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SPENCER J. BUCHANAN

Spencer J. Buchanan, Sr. was born in 1304 in Yoakum, Texas. He 8rac1uated from
Texas AGM University with a degree in Civil Engineering in 1920, and earned graduate
and professional degrees from the Massachusetts Institute of Technology and Texas Aés'M

University.

He held the rank of Brigadier General in the US. Army Reserve, (Ret), and
organized the 420t Engineer Brigade in Bryan-College Station, which was the only such
unit in the Southwest when it was created. During World War 1], he served the US. Army
Corps of Engineers as an airfield engineer in both the US. and throughout the islands of the
Pacific Combat Theater. Later, he served as a pavement consultant to the US. Air Force
and during the Korean War he served in this capacity at numerous forward airfields in the
combat zone. He held numerous military decorations including the Silver Star. He was
founder and Chief of the Soil Mechanics Division of the US. Armg Waterways Ex'periment
Station in 1932, and also served as Chief of the Soil Mechanics Branch of the Mississippi
River Commission, both being Vicksburg, Mississippi.

Professor Buchanan also founded the Soil Mechanics Division of the Department of
Civil Engineering at Texas A"M University in 1946. He held the title of Distinguished
Professor of Soil Mechanics and Foundation Engineering in that department. He retired
from that position in 1969 and was named professor Emeritus. In 1982, he received the
College of Engineering Alumni Honor Award from Texas AGM Universitg.



He was the founder and president of Spencer J. Buchanan & Associates, Inc,
Consulting Engineers, and Soil Mechanics Incorporated in Brgan, Texas. These firms were
involved in numerous major international projects, including twenty-five RAF-USAF
airfields in England. They also conducted Air Force funded evaluation of all US. Air
Training Command airfields in this country. His firm also did foundation investigations for
downtown expressway systems in Milwaukee, Wisconsin, St. Paul, Minnesota; Lake
Charles, Louisiana; Dayton, Ohio, and on Interstate Highways across Louisiana. M.
Buchanan did consulting work for the Exxon Corporation, Dow Chemical Company,

Conoco, Monsanto, and others.

Professor Buchanan was active in the Bryan Rotary Club, Sigma Alpha Epsilon
Fraternity, Tau Beta Pi, Phi Kappa Phi, Chi Epsilon, served as faculty advisor to the Student
Chapter of the American Society of Civil Engineers, and was a Fellow of the Society of
American Military Engineers. In 1979 he received the award for Outstanding Service from
the American Society of Civil Engineers.

Professor Buchanan was a participant in every International Conference on Soil
Mechanics and Foundation Engineering since 1956. He served as a 8eneral chairman of
the International Research and Engineering Conferences on Expansive Clay Soils at Texas

Ad5M University, which were held in 1965 and 1960.

Spencer J. Buchanan, Sr, was considered a world leader in geotechnical
engineering, a Distinguished Texas AG"M Professor, and one of the founders of the Bryan
Bog 's Club. He died on Fe})ruarg 4, 198?, at the age of 78, in a Houston hospital after an
illness, which lasted several months.
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The College of Engineering and the Department of Civil Engineering gratefully recognize the
generosity of the following individuals, corporations, foundations, and organizations for their part in
helping to establish the Spencer J. Buchanan '26 P rofessorship in Civil Engineering. Created in
1992 to honor a world leader in soil mechanics and foundation engineering, as well as a
clistinguished Texas AG'M Universitg professor, the Buchanan Professorship supports a wide range
of enriched educational activities in civil and geotechnical engineering, In 2002, this professorship
became the Spencer J. Buchanan '26 Chair in Civil Engineering.
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Introduction of Andrew Whittle by Jean-Louis Briaud
“Importance of Undrained Behavior in the Analg sis of Soil -

Structure Interactions’

The 2013 Buchanan Lecture by Andrew J. Whittle
Discussion
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Andrew J. Whittle, ScD

Edmund K Turner Professor
Massachusetts Instituteof Tedndcgy

Dr. Whittle earned his BSc. (Eng) from the Imperial College of
Science and Technologg, London, in 1981 and the ScD. from the
Massachusetts Institute of Tec]nnologg (IVHT) in 1987. While in
graduate school, he was the MIT John F. Kennedy Scholar from
1082 to 1084. He was a postdoctoral research associate at the
Institute in 1987-88. He joined the MIT facultg in 1988 and was
promoted to full professor in 2000. From 2000 — 2013 he served as
Head of the Department of Civil and Environmental Engineering,
As of July 2013, he serves as the Edmund K. Turner Professor, in the
Department of Civil and Environmental Engineering at MIT.

