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SOIL MECHANICS AND FOUNDATION
ENGINEERING IN 1950
 Scope of field limited mainly to:










Soil Classification
Capillarity and seepage
Stress analysis by linear elasticity
Consolidation and settlement analysis
Shear strength
Slope stability
Lateral pressures
Bearing capacity
Shallow and deep foundations

 Emphasis mostly on saturated clays and sands
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65 YEARS OF GEOTECHNICAL DEVELOPMENT
Decades
1950 - 1960

Major Developments and Areas of Emphasis
Slope stability, Shear strength, Soil fabric and structure, Causes of clay sensitivity,
Compacted clay properties, Pavement design, Soil stabilization, Transient loading

1960 - 1970

Physico-chemical phenomena, Rock Mechanics, Computer applications, Finite
element analyses, Soil-structure interaction, Soil dynamics, Liquefaction, Earth
and rockfill dams, Pore pressure, Effective stress analysis, Offshore, Cold
regions, and Lunar projects

1970 - 1980

Constitutive modeling, In-situ testing, Expansive soils, Soil dynamics, Centrifuge
testing, Partly saturated soils, Geotechnical earthquake engineering,
Underground construction

1980 - 1990

Groundwater and geohydrology, Geoenvironmental engineering, Geosynthetics,
Earth reinforcement, Risk and reliability, Ground improvement

1990 - 2000

Waste containment, Site remediation, Seismic risk mitigation, Land reclamation,
Infrastructure, Geophysical applications, Geographic information systems

2000 - 2015

Information technology applications, Sustainability, Improved ground treatment
methods, Sensors, Data mining, Automated monitoring, Enhanced and extended
applications of the observational method, Asset management, Risk and reliability,
GeotechTools.org

James Mitchell, 4 of 16

James Mitchell, 5 of 16

Problems and projects that depend on geotechnical
inputs for solutions and success:
•Foundations for structures of all types
•Transportation infrastructure, including roads, airfields, railroads,
pipelines, rivers and canals, ports and harbors, tunnels and subways
•Land reclamation
•Seismic safety and mitigation of seismic risk
•Resource recovery
•Energy
•Preservation and restoration of historic structures
•Waste disposal and waste containment structures
•Site remediation and environmental enhancement
•Soil and rock as construction materials
•Exploration and development in cold regions, the deep ocean, and
space
•Natural hazard protection and risk reduction (landslides, tornadoes,
hurricanes, earthquakes, tsunamis, expansive soils, floods)
•Sustainability
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Fundamental principles of the physical and
biological sciences and engineering provide the
essential base and framework for addressing and
meeting the challenges.
Consideration of environmental, social, and
economic factors is imperative.
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MOST IMPORTANT GEOTECHNICAL KNOWLEDGE AND TECHNOLOGY NEEDS
NRC New Millennium Report (2006)
•Improved ability to "see into the Earth" and characterize the subsurface

•More reliable and accurate methods for sensing and monitoring.
•Improved data acquisition, processing and storage; inclusion of data into suitable
information systems.
•Better understanding and prediction of the time-dependent and long-term behavior of
constructed facilities and earth structures.

•Improved ability to characterize soil variability and the uncertainty in soil properties and
their influence on the reliability of geosystems.
•How to deal with earth materials falling in the range between hard soils and soft rocks.
•Understanding biogeochemical processes in soils and rocks.
•Understanding and prediction of geomaterial behavior under extreme loading and
environmental conditions.
•Development of subsurface databases and models.
•Innovative applications of new information technology and communication systems.
•Improved soil stabilization and ground improvement methods.
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USUCGER RESEARCH ON FUNDAMENTAL TOPICS
Topic Category

ISSMGE Committee

GeoInstitute Committee

Laboratory Stress
Strength Testing of
Geomaterials

TC101

Ground Property
Characterization from InSitu Tests

TC102

Numerical Methods in
Geomechanics

TC103

Physical Modelling in
Geotechnics

TC104

Geo-Mechanics from
Micro to Macro

TC105

Unsaturated Soils

TC106

Laterites and Lateritic
Soils

TC107

Fundamentals

Research Topic

Laboratory Stress
Strength Testing of
Geomaterials (eg.
Consolidation, Non
Destructive Testing)
Ground Property
Characterization from InSitu Tests
Numerical Methods in
Geomechanics (eg.
Computational
Finite Element Method,
Geotechnics
Computational
Geotechnics)
Physical Modeling in
Geotechnics (General
Soil
Soil Properties and
Behavior/Mechanics/Dy
Modeling
namics, Large Scale
Testing, Stochastic
Geotechnics)
Geo-Mechanics from
Micro to Macro (eg.
Constitutive Modeling,
Elasticity Theory,
Physico-Chemo-Geo
Processes in Soils,
Nanotechnology)
Unsaturated Soil
Unsaturated Soils
Mechanics/Testing
Laterites and Lateritic
Soils
Geologic Engineering &
Engineering Geology &
Site Characterization
Site Characterization
(Geomorphology)
Geophysical Methods
Geophysical Engineering
and Applications,
Remote Sensing
Rock Mechanics
Rock Mechanics
Contaminant: Fate,
Transport, Soil
Interaction, Site&Soil
Remediation
Groundwater
Theoretical
Mechanics/Methods
Special and Unique Soils
(e.g., collapsible,
expansive, organic,
residual, volcanic)
Biogeochemical
Processes
Field Monitoring of GeoStructures

Number of USUCGER
Researchers Studying
this Topic

37

53

51

74

72

25
0
5

31
11
37
7
11

21

16
6
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Research by Topic Category
Number of citations of a topic of research interest within each
category by 263 researchers at 126 USUCGER member universities

