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*  The Finite Element Method in Engineering science zienkiewicz
0. C. (1967) Mc Graw Hill, New York 4.

. An Introduction to Finite Element Method Desia, C. S. & Abel J.
F. 1972 Van Nostrand Reinhold, New York.

*  The Finite Element Programming Hinton E., & Owen D. R.j.
Academic Press, London, New York, Toronto, Sidney, San
Francisco.

. Introduction to Finite Elements in Engineering chandrupatla T.
R. & Beleguindu (1991) A. D. Prentice Hall India

. Finite Element Method Rocky K. C. Evans H. R. Griffiths P. W.
Nether cot D. A.

. Finite Element Method Thomas J. R. Hughes Prentice Hall Inc.
Englewood Cliffas New Jersey.

. Numerical Methods in Finite Element Analysis (1976) K. J.
Bathe & E. L. Wilson Prentice Hall, Inc. Englewnd cliffs, New
Jersey.
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* Finite and Boundary Element Methods in Engineering
O. P. Gupta Bal kewa Rotterdam 1999.

e Direct and indirect Boundary integral Equation
Methods Christian Constanda Chapman & Hall/CRC
Boca Raton London 2000.

*  Finite Strip Method Y. K. Cheung & L. G. tham Boca
Raton London CRC Press 1998.

*  Free Boundary Problems Theory and applications I. A
thanasopoulos G. makrakis Chapman & Hall/CRC Boca
Ranta I. F. Rodrigues 1999.

* Finite Element Analysis in geotechnical engineering D.
M. Potts & L. Zdravkovic Thomas teleford 1999.

* Introduction to Finite Element Vibration analysis
Mavrice Petyt. Cambridge University press 1990.
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(wave propagation, Stress field)

foundation p+file

[ 0-8msand1 |
|

| 8-10.5 m Sand 2
1

[ 10.5-14.25 m Clay
1

[ 14.25-18 m Coal
11

[ 18-25 m dense Sand
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Non-linear coupled hydro-mechanical quasi static
analysis of a transrapid train passage with elastic-
plastic material models (Mohr Coulomb)

Plastic strain

T Rt

Total strain

Failure of Yield criteria

03190 buzxo yo o jLidd Sl s Judoxs
(cods— pogo) alizio gL (o

dynamic non-linear coupled fluid flow mechanical analysis with FLAC3P
dynamic non-linear (Mohr-Coulomb) with stationary pore pressure (PP)
dynamic non-linear (Mohr-Coulomb) with in stationary pore pressure

dynamic non-linear (Double Yield ) with in stationary pore pressure

FLACID 2.70

total plastic deformation

MC, stationary PP MC instationary PP DY instationary PP
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Sl 6T Jaxs QU lwlone J S
Aynardo

crack pattern Riith (1939)

B
=

elastic-plastic Masonry Analysis of the
Church of our Lady in Dresden

*
i+
M

208 slely Joi Ob (Flowlxo J 08

(\‘qrﬁor\(\l(} world largest masonry bridge Goéltschtal Gemany
Gibtrsohtatbpioke AT

_greBte Ziegelsteinbriicke der Welt

parameterized geometry model

verification of loading (dead
loads, traffic, temperature, wind)

verification of masonry material
model (GANZ Swiss masonry
standard)

detailed geometry model with foundation,
piles and arches made from granite,
sandstone and masonry
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For the first time stability and
survivability of the structure according
to actual German standards (DIN/DS)
was proven.

plasticity

F

Niom

stresses C‘IHHQDC\'O

dynardo
Geomechanics

2D/3D Stability analysis
of dams

-non-linear mechanical analysis

-coupled fluid flow, thermal Verschiebungen in Talrichung (cm)

and mechanical analysis

- elastic-plastic material models
of rock, jointed rock, masonry,
concrete, soil

Verschiebungen in Talrichtung (cm) Plastische Vergleichsdeh (K te)
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Earthquake analysis of dams
- often response spectra analysis is used

- then quasi-static elastic-plastic analysis with
worst case modal superposition 1s performed

- with today's numerical power also non-
linear transient analysis 1s possible

total deformation

tension stress plastic strain

W0 &b (g Joodi Db (Flawlome J iS5 5l Jol> g b

Geomechanics

Foundation Analysis

L1l ] EEER R

- non-linear load history

- non-linear static and
dynamic analysis

- piles & plates

/l'l\ﬂ

WWW.0mranpooya.com



WWW.0mranpooya.com Lis ) pee (omudige an o s

ojlw (69 AU p 4o il (Flawlxo Jyis
J}U cS‘ A g

CRASH RUMPF AUF CYLINDER 23X 250MM STAH
Thee = L

ojlw (59 41 g il (Flwlxo Jyi5 51 ol g L
S0 o awgy

limit load analysis for airplane impact

load modeling with RIERA load
assumptions (area, pressure)

306 002 _
BN 082 _

fameam
shear damage of

concrete ¥

shear failure of reinforced concrete structure

WWwWw.omranpooya.com 10



WWW.0mranpooya.com Lise O e msdiga g o s

o dilgiuw] digod Jooxi OU dow 1 fols LS

verification of the concrete model (plasticity & damage)

uniaxial compression test

KTEST FESTIGKEIT BETON STIGKEIT BETON WTEST FESTIGKENT BETON ST FESTIGREIT BETON
Frings Lavets

o Sunie [RC TR ]
100w
1367 u;| r
18210003 -
050w me
72820 0%
ERTY
A3TIn-004
24170-00.
IR

B a0

[l

The compression strength 0.045 KN/mm2
and the damage mechanics was verified.

r1 . pos > > *e > * "’
Aoyl oy pi Jood QU Judod' 51 ool L
verification of reinforced concrete modeling (plasticity & damage)

[E ] 1
Al
0.00%e.m

I }ﬁ plastic concrete strain

1515 B
£597e00
®000w50 |

- o plastic steel strain

The limit load and the damage mechanics
was verified.
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(a) F

Fig. 1 Localization Simulation in a Test Fig. 2 Schematic of Bituminous Waterproof
Specimen of a Porous Medium Lining System in a Reservoir
(a). deformation (b). damage distribution

Sl S
s
sl xal

2 gdna

i sbsi)
() o) 5ol

The Clementine Satellite xent

Ineck morve thaen 1.5 million
images of the moon at
resolutions never before
arntained Thexe images were
taken with cameras designed
by the Laborarory
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Our vision of a modular, soft-x-ray,

projection-lithography factlity that could
fabricate 04 3-pm design-rule devices
before the year 2000.
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Teams of LLNL scientists
- field after
major earthquakes to study

gointo &

how and why structures
are damaged. Our
investigations included
damage done by the
January 1994 earthquake
in Northridge, CA.