Much of Dr. Whittle's research deals with modeling soil behavior
and predicting the performance of foundations and underground

construction projects. His research has been widely used in the 3
design of foundation systems for deepwater oil production facilities in the Gulf o{ Mexico. He has worked
extensively on problems of soil-structure interaction for urban excavation and tunneling projects, including
Boston's Central Arteny-Third Harbor Tunnel and MBTA South Piers transit projects, as well as Tren Urbano, a
subway system which began service in San Juan, Puerto Rico, in 2004. In 2008, Whittle established the Center
for Environmental Sensing and Modeling (CENSAM), an interdisciplinary research program through the
Singapore MIT Alliance for Research and Technology (SMART). Through this program he has led research
efforts to develop wireless sensor networks for monitoring water distribution systems and is currently the Chief

Scientific Advisor for an associated start-up company, Visenti Pte.

Dr. Whittle is Co-Editor of the International Journal of Numerical and Analytical Methods in Geomechanics
(since 1999) and previouslg served on the editorial boards for the ASCE Journal of Geotechnical and
Geoenvironmental Engineering (1993-9009) and the Canadian Geotechnical Journal (9000-?009). Heis an
active consultant who has worked on more than 40 major onshore and offshore construction projects. He has
recently served on two major review panels; one for the National Research Council and National Academg of
Engineering (NRC/NAE) investigating the performance of hurricane protection systems in New Orleans, and
the second for the Governor of Massachusetts on a ‘stem~to-stern’ safety review of the Big Dig tunnels in Boston.

He is currently a member of the Board of Directors for the Massachusetts Department of Transportation.

Dr. Whittle has published more than 130 papers in refereed journals and conferences, and received several
awards for his work from the American Society of Civil Engineers, including the Casagrancle Award (1994), the
Croes Medal (1994:), Middlebrooks Prize (1997, QOOQ, and 2005) and Huber Research Award (1998) Heisa
licensed professional engineer in New York State.In 2010, he was elected to the National Academy of

E.ngineering.



David E. Daniel, PhD.
President of the University of lexas at Dallas

Dr. Daniel is the fourth president of The University of Texas at
Dallas. He earmed bachelor's, masters, and Ph.D. degrees in
engineering from The University of Texas at Austin. Between his
masters and PhD degrees, he worked for three years as a
geotechnical engineer with Woodward-Clyde Consultants in
the San Francisco Bay Area. He served on the faculty at
UT Austin from 1980 to 1996. In 1996, he moved to the
University of [llinois, first heading the Department of Civil and
Environmental Engineering and then finishing his service as
Dean of Engineering before being appointed UT Dallas'
president in 2005.

Dr.Daniel'’s professional work has focused on geoenvironmental

issues associated with waste containment and clean-up of
contaminated sites with particular emphasis on low-permeability clay materials used in lining and
capping systems. His work has been recognized by the American Societg of Ci\-rﬂ Engineers, which
awarded him the Norman Medal and on two separate occasions the Croes Medal. He has also been
awarded the ASCE Middlebrooks Award, P: residents’ Award, Geotechnical Hero's Award, and the OPAL
Award for Education.In ?000, he was elected to the National Academy of Engineering.

In 2005 through 2008, Dr. Daniel served as Chairman of the External Review Panel of the American
Societg of Civil Engineers, which reviewed causes for the failure of New Orleans’ levees during Hurricane
Katrina and recommended strategies for rel)uilding the levee system. Dr. Daniel also served on the
National Academy of Engineering panel that investigated the causes for the explosion, fire, and oil spill

from Deepwater Horizon in the Gulf of Mexico.