0
Fundamentals

Applications

200

400

1. Physical Modeling

2. Micro/Macro Mech.

3. In-Situ Testing

4. Numerical Methods

16

1. Seismic Design

2. Transport. Geotech.

3. Ground Improvement

4. Soil/Structure Interact.

1. Sustainability

Impact on Society

600

24

2. Risk Management.

3. Infrastructure Rehab 4. Geo-Education

10

RESEARCH DRIVERS AND TRENDS ARE DISCUSSED IN CGPR REPORT No. 70, 2013
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RISK AND RELIABILITY
Three types of risk studies:
1. Risks associated with the engineering and
construction of a project.
2. Hazards and risks from natural disasters –
earthquakes, floods, landslides, etc.
3. Risk-informed decision making.
The observational method is critical for minimizing
and mitigating the category 1. risks.
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TEACHING AND EDUCATION
Geotechnical engineering has benefitted tremendously by having
outstanding educators to attract, teach, do pioneering research,
and award degrees to the future leaders in the field.
Just as the scope of geotechnology has expanded, problems to
be addressed have taken on new dimensions, and the digital age
has transformed many aspects of practice and construction.
Engineering education is also being impacted in many ways.
Some Issues:
•Attracting the best and the brightest students
•Aging and deteriorating labs and facilities
•Decreasing unit requirements while needing to cover an everbroadening curriculum
•Defining and accepting “Body of Knowledge” requirements for
licensure
•Distance learning
•Web-based teaching
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SOME PREDICTIONS ABOUT THE FUTURE OF GEOTECHNICAL
ENGINEERING AND THE ROLE OF FUNDAMENTALS IN IT
•The scope of problems and projects requiring geotechnical inputs for
solution will continue to expand.
•Continuing advances and improvements in biotechnology, sensors and
sensing systems, geophysical methods, remote sensing, and information
technology will enable geotechnical engineers to work faster and
smarter, and with more tools in their toolbox.
•Scientific and technological advances based on proper application of
universal scientific principles, if used wisely, will enable better insights
and understanding of interrelationships, phenomena and processes that
impact material and geosystem behavior.
•The need for early identification and integration of geotechnical
considerations into overall project definition, feasibility studies, planning,
investigation, and design will increase. Structural, environmental and
sustainability issues can and will be better addressed if the geotechnical
issues and perspectives are brought to bear early in the project.
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•Sustainability considerations will play a more important role in selection
of design alternatives and construction methods. Embodied energy,
carbon emissions, life cycle cost analyses, and societal issues will be
among the factors considered.
•Risk and reliability considerations will play increased roles in selecting
among alternative solutions, evaluating and managing uncertainty during
construction, and dealing with natural disasters and anthropogenic-based
risks.
•Sponsored research from the National Science Foundation will continue
to emphasize multi-investigator studies, many of which are multidisciplinary or inter-disciplinary in scope. Research support by other
mission-oriented government agencies such as the Department of
Energy, the Corps of Engineers, the Bureau of Reclamation, and the U.S.
Geological Survey, as well as by industry, will be of narrower scope and
more specific problem focused.
•Societal impacts will be given more consideration in the ranking of
competitive proposals.
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•New and improved measuring methods, low-cost instrumentation, and
data acquisition, processing, and display systems will enable more
extensive life cycle monitoring of buildings, infrastructure systems, dams
and other earthworks.
•Geotechnical engineering will have very important and expanding roles in
addressing energy needs and development of both fossil fuel and
renewable resources, infrastructure renewal and new construction,
hazard identification and assessment, mitigation of risk and recovery from
natural disasters, and protection and enhancement of the environment.
•Emphasis on multi-investigator research projects that are multidisciplinary and/or interdisciplinary will continue. Geotechnical inputs
that are fundamentally sound and based on good science will add the
most value.
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•In 2008 the National Academy of Engineering identified 14 Grand
Challenges for Engineering in the 21st Century. Among them are energy
conservation, resource protection, water use, food production and
distribution, waste management, security and counterterrorism,
communications, transportation, weather prediction and control, and
sustainable development. Opportunities for geotechnical engineers and
geotechnical engineering to make significant contributions to solving any
and all of them are abundant.
•The importance of sound engineering judgment in all aspects of
geotechnical engineering projects will increase owing to the need to
evaluate wisely all the information that can be obtained and brought to
bear on a problem or project. Without it, unanticipated failures or other
"geotechnical surprises" can be expected.
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Future events can be divided into three categories:
1. Those things that you know will happen.
2. Those things that you can influence in some way.
3. Those things that are totally unpredictable.

A review of the growth and development of many areas within
geotechnical engineering and an assessment of its present status
provide strong foundations for dealing confidently with Category
1 events. New understanding, technological developments of
many types, and societal and environmental understanding
provide a basis for geotechnical engineers to make important
contributions that enable success in dealing with events in the
second category, especially if these contributions are founded in
fundamentals. Being alert, perceptive, innovative, proactive, and
starting with first principles will enable dealing with geotechnical
aspects of issues that arise from the events in Category 3.
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Some  Personal  Perspectives  on  
Geotechnical  Research  Needs  to  
Address  Global  Challenges
Patricia  J.  Culligan
&
Andrew  J.  Whittle
July  2 016

Outline

l
l
l
l

Low  Carbon  Economy
Management  o f  Groundwater  Resources
Urban  Sustainability  &  Resilience
Over-Arching  Challenges

1
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Low  Carbon  Economy

2
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Geothermal
l

Currently:
u

0.3%  Global  e nergy
è

u

l

mainly  US  &  China

Usage  limited  to  h igh  g rade  
geothermal  sites

Enhanced  geothermal  systems
a.k.a Universal  h eating  mining
u Fracture  h ot  d ry  rocks
è

u

è
è
è

l

Carrier  fluid

Challenges

Deep  drilling
High  resolution  geophysics/remote  sensing
Online  monitoring

MIT  Report,  2006

Shallow  geothermal  resources
u

Ground  source  h eat  e xchangers

u

Seasonal  subsurface  h eat  storage

u

Challenges

è

è

è
è

e.g.  energy  piles
Climatic  zones:  hot  summer-cold  winter
Urban  scalability
Improved  system  reliability

District  heating  &  cooling:  Flooded  coal  mine

Wind  &  Hydropower
l

Wind:
US  slow  to  develop
u Onshore:
è

u

Offshore:
è
è

l

Distance  between  prime  
source  locations  &  major  
consumers
High  c osts
Area  of  principal  interest  t o  
geotech

Hydropower
u

Major  source  of  
renewable  energy
è

u

Pumped  s torage

Geotech major  roles
è
è

Site  c haracterization
Long-term  performance  &  
retrofit

3
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Natural  Gas  

Has  helped   control  US  CO2  emissions
(replace  coal  on  electricity  production)

Is  widely  available

Major  issues:
Protect   groundwater   resources
Control  induced   seismicity

Is  enabled   by  fracking  technology
Need  improved  control   of  process

Lifetime  of  Carbon  Capture  &  Storage:  
Storage   capacity   is  limited  by  both   CO2 migration  &  injection  overpressure;;
Therefore,   it  must  be  understood   as  a  dynamic  quantity
Madison Limestone
5.0

6.3

Fox Hills
Sandstone
8.1
5.3

Navajo-Nugget
Sandstone

18
Lyons
Sandstone
1.8

Morrison Formation
8.7
0
0

Kilometers

Lower
Potomac
10

2

6.0
11

6.3
8.9

Black Warrior
River Aquifer

9.2
8.6
18 Frio Formation

sedimentary basins

Cedar Keys and
Lawson Dolomites
4.6

footprint of trapped CO 2

sedimentary rocks more than 800m thick
faults

10

St. Peter
Sandstone

Paluxy
Formation
1.0

500 Miles
500

16

Mt. Simon
Sandstone

3.7

array of injection wells
16

storage capacity (Gt CO2)

Supply  and  demand

Challenges:
Monitor  long-term  migration
Effects  of  natural  &  enhanced  mineralization

(Szulzcewski et  al.  2012)

4
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Sustainable  Development
‘development  that  meets  the  n eeds  o f  the  p resent  without  
compromising  the  a bility  o f  future  g enerations  to  meet  their  o wn  n eeds’
Brundtland commission,  1 987
l

Major  driver  for  geotechnical  research
u

Major  infrastructure  projects
è
è

u

Resource  a nd  e nergy  intensive
Long-lasting  impacts

Opportunities
Recycling  &   re-use  o f  waste  materials
Brownfield  d evelopments
è Creative  u ses  &   management  o f  u nderground  space
è
è

è

Tools  for  evaluating  sustainability
u

LCA,  LCCA  etc.