With { to 2 volis of input
power, this 400-pm-long

intravascular microtool

from the Micratechnology

Cenrer will curl up and
tretch out in liguid The
Cenrer's ongoing research
inte microscale acmarors
includes their use in areas
such as optics, biomedical
instruments, and micropart
packaging.
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We are designing and

ng a crashworthy

vehicles. We are working

as part of the CALSTART

urn and Chemical

Corporation.
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n = 40000
dev = 007

n = 40000
dev » 0.07

n = 40000
dov = 001
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Figuze 6: Connecovities gensrased suck that deir come-
sponding counectivity shapes resemble 2 given mesh: The
oniginy] polygon macies (Bt row), the remeshed wes-

ber of versices () and e relezive devia
sdze lsmgh ars reperted for sack mach. The bempy Zomie

500 vestices
dev=015

he. = 0056

2000 vertices
dev=0.11
e =DOT6

5000 vertices
dev = 0.08
e ™ 0.008

Thrae buomes remeshed with 3
:ponding connact
ported are the ralative deviaton inedge length
and the smootling paramater A..,.

3t tbs bomom left 35 2 comnactiv

vy shape
mi;:-xwy sozall vakie of the soxoothing pai
isres 2lmost unit edge length (1. dov is very cmall)
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(%) Endoront of Ruge (2) Eugiue Configuranen

=3

() Bty of M2 weaa

() Mand of MRI Soau (h) Marckiog Cubss Mek (1) Bowrgy Mintuisiag Sarfice Muk
m ﬁ ﬁ -
EN g &J‘
Frames from an mtaractive anmmation. There 15 no noticeable warping due to a ] 53
strain linearization, and the different materials {e.g., ears, homs) behave distinetly. - 9
ST
. Ls )‘é )?:

bbb
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Family of connecnanty shapes compuned from the cow's congectivity with different smoothing parameters A

2593 verices

2002 verticas

48485 vortces

.

Congecauity siapes compated from e conpecnsty of (a) gurafle. () wiceratops, (¢} Suoford bauny, &d (d) horse
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Upper l2ft 4 deiailed mesh of the muman galibiadier and bile ducrs wirk 1950 vartices and 3772 faces. Upper nght:
The model with the galibiadder comsened I7varrices ro 117, Lower left 70 1A st B he galidiadder,

Gudad pue 04190 @uw
Issue's Phgto

o
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GiD Tutorials
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Medug 1
Dre: QU Adanné D s Anpig LK
du 20 ot \ ? L "D g "v L3
Tout and e Trdnigen ané AR
Aoy = f ;

Movteng

v Truerural o) p
\ N g CAL .
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> 5L sl

Onginal component based geometty Qo)

View inside onginal geometry View Inside geometry
before intersection / afwer imersection

Helicopter example containing 82 components
including external stores and armaments

5, S0 Gl ol Lasl s Llows aSis

}

f i

4444441}

t L N 4

| t

Upper: Cartesian mesh for attack helicopter configuration with 5.81M cells. Lower
Close-up of mesh through left wing and stores

WWW.0mranpooya.com
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3,5L Ay (59, &y 3¢ Judod g bl

Isobars resulting from inviscid flow analysis of attack helicopter configuration computed
on mesh with 1.2M cells

C slomlgn s (595 L8 &y 398 o o LS

5

/l A Cur Coll Cartesian Meth

1 ‘ 1A 2 ¢
| apeiEtiey = '

L - J -
re 1-10: [sobars and mesh cuts on a business jot configuration computed with an octree based
approach (reprinted from Ref [25] with permission)

WWwWw.omranpooya.com 22



www.omranpooya.com

Lisy O e (omdige aa pe Culs
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ety contours and adapted quadtres gods showing 4 time history of a projectile
penetration problem (reprinted from Ref [70] with permissiony

Unstructured RANS solver TAU

hybrid grids

very complex configurations
grid adaptation

fully parallel software
adjoint option

23
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* M_=0.85, Re=32.5x10¢
+ coupled CFD/structural analysis for wing deformation at o ~ 1.5°
* FLOWer, ko turbulence model, fully turbulent

cuxicme)
o o S & & &
oo N e ) @

(=]
o

a exp. ETW
1 1
3.5 million grid points 0 0.25 05 075 1

(=]
o
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* M_=0.85, Re=32.5x10°
» coupled CFD/structural analysis for wing deformation at a =~ 1.5°
* FLOWer, ko turbulence model, fully turbulent

0,01 0.02 0.03 0.04 005 Co

O | c,, ac,cltan
0.7 A sspect rallo

|06

05f deformation computed

04}

03F

o
-
~n
W
I~

3.5 million grid points

. DLR § FARTL "‘-‘
/ Mzt
optimized geometry y |

] 34

FR2 1 3 0

baseline geometry

A

100
14.6 Drag Counts g [ — ST
95 ($)
- -0.040
g0 _‘()121
2 G0120} & . .a
Ses ‘ 0.119
- -
11 times faster than classical approach BB ia
80 7y T — ‘p . ] % 3.0 —0—o—0—o0—o
0 1 2 3 4 5 6 7 8 s .5 Ry
Optimisation steps < o 1 gptir::\b;uoir’\ stgps7 |
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¥ DLR
100
14 s nts 018 i
| 4.6 Drag Counts
o
10+
EQO» So .
Sas , 0.05
[ 11 umes faster than cassical approach | P —— g.p:::od
05— 5 & 4 5 6 7 b 0.00
Optimisation steps

o slowslgnd diny (5955l 595 Judod o LS

Ad. "

pted mesh, arxd ¢ d sobars for tnviscid flow over a High Wing T
W) contiguration. Tl unstructured Cartestan mesh contalned 2.9M cells with 10 Edm