In 9009, Dr. Daniel served as President of The Academy of Medicine, Engineering, and Science of Texas
TAMEST), which is comprised of all Texas residents who have won Nobel Prizes or been elected to one of
the National Academies. Dr. Daniel serves on the Board of Directors for Sandia National Laboratory and

numerous business and civic organizations in the Dallas area.
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Importance of Undrained Behavior
in the
Analysis of Soil-Structure
Interactions

Andrew J. Whittle
Massachusetts Institute of Technology

21st Spencer Buchanan Lecture
Texas A&M
November 2013

Outline

o Undrained Shear Behavior
+ Undrained shear strength
> Lab & field measurements
+ Constitutive models
» Simple vs complex
o Applications
+ Far field deformations
» Soil behavior secondary to volume constraints
+ Stability on soft ground
2> Where s, really matters
+ Performance of excavation support systems
> Where model limitations become apparent
o Future issues
+ Rate effects
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Undrained Shear Behavior
Fully saturated soils - effective stresses control

behavior
» Soil and water particles are relatively incompressible
+0'; =0 - p;

> Soil deformations & strength
controlled by changes in effective stresses
No migration of pore water
« within soil skeleton during timeframe of loading
Good approximation & common occurrence
+ First loading of clays
» Low permeability & relatively low stiffness
» Shear strength governed by current water content
+ Partial drainage can occur close to drainage boundaries
May occur in sands under special conditions?
» Earthquake, wave loading etc.

Pore Pressures in Undrained Shearing

- Apply
SO AGy  Measure
1rAu
O'K= Op
A. Consolidats specimen B. Compression shearing
- fully drained - drainage vaives closed
- pore pressures measured
~ == == ESP (output)
Undrained loading of soil element: s TSP (Inputt}
(Ao-AG;)
Ao, Ao, |
—| AU = +
Aoy Ao, o
] 5
Effect of:  confining pressure shear :,;

Pore pressure: Au=BAc, + B.A(AG,~Ac,)

For saturated soils, B = 1.0
A = f{soll properties, stress history}

Pore Pressure Parameters
(Skempton, 1951)
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Measured Behavior: CIUC Tests

0.5.# Measured Data:
Lower Cromer Till
. © (Gens, 1982) B
o [ [ Symbol | OCR ¥.5. 3
N 04 L e b %-(5) '''''''
~ x LOTNIISEE B e
/\_: o Zg """"
b [0 |
Z>02 » 0 | " W, %
b .
S’ ’ y
: TSP
5 7 * - Vd
0.0 L= f § ', TR, U S L |
0.0 02 04 0.6 08 1.0 12
(¢ +0')/20
v h c
+ Reconstituted Lower Cromer Till (w, = 25%,; |, = 13%)
+ Data normalized by ¢’
* Undrained shear strength mobilized at large strains
+ s, mobilized at unique friction angle (¢’ o)
« Large effect of OCR on pore pressure generation during shearing
Measured Behavior: CK,UC Tests
Measured Data:
Lower Cromer Till v~ 300
_LCT (Gens, 1982) el
| OCR | Symbol | ot -
o Lol =g 0 0 e ’ Q ’
- 0] ] | e 0 0 oo
© 20 o e 2
o 40 | o f‘. o .7 x ‘
~ 02F ] 70 | & « 0 s x A
~~ 100 2 "'fo‘ 2T
.b:. |" o* g, ’5*/ ’
T 8% .o. as . K -swelling line
A 5 P 0
E -,.-"'ii“ ke /UE
b _-" - 'oo L~ 4
0.0 p= {2 i
. l -
i 1 i i i 1 L e i | i i i J
0.0 02 04 0.6 08

(o‘v+ c'h) 2 o"p

+ Data normalized by ¢’ » (vertical pre-consolidation pressure)
+ Atlow OCR:

- Undrained shear strength mobilized at small strains
- Not coincident with large strain friction conditions

» Large effect of OCR on pore pressure generation during shearing
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©c)/2¢

Typical Undrained Shear Behavior

CK,UC & CK,UE
04 T T
E ':.’--'
03
02 fn-ocr
[ R R R e R R R L D
00
01 e eeencccccrcccnncaa-Joo M fonsured Tt - - | -
LCT (Gens, 1982)
CKUC&CKUE| | |
02 ikl
'030.0 02 04 05 08 10 0 2 4 ] 8 (]
(0"v+ o"h) /12 o'p Axial Strain, | ezl (%)
Notes:

Non-linear stress-strain-strength
Brittleness in compression shear at low OCR
Significant undrained strength anisotropy