Evaluation  of  Sustainability

(GeoSpeAR:  Holt,  2011)

5
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Creative  Uses  of  Underground  Space
Exemplified  in  Singapore

Singapore Power Electricity Cable Tunnel Project

HOME

ABOUT THE PROJECT

BENEFITS

6/21/15, 5:06 AM

LOCATIONS

CONSTRUCTION PHASES

FAQS

NEWS ROOM

CONTACT US

• Land

= 710 sq km

(22% reclaimed)
• Population = 5.4M
• GDP = US$ 297B

Pulau
Ubin

Electricity Cable Tunnel Project

Changi

Powering Lives In Singapore
Meeting Your Current and Future Needs
Find out how Singapore will be powered for generations to come,
so that you can continue to enjoy:
Reliable, Secure and Quality Power Supply.
Quick Facts

Tuas

Sewage, Current Power Grid
& Natural Gas Pipes

3 Metres

1 to 3 metres deep

Jurong
Island

Marina
Bay

Very densely populated
Limited resources: water
Multiple demands on land use

12 Metres

Underground Expressways
8-26 metres deep

30 Metres

Underground MRT
30 metres deep

40 Metres

Drainage System
40 metres deep

Electricity Transmission
Main Artery

60 Metres

Learn More about the Electricity
Cable Tunnel Project

Copyright 2012 Singapore Power Ltd. All Rights Reserved.
Web Design by Xtremax

Challenges
Very  high  c osts  of  c onstruction
Control  risk

http://www.singaporepower.com.sg/irj/go/km/docs/wpccontent/Sites/CableTunnel/Site%20Content/index.html

Underground  science  c ity:  Kent  Ridge

Page 1 of 1

BIM  Models  – Enabling  More  Creative  
Underground  F acilities

Crossrail project  in  London

6

P. Culligan and A. Whittle, 7 of 19

7/18/16

Master  Plan  for  Underground  Space
[Helsinki]

This  type  of  planning  will  become  a  major  issue  in  may  urban  areas  –
due  to  conflicting  demands  of  real  estate  development,  transportation  facilities,  
underground  infrastructures,  water  resources, urban  heating  &  cooling

l

Management  o f  Groundwater  Resources

7
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Groundwater  Depletion
One-third  of  
World’s  aquifers  
under  stress
In  US  20%  of  total  
GW  withdrawal  
since  1900  
occurred  in  21st
Century

http://ensia.com/features/groundwater-wake-up/

Sustainable  Aquifer  Management
Managed  Aquifer  Recharge
Subsurface  Water  Banking
Smart  Irrigation  Systems
Geotechnical  research  contributions
Ø Mapping  current  resources  (remote  s ensing  to  insitu
monitoring)
Ø Understanding  recharge  &  s torage  c apacities  
(coupled  deformation  &  flow  monitoring)
Ø Internet-of-things  (IoT)   approach  to  irrigation  a nd  
aquifer  management

http://blog.microsoftnewengland.com/2016/04/22/stormwater-
made-sustainable-opti-prepares- us-for-tomorro ws-storms/

8
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Long-Term  Waste  Management
Estimated  
126,000  
contaminated  
groundwater  sites  
in  the  U.S
10%  are  
“complex”  with  
contaminants  or  
subsurface  
conditions  that  
make  clean  up  
difficult

Risk-Based  Containment  Strategies
Effective,  long-term  barrier  systems
Adaptive,  Risk-Based  Management
Better  Public  Communication
Geotechnical  research  contributions
Ø Design  &  performance  e valuation  of  new  barrier  
systems  (e.g.,  c apillary/  E T  barriers)
Ø Probabilistic  risk  a ssessment  tools  (combine  human  
and  ecological  risk  a nd  incorporate  multiple  s tressors)
Ø Site  c haracterization  a nd  long-term  monitoring  tools  
(bio-based  indicators)

burnsmcdblog.com/2015/01/08/water-b alance-covers-better-way-close-many-western-landfills

/

9
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Pathogens  &  Emerging  Contaminants
Pathogens  in  GW  
remains  a  global  
health  issue
New  class  of  
“emerging  organic  
contaminants  
(EOCs)  now  also  
threatening  GW  
and  global  health

http://www.oars3rivers.org/threats/water-pollution/edcs

Multi-scale  Modeling  of  Complex  
Transport  Processes
Behavior  of  pathogens  and  EOCs  in  subsurface
Insitu detection  methods
Better  modeling  approaches  
Geotechnical  research  contributions
Ø Fundamental  understanding  of  bio-geo-chemical  
transport  processes  a t  micro/  nano scales
Ø Multi-scale  (nano to   kilometer)  modeling  a pproaches
Ø New  monitoring/  detection  techniques
Ø Remediation  s trategies  for  E OCs

burnsmcdblog.com/2015/01/08/water-b alance-covers-better-way-close-many-western-landfills

/

10
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Urban  Sustainability  &  Resilience

l

Water  Losses  in  Distribution  Systems

Boston, 2010

2m  people  affected  
boil  water  (4  days)
l

101  burst  events
external  c orrosion  (CI)

Los Angeles, 2014

20Mgals/4hrs
UCLA  sues  f or  $13M

US  water  distribution  systems
u
u

Total  Length  ~2,000,000   miles  (2006)
Water  main  breaks
è
è

u

l

Los Angeles
Sept. 2009 – Jan. 2010

23  – 27#/yr/100  miles  of  pipe
237,600  breaks/yr &  $2.8B  lost  revenue

WDS  losses  ( bursts  &  leaks)    ~10%

Multiple  possible  causes
u
u
u
u

Material  degradation
Internal  pressure  fluctuations
Ground  movements  (seasonal)
3rd party  damage  

London, 2005

11

P. Culligan and A. Whittle, 12 of 19

7/18/16

Online  Monitoring:  Water  Distribution  Network

1  km

Looped  and  branched  s ystem
Multiple  flow  paths  f rom  s ource  t o  c onsumer
Challenges
Demand  management  - control  pressure  &  s upply
Ensure  water  quality  - minimize  public  health  risk
Efficient  operation  - reduce  energy  c osts  (pumping  etc.)
Control  water  losses  (find  leaks)  &  mitigate  damage  f rom  bursts

www.visenti.com

Urban  Leaks  from  Gas  Pipelines

•
•
•
•

Street  level  measurements  in  Boston
Cavity-ring-down  mobile  spectrometer
785  road  miles  – mapped    3356  individual  leaks  
Measure  stable  isotope  s ignature  δ13C-CH4 measured  