L T L L e s L Bl | S
1B Comgiatr] 1mng o snnstr i tared feponeyr

oo ONERA M warg ol

Al
o DN el M, - 0 of e Canmestan sy
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Co slomlsn diay (69, Lad moe8 Jlow s

HWT example with high-Lt system deployed. The mesh contains §65M cells at
LU bevels of refinemeant. The mesh §s presented by culting planes at 3 spanwise locations and
the cutting plane on the starboard wing s flooded by Bsobars of the discrete salution

> 59,0 9 gdaw o el l At ol

1-21: Surface triangulations for Lwo intersecting teardrop shaped bodies. The labels on
the sketch Indicate reglons painted by a single seed

Example of ray-casting combined with mesh painting. The three internal regions
shown were identified and painted using one ray per region

WWwWw.omranpooya.com 27
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The unshaded triangles may use the 3 x 3 form of the simplex determinant in eq. 2.3
without incurring round-off error due to the initial subtraction of coordinate data.

Titw e pringors we matiee of g Wi Trasapert ol ps s i ruiosg fiss

1

ocwciion o Bkt Cammaaan e wilh wafars ragdan The & unee paimm
o thea Rlwvmis e wurgaed e phatng papews. D oanphe ireleted
W DOOOR) Medy<ae Larvestwn wlie

| amng o o 4 b e o L 4 e
S RATR rnt b o  f wd bt
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Looking inward for Geothermal Energy

Regions of the Earth's Interior

- 6371

Distance from the Earth's Surface, km

WWW.0mranpooya.com
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Hot Dry Rock
[HDR or EGS]

LECTRC
GENEAATION

* Resource
characteristics
Reservoir properties
» Energy conversion
and end use
Economics

MIT

Critical Elements for Heat Mining

( Resource quality

= average geothermal gradient -- VI

= geotechnical “compliance” and stability of

rock formations
(1 Reservior performance

» size — active volume and/or surface area

<V> and/or <A>
= flow resistance or impedance
I = (AP = Ppyoyanc, ) (Mass flow rate)

= temperature — avaﬂability and fluid quality
 Economic factors

= Well drilling and completion costs

= Surface plant and distribution costs

WWW.0mranpooya.com
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The “Laws” Geothermal Economics

1st Law -- Completed well cost increases
exponentially with depth

2"d Law -- Power plant cost decreases
linearly with temperature

39 Law --As resource quality decreases
drilling costs dominate

The Fenton Hill Los Alamos experiment

High grade, volcanic
resource in crystalline
rock

WLOOS 20000 1t Dwpeh N, N o 290 bew Dagriv

WWwWw.omranpooya.com 31
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Fenton Hill — a 25+ yr Los Alamos experiment

J HDR concept born at Los Alamos as a subcomponent
of Subterrene - 1970
3 Fenton Hill Test hole drilling GT1 - 1971
O Phase | field test- 1973 -1979
* GT-2B — EE-1, 2-well connected system
* 3 km ( 10,000 ft), 200°C
* prototype reservoir ca 10,000 m?
O Phase |l field test - 1980 - 1990
* EE-1 - EE-2, 2-well connected system
* 5 km (15000 ft), 300*°C
3 Post —phase |l testing — 1991 - 1999
O Site decommissioning - 2000

$180 million total about 50% on infrastructure

alizeo toliml aSl 51 ole diged

o
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Computer Animation

Animation Methods
Keyframing
Interpolation
Kinematics

Inverse Kinematics

Slides courtesy of
Leonard McMillan and
Jovan Popovic

WWwWw.omranpooya.com 42
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Animation

4 approaches to animation
Pros ? Cons ?

Computer-Assisted Animation
Keyframing

= automate the inbetweening &7 f XV _ﬁ
= good control -
« less tedious I
« creating a good animation |
still requires considerable skill '
and talent :

Procedural animation - - co °

« describes the motion algorithmically ™ ® ' it 1 26 computes smationr

= express animation as a function

of small number of parameteres

« Example: a clock with second, minute and hour hands
= hands should rotate together
= express the clock motions in terms of a "seconds” variable
« the dock is animated by varying the seconds parameter

= Example 2: A bouncing ball

« Abs(sin(ot+8,)) ekt @ i;

WWwWw.omranpooya.com 43
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Computer-Assisted Animation

Physically Based Animation Paip
» Assign physical properties to objects M
(masses, forces, inertial properties)
= Simulate physics by solving equations
« Realistic but difficult to control

ACME 1988 “Spacetime Constraints”
Motion Capture
» Captures style, subtle nuances and realism
» You must observe someone do something

Overview

Particles

Rigid bodies

Deformable objects, clothes, fluids

WWW.0mranpooya.com
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Kinematics vs. Dynamics

Kinematics

Describes the positions of the body parts as a function of the
joint angles.

Dynamics

Describes the positions of the body parts as a function of the
applied forces.

Rigid-Body Dynamics

We could compute the motion of a rigid-body by computing
the motion of all constituent particles. However, a rigid body
does not deform and position of few of its particles is sufficient
to determine the state of the body in a phase space. We'll
start with a special particle located at the body’s center of
mass.

X(£)

vit)  y(t)- v(?t)
7

WWW.0mranpooya.com 45
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Net Force

f(¢)

Net Torque

WWW.0mranpooya.com 46
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Rigid-Body Equation of Motion

ox(¢) ][ wv(¢)
d d| R({) o(t)<R(¢)
V= mu(t) |~ f(¢t)

I(Hw()] | T(E)

Mv (t) — linear momentum
I(¢)w(t)— angular momentum

Simulations with Collisions

Simulating motions with collisions requires that we detect them
(collision detection) and fix them (collision response).

WWW.0mranpooya.com 47
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Deformable models

Shape deforms due to contact
Discretize the problem

Animation runs with smaller time steps than rendering
(between 1/10,000s and 1/100s)

Images from Debunne et al. 2001

Mass-Spring system

Network of masses and springs
Express forces
Integrate

Deformation of springs simulates deformation of objects

F
MN

WWwWw.omranpooya.com 48
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Implicit Finite Elements

Discretize the problem

Express the interrelationship
Solve a big system

More principled than mass-spring

" Large
3 Finite 3N
Object
)| B arnrrtbe matricial
Slide from Debunne et al. 2001 System

Explicit Finite Elements

Discretize the problem
Solve locally
Simpler but less stable than implicit

Finite Independent
Object El ¢ matricial
Slide from Debunne et al. 2001 cments systems.