Undrained Shear Strength - Empirical Relations
SHANSEP (after Ladd & Foott, 1974)

Undrained Strength Ratio(USR):

S m
s =§(OCR)
vc
S - USR for normally consolidated clay (OCR=1.0)
m=0.8+0.1
04— el ;
& - | AGS Plasis Masoe Clay, N
¢ 4 4 & a ¥, | (Ladd & Koutsoftas, 1985) _ |
L #-i Y — b A" | Trixial Compression
» 03 'y == |_@ | _Dircct Simpie Shear
o A L 4 3 (l).g b | | Triaxial Exension
-g L.l ) E 08 A
° v 07
g 0z % TS 1 g" 06
x% ey v % O3
B LY ¥ £ o4 v/ |m
E o L laagesn | ;E ; ,
] & | Triaxlal Compression (q ) 034 Direct Simple Shear (DSS)
S @ | Direct Simple Shear (1) | =) e p -
| Tisxial Entension @ \@
1Y) S L . n 02 ] . e
o 20 40 60 %0 100 1 2 3 4TS 6 158
Plasticity Index, I (%) Overconsolidation Ratio, OCR = ¢' /&’
P P x

14



Undrained Shear Strength - Field Tests

NET SN re] TESTETC e
Vesttessen 1.7 | Orsmseal BN
sof tasersne  Lm [ mpa 3.0
Orsamen| 1.1 | Onseyl 340
tog | Q-4 | Omeyd -3
Gnesy “
Ny

1 1

Qags w/orreve f—=)
Atvo doen losched
0

g [ n " M 0%

Calibrated to lab DSS tests

Field Vane Test: Piezocone:
M - measured torque gy - Measured tip resistance
For H/D =2: - (97-0.,0)
S =X 7 NlT
* T aD? Emplrical N, cone resistance factor
x=0.85-0.95 Nyt = 1542 for 8,psg

Correction factors often used

N,y - needs site specific calibration

Linearly Elastic — Perfectly Plastic Model

[Mohr-Coulomb - MC]

MC Model:

S s 4
¢| Triaxial Compression )
s s _-Dilation angle,
-1 tana’ = sing . s w>0?9
s, e
a' = ¢'cosg]] 1
(o', +c )2 Axial Strain, €,
o MC Modet:
&| Plane Strain Shear
'>
% ging o
1 1 tana’ = sing s'., _c c?w +%{1+Ka}s4n¢'
s o ve c v
u -
3
(=]
] G
<| .
&' = c'cosy’] . U
(o', +0" )2 Axial Strain, €,
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Two Methods for Using MC Model
for Undrained Shearing

Input: Mcthod A Mcthod B
Deformation (E, V) or (G, !)_ T
| ShearStrength ~~ (c\¢) ¢'=0%¢->s,
- Output Parameters: Effective Stresse§ §- pore pressures
Undrained Shear S ‘cos6’ 1 Input s, (2)
Strength, s, G':o =L :?:¢ +§{1+Ko}sln¢' u
.__L_Imltatla'\; . Inaccurate undrained Unable to model

I behavior at low OCR effects of consolidation
on undrained behavior

Terminology:

From Nicoll Highway Committee of Inquiry

Refers to application of MC model in Plaxis™ 2D program
Other methods assume clay is non-porous

Effective Stress Models
Modified Cam Clay (MCC) — Roscoe & Burland (1968)

CS
o= -Mplp-p) Sy
5 £=0 1
it
"1: 5
g% : n=a/p’
g Elastic
g Regime, f< 0
z

Effective Stress, p' P’
Plastic Volume Strain Rate, de®
Incrementally linearized elasto-plastic formulation
Linked to Critical State Soil Mechanics framework
Unifies modeling of compresslon (e-logp’) & shear behavior

Material Constants

A- slope of VCL (c)

x - siope of swelling line

M - critical state friction coefficient [M = 6sind’ 1o/(3-8ind’ 1c)]

v' - Elastic Poisson’ s ratio
State Variables

e - vold ratio (updated through volume strain)

p’ . - Isotropic pre-consoiidation pressure

16



More Complex Effective Stress Models
e.g., MIT-E3, MIT-S1

0.40 [ Tension MIT-E3 Bounding Surface,
[ Cut-off / 0, ¢=0.75

(o' +c')/2 c'p

Elasto-plastic framework
Bounding surface plasticity, hysteresis in unload-reload
Preserves key features of CSSM

More complex hardening rules (inherent & evolving anisotropy)
Extra state variables

Non-linear shear properties at small strains

Slgnificant increase in complexity

Comparison of MCC & MIT-E3 Soil Models

Kqy-Normally Consolidated BBC

Triaxial Direct Simple Shear
[ A U — S S
] l e
] bt
.