(Phillips  et  al.,  2013)

12
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Stormwater Management
Hardscape  in  cities  leads  to  
increased  runoff  associated  
with  flooding,  combined  
sewer  overflows  and  street  
litter  making  its  way  directly  
into  local  water  bodies.
Stormwater runoff  is  one  of  
the  leading  causes  of  coastal  
zone  pollution  today

Urban  Stormwater Capture  &  Treatment
Urban  hydrologic  modeling
Underground  capture  
Urban  green  infrastructure
Geotechnical  research  contributions
Ø Urban  groundwater  modeling  &  monitoring  
approaches  
Ø Subterranean  s tormwater capture  
Ø Engineered  s oils  for  Green  Infrastructure
Ø Smart  c ontrol  &  monitoring

13
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Deltaworks &  Rising  Sea  Levels
Oosterschelde  €2.5B

Maeslantkering    €0.45B

Hindcast of  Storm  Surge  (Jan.  31,  1953)
[Wolf  &  Flather,  2005]
307  deaths  in  UK
1835  deaths  in  Netherlands

Deltaworks14   projects  (1958   – 1997):
designed   for  1:10000   yr  event
2008   Commission:
1.3m  sea  level  rise  by  2100
system  upgrades   will  cost  $144B

Thames  Barrier  (1972-1982;;  £0.53B):  designed  for  1:1000yr  flood  event

Protection  of  Venice  &  Its  Lagoon
Novel  Mobile  Barrier  Concept

Inject air
Expel water

• Array  of  buoyancy  f lap  gates  f orming  a
minimally  intrusive  barrier
• Operate  gates  at  msl +110cm
• Operational  f or  ≤  msl +300cm
• Critical  design  is  c ontrol  of  horizontal
displacements  between  2  adjacent  gates
Source:  Jamiolkowski  &  Scotti

14
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Morganza-to-Gulf  Project

2000  Congress  approved  at  $550M
2006  estimate  $886M
2013  USACE  design  estimate  $13.6B!!
Authorized  by  c ongress  in  2014

We  need  s ome  serious  geotechnical  
input  t o  c ontrol  ridiculous  c onstruction  
costs

Does  New  York  City  Need  a  Surge  Barrier?

Proposed  surge  barrier
(Forsyth,  2009)

15
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l

Over-Arching  Challenges

Over-Arching:  Subsurface  Characterization
InSAR (L-Band:  ALOS)
Subsidence  of  Jakarta  
(Chaussard et  al.,  2013)

Utility  mapping  from  arrayed  GPR  
West  Palm  Beach  (Witten  Tec.  2006)
NRC  (2006)

Subsurface  c haracterization  c ritical  in  all  aspects  of  geotechnical  engineering
Major  advances  have  t aken  place  in  remote  s ensing/geophysical  measurements
Challenges:
Geological  f eatures  relevant  t o  geotechnical  problems
Need  for  new  methods  of  s oil  s ampling

16

P. Culligan and A. Whittle, 17 of 19

7/18/16

Multi-Scale  Nature  of  Geomaterials

(Huber,  2013)

Multi-Scale  Measurement  &  Modeling  of  Clays

(Zhang  &  Whittle,  2015)
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Natural  Hazards

Source:  MunichRe,  2011

Hydrologic  Risk  in  Tropical  Cyclones
l

Methodology  for  p redicting  
rainfall  associated  with  
tropical  cyclones
u

u

l

Include  rain  bands  in  cyclone  
wind  field
Recurrence  model  for  risk  

Statistics  o f  rainfall  events
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Non-Stationarity  of  Climate  Change:
Hurricanes  &  Storm  Surge  Risk

Atlantic Sea Surface Temperatures and Storm
Max Power Dissipation
(Smoothed with a 1-3-4-3-1 filter)

Scaled Temperature

Power Dissipation Index (PDI)

Years
included:
1870-2006

Data Sources: NOAA/TPC, UKMO/HADSST1

Correlation  between  SST  and  storm  intensity  (Emanuel)

Synthetic   hurricane   tracks

Black:  present
Red:  IPCC  A1B

Recurrence   of  Storm  Surge   at  Battery,   NYC(Lin  et  al.  2012)

Summary
l

The  g eotechnical  community  should  b e  
leading  in  addressing  challenges  in  these  
areas
u
u
u

Low  Carbon  Economy
Management  of  Groundwater  Resources
Urban  Sustainability  &  Resilience
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Energy Pile and its Scientific Challenges
Charles W.W. Ng, Anthony Gunawan & Zhou Chao

Department of Civil and Environmental Engineering:
http://www.ce.ust.hk/home.asp
Geotechnical Centrifuge Facility: http://www.gcf.ust.hk/
E-mail: charles.ng@ust.hk
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and 4.7) – serviceability limit state
 Comparisons of Replacement and Displacement Floating
Energy Piles due to Heating and Cooling Cycles in Saturated
Sand – serviceability limit state
 Concluding remarks
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Working Principle
Winter

Summer
Energy pile
Heat

transfer medium

Constant

ground temperature at
10~15m below the ground (Adam &

Markiewics, 2009)
Extract

heat in winter and
discharge heat in summer
Save

up to 75% of electricity

(Brandl, 2006)

Design uncertainties
Long-term serviceability (floating

(Suryatriyastuti et al., 2012)

piles in particular)
(Bourne-Webb et al., 2009; GSHPA, 2012)
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Scientific and Design Challenges (floating energy piles)

Zhang (2012)

1. Soil, which is temperature sensitive, has different
responses under different temperatures
2. Temperature change may induce contractive or
dilative response on soil, affecting the confining stress
on pile, ultimately its carrying capacity and
settlement/heave
3. Higher temperature reduces apparent preconsolidation
pressure and hence encourage soil yielding in clays
4. Accelerated creep/consolidation of soil at high
temperatures, time-dependent behaviour
5. Long-term thermal cycles affecting soil-pile interface
behaviour – shear strength
6. Effects of thermal cycles on soil stiffness
7. Effects of PH of pore fluid on sand aging and
relaxation behaviour (Wang & Michalowski,
GeGe2015)
8. Pile, lateral expansion and contraction (compression
and extension on adjacent soil), longitudinal
elongation and shortening of pile (induce soil
shearing) can affect lateral stress acting on the soilpile interface, hence pile capacity and
settlement/heave

Charles Ng, 5 of 34

Research Strategy,
Field Tests &
Monitoring

In collaboration with
Prof. Chen Y.H. from
Hohai University

Investigation &
verification

Energy Piles

Physical
Modelling
Centrifuge model tests at HKUST
1g model tests – Prof. H.L, Liu
from Chongqing University