WWwWw.omranpooya.com 49
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Formally: Finite Elements

We are trying to solve a continuous problem
« Deformation of all points of the object

= Infinite space of functions

We project to a finite set of basis functions
« E.g. piecewise linear, piecewise constant

We project the equations governing the problem

This results in a big linear system

— o

-

Object Finite Large matricial
& Basw Elements system e

Cloth animation

Discretize cloth

Write physical equations
Integrate

Collision detection

WWW.0mranpooya.com

Image from Meyer et al, 2001

50



WWW.0mranpooya.com Lise O e msdiga g o s

Fluid simulation

Discretize volume of fluid J

= Exchanges and velocity at voxel boundary.
Write Navier Stokes equations

= Incompressible, etc.
Numerical integration

« Finite elements, finite differences
Challenges:

» Robust integration, stability

« Speed

= Realistic surface

Fipre | Watne Satng poonradl it i ghas (8551 20655 2oid celleh
Figure from Ennght et al, 2002

Other physical animation

Aging of materials
= Metallic patina, rust
« Water flow
« Stone aging

[Dorsey 1996-1999]

Locture 14 Shedn 36 £.837 Fall 2000

WWW.0mranpooya.com 51



WWW.0mranpooya.com Lise O e msdiga g o s

How do they animate movies?

Keyframing mostly
Articulated figures, inverse kinematics
Skinning

« Complex deformable skin

« Muscle, skin motion
Hierarchical controls

» Smile control, eye blinking, etc.

« Keyframes for these higher-level controls
A huge time is spent building the 3D models, its skeleton and
its controls
Physical simulation for secondary motion

« Hair, cloths, water

= Particle systems for “fuzzy” objects

=

)
S

Images from the Maya tutoral

Next time: Texture mapping

WWwWw.omranpooya.com 52
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Earthquake Design

#® Earthquake ground motion

#. Damage estimation

#  Social & economic impact Lecture

* Emthquake ground motion

* Earthquake engincermg
Practical

* Damage estimation
Previously (last term):

* Specialist seminars. ¢.g.,
Amp, Paul Burton, Benficld

At
A\

Earthquake Ground Motion

#®  Earthquake source
# Intensity of earthquake
& Attenuation of seismic waves Planning tools
» Geometric spreading "y ;
# Anelastic attenuation Seismic zoning maps
* Earthquake recturence
“  Local geology * Ground accelerations
~  Local geoiogical sstting g
~ Soll/ bedrock conditions Shakemaps (GIS)
* Geology
€  Effecton structures —infrastructure | g cancy response mapping
~ Clvil engineering c.fArup A o T
~  Bullding & planning codes il mm’f
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SOIL AMPLIFICATION
MEXICO CITY
-

"
Py =
5 ]

VNN Qi RO YRR
PESNO0, SECONOS

Mwcoetent Manarm. MName sod Beed (1908)
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Conventional assessment of
earthquake ground motion

1985 Mexico City Earthquake:
Railroad system

1989 Loma Pricta Earthquake ,_i_

Standard prediction techniques for strong ground motion

Geotechnical procedures
# Soil properties determination
Surface geclogy
Drilling logs (stratigraphy )
Borehole lateral Ioading (efastic mod)
Caliper loggmg (barshole deformation)
Electnical logging (maisture content)
#  Velocity profiling
Downhole P & S velocity logging
Shallow sassmic refisction
Shallow ssismic refraction (also Q)
# Laboratory tests
Specific gravity
SN sza
Moisture content
Resanant column and torsion tests
Rigidity and damping tests
Triaxial wirasomc wave velocities
Used in Japan and US for assessment

WWW.0mranpooya.com

Mathematical approaches
#  Equivalent linear estimation
Computer programs (SHAKE_ LAYSOL)
Linear viscoelastic methods
#, Spectral mathods
Semi-analytic
Stochastic (Boore)
& \Wave propagation
Finte dilferencs
Frequency / wavanumbar
®.  2-D methods

Finta-glements methods (elastic,
viscoelastic, atastoplashc, non-
lnear)

Houndary element methods
#  3-D methiods
Wave propagation

AN
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Theory of strong ground motion on soft ground

We saw in the Earth Matenals topic that soils are hughly non-linear —
they are hybnds between solids and liquuds

Rayleigh waves propagating through soils — Gilbert 1967

Retrograde elliptical > 1 Prograde elliptical
motxon motion
This 18 an

elastic wave

Type of motion governed by
dimensionless ratio: L = pg : 21/

P - density: g - acen due to gravity: /. -
wavelength: | - rigidity

For short wavelengths, the larger is L and softer the material %,

Propagation of Seismic Rayleigh Waves

Elastic surface waves — travel at velocities approaching shear wave speed,
which is about 50 nV/s in soft sediments

Wavelengths (1s period resonance for 7-15 stories) would be at least 50m.
But collapsed buildings in Mexico City were 10-15m wide. implying speeds
of only 5-10 m/s

So what is going on?
The energy for a Rayleigh propagating over a soil layer. with amphtude A and

wavenumber k: G
e
E= O- dg i‘: "m" L S 8
G
Recall constitutive equation for soils e Y

o =G5

S
g +&,

Integrating to get an energy per unit area:
W =G,e k™ [r~In(l+7)]

where 1 is the dimensionless peak strain
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'So a gravity wave is DIOre economic

WWW.0mranpooya.com

Propagation of Gravity Waves
in fluid dynamics, gravity waves are those generated in a fluid medium or on an
interface (e.g. the atmosphere or ocean) and having a restoring force of gravity or
buoyancy.
An example is ocean surface. Longitudinal and transverse motions of the surface
particles combine to undergo prograde elliptical motion. As the depth mto the
water increases, the amplitude decseases exponentially,

Energy per unit area of a gravity wave:
W=Apg

when 1 > | the energy of a gravity

waves increases more rapidly with

amplitude than the energy of an elastic.