03! /I.

Shear Stress, /o’
=]
[

¥
- [ BBC.OCR-10 ~
§ Measured Data; K = 0,534 Undrained Dl-r'e;;- _:im,g‘li;_sw
o off} rwavwb:m:,x 9:51 BE i e _XA10
'> 3 5 ) C — E#EE' 4
L ’ ! [ a CK UE = MCC .
g e t——t—ms—1] 00 2 4 3 8
EEAL = Shear Strain, 7=, - €,) (%)
= 01
v
&

L I i I ]
20 40 60 8. 0.0

0
Shear Strain, | € - €| (%)
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Effects of Principal Stress Rotation

on Undrained Shear Behavior
Directional Shear Cell (DSC) Tests
BBC, OCR = 1.0 (Seah, 1990)

1) Initial
Consolidation

(9%

=KOncciyc

X, -
10%¢

2) Undrained
Shear

In-plane stress representation:
g, (0'*+0%). (0'- '), T

MCC vs Measured Stress Paths

DSC Tests on K,-Normally Consolidated BBC

0.4

(¢,-0) 120
s e
= —_

T

&
T

b
w

%
-s%:
kY

TR R FTBA
¥ X WD oG ;l
- 2 =
. e
o
— qlt
145" |
3

e J
et By '{lsa:i=8
e P

’

T
~

)
!\

MCC:

11 snlc‘v¢=0.366\
i el )
|

0.4 0.5 0.6 0.7 : 0.8
@ +3 )10

Shear-induced pore pressures

0.1 0.0 0.1 0.2 03 0.

/o
Mobilized undrained shear strength
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MIT-E3 vs Measured Stress Paths

DSC Tests on K,-Normally Consolidated BBC

04
03
0.2
w01
&
A-:
© 00
,>
o)
0.1
0.2
| — MIT-E3Predictions
03+ < F
3797 =¢'
" 1 i 1 " | i 1 i | L 1
02 03 04 05 06 07 08 -0.1
(o' + c‘h) /20‘m

MIT-E3 Predictions of Stress History and
Undrained Strength Anisotropy

=)
.9 =3
2. w
«* =
g [ &
i g
2 7o
@ 5
£ 3 _Measure
8 £ Ol ["Symbol] OCR 7]
g g o |0
<4 ® 4.0
=] f
Oloul;ljlul.t.lul.lu
0 20 40 60 80

Direction of Major Principal Stress, 8, (*)

Effect of OCR and Shear Mode Effect of Principal Stress Orientation




A Family of Elasto-Plastic Soil Models

Deformation Shear Strength Anisotropy  In Situ State Basic

1-D Comyp.  Shearing  Non- Params
Lin.

Mohr-Coulomb E'.V - ¢, 9. [y] OR |- Ko 35
(MC; ‘ancient’ ) Sy
Modified Cam Clay A K v Mie’) - Ko, €9, OCR 4
(MCC; Burland, 1968) et e dE S I
Hardening Soil Eoesr Ew | Esee ¢ 9.y - K, OCR 6-7
(HS; Schanz (1998) R i "
HS[+SS] Eoes Ew | Eso™ | Eo. Yo7 SN )] = Ko OCR 89
(Benz, 2006)
MIT-E3 Ak h | Koy V| Conw e E C.8, Y Ko, 89, OCR, YS | 14
(Whittle, 1987)
MIT-S1 P Cuh | Koncht' | Dir o, | 9'cs QMY Ko 85, OCR, YS | 13
(Pestana, 1994) 0

o« MC, HS, HS[+SS], MCC
+ Main model family in Plaxis™

+ Note: YS - Yield Surface orientation

« More complex models -> more parameters (& more state variables)
+ Small strain non-linearity
+ Anisotropy

