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ENERGY NEEDS




Basic needs of our society
 Roads, bridges, airport facilities, navigable
waterways, water pipes/gas lines,
« Dams, energy facilities, harbour facilities

e Installations for drinking water, and
disposal of wastewater, solid waste and
hazardous waste.



Growing challenges

The demand for energy increases.

Yesterday's technologies for energy supply,
water supply, housing, transportation, and land
use are not sufficient for tomorrow's challenges.

Waste keeps accumulating, we need solutions for
radioactive waste.

Because of land-use patterns, population growth
and more extreme weather than before, more
people and more property are at risk for natural
disasters.



Role of geotechnical engineer

We need to put on our agenda increasing energy
needs, effects of population growth, increasing
needs for infrastructure, shrinking waste
management options, environmental
deterioration and threats from natural disasters.

More than before, our profession needs:
— to highlight the value it adds to society

— to constantly reinvent itself by providing innovative
solutions



OUTLINE OF LECTURE

Exploitation of oil and gas resources
Storage of radioactive waste
Hydropower

New challenges

Focusing on

« Cost-effective solutions
 Improved and safer solutions
* Innovative solutions

e Preserving the environment
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Geotechnical involvement
In oll and gas exploitation

* Field investigations

 Geotechnical in situ and
lab testing

* Model testing
e Foundation engineering |
« Geohazards studies

* Instrumentation and
monitoring

e Petroleum geomechanics
* Petroleum geophysics
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Geohazards — challenges for the
oll and gas industry




Geohazards around the world




Prirazlomnoye platform

Ice loading — Lateral failure

Structural and
Environmental monitoring

illustration by courtesy from Sevmorneftegaz

Ice thickness

SubsoH Earth/ pore pressure
piezometer
temperature



GoM - Slopes, slumps and canyons...
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Risk assessment




Penetration of skirted foundation

Penetration Resistance = Driving Force

//' discharge
weight of water

suction pressure

Driving Force =
weight + suction force

Penetration Resistance =
Side friction + tip resistance



Predicted and measured
fallure loads

Tests 1,2&_3

Model Test Failure Load (kN
Test No. Type Predicted  Measured Pred./Meas.

Static 138 137.7 1.0

Cyclic 118 112.9 1.05
Cyclic 105 99.5 1.06
Cyclic 92 90.5 1.01

f:\i\d1\stab\overhead\2001\Terzaghi\TerzlectO1.ppt




Offshore foundation design by FEA

- Cyclic loading due to waves:
- Dynamic stiffness
+  Bearing capacity
- Settlements

'+ Soil-Structure-Interaction
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Slope stability — Storegga slide

Main slide
2400 km=® volume
150 km run-off




Norwegian
Geotechnical
Irestitude

Analogy to quick clay slides

quick-clay slide [
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Slope stability — Ormen Lange field
Permanent pore pressure monitoring

ROV intervention

F|e|d array for e Aiutoati“zerolpintche:k
Long term monitoring '




Vertikal
deformation

Free span
Monitoring system




Deepwater Riser touchdown
Soil resistance



Deepwater Riser touchdown
Solil resistance - Model testing and analysis

Model tests
Pipe-seabed interaction

3-D non-linear soil springs for
riser fatigue design



Mud volcanoes and flow
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Mud volcanoes and flow — Bonga field
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Global Seabed challanges and solutions for the oil industry

Gas Leakage and Pressurised layers




Gas |leakage

causes . ..o TSR r
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Effects of rapid gas leakage
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Seabed Gas leakage
Seismic methods

4500

4250

Sediments saturated by
leaking gas




Isk acceptance

Geohazard risk
analysis planning

A
A

criteria

Geohazard
identification

Trigger
mechanisms

Geohazard risk
estimation

Frequency

analysis

Geohazard risk
evaluation

Acceptable risk?