Rayleigh wave. ’

‘way to propagate a disturbance as fora
given amount of energy the amplitude
of the gravity wave is lower, P

Elastic Rayleigh Waves vs Gravity Waves

There is a phase ransition from elastic Rayleigh waves. By continuing the
above analysis we can show the transition depends on the parameter L = oo/uk.

As the strong motion begins. the soil is relatively rigid (ngidity >> 1) and
L is small.

But as the amplitude of the seismic motion rises. the shear velocity
P=V/p decays, since

L=g/(kfH

as L rises as [} decreases. At a critical value of Z the phase transition takes
place. Elastic Rayleigh waves become gravity waves.

Conyersely as the earthquake wanes. L raverses the critieal yalue in the
opposite direction and the gravity wave freezes.

The transition togmv:rywmhupmhmdmh«mnsﬁxsoﬂs
and buildings.
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Elastic Rayleigh Waves to Gravity Waves

Soils begin to lose their nigidity as soon .
as strong motion starts, ; 1
The shear velocity goes down and the wm
wavelength of the surface waves |
decreases during the earthquake. ‘ /
(Rotation 1s not measured') RAYLEON GRAVITY
waves is familiar to anyone who has cither added or subtracted from the
tried to stand up in a small boat. translation contribution. Retrograde
' motion tends to make a building behave
as 1if it were broader at the base, while
prograde motion decreases the base
shear and increases the overturning
m
1985 MEXICO EARTHQUAKE. NUEVA

The Damping Effect
In civil engineering practice the damping ratio D (also known as the damping
factor h)is used. This is defined as the proportion of energy lost by
internal dissipation to total wave energy:
D=D,__ - 5N
£ 48,
This is related to' the seismologists' quality factor Q@ =2r/ D. A
damping ratio of 4% (Mexico City clay) is equivalent to Q~157.

5mmsdumhonhemughfordaysioloseﬂ1eirshearrigydity

MM-»» e | - oy
; W-w \.‘.‘Mt e '.,';'J

Lou&moumngmwoamonsoﬁ A
ground for the Mexico City earthquake (> 5 mins) —
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The Effect of Rotation

The earth. the very emblem of solidity has moved beneath our feet like a thin
crust over a fluid, Fovage of the Beagle

(Referning to the 1835 Chile carthquake expenienced on decp sediments
300km from the epicentre.)

Soft sediments liquefy under due to rotations

causad by the Rayleigh waves: peak ground

acceleration 1s.not the most important factor e

Lake Chalco, » surviving outlicr of the original lake that covered Mexico Valley
duning the Pleistocene. The top crust is of hardened soil duc to scasonal wetting A
nnd drving. Seismic wives are trapped and amplified in the soft wedae -

The Cypress Structure: 1989 Loma Prieta Earthquake

The Cypress Structure of Interstate Freaway 880
collapsed over a stretch of 50 bends. The upper
deck fell on top of the lower deck.

Instant liquefaction occurred causing lifting-up
and buckling of the freeway.

Oakland, California

The upper deck of the freeway imtially moved south and buckled against
the “immovable object” (i.e., the section on the solid Memitt sand). £
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Croes sectional sma Crme wex tionsd s under
of comat inundated " e pounam) wive
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Tsunami affecting Japan
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Tsunami inundations for two M7 Kanto earthquake
events. Upper figure: Tokyo earthquake produces a
50cm tsunami height above high tide around Tokyo
Bay. Lower figure: Earthquake in the 1923 Kanto
source area produces tsunami height of up to 2m
1923 Kanto Earthquake along the Kanagawa coast.

(Yuigahama Beach) Y

2004 Asian
Tsunami

Tsunami wave height as
measured by satellites
three hours and 15
minutes after the event.
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Summary

Attenuation
~  Elastic attenuation: gesometric spreading
~ Anelasticattenuation
Reduction of intensity with distance
~ Applications In the practical next week
~ Selsmic hazard maps
Effect of local geology
~  Metion on soft ground
~ Shakemaps for building standards
~ Need to improve understanding still
Site specific assessment
~  Deterministic engineering approaches
~ Probabilistic approaches
To go further takes us into civil engineering

Lisy O e (omdige aa pe Culs

Picter BRUEGEL, the Elder
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Continuum -vs- Discontinuum 1

In weak materials such as highly weathered or closely fractured rock, and |
'r‘ock fills and soils, a strongly defined structural pattern no longer exists,
and the shear failure surface develops along the line of least resistance.
The.Te slip surfaces generally take a circular shape.

Ctasses of
T0CK SHINCIN

A
¥ Suang
At
ey ‘ kg g o

N dhcomtryd
X 7
T —, RN

hoss wengh

Dr. Erik Eberhardt EOSC 433 (Term 2, 2005/06)

Limit Equilibrium Analysis

The most widely applied analytical technique used in geotechnical analysis |
is ﬂmf of /imit equilibrium, whereby force or/and moment equilibrium

itions are examined on the basis of statics. These analyses require
qurmuﬂon about material strength, but not stress-strain behaviour. 1

Thé typical output from a limit equilibrium
ana‘ysis is the "Factor of Safety”:

Fs - resisting forces

driving forces

shear strength

shear stress W i

FS > 1.0 represents a stable situation
FS < 1.0 denotes failure

Dr. Erik Eberhardt EOSC 433 (T erm 2, 2005/06)
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Limit Equilibrium - Translational Sliding (Rock)

The | solution for Uppar s
translational sliding requires
that the strikes of the
sliding plane and slope are
parallel and that no end

Feco

Sace et unt
Pacarese

restraints are present.

Furfihermom, the solution

- incorporates the assumptions -
that the rock mass is
imparmeable, the sliding —
block is rigid, the strength |u
of the slide plane is given
by the Mohr-Coulomb shear
criterion and that all forces
pass through the centroid of

Geometry Free body dugram

Shding plane

¥, ™ it weight of water
¥ = unit weight of rck

the sliding block.