Applications

o Far field ground deformations

+ Controlled by constraint of constant volume in
undrained shearing
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Undrained Deformations Around Driven Piles
Shallow Strain Path Method (SSPM)

Assumes kinematics (deformations, strains & strain rates)
are independent of constitutive behavior
SSPM: includes effects of stress-free ground surface

) i1t e
. i iccc: el
3 i ':" 4 s
4 4
s s < Simple pile:
§ 6 GO 6 g Penetration to depth,
Z, T 2§ 2ZR=10
i Neha | 5
10
i 4
} v 003
12 B by
nEum 1
I usw) 1 L
L Simple Pite [ Y
o = E
s B } 5
6 5 4 3 2 1 [i]4] I 2 3 4 5 6
Radial Position, /R Radial Position, /R Sagaseta & Whittle (2001)

Ground Heave - SSPM

20— T T T FTRLET
S bart
S ¢ 0.0 |(No pre-boring)
815 ]
d‘ -
% 02 =LD/L=T\
o>
=10t 4
g |
Z
5 n 4
E [ [o4 1
=05 = .
5"= —{08 ]
o K 4
z k|
0.8 1
0 il PR SR A S WY ry

00 05 10 15 20
Non-Dimensional Distance to Pile Axis, /L

Surface Displacements : WithPre — Boring, :

Q L
5 =—( Q 1 1
"2m rJr’+L’J 5=—[ = J
P 2n ’ :}
. =2— 1_ ) ’.z+(nL)1 r+ 12
*o2m\r s—/r2+Lz

__where.Q =gR*

Analytical Solutions
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Application:

East Boston Egress Ramp (CA/T)

(Paylatakis & Davle, 1998)
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) Soil profile
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b) Site plan

Whittle & Sagaseta (2003)
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Comparison of
Phase 2 Surface
Settlements

3.
<::; iﬂ , -
| iu ; ',’

"
" s

. Bu

i I e

mow o= o w o m w rv- o n.vu.u w2 e e Whlme&sagaseta(zoos)

Vertical Displacements within Clay

El. (m)
438
31.6 F a2
255 4 ez
196
134 -
73 -
1.2 o
49 e
14 e ——————— e S 2 o s 2o LTS TTTTRTE
|63 frigy L i TITRTLYS
17.2 = T hediiois
ms 722 w29 8/5 12 g&ng
Date
- - - Measured Data Scale
------ SSPM Prediction 0
| SSPM Prodicton wpreborng | L 50mm Whittle & Sagaseta (2003)
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Sources of Ground Movements

Shisid ovarout & ploughing
l Thlwh'
Consoidation
of soit

= e B

n Moller, 2006

Greenfield Surface Settlements: Empirical
[after Peck, 1969; Schmidt, 1969]

Settlement Vglume;

AV, = 2.5u.x; Inflexion |
——Poigx Coienalbisance X
| 1

_:E,. Yolume Change ‘ \ uy = u?, -exl{‘zx P ]
‘E.| in Ground, AV i
8 | ; v Settlement, s
Ground Loss at
Tunnel, AVL R
Y-

Tunnel Volume, V .

V. = AVL/V o + AV =AV + AV’z
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Empirical Interpretation of
Sub-Surface Settlements

(Mailr & Taylor, 1997)

Offset to Inflexion Point, x (m)

Trough Width Parameter, K
o3 3 L i3 2 ofd__ g03 10 s 20
}
shg ] Y ]
t ke 02| “ Molslftal. 1
L 1 1996): Silty sands
" : LY (1999): Siky sands
~ OF ok ] ‘
E |a 04 i .
= as [
- 15k %nq’ d %. 1 ' = M;n;rg_}&’l'n lor
= . S o6k \ (1997): Clays
Z 1 » Los -
— L »
R ; -
o 'ﬂ
a - Y §°~3 I Dyerctal,
2 5L o 0 xllH ] (1996): Sands =
g
g 10
g.3or . ] Sym. " Site | Sollype | WF
a GreenPark  LondonClay | 007
¥ Repents Pack | London Clay | 0.06.0.10
® (B HEX | LondonClay, 026
354  CompiledDuta | 1 @ StJamesPork LondonClay 008
| Cayx | e ®  WilingonQy | softclay | 0.6
Sands & gravels | © o+ | Centrifuge keolin | 0.23,0.i4
‘o i 1 Ak
Subsurface settlements:
Surface Settlements ' x/H = K(1-y/H)