Evaluation & calibration

In collaboration with
Prof. L. Laloui
from EPFL & David
Masin from Charles
University in Prague

Constitutive
& Numerical
Modelling

Developing new constitutive soil model
Laboratory soil tests under thermal cycles
at HKUST

Charles Ng, 6 of 34

Temperature-suction controlled cyclic triaxial apparatus for testing
saturated and unsaturated soils (small-strain stiffness)
Load cell
Frictionless loading
rod
Cell pressure
Water volume
indicator

Top cap

Hall effect
transducer radial

Soil specimen
Bender element probe
Hall effect
transducer (axial)

Base pedestal

Pore air pressure

Pore water pressure

Ng, C. W. W. and Zhou, C. (2014). Cyclic behaviour of an unsaturated silt at different suctions and temperatures.
Géotechnique, 64(9): 709 –720.
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Newly developed temperature-suction controlled double-cell
triaxial apparatus for testing unsaturated and saturated soils

Ng, C.W.W., Cheng, Q., Zhou, C. & Alonso, E.E. (2016a). Volume changes of an unsaturated low plasticity clay during
heating and cooling. Géotechnique Letters. Vol. 6, 1-7.
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Modified temperature-controlled GDS triaxial apparatus
for testing saturated soils

Main features:
(1). 3D Stress control;
Ng, C. W.W., Wang, S.H. & Zhou, C. (2016c). Experimental
study of volume changes of saturated sand during heating and
cooling cycles. Géotechnique Letters, Vol. 6, 124–131.

(2). Temperature control (heating and cooling);
(3). Measurements of axial and volumetric

Charles Ng, 9 of 34

Effects of thermal cycles on saturated and unsaturated soils

S=0, 100 kPa

S=100 kPa

• Ng, C.W.W., Cheng, Q., Zhou, C. & Alonso, E.E. (2016a). Volume changes of an unsaturated low plasticity clay
during heating and cooling. Géotechnique Letters. Vol. 6, 1-7.
• Ng, C. W.W., Mu, Q.Y. & Zhou, C. (2016b). Effects of soil fabrics on volume changes under cyclic thermal loads. Under preparation.
• Ng, C. W.W., Wang, S.H. & Zhou, C. (2016c). Experimental study of volume changes of saturated sand during heating and
cooling cycles. Géotechnique Letters, Vol. 6, 124–131.
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A state-dependent cyclic thermo-mechanical
model for saturated and unsaturated soils
Zhou, C. and Ng, C. W. W. (2016). Simulating the cyclic behaviour of unsaturated soil at
various temperatures using a bounding surface model. Géotechnique, 66(4): 344-350
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Constitutive variables and coupling effects
1

Constitutive variables
Mean Bishop’s stress:

p*   p  u a   S r u a  u w 

Deviator stress:

q  1   3

Suction:

s  ua  uw

Temperature:

T

Specific volume:

  1 e

Degree of saturation:

S r  wGs e

T
ua
uw

3

3

1

Coupling effects between thermal (T), hydraulic (H) and mechanical (M) behaviour
T → M: mechanical behaviour depends on T

T

T → H: water retention behaviour depends on T
M → H: water retention behaviour depends on e, p* and q
H → M: mechanical behaviour depends on s and Sr

M

Zhou, C. and Ng, C. W. W. (2016). Simulating the cyclic behaviour of unsaturated soil at various temperatures
using a bounding surface model. Géotechnique, 66(4): 344-350

H
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Temperature- & suction-dependent bounding surfaces in the p*-q-s space
q

Mm: the maximum stress ratio in the stress history

 s, S r 

p0(T, ): the preconsolidation pressure

Fs  q  M m p *

p

*
0




 N T ,       ln p *  
 p 

p0 T ,  
 atm 
 exp

patm
    







LC curve (T > T0)

p0 (1 )

p 0 ( 2 )

LC curve (T0)

Fc  p *  p0 (T ,  )
p*

Suction hardening: preconsolidation pressure increases with increasing suction
Thermal softening: preconsolidation pressure decreases with increasing temperature
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Temperature- & suction-dependent bounding surfaces in the p*-q-T space

q

Thermal softening: preconsolidation pressure
decreases with increasing temperature

T

Bounding surface Fs

p 0 (T 2 )
LY curve

p 0 ( T1 )

Bounding surface Fc

p 0 T 0 
p*
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Comparisons between model predictions and experimental results
Cyclic behaviour: thermal effects at zero suction
T = 20

T = 40

T = 60

Zhou, C. and Ng, C. W. W. (2016). Simulating the cyclic behaviour of unsaturated soil at various temperatures using
a bounding surface model. Géotechnique, 66(4): 344-350.
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Comparisons between model predictions and experimental results
Cyclic behaviour: suction effects at 20
s = 0 kPa

s = 30 kPa

s = 60 kPa

Zhou, C. and Ng, C. W. W. (2016). Simulating the cyclic behaviour of unsaturated soil at various temperatures
using a bounding surface model. Géotechnique, 66(4): 344-350.
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Comparisons between model predictions and experimental results
Accumulated plastic strains under cyclic loads: thermal and suction effects

s = 0 kPa

s = 30 kPa

Charles Ng, 17 of 34

Key features of the new model
 Developed a thermal cyclic model for both saturated and unsaturated soils
 Improving existing unsaturated soil models in two aspects of soil behaviour:
 Degradation of soil stiffness with strain over a wide strain range from
0.001% to 1%, important for analyzing the serviceability of geo-energy
structures
 Cyclic behaviour at small strains of unsaturated soil

 Capturing the influence of various important factors on soil behaviour:
 Temperature, suction, drying and wetting, net stress

Charles Ng, 18 of 34

The Geotechnical Centrifuge Facility at
Hong Kong University of Science and Technology
• Established in 2001
• Diameter 8.4m, Maximum 150g,
Maximum payload 400g-ton
• Bi-axial Shaker: 0.7g and 10 Hz
(prototype)
• Robot: 1.5m by 1.5m by 1m model
• Real-time monitoring and
viewing via internet

The Geotechnical Centrifuge with the Unique 2D shaker

The 2D Shaking Table & 2D Laminar Container

The 4-Axis Robotic Manipulator

Charles Ng, 19 of 34

Scaling Laws

Large scaling factor
(n2) to minimize
duration of testing for
problem dealing with
diffusion processes
(conduction,
convection and
consolidation)

*where n is a factor of increase in g-level as compared with 1-g condition (Taylor, 2004)

 For in-flight test on heat conduction problems for 2 hours at 40g, on
prototype scale = 402 x 2 hrs = 4.4 months

Charles Ng, 20 of 34

Floating Replacement Energy Piles
Subjected to Thermal Cycles
in NC & OC Clays
Ng, C.W.W. , Shi, C., Gunawan, A. & Laloui, L. (2014). Centrifuge modelling
of energy piles subjected to heating and cooling cycles in clay.
Géotechnique Letters, Vol. 4, 310-315.
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A Typical Diagram of Centrifuge Model Package
Overconsolidated kaolin clay (OCR = 4.7 at toe)
Insulation layer
Heavily overconsolidated clay
LVDT

22

314

A
EP

18

RP

140

562

282

140

(a)

g - level: 40g

Thermocouple (TC)
EP

RP

180



Two identical clay beds

50

TC9



Monitoring of ground settlement

120

240

LVDT

TC8



Pile diameter
Dp = 0.88 m (prototype) at 40g



Pile length
Lp= 16.8 m (prototype) at 40g



OCR = 4.7 close to pile toe

TC7
TC7
TC6

120

530

TC5
TC4

TC2
Heavily overconsolidated clay

130

TC3

22
140

60

562

110

TC1

60

A

Toyoura sand

(b)

282

140
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Heating and Cooling units
Five cooling units
Each cooling unit:
4 Peltier plates,
2 heat sinks, 1
pipeline



Peltier effects
Temperature difference is created when a
current flows through conjunctions of two
dissimilar metal conductors

Charles Ng, 23 of 34

Model Energy Pile

outlet

Inlet

Model pile

A

A

Ø22
600

Thermocouple
Foil gauge
Inlet

A-A section

Outlet

Similar to that of direct
double pipe type in the
field (Hamada et al.
2007)
Ethylene Glycol Solution (50%)

Ø22
All dimensions are in model scale (mm)

Charles Ng, 24 of 34

Typical Measured Temperature History at EP-C1
Pile

at 0.8m from
pile surface

(60 months)
•
•
•
•

After sustaining a working load 4.4 months (130 days), 5 heating and cooling cycles initiated
Measured minimum and maximum temperature in the pile is 14 ⁰C and 36 ⁰C, respectively
Each heating and cooling process lasted 4 months, 8 months per cycle for 5 cycles
Similar temperature history was recorded for EP-C2

Charles Ng, 25 of 34

Measure Pile Head Displacement of EP-C1 (OCR=1.7)
(corrected for consolidation and creep of clay)

Heating
Heating
Heating
Cooling
Cooling
Cooling

Charles Ng, 26 of 34

Comparisons of Pile Head Displacements between EP-C1 and EP-C2
(corrected for consolidation and creep of clay)

• Displacement measured at the end of
each heating and cooling process
plotted

OCR=4.7

• Settlement of pile in lightly
overconsolidated clay was more
severe than that in heavily
overconsolidated clay
• Due to thermally induced shear
creep of clay ???

Cooling

OCR=1.7

• Thermally induced plastic
contraction (irreversible thermal
contraction) of lightly
overconsolidated clay (Cekerevac &
Laloui 2004) ???
• Thermally accelerated creep
(Akrouch et al. 2014) ???

Charles Ng, 27 of 34

Replacement versus Displacement
Energy Piles in Saturated Sand
Ng, C. W. W., Gunawan, A., Shi, C., Ma, Q.J. & Liu, H. L. (2016). Centrifuge modelling
of displacement and replacement energy piles constructed in saturated sand: a
comparative study. Géotechnique Letters. Vol. 6, 34-38.
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Model Replacement and Displacement Floating
Energy Piles in Sand
Replacement pile
EP-R-Sand

Displacement pile
EP-D-Sand
Jacked-in
at 40g

Saturated Toyoura
sand ((Dr) of 69%)
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Typical Temperature History of Energy Pile
Pile
Soil

Soil

• After sustaining a working load (FoS = 2) for 4.4 months (130 days),
5 heating and cooling cycles initiated
• Measured minimum and maximum temperature in the pile is 15 ⁰C and 30 ⁰C,
respectively
• Each heating and cooling process lasted 4 months, 8 months per cycle for 5 cycles
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Measured Pile Head Displacements Under Working Load
Number of Cycles
0

1

2

3

4

5

Normalized pile head displacement (%D)

‐2
‐1
0
1
EP-D-Sand
Displacement or driven energy
pile (EP-D-Sand)

2
3
4
5

Replacement or bored energy pile
(EP-R-Sand)
EP‐R
EP-R-Sand

6
• Ratcheting settlement but at reducing rate for replacement energy pile (EP-R-Sand)
• Due to thermal contraction of sand, loss of confining stress, hence loss of shaft resistance
• Slight heave for displacement energy pile (EP-D-Sand)
• Densification effect due to jacking of pile, dilative response from further shearing (temperature induced shear)
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Comparison of all four piles
0

1

Number of Cycles
2
3
4

5

6

Normalised pile head settlement (%D)

-2%
-1%
0%
EP-D-Sand

1%

EP-R-OC Clay

2%
3%
4%

EP-R-NC Clay

D=Displacement pile, R=Replacement pile
5%

EP-R-Sand

• Ng, C.W.W. , Shi, C., Gunawan, A. & Laloui, L. (2014). Centrifuge modelling of energy piles subjected to
heating and cooling cycles in clay. Géotechnique Letters, Vol. 4, 310-315.
• Ng, C. W. W., Gunawan, A., Shi, C., Ma, Q.J. & Liu, H. L. (2016). Centrifuge modelling of displacement and replacement energy
piles constructed in saturated sand: a comparative study. Géotechnique Letters. Vol. 6, 34-38.
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Concluding remarks

Charles Ng, 33 of 34

Concluding remarks
• Both replacement energy piles in NC and OC clays show ratcheting
settlements (4% D and 2.3% D) but at reducing rate (appears to be
stable after 5 cycles)
• For replacement energy pile in medium dense sand, additional
settlements of about 4.3% D but stabilized after 5 cycles
• For displacement pile, instead of settlement, ratcheting heave
observed
• Final heave of 0.4% D
• Pre-heating and cooling cycles to minimize the impacts of
ratcheting settlements prior to super-structure construction
• Constitutive modelling of cyclic thermal effects on volume change
accurately remains a great challenge
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“Measurements in Geotechnical Engineering”
•
•
•

Enable step changes in geotechnical engineering practice
Extend asset life & reduce management costs
Establish a world‐leading sensing and monitoring industry

Kenichi Soga
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London Bridge Station
200,000-250,000 passengers/day
55 million passengers per year
• Oldest station in London – First built
in 1836
• Five Year Improvement Programme,
while running its regular service
• Started in 2013
• For longer trains and more frequent
services
• 50% increase in passenger
• 66% more space
• 24 trains per hour by 2018
• The largest concourse in the UK

Sinan Acikgoz

Loizos Pelecanos

Kenichi Soga, 3 of 39

LBS was last redeveloped in 1970’s.
1972 Vision: “Two old railway stations will be merged into one with a higher capacity,
giving easy interchange between buses, tube and trains – and direct access to all
service from the spacious concourse with new bars, buffets and shops.”
2012 Vision: “The number of platforms will increase and track layout will
accommodate higher capacity trains. At the same time, existing bus, train and
underground services will be linked with the largest concourse in the UK which
will offer a variety of retail services”

1972 vision

2012 vision

London Bridge Station
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Population of London
High
13.4 M
Central
11.3 M
Low
9.5 M

•
•

Our 100+ yr design life concept may not be compatible with the actual
demand in the future – Making our geotechnical structures more
adaptable?
Over‐design? – We need to know the actual performance to improve our
design

Kenichi Soga, 5 of 39

FO Monitoring

Real time 3D model construction

Real time people monitoring

Movements
from LIDAR
Social Media
tracking
Analysis

Real time people
movement prediction
Wireless Noise
monitoring
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Four scales of challenge
Cities &
infrastructure
systems
Value of
Infrastructure

Assets
Information
requirements &
BIM

Data analysis
&
interpretation

Sensors & data
collection

CITY-SCALE SYSTEM OF SYSTEMS
− What economic value does our infrastructure create?
− How does our infrastructure best serve our
communities?
− What form should our infrastructure take?
LIFETIME VALUE OF INFRASTRUCTURE
− How do we operate, manage & maintain our assets to deliver
best whole life value?
− How do we futureproof our assets against changing
requirements & against shocks?
− What decisions? what information?
EFFICIENT ANALYSIS AND INTERPRETATION IN
REAL TIME
− How do we best design, construct & monitor our structures
to deliver the performance we need?
− What data do we need to do this, & how do we interpret it?
ROBUST SENSOR SYSTEMS
− What sensors do we need?
− How can we make them robust?
− Reliable, robust systems for data collection
− Standards to enable interoperability

Kenichi Soga, 7 of 39
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“Value” as a tool

Value =

Product
(what it claims it will
do)

+

Confidence
in delivery
(do I believe it will work?)

“Innovations have more chance of adoption if their benefits are mapped”

Dr Keith Bowers (LUL) CSIC Annual Lecture

Kenichi Soga, 9 of 39
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Mapping the tunnels of National Grid
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New image

Simon Stent

Old images

Warped images
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Qualitative Comparison using computer vision techniques
Ground Truth

Gray-world

NCC05

Geometric Prior

Output (Prior)

1

Seq. 3

Seq. 2

Seq. 1

Query Image

0

Stent, CSIC
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Distributed Brillouin Sensing
Providing “Continuous Strain/Temperature Profile”
along the fibre optic cable

•
•
•
•

Distance range ≈10‐30km
Readout resolution = 0.05m
Gauge length resolution = 0.2‐1m
Strain Resolution = 10‐30
Note that this is different from Fibre
Bragg Grating (FBG) system, which is a
discrete measurement system

Kenichi Soga, 14 of 39

A building construction at the Isle of Dog, London
Thick raft span over
tunnels

Made
Ground /
Alluvium
River
Terrace
Lambeth
Deposits
Group
Thanet
Sand

LU
tunnel

LU
tunnel

Chalk

Large diameter piles - 2.4m dia.
Very deep - avoid tunnels
( 25m into Chalk)

Echo Ouyang

Musa Chunge

Cedric Kechavarzi

Loizos Pelecanos

Vivien Kwan

Duncan Nicholson
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www.loadtest.com
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No disturbance to actual construction operations
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Conventional Strain Gauge System

Distributed FO system
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1.5m 
2 fibre optic cables

Made Ground
Alluvium
River Terrace
Deposits
Lambeth
Group Level 6

Level 5

Thanet Sand

51m

Sister Bars

Level 4

Chalk

Level 3

7m
Level 2

Level 1

•
•
•
•

6m

Diameter = 1.5m
Length = 51m
Osterberg‐cell
Load up to 31MN

Osterberg
Cells

Kenichi Soga, 19 of 39
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Axial strain
Instrument comparison
0
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400
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800

1000

5

0

• Strain gauges
• Extensometers
• DFOS

Strain gauges

-5

DFOS data
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Axial strain
Different FO cable comparison
‐800

‐600

Axial strain, ε_a [με]
‐400
‐200

0
0

P = 25.66MN
5

Cable S‐3‐1
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Axial strain
Different FO cable comparison
‐800

‐600

Axial strain, ε_a [με]
‐400
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0
0

P = 25.66MN
5
Cable S‐3‐1
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Cable S‐3‐2
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Axial strain
Different FO cable comparison
‐800

‐600

Axial strain, ε_a [με]
‐400
‐200

0
0

P = 25.66MN
5
Cable S‐3‐1
Cable S‐3‐2
Cable S‐4‐1

10

15

Depth, z [m]

20

25

30

35

40

45

50

24

Kenichi Soga, 25 of 39

Axial strain
Different FO cable comparison
‐800

‐600

Axial strain, ε_a [με]
‐400
‐200

0
0

P = 25.66MN
5
Cable S‐3‐1
Cable S‐3‐2

10

Cable S‐4‐1
Cable S‐4‐2

15

Depth, z [m]
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Vertical Displacement Profiles
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5
0
0
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1. Made Ground

2. Lambeth Group
200
Shaft Friction, SF [kPa]

Shaft Friction, SF [kPa]

100
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0

-50
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0.01
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Displacement, uz [m]
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0.03
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0

3. Thanet Sand
400
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4. Chalk
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PROBLEMS WITH PILE CONSTRUCTION



Construction can be challenging
 alignment
 concrete quality and placement
 soil collapse



Visible inspection not possible



Repair and rework is very difficult



Not all anomalies are
defects/detrimental

FHWA‐NHI‐10‐0161.
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1

Diameter(m)
1.5

0

10
Depth(m)

Fibre
optics

Potential for Whole-life
Management?
20
SoniCaliper
Construction Quality
Control
logging
 Real Loading
Performance
30
 Future Proofing
(EQs, nearby
constructions..)
40
50
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Deep Circular Shaft
Bending and circumferential performance during excavation

Depth [mbgl]

]

Lee Tunnel, Abbey Mills, Stratford – Shaft F
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Sprayed concrete lining
Performance during cross passage opening
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CP2
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Slope movements
Surface movements versus deep seated movements
Shallow surface
movements
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11/05/07
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Cambridge University WSN Developments – Moore’s Law

2009
2011

2013
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Small size
and low
power

Power by
32-bit
CPU

Temperature
Accelerometer
X = 0.04
Y= 0.02
Z= -0.96

Humidity
76%

Angle
18.627°

22.573°

Heba Bevan
Designed and
Manufactured Great
Britain
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Crossrail Project
Eleanor Street Shaft and Adits
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TBM- Passing

Shaft Excavation

De-watering
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Distributed Sensing for Geotechnical Engineering
Fibre optics - Embedded sensor for life-long monitoring
• Fibre optics – 30-100
• Fibre optics – 0.03-0.1 mm resolution (for 1 m gauge length)

Computer Vision and LIDAR – Quick and Accurate Post-EQ assessment
• Fixed system – 0.1 mm resolution
• Not Fixed system – 3-5 mm resolution

WSN – Continuous monitoring at difficult-to-access sites
• Utterberry – sub millimeter resolution
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Fundamental of Hydro-Mechanical Coupling in Unsaturated Soils
including Hydraulic Hysteresis

Nasser Khalili
School of Civil and Environmental Engineering
The University of New South Wales, Sydney, Australia

NSF Workshop on Geotechnical Fundamentals
Arlington, Virginia
17-19th July, 2016
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INTRODUCTION
•

Mechanics of unsaturated soils is one of the most rapidly evolving areas
of geotechnical engineering.

•

Significant advances have been made in constitutive modelling of the
mechanical response of the solid skeleton in unsaturated soils.

•

Work on the coupled formulation of unsaturated soils has been
relatively limited specially in dealing with hysteresis phenomena in an
elasto-plastic framework.

•

A complete characterization of unsaturated soils requires three phase,
fully coupled analysis.
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HYDRO-MECHANICAL COUPLING
•

Balance of momentum

divσ  F  0
v r  
•

k r k



p

  g

vr  n v  v s 

Conservation of mass / Compatibility statements

div  n v   

σ   Dε


  n   0
t

ε   symmu

•

Effective stress expression

•

Constitutive relationships for phases in the system

  a, w
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EFFECTIVE STRESS
•

It is used to cast elastic as well as elasto-plastic constitutive
equations of the solid skeleton.

•

It serves as a platform for coupling of flow and deformation
fields within the system.
Total Form

𝝈′ = 𝝈 + 𝑝𝑎 𝜹 − 𝜒(𝑝𝑎 − 𝑝𝑤 )𝜹
𝝈′ = 𝝈𝑛𝑒𝑡 − 𝜒𝑠𝜹
Incremental Form

𝝈′ = 𝝈𝑛𝑒𝑡

𝜕(𝜒𝑠)
− 𝜓 𝑠𝜹 −
𝜀 𝜹
𝜕𝜀𝑣 𝑣

𝝈′ = 𝝈𝑛𝑒𝑡 − 𝜓 𝑠𝜹
𝜓=

𝜕(𝜒𝑠)
𝜕𝑠
Khalili and Zargarbashi (2010)
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ELASTIC CONSTITUTIVE RELATIONS
•

Invoking the existence of elastic potential, Ψ(σ, p w , pa ) , the elastic
strain components, (ε e ,Vwe V ,Vae V ) , are related to the stress
components, (σ , p w , p a ) , such that enjoy the major symmetry as,

𝜕(𝜒𝑠) 𝑒
𝝈=𝑫 𝜺 +
𝜀 𝜹 + 𝜓𝑝𝑤 𝜹 + (1 − 𝜓)𝑝𝑎 𝜹
𝜕𝜀𝑣𝑒 𝑣
𝑒 𝑒

𝑉𝑤𝑒
𝑒
𝑒
−
= 𝜓 𝜀𝑣𝑒 + 𝑎11
𝑝𝑤 + 𝑎12
𝑝𝑎
𝑉
𝑉𝑎𝑒
𝑒
𝑒
−
= (1 − 𝜓) 𝜀𝑣𝑒 + 𝑎21
𝑝𝑤 + 𝑎22
𝑝𝑎
𝑉
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ELASTIC-PLASTIC CONSTITUTIVE RELATIONS
Decomposition of strains

ε  ε e  ε p

V Ve Vp


V
V
V

Plastic strains
g
g
ε  
 
σ 
σ
p

Vp Vps Vpf


V
V
V

Vwps
g
g
 
  δ T
V
p w
σ 

Vaps
g
g
 
 (1   ) δ T
V
p a
σ 

Vwpf
p
p
p w  a12
p a
 a11
V

Vapf
p
p
p w  a 22
p a
 a 21
V
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ELASTIC-PLASTIC CONSTITUTIVE RELATIONS


Vw
 εv  a11 p w  a12 p a
V

Va

 (1   )εv  a 21 p w  a 22 p a
V

Kinematic constraints

Vw
Vv
 Sr
 nS r   S r v  nS r
V
V
Variation of degree of saturation

S
S
S r  r s  r εv
s
ε v

Va
Vv
 (1  S r )  nS r  (1  S r )v  nS r
V
V
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ELASTIC-PLASTIC CONSTITUTIVE RELATIONS
Vw
S
S

 ( S r  n r )v  n r s
V
εv
s

Va
S
S
  (1  S r  n r )v  n r s
V
εv
s

a11  a22  a12  a 21  n




Vw
 εv  a11 p w  a12 p a
V

  Sr  n

Va
 (1   )εv  a 21 p w  a 22 p a
V

dS r 

S r
ε v

1
( S r  )dεv
n

𝑑𝑠𝑒 = −

0.55𝑠𝑒
𝑑𝑒
𝑒𝜆𝑝

S r
s
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FULLY COULED HYDRO-MECHANICAL MODEL
Deformation Model





div[D  symu p wδ  1   p a δ]  F  0
Flow Model

 k rwk




div
pw   wg   div u  a11 p w  a12 p a
 w

k k

div ra pa   a g   (1  )div u  a22 p a  a12 p w
 a

a11  cw nw  a12
a22  ca na  a12

a12  a 21  n

S r
s
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MUSE BENCHMARK 2011 - (TX02)
Drained Shear at Constant Suction =200 kPa
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MUSE BENCHMARK 2011 - (TX02)
Drained Shear at Constant Suction =200 kPa
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MUSE BENCHMARK 2011 - (TX02)
Drained Shear at Constant Suction =200 kPa
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MUSE BENCHMARK 2011 - (TX02)
Drained Shear at Constant Suction =200 kPa
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MUSE BENCHMARK 2011 - (TX07)
Shearing at constant suction =200 kPa
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MUSE BENCHMARK 2011 - (TX07)
Shearing at constant suction =200 kPa
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MUSE BENCHMARK 2011 - (TX07)
Shearing at constant suction =200 kPa
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MUSE BENCHMARK 2011 - (TX07)

Anisotropic loading to 200 kPa at constant suction =200 kPa
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MUSE BENCHMARK 2011 – Blind Test

Constant water content shearing at initial suction =100 kPa

The strength is considerably higher than the strength recorded in tests TX01, TX02, TX06 and
TX07 at a suction of 200 kPa, despite a value of suction lower than 200 kPa is measured at critical
state during constant water shearing.
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MUSE BENCHMARK 2011 – Blind Test

Constant water content shearing at initial suction =100 kPa