F

_ ¢'(H - z)osecy, +{(Wcosy, —U - Vsiny )tang’

—{ < 100f 42

Dr. Erik Eberhardt

Veosy, + Wsiny,

EOSC 433 (Term 2, 2005/06)

Limit Equilibrium - Translational Sliding (Rock)

Tonsson Coackt Tension

ension Crac Crack

"'lf:m'T Liocation _’1 /

Y Herizenial
Water Force

Uplift Precsure
from Water
Slepe Face Swppart
Angle

Hoek & Bray (1981)

— |« 110f 42

Facroe of safety;

leA + [Wicos¥; - aan¥,) - U—Vsm'¥+ T cosé] rant)

Fs W[5y = @ cos,) + V cos¥, = T sin®]

where

H = height of slope face;
Wy = inclmaron of slope face;
M= e lination of upper dlope face;
= inclmation of failure planc;
b = distunce of tension crack from slope crest;
a=h | acceleration, Hast or earthqual
loading
T = tension in bolts or cables;
6 = inclimation of bolt or cable to nermal to failure
planc,
¢ = coheslve suength of fallure surdace;
© = frcoom angle of lailure siface,
4. = density of rock;
.= density of warer;
Z, = height of water in tension crack;
Z = depth of tenscon crack:
U = uplift water force;
V = driving water forces
W = weight of diding block: and
A = arca of failure surface.

Dr. Erik Eberhardt

EOSC 433 (Term 2, 2005/06)

WWW.0mranpooya.com
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Effective Stress
High pere pressures may adversely affect the stability of a slope
due to a decrease in effective stresses.
‘C +
Fs - (('_ tan 0 + ¢)
L T T )= Wsina
Factor e’
—of -Safety
Total Normal
Stress, O,
voids
Pore Effective
This intergranular stress, or Pressure Stress
effective stress, may-be-viewed B )
as the sum of the contact forces grains
divided by the total area.
—>| |«— 120f42  Dr. Erik Eberhardt EOSC 433 (Term 2, 2005/06)

R POy O | 1 e V] O ) O i Py | s D)

Effective Stress

High pore pressures may adversely affect the stability of a slope
due to a decrease in effective stresses.

Tofal Normal 1 :
Stress, G, FS - r_(c'tan o + ¢)

T T
Pore Effective
Pmssum Sfress

'
I—>|c'=0,-p
gramns

constant =

FS =  _([o,~ultan ¢ + ¢)
T T

The total normal stress and pore water

pressure may be calculated based on the

overburden weight and location of the

groundwater table, :

The effective stress cannot be
measured; it can only be
caleulated.

—><— 13 of 42 Dr. Erik Eberhardt EOSC 433 (Term 2, 2005/06)
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Effective Stress

Higi& pore pressures may adversely /\

affect the stability of a-slope due— . Iw /
to a decrease in effective stresses. ”! ! 2o /
\' o! Y o~

constant

— grs Y (G-t ¢ + 9
T T

The downslope and normal stress
components remain relatively
unchanged, but the increased pore
pressure along any potential failure
plane effectively decreases the
effective normal stress component by
acting against it (thereby decreasing
the frictional strength component
along the failure plane).

—’4—‘ 14 of 42 Dr. Erik Eberhardt EOSC 433 (Term 2, 2005/06)

Limit Equilibrium - Rotational Sliding

The fundamental concepts of the limit equilibrium methed as applied
to rotational/circular slip surfaces are (Morgenstern, 1995):

.« slip mechanism results in slope failure;

.. resisting forces required to eguilibrate

disturbing mechanisms are found from static ¥ /
solution, ,,//
-—/ -
. the shear resistance required for shallow failure
equilibrium /s compared with available shear
strength in terms of the Factor of Safety; deep-seated ,
failure ’

.. the mechanism corresponding to the
lowest FS is found by iteration; /

.. the Factor of Safety is assumed to be
constant along the entire slip surface

WWW.0mranpooya.com
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Limit Equilibrium - Method of Slices

The most commonly used solutions divide
the mass above an assumed slip surface
into vertical slices. This is to
accommodate conditions where the soil
properties and pore pressures vary with
location throughout the slope.

w.

. The forces acting on a typical slice, /, are:
1

pal w

weight of slice

¢, = mobilized shear forces at base of slice
o'l = effective normal forces on base
o . uE'l = water pressure force on base
J =

side forces exerted by neighboring slices.

“E; {©; + o) tan ) 1,
X /yn

Method of Slices - Equations & Unknowns

Analysing the summation NG o iowirg ba
£

4
of forces and/or moments I'
for these slices (i.e. /l
IM=0, ZFx=0, ZFy=0), it -
is soon recognized that
there are more unknowns
than equations.

+
e

»

"

Nomre o#sctvo
o

™
’ : |
| S shma ferce

e foren
E v
| <

\ \N
A h \!b‘ Watr paeecuse 10iee | = 1)) A '-v’:x:'km
: S such, *he fof"ces f"*:"::c?:',";z"*' - ";};‘x:m“ > L ...... w1012 compcsats |
involved are statically —
indeterminate. Various Equations Coadition

Moment equilibrium foe cach shice

methods have fherefore 2; Foree equilbrium (a two directions (for cach vior)
n

been developed to make up MG

the balance between the @ Toral number of equations
number of equilibrium Liakrows .
equations and the number o

Normal foroe at base of sach slice, N’
of unknowns in the Location of pormal force, N
problem.

Mohr=Coulomb relationship between shear strength and normal cffec-

Shear toroe st base of eack sbce, S
Interslios fotee, 2
Inchaation of mteralice foroe, 8
Location of imerslice force {line of tanust)
Total number of unknowes

Tassaaa~
8 RO
S AR
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Method of Slices - Assumptions