Modes of Deformation Around Tunnel Cavity

Iy_u,
Ground surtace X 4,
-4, Y -Au, "
© - O ) © :§
Unttorm - . Vertios . e
trenstation siape
Not vohume change No net volume change
voumoves: B _ 28 dortos o
foss: v, R Refattve LR
Crem Distance from Centerline, x’H
2 4.0 220 0.0 20 4.0
3
%" 0.0k
=
g o5
£ Combined
2
210

b) Component contributions to surface settlement trough

Pinto &Whittle (2013)
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JLE St. James Park

(Nyren, 1998; Standing & Burland, 2006)

Soil excavated prior to
shaving shield forwand
by 1 m to build next ring

E
Erected
fining shield '4 85 m

Greenfield site
Open-face shield construction
Relatively uniform ground conditions

Interpretation of Analytical Solutions

H
o L
Made ground/
auvium
rys
rys Terrace gravels
_13 b
‘17 B fi .. .. ..; Mﬁ
€ - ®
g -226f S
2 : .' '.'
-s1} —— .:':I,

Zymnis et al. (2013)
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LSS Fitting for Analytical Solutions

|00I»§

§s8abs.8288%3

Isotropic Cross-anisotropic

Zymnis et al. (2013)

Comparison with Measured Vertical Displacements

A 8 c D E F H
~40-20 40 -20-40-20 -20 © -2 0 -200-200 -200
Bl ] TT

| I t 1
! N .
] i I ]
| I 1 [ ]
1 | | I
‘ f H .
[ | | [

¢ AR !

§ ~17 ! [ [

§ | | ! 1
| | i 1
X R !
1 ! I 1
[ I | 1
[ I | |
" ' ]
i I 1 1
. h "
I
i i Vertios! displacements: mm

18 28
Distance from tunnel centreline: m
Une Anglyticst model a,.mm AV IV % »
...... motrople -0 ¥ 12
-0 28 158 A
® | rsimeesrenen Zymnis et al. (2013)
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vs Measured Horizontal Displacements

2% B 0w  o®xn  ofm ofm ofx o"m

Line Anolytcaimodsl | 4. mm AV IV, % »
...... Iaotrople -380 EL] 132
e——— Antsciropie -0 20 168
® | Foumessrsnens Zymnis et al. (2013)
Applications

« Far field ground deformations

+ Controlled by constraint of constant volume in
undrained shearing

o Undrained stability problems
+ Undrained shear strength is critical
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Three Methods for Stability Analyses

Method Features Advantage Disadvantage
Limit Assume Failure Familiar to No check on accuracy
Equilibrium Surface Geotechnical Search procedures NOT
Method Solve Equilibrium  Engineers general
(Method of Slices) Difficult to include soil-
Search for Mini. structure interactions
FS
Non-Linear FE  Soil model General Purpose Expensive/time consuming
Analysis important Solving Difficult to Achieve
Complete load- Capability Reliable Calculation
history to collapse e.g. Partial
OR c-phi Drainage
reduction
Solution of Method of Familiar: Difficult to apply for
Upper & Lower Characteristics Bearing layered soils, complex
Bounds: (Slip-Lines) capacity factors  loads or geometries
Plasticity Earth pressure
Theory coefficients

Numerical Limit Analyses
[Rigid, Perfectly Plastic Materlal Behavior}

o Spatial Discretization - Finite Elements
+ Solve: Two Optimization Problems
» Lower Bound: Sloan (1988)
2 Upper Bound: Sloan & Kleeman (1995)
o Capabilities of Current Programs:
+ Plane Strain
+ Soil: Tresca or Mohr-Coulomb Yield
+ Structural Elements
> Yield in Tension, Bending & Shear
+ Arbitrary BUT Specified Pore Pressures
+ Undrained Strength Anisotropy
> Yield Function after Davis & Chistian (1970)
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Elevation (m)

Failure of Offshore Breakwater,
Sergipe, Brazil

10 -
€
0 .. SeaLevel
-10 )
Upper Sand, ