

O O
Less accuracy More accuracy |
©o o o0 0. o O O O O \ ®  Lowest ractor orf satety x";
i \ p .
o o0 o o) 0 © o0 0o o \
O O O O
Slope ~ 7

J.P. Wang et al., Computers & Geosciences (2013)



Testing example:

60 — Pole (35.1, 55)
given in the benchmark exmaple
* FOS =1.46
*
50 Pole (32, 52.71)
through pole searching algorithm

— FOS =142
£

40 H
% ___________ e ,,f
£ 21 |
D o /
8 30 e
? -
> ,/’

7 /
~ ~
20 ——<J j |7 Unit weight = 16 kN/m®
T Cohesion = 20 kPa
| Friction Angle = 20°
10 ' | ' | ' | ' | ' | ' | ' |

10 20 30 40 50 60 70 80
X-coordinate (m)

J.P. Wang et al., Computers & Geosciences (2013a)



Testing example

—B— Deterministic

1x10° ; ---0--- MCS with size = 10,000 LA
c 1 A MCS with size = 50,000 ol
= : A
s _ 1x10’ 4 el
T? E _; AT
2 = 1 &
2B 1x10° -0
0= .0
= g c

]
o 1x10° ©
- A )
E o 0
..'E.- E o
5L 1x10° P
o
g 1x107 "
[ B "
-
1:‘(10-3 FrTTT T L T L T L T L
1x1073 1x1072 1x107" 1x10° 1x10"

Time for a single FOS calculation (sec)

J.P. Wang et al., Computers & Geosciences (2013a)



Rosenblueth method

* \When the number of random variables in a problem is
not too large (say less than 10), Rosenblueth method is
less computational expensive compared to MCS

 Given the number of random variables = 10, this method

still requires 219 iterations (deterministic analysis = 1,
MCS = 50,000)

« Considering cohesion and friction angle as random
variables, there are four combinations in point estimates

Input Output
c+ O+ FOS1 “+” => mean + SD
c+ o- FOS2 “oon
c- O+ FOS3 —' =>mean - SD
c- ¢- FOS4




Rosenblueth method: testing example

Statistics of the eight parameters of an infinite slope; the values in the parenthesis were used in sensitivity analysis.

kn (=) ¢ (kN/m?) ¢ (°) h (m) Vsac (KN/m?) B (%) h, (m) 7 (kN/m?)
Mean 0.25 20 35 10 26 10 8 20
S.D. 0.1(02) 2(4) 3.5(7) 0.5 2.6 0.01 0.8 2
o h—hy Vsat— Y c— ¢ other 25 correlations
Correlation 08 0.9 0(-0.7) 0

1
Slip plane

J.P. Wang et al., Computers & Geosciences (2012a)



Rosenblueth method: testing example

« Automatically generate the following matrix:

o
==
o
[
o
[}
o
o+
o
Ln

A0

Trial 1
Trial 2
Trial 3
Trial 4
Trial 5
Trial 6
Trial 7
Trial 8

+ +  + |+

+ 4+ + o+ o+ A+ A+ o+
+ o+ o+ o+ o+ A+ A+ o+
+ 4+ + + + A+ A+ o+
+ 4+ + o+ o+ A+ A+ o+
+ 4+ + + + A+ A+ o+

Trial 256



Rosenblueth method: testing example

« Automatically generate the following matrix:

L]

- - R R e

m

¥ ] H i j K L b M o p v R
Rosanfoint: AosanPoint: ‘ RosanPoint:
Print Title Matrix Generation FOS and M Computation
a b € d
MEAN 0% 20 11 m
5.0. 02 L1 1% 2
b 3 #-d b bed cd
Comelation L] 0 1 1 ] oS
a b [ d Welght FOS Mean F S0 F Crl F PF=N PF-LogN

045 5 %0 | 021873

oas 5 50 i3 0.05125

0.45% . 20 n 0.0312%

0.45 25 20 1] £0.03125

0.45 15 50 n 009373

0.4% 15 50 18 -0,05375

0.45 15 20 ] 0.1562%

0.45 15 20 18 0.0937%

0.05 L] %0 1 009375

005 5 %0 15 0.15825%

0.05 23 20 22 009375

0.05 23 20 18 0.09373

0.0% 15 50 1 0.03125

0.0% 15 30 15 0.03123

0.03 15 20 12 0.03125

0.05 15 i0 18 0.I1873

J.P. Wang et al., Computers & Geosciences (2012a)



Rosenblueth method: testing example

Failure Probability

0.5 4

0.4

0.3 4

0.2 H

0.1

0.0 5

—&— Normal Dist., Pos = 0
-~0O-~-LogNormal Dist., p_ =0

v
Y 5
w

------ &~ Normal Dist., ~ p_, =-0.7
----- v-—LogNormal Dist., p_, =-0.7 & o
(,_;%' T F—Di-
3 ’_:.:--"" n " i E
. g ’ - |
I -';T.-'_?-':-"-%?ﬁ 2
e . " i ﬁ
P .
- 25 i 3
A e %J i 2

- 1 T 1 T T T 1
1.0 1.1 1.2 1.3 14

Critical FOS

L L
1.5 1.6 1.7

J.P. Wang et al., Computers & Geosciences (2012a)



Seismic hazard analysis

To best estimate a design ground motion (e.g., PGA =
0.3 g), or the rate of motion of exceedance (e.g., PGA >
0.3 g = 0.01 per year)

Two representative methods:
1) Deterministic Seismic Hazard Analysis (DSHA)

=> worse-case earthquake size and location, mean
value from ground motion models

2) Probabilistic Seismic Hazard Analysis (PSHA)

=> accounting for the uncertainties of size, location,
ground motion models



Overview of DSHA

Fault A
DSHA = MAX {HA, HB, HC}
HA = f(mA, dA)

A HB i 1:(mB’ dB)
""""""""""""""""""""""""""""""""""" . HC - f(mca dC)

: m,, Mg and m. are the best
C estimate of maximum earthquakes
' induced by the fault

Fault C




Latitude (°N)

DSHA map for Taiwan
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Overview of PSHA

Ns Ny Np
/‘L(Y = y*) — Z V; Z Z PT[Y > y$ \mj,dk] X PI'[M = mj] X PF[D == dk]
i=1 Jj=1k=1

o

No. Earthquakes

Hﬂﬂﬂﬂﬁﬁﬁﬁ

llllllllllll
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Annual Rate of Exceedance

PSHA study for Taipel

1){101 _— | R 2
Cheng's model (2007) T . :
1x10° Lin's model (2011) \ Ds W e e
Wu's model (2001) = - - "
1x10-1 —v— Logic-tree | s 2
1x1072 \, (0.23g, 0.4%)
'ii_'iii_'jii_'jii_'_fii_'ifgb, (0.30g, 0.21%)
1x107 ;\\, (0.55g, 0.04%)
| R
1x10™ N ey
P : \-va_h_'
P i Hﬁ"‘“ﬂvh
1x10°° v
1x106 +—— . .

-02 00 02 04 06 08 10 12 14
Peak Ground Acceleration (g)

J.P. Wang et al., Computers & Geosciences (2013b)



Notes on DSHA and PSHA tools

* The algorithms seem not that challenging

* One interesting and challenging algorithm, needed but
not reflected on the governing equations, is to determine
a point inside a given polygon or not

Crossing Points = 2

Crgssing Points = 1




Excel Is good for pre- and post-processing

:
When you need to run a Serles Of Fle Edt Format View Help

0. 00010. 00031623 0.00L 0.0031623 0.0L 0.031623 0.1  0.31623
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16

0. 00010. 00031623 0.001 0.0031623 0.01 0.031623 0.1  0.31623

1. 31623 4. 5. 6. 7. g. 5

ro ram SUC aS 2.5405 2.5405 2.7085 3.4800 5. 3664 5.3185 15. 15.

y 15. 15. 1s. 15. 1s. 1s. 15, 1i
16

[=]

031623 0.1 0.31623

0.00010.00031623 0,001 0.0031623 0.01 .
HAKE, SASSI Excel can O O Y.
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2
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option 3 - Input Motion
3
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1

2
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4

74 o]
option § - Mumber of Iterations & Strain Ratio

Excel can process a .txt file by T

option 6 - Computation of Acceleration at specified sublayers set
4]

=> DATA => TEXT TO COLUMN :

option 9 - Response Spectrum
9

1 o]
1 30 32.2
0.05

periods. in
option 1 - Dynamic Soil Properties
1

13

16
0.00010.00031623 0,001 0.0031623 0.01 0.031623 0.1 0.31623
1. 3.1623 4. 5 4] 7 8 o

1. 1. 1. 0.9886  0.8775  0.6579  0.4015  0.2001
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Excel and matrix computation

« Matrix-based analyses, such as Markov chain, multiple
regression analysis, factor analysis, principal-component
analysis, etc..., are commonly used in engineering, but
matrix operations are not as user-friendly as others in
Excel

« Suggestions: using them in VBA is less hassle (although
not as easy as using them on spreadsheets in the first
place)

« QOr create your own functionality from scratch



AE = AE  (Eigenvalues and Eigenvectors)

But | have no idea how to create an in-house function
solving eigenvalues A of a matrix A

« Suggestions:

http://digilander.libero.it/foxes

* There is an add-in about matrix calculation in Excel
available from the link

* |tis even open-sourced



Conclusions and Discussions

* Probabilistic analysis accounts for the variability of the
iInput variables

 ltis relatively computational expensive, so that an
efficient algorithm is preferred

* In most of our daily assignments, if MATLAB can do,
EXCEL can do
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Discussions

 Multiple components of movement
e Different types of design
e SLS and ULS controls



Conclusions

e Automated revision can be done

 Feedback on design and building protection
are possible within one AAA scheme
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