List Ol ee (odige an e Culis

Elevarion (m)
s

=

¥

g A
=l

Slice 7- Ordinary Methad

1 1 L ™
Distonce (m) #
Because different methods use different 2
assumptions to make up the balance between
equations and unknowns (to render the problem
determinate), some methods do not satisfy all 74
conditions of equilibrium (i.e. force and/or moment) / 184
60.2) —
Ordinary Method - Computation |
m| wuz L 7 R E':u[ A R N‘«"JW
Z 77 as| 220 | =0 [ o E) T
= ] 7| ase %3 | 6 § B 109 |
P ) A% 30 =1 (1] ] E3] 3
5 w3 a8 [T T i ° w168
o 1058 ar L Q) =1 o8 |
7 1,00 a8 20 [] 378 17
o ) LE) Xy i i o EEC) T
% w (& @0 a5 %0 o 0 | =
10 [E.] ae a0 an »no o 108 ™
11 ¢ o
! 12 4 o
0 o
The “grdinary method" only r —
resolves the forces acting at 15 T —
the base of the slice. This W et ot e 1 *
allows for the side forces 10 || ..o ioxest - wiew? Ni=Wane
be neglected and for the &2 bicton mgin - clagreen m:gwm.;;. -ulltnasd
problem to be easily solved. [[timbemn W e cepees F=E(NVL(N) =143
T 1= bongrh of shy sudace segments measaed aiong base of sice

WWW.0mranpooya.com

70



WWW.0mranpooya.com

Lo Ol e (odiga g e Syl

Bishop's Mogifigd Method - Computation

l

[
Sooho | W i o < ) u [N mm : :
The "Bishop's
Modified Method”
: includes interslice side
g forces, but requires
L an iterative procedure
" to determine the
: | Factor of Safety.
1
\
s
)
Fe=
W = waight of 5500 - BN/ © = coheshon intercent - kN/mé Ny wWsna o L 1
4 = trction angle - degrees U = pore pressue - WN/m?
w_ -
0 = angie between bass of thoe and Forrantal - dagress M= ‘“L—L‘J.;-Z:Ld-.l
[y Janatane
L Fa
I bength of sk sarface segmests messsrod skong base of shee - m FemZ N/ Z(N) =
F3 = assumed F Fe = calcuated F
Duncan (1996)

Bishop's Modified Method - Computation

fa=l 1 i
[Sev] W T o < . u N ﬁ‘: N
1

WWW.0mranpooya.com

12 3] 32 38 ) 50 92 sz 18z
257 X1 EE0N o 111 77 77 177
7] 30| 3% iz 70 a 170
726 5| 40| 3s ; 31 65 65| 165
S03 5] 40| 3% € &5 65 165
1.028 " o] 35 23 70 70
1003 i 3% 37 77 7
£18 * 359] X A33 ) 52 9
B X 48| 35 A00 408 ) 416
1 128 S5 S5 a8| 3s 05 108 1 7
1
1
1
T
1S
= FZ T.934 | 1,938
fe| 2.5t | 152 | 152
W = waight of sice - WN/me C = cohesion Intercept - kRN/me I'-N.-Wﬁm :
§ = fecton anghe - degrees. U = pore pressure - kN/m? T o Y
I U—W——~ujmnd |!
o = ngia between bace of sioe and forzantyl - degrees | Np=liEOS R .:
| 1an e ian o
|

1.L]
1= length of sk surfscn segments seasscwd along base of shee - @Znﬁ)/ -
: ‘ Fa = assumed F Fe = calcdated F

Duncan (1996)
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General Limit ilibri

1. Different methods use different
assumptions to make up the balance

between equations and unknowns to
render the problem determinate; or

Oednary Wethod Sisnop Method

-“ee

1967
DL

2. Some methods, such as the ordinary
and Bishop's modified methods, do not e @)
satisfy all conditions of equilibrium
(i.e. force and/or moment).

The degree to which the force polygon closes
indicates whether force equilibrium is achieved.

General Limit Equilibrium (GLE): Method that encompasses key elements of
several Method of Slice solutions, calculating one Safety Factor based on
moment equilibrium and one based on horizontal force equilibrium. The
method also allows for a range of interslice shear-normal force conditions,
making it the most rigorous of all the methods, satisfying both force and
moment equilibrium, for circular and non-circular slip surfaces.

Krohn (2003)

Computer-Aided Limit Equilibrium Analysis

In cases where the shear failure surface is not known, its anticipated
location can be found from analysis of the whole range of possible
surfaces, and taking the actual surface to be that which gives the lowest
factor of safety. This procedure can be quickly carried out using
computer-based slip surface search routines.

|

Hand or spreadsheet calculations
can take hours to solve for a
single slip surface, whereas a
computer requires only seconds to
solve for hundreds of potential
slip surfaces.

I

WWW.0mranpooya.com
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Analysis of Non-Circular Slip Surface

For a non-circular slip surface, a block search routine is used that
analyzes a limited number of slip surfaces relating to the division of
the slide mass into an active, central and passive slide block.
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Advanced Limit Equilibrium Analysis - 3D

|

Most limit equilibrium
formulations are two-
dimensional even though
actual slope failures are
three-dimensional.

However, there are a 820 anayaas
" few 3-D limit equilibrium
programs employing a of 3O
"method of columns” i L Reane
approach. }“
The 3-D analysis program kg IR,
CLARA divides the sliding mass b) 30 analys's < Critical efipsokd

into columns, rather than slices”
as used in the 2-D analysis
mode.

Hungr ef al. (1989)

Limit Equilibrium Analysis - Limitations

Although limit equilibrium methods are very useful in slope
analysis, they do have their limitations and weaknesses:

1. The implicit assumptions of ductile stress-strain behaviour
for the material (stress-strain relationships are neglected);
2. Most problems are statically indeterminate;

3. The factor of safety is assumed to be constant along the
slip surface (an oversimplification, especially if the failure
surface passes through different materials);

Computational accuracy may vary:

5. Allow only basic leading conditions (do not incorporate in
situ stresses);

6. Provide little insight into slope failure mechanisms (do not
consider stress state evolution or progressive failure).

WWW.0mranpooya.com 74
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Uncertainty
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Geotechnical engineers must deal with natural conditions that are largely
unknown to the designer and must be inferred from limited and costly
observations. The principal uncertainties have to do with the accuracy and
completeness with which subsurface conditions are known and with the
resistances that the materials will be able to mobilize (e.g. strength).

Uncertainties

~ Pasition of the critical slip surface
Muodeling of static and cyelic load history
Strain-soltening
Progressive failure
Testing procedures in reference tests
Scale effect
Rate of shear
Stress conditions
Redistribution of stresses
Anisotropy
Structure stiffness
Muodel of soil profile
Drainage assumplions
Plane strain versus 3D analysis

The uncertainties in geotechnical
engineering are largely inductive: starting
from limited observations, judgment,
knowledge of geology, and statistical
reasoning are employed to infer the
behavior of a poorly-defined universe.

In contrast, The uncertainties in
structural and mechanical engineering are
ly deductive: starting from
reasonably well known conditions, models
are employed to deduce the behavior of a
reasonably well-specified universe.

Sensitivity Analysis

Sensitivity analyses allow for the determination of the "sensitivity" of
the safety factor to variation in the input data variables. This is done
by varying one variable at a time, while keeping all other variables
cons?cmf, and plotting a graph of safety factor versus the variable.
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Probability Analysis

Probabilistic analyses consider the variability of input parameters, and

provide the probability of failure based on a given probability distribution

Lisy O e (omdige aa pe Culs

function (defined through a known mean and standard deviations).

1

Random variables: Parameters like the angle of friction of rock joints, the
uniaxial compressive strength of rock specimens, the inclination and orientation

of discontinuities in a rock mass, etc. may not have a single fixed value in
space but may assume any number of values. There is no way of predicting
exactly what the value of one of these parameters will be at any given
location. Hence these parameters are described as random variables.

Probability distribution: A probability
density function (PDF) describes the

relative likelihood that a random variable
will assume a particular value. The area

under the PDF is always unity.

Probability Analysis

The sample mean (or expected value) indicates the
centre of gravity of a probability distribution. A

010 .

P

20 o0 a0 0

Fricton angle ¢ - degrees

7
typical application would be the analysis of a set of = l z x
L — v ,
n

results x,, x,, ..x,, from uniaxial strength tests

carried out in the laboratory. Assuming that there i=1

are n individual test values x;, the mean x is given by:

The sample variance s? is defined as the mean

|

of the square of the difference between the

value of x; and the mean value x. Hence:

) l n o,
§F=— X;—X)°
n—lé( !

The standard deviation s is the square root of the variance s?. In the case of the

commonly used normal distribution, 68% of the test values will fall within an interval
defined by the mean * one standard deviation while 95% will fall within two
standard deviations. A small standard deviation will indicate a tightly clustered data
set while a large standard deviation will be found for a data set in which there is a
large scatter about the mean.

WWW.0mranpooya.com

76



WWW.0mranpooya.com Lise O e msdiga g o s

Probability Distribution Functions

The normal or Gaussian distribution is the most common type of
probability distribution function and the distributions of many random
variables conform to this distribution. It is generally used for
probabilistic studies in geotechnical engineering unless there are good
reasons for selecting a different distribution. Typically, variables which
arise as a sum of a number of random effects, none of which dominate
the total, are normally distributed.

|
|

S

Probability Distribution Functions

In addition to the commonly used normal distribution there are a number
of alternative distributions which are used in probability analyses. Some
of the most useful are:

o Beiq distriburions (Hair, 1987) are very versatile distributions which can be used
to replace almost any of the common distributions and which do not suffer from
the extreme value problems discussed above becanse the domain (range) 1s
bounded by specified values.

e Exponential distributions are sometimes used to define events such as the
oceurrence of earthquakes or rockbursts or quantities such as the length of joints
m a rock mass,

e Lognormal distributions are useful when considering processes such as the
crushing of aggrepates in which the final particle size results from a number of
collisions of particles of many sizes moving in different directions with different
velocities. Such multiplicative mechanisms tend to result in variables which are
lognormally distnbuted as opposed to the normally distnibuted vanables resulhng
from additive mechanisms

o Weibul distributions are used to represent the lifeime of devices m reliability [*
studies or the outcome of tests such as pomt load tests on rock core m which a
few very high values may occur.
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Sampling - Monte Carlo Simulation

The Monte Carlo method uses random or pseudo-random numbers to sample
from the probability distributions and, if sufficiently large numbers of
samples are generated and used in a calculation such as that for a factor
of safety, a distribution of values for the end product will be generated.

.. Monte Carlo sampling (relative
frequency) of cohesion taken as a
random variable = 1000 samples,
with_those producing a factor of
safety <1 highlighted in red.

Probability of Failure

ats Remember that the PF and RI

aos |\ calculated for the Overall

aor \'\ S'm, are HO‘I' as“imed wifh
S \\ a specific slip surface, but
ﬁ 008 . include the safc‘l'y factors of
£ am all global minimum slip surfaces

203 \“‘-\\ from the Probabilistic

202 ‘\x_,_\_ Analysis.

i 0 5 e 15 b b3 l

VYater deplh in lensen crack 2, - M \ /l
" The Probability of Failure is simply equal

to the number of analyses with safety
factor less than 1, divided by the total
Number of Samples.

Probability

The Reliability Index is an indication of

the number of standard deviations which
separate the Mean Safety Factor from

the critical safety factor ( = 1).
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Case History - Usoi Rockslide Dam

In 1‘Eh¢ winter of 1911, a massive 2.2 kmv3 rockslide in the Parhir Mountains
of southeastern Tajikistan was triggered by a magnitude 9.0 earthquake
blocking the valley and damming the river running through it.

.| TAJIKISTAN Usoi Landslide Dam, TJ

Case History - Usoi Rockslide Dam

| Usoi Dam

volume = 2.2 km?

length = 5 km

average width = 3.2 km

height from the lake bottom = 567 m

Lake Sarez
length - 55.8 km
maximum width - 3.3 km
maximum depth - S00 m
maximum water volume - 16,074 km?

—

DT
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ase History - Usoi Rockslide Dam

|
Practically immediately after the catastrophe, the question was raised %
whether Lake Sarez is dangerous or not : |
|
|

* will the accumulated water break
fhrough the dam, causing a catastrophic
flood that would sweep 2000 km through

he Amu Daryua River basin (inhabited
y over 5 million pecple), demolishing
e i 'Oﬂffs “Y, or

. |Y/ill the lake exist for a long time
(several thousand years) in a normal
regime of its evolutionary development. The Usoi Dam is the

highest dam, natural or

engineered, on Earth.
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Case History - Usoi Rockslide Dam

Crest "ﬂé" {m)
3

....... N || Probabilistic analysis:
&Gamma’ distribution
skewed tfowards lower
values of ¢, with a

I| mean value of 40°.

Relative Frequency
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