/ Field description N\
o Field installations/Lay-out
0 Geophysical surveys

No

Consequence

0 Geology/Tectonics
0 Geotechnical conditions
\_0 Instrumentation/Monitoring/

Failure
scenarios

Risk reducing
measures

A

analysis

Unacceptable risk

Yes

Further risk
reducing
measures

NGI

Offshore geohazards
"Best practice”
(Kvalastad, OTC 2007)




Define failure scenarios (GeoHAZ-ID)
(Kvalstad, OTC 2007

Geohazards events

Local seabed instability
Slumping \
Sliding
Retrogressive failure

Define "possible” combinations

of events and triggers that may impact

planned installations or
3rd party values

Slope instability

Debris flow
Slope instability Platforms, Wells 3rd party:
Subsea structures Neighbour fields
Pipelines Coastal areas B
e s

atdo r ¥
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Integrated geosciences

Geological model

- depositional climate
- age

& }?_. LY - historic slide activity

Multlbeam SWATH Bathymetry

Physical
model
for geohazard
assessmen

Soll properties (K, G, e, v, vg, S, €tc.)
- effect of pore water pressure

- effect of gas and gas hydrates

- effect of temperature/pressure changes




OUTLINE OF LECTURE

Exploitation of oil and gas resources
— Petroleum geophysics

— Risk associated with tsunami
— Storage of CO,

Storage of radioactive waste
Hydropower
New challenges




Development and testing of a seabed
coupled shear wave vibrator

e As a calibration tool
e For imaging in “problem areas” Eiakk

« Improved mapping of reservoir &

HYDRO




Petroleum geophysics
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EM Recelver station




Electro-Magnetic (EM) Geophysics
Seabed Logging

A vessel pulls a
deep towed powerful
EM-source and a
number of receivers
detect multi-offset




Energy source based on technology developed by the
Norwegian Military Research Foundation (mine sweeping)

Receiver [ Receiver




Tsunami in Indian Ocean,
26 December 2004

™
il T

Threat:
Generated by M = 9.3 earthquake
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Tsunamis In Indian Ocean
(USGS and others)

1797
1833
1843

1861
1881

1883

1941

|

M 8.4, central Sumatra. Tsunami flooded Padang,
>300 fatalities

M 8.7, south coast of Sumatra. Huge tsunami flooded
Sumatra. Numerous victims

A tsunami from the southeast flooded the Nias Island.
Many fatalities

M 8.5, western Sumatra. Several thousand fatalities

M 7.9, Andaman Island region generated a 1 m high
tsunami on India’s coast

Krakatau explosion. 36,000 fatalities, primarily on the
Islands of Java and Sumatra

M ~7.7, Andaman Islands. Anecdotal accounts exist of
a tsunami, no official record



Tectonic movement

~100-200 km



ICG

International
Centre for
Geohazards
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Propagation, dispersion,”
amplification and bore formation
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First simulation:




Wave pattern

Surface elevation after 120 minutes

2000 ¥

1500

—
o
o
O

Distance [km]

500

-2000 -1000 0 1000
Distance [km]



iiiiiiiiiiiiiiiii

Verification of
predicted wave heights

By chance, the Jason-1 satellite (Smith et al.
2005) recorded the tsunami as it passed over
the Indian Ocean. The recording started
approximately 1h 55m after the tsunami was
generated, and used about eight minutes to
traverse the path from south to north.

A comparison of the wave heights predicted a
with the recordings from the Jason-1 satellite

was done.



Satellite
observations
NOAA

 Typical surface
elevation ~50cm

e Main
characteristics
reproduced in
simulation

Relative Sea Level (cm)

| Satellite (Jason-1)
| Model
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Maximum
run-up height predicted

 The best estimate of the maximum tsunami surface
elevation under M 8,5 earthquake, was found to be
1.5-2 m above mean sea level. If one accounts for
variations in the tides (+0.8 m to +1.5 m), the
maximum water levels was 2.5-3 m at high tide.

e On the longer term (> 50-100 yrs), the potential for
earthquakes of magnitude and consequences as
those of December 2004 will increase.

 Conclusions apply to west coast of Thailand only.
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0.01 ¢

tsunami risk
with time

(Nadim et al,

Detailed 2006)
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Remedial
measures
(risk
mitigation)
(Karslrud et
al, 2006)

Patong city | =
Masterplan proposal ;
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OUTLINE OF LECTURE

Exploitation of oil and gas resources
— Petroleum geophysics

— Risk associated with tsunami
— Storage of CO,

Storage of radioactive waste
Hydropower
New challenges
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Figure 5.19 Schematic showing scenarios for leakage from a storage project.
IPCC-spec.report CCS, 2005




Well integrity — leakage mechanisms

Well Casing
Cament
Fill

Formation
Rock

Scherer et al., 2005
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Most urgent gaps in knowledge for subsurface
geologic storage:

Full scale demonstration plants to quantify storage
czpacity in sedimentary basins

Risks of leakage from abandoned wells and methods of
leakage need to be determined

Improve fracture detection and characterization of
leakage potential

Leakage rate data from actual sites

Develop reliable coupled hydrogeological - geochemical
- geomechanical simulation models to use as prediction
tools




Challenges:
» Risk analysis - Monitoring - Remediation

* Long-term validation requires state of the
art evaluation tools based on experiments
and fundamental theoretical work

How is CO, storage different from oil, gas
and water, and different from radioactive
waste storage?




Challenges:

Experimental procedures/standards for
combined testing of geochemical and
geomechanical properties

Limited or missing lab data and /# s/tv data

Input parameters for geomechanical
models

Software development




Experimental test program
Geomechanics....




Experimental test program
- f/L//a’ transport

W Geochemical
monitoring....

Geophysical
monitoring...



International collaborations

BRGM = Centre scientifique et technique, France
GEO = Geoteknisk Institut, Danmark
G2R = UMR CNRS 7566 G2R et CREGU,

IFP = Institut frangais du pétrole, France
LMTG/CNRS Université Paul Sabatier Toulouse
University of Liege, Belgium
Kyoto University, Yamaguchi University

Colorado School of Mines
Louisiana State University
Stanford University
Los Alamos National Laboratory
Lawrence Berkeley National Laboratory
University of Hawaii




CO, Field Laboratory

Objectives

Determine requirements for monitoring systems applied in
future industrial CO, storage projects

Monitor and quantify unforeseen migration out of the storage
containment and leakage into the atmosphere or ocean

N 4
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Exploitation of oil and gas resources
— Petroleum geophysics

— Risk associated with tsunami
— Storage of CO,

Storage of radioactive waste
Hydropower
New challenges




iiiiiiiiiiiiiiii

Nuclear Waste
Containment

Usually based on a multi-barrier approach

* Engineered barriers, contains waste
package itself within a container

» Geological barriers, for stable natural rock
formation for isolation of high level waste

0 S00 100 000 year
| I — r
low-level high-level

waste waste




SKB Pilot Nuclear Waste .

Vertical access
shaft

500 m

| Spiral tunnel

Engineered barrier

containing the waste package Nuclear Waste

Repository Site



Geotechnical Rock Mass Characterisation

Geotechnical core logging

Advanced in-situ and laboratory testing for
assessment of ground conditions and
assess potential for effective waste
containment

Numerical modelling
System for all recorded geo-data



Site characterisation

LA oW E

-
Bavgnoan Twvoes Heongub Roavhaie

KK 1 2 E

[
-] RS
e e = |
-3 e = EF
l. EEL-
R | e
| —

Doy, roare it Cerhualed TR #i
£

Fedreatians ane coiuepd
Ve il prarralation. They
ara domirandly i the
Aclizsming speeciplined
thologies am nidcaied
anparntaly

Frpecpde Hall
-HIIM-H'

Welcaniclantic
-“dln—hq.-mdu
B Ardease ains
[ Breccia
' TRy
—Imwrr

Lithya-viah
- Bl

arrves s of waff sheat

B raut o

‘ It iiidy
Frilised zoane

WTTR T o e Datem




Advanced Laboratory testing

for sealing of rock joints with

microcement (CSFT apparatus)
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Rock Mechanical Model
I
/1 2 /3 /4,5 6,/ 1,/8,/90,/ 0,/ 1/ 12/ 13/ 14/ 15/16/ 11,18/ 19 -380m
ﬁl 2,/ 5,/ %,/ 5,/ 3%,/ 2,/8,/ 2,/ 0,/ 31,/ 32,/ 3,34, 3, 3, 31,/38, 32 0 -410 m
/u w2,/ 1/, 15,/ 46,/ a1,/ 48,/ 0,/ 0, 51,/ 52,53,/ 54,/ 55,/ 56 /51,58, 5 /60
/61 62,63,/ 64,65 66, 61,68,/ 60 10,/ 11/ 12,13/ 14,75 16 /11 /18 /19 /80
/81 82,83, 84, 85, 86, 81,/ 88,/ 89,/ 0 o1, 9%,/ 5,/ 9,/ 95, %, 9, %, 9, 10
lo1 102,103,104,/ 105 12
121 /122 /123,124,125 /126 /121,128 /120 /130 /131,132 /133,134,135 /136 /137 138 140 -410m
a1 42 /143,144 /145 146 147,148 /149 /150 /151 152 /153,154 /155 156 /157 /158 160 -440 m
161,162, 163 164, 165/ 166/ 167/ 168/ 169/"170/ 173,/ 17 17;/ 174/ 175,/ 176177,/ 178 180
181 182,183,184, 185 /186 / 187,188 /189 /190 /101, 192/ 103,194,195 /196 /197 /198 200
220
221 /202 /203,204 /205 /226 /221,228 /229 /230 /231,232 /233, 234,/ 235 /236 /231 /238 /239 /244
LT Jhayer2] [ [ [ [ [ [ ]
a1 242 /243, 244, 245 /246 247,/ 248 /249 /250 /251 252 /253, 254,/ 255 /256 /251 259 /260 -440m
/151 2%62 /263,264 /265 /266 / 267,268 /269 /210 /211 /212 /213 /214 /215 /216 /211 /218 J219 /280 -470 m
201,292,293/ 294,295,/ 296,/ 291,/ 298 /(299,300
T 327 3137 313 315 QTV'JI T8 k19 /320
321,322,/ 323/ 324, 325,326,/ 321/ 328 / 329,330,/ 33 333,/ 333 334, 335 / 336/ 331,/ 338 / 330 } 340
341 /342 /343,344 /345 /346 /347,248 /349 /350 /351352 /353 /354 /355 /356 /351 /358 /350 /36|
LT Juayen3] [ [ [ [ [ []
61 /362 /363,364,365 /366 /367,368 /369 /310 /311,312 / 313,/ 314,/ 315 /316 /311 J518 /319 /380 -470m
81 /362 98 /399 /400 -500 m
401 /402, 8, 419,420
421 422 /423 /424 /425 /426 /421,428 /429 /a0 /w31 432/ 433,/ 4a /435 /436 /431 /438 39 /440
41 a2/ a3/ aas 1 S aae / aar 448 a9 /50 /st 452,/ 453, aseass a6,/ 451,/ 458 /459 N as0
l61 /462 /463 /464 /265 /466 /467,468 /469 /410 /411 412 /413, a1 /ats /4t ATt /418 Sate /gl
| [ [ Jbayerd] | [ [ [ ][]




Norwegiaon

Irestitute

Rock Mechanical Model
Model B
E
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Numerical modelling
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Hydropower Embankment Dams
Safety Evaluation, Risk Analysis
and Upgrading

Worldwide there are approx. 30 000 dams higher
than 15 m. More than half of these are built since
1950. However, many are > 100 years old.

The safety evaluation and upgrading of existing
dams to satisfy present criteria is a challenge no
less demanding than the original design and
construction.



Statistics on Dam Incidents and Failures

Causes of incident or failure % of 240 dams
e External erosion (overtopping/wave action) 29
 Internal erosion (in dam body/foundation) 38
 Foundation instability 14
e Excessive dam deformation 13

e Deterioration (chemical/physical)

2
e Malfunction of gate 2
e Earthquake effects 1

1

e Construction errors



Recent Research Program in Norway

A research program to study dam drainage
capacity, instability and the breaching
process was recently completed. It included
numerical modelling, small scale laboratory
tests and the testing of 6 m high field “model”
embankments brought to failure (HOoeg et al.,
2004).
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Gravel embankment without core

@® Gravel 0 — 60 med mer, vibratory compaction, 0.5 m layer thickness
@ Rock from tunnel spoil 0-500mm, removed before breach test

Concrete
sill and V-
notch weir

Clay

Fig. 3 Test No. 3 - Homogeneous gravel dam






Rockfill dam with moraine core with defects

Moraine, vibratory compaction, 0.5 m layer thickness
Rock from tunnel spoil 0-500mm, vibratory compaction, 1 m layer thickness

Rockfill 300-400mm, vibratory compaction, 1 m layer thickness

1 ©©6

Defects built into dam for initiation of piping, uniform sand

N
>

1.5 Concrete
sill and V-
notch weir

|

6m

Small defect Large defect

Fig. 4 Test No. 6 — Rockfill dam with central moraine core












Some results from research program:

Drainage capacity (safety against ravelling
of downstream slope and toe during
accidental through-flow and overtopping);

Shearing resistance of rockfill and gravel
materials;

Data on breach initiation and progression,
and flood wave characteristics.



New Dams — Optimum Designs

Which embankment type is best suited for the
local conditions, considering:

- economy (construction and operation)
- safety/reliability

- environmental effects



Karahnjukar Dam




Karahnjukar Dam, Iceland
February 11t 2006




Storglomvatn Dam near completion
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Compaction of asphalt concrete core and transition zones
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Looking ahead — dams for hydropower

* There is urgent need for safety evaluation and upgrading of
existing dams. In many countries this has been overlooked for
too long. China recently embarked upon such a program (Xi'an
Conference, 2005).

* There is need for more active dam safety regulation and
legislation. The World Bank recently issued proposed a
“Regulatory Framework for Dam Safety” (a comparative study
among 22 countries).

* There is need for dam engineering education and training
programs. In most industrialized countries there are few new
dams being built, and the new generation of engineers,
responsible for the safety of existing dams, receives little
hands-on experience with design and construction.



Looking ahead (cont’d)

The world continues to build dams and dikes for
many purposes, especially in the developing
countries, to satisfy critical human and societal
needs.

A more systematic procedure of option
assessment, using risk analysis concepts, should
be developed and practiced, to facilitate a “fair”
decision making. The option assessment must
also include the “do-nothing option”.
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New energy sources

Oilsands (tar sands)

Unconventional gas
 Natural gas from coal (90% methane)

* Tight gas sands and carbonates (trapped in low
k formations)

e Shale gas (natural gas in organic-rich, fine-
grained rocks)
* Gas hydrates (methane molecules are trapped

In formation, natural gas frozen into ice and
sediment)
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Tripod for nearshore windmills

f:\i\41\stab\overhead\2001\Terzaghi\Terzlect01.ppt









Environmentally

responsible strategy
Finding an optimum solution

T Positive effect

Net benefit
Resources/costs

Negative effect

Environmental impact




Geotechnical engineer’s role

future energy needs

Exploitation of oil and gas resources
Storage of radioactive waste
Hydropower

New challenges

Focusing on

« Cost-effective solutions
 Improved and safer solutions
* Innovative solutions

e Preserving the environment




Technical challenges

e Revitalise the use of in situ measurements
and performance monitoring, and the careful
Interpretations of the observations

 Increase our efforts to evaluate the risk of
natural hazards, develop improved methods
for the analysis of slopes and develop
mitigating measures



Technical challenges

* Achieve a more effective dialogue and
cooperation among the geosciences.
Geotechnical engineers should be more
aware of the omnipresent influence of

geology.

Do consequence analysis of alternatives
and gradually move towards a quantification
of the risks involved.

 Include automatically the environmental
component to our solutions.



Conclusions

Our profession needs to offer safe and reliable
solutions that serve society. We need to recognise
our social responsibillity.

There Is a unigue role for geo-engineers and geo-
scientists to play in the development of society, not
as technologists alone, but as well-rounded
professionals working in a well-defined
environment.

The geo-profession adds value by saving lives,
preserving the environment, improving
performance, reducing risk and costs and
exploiting natural resources in a responsible
manner.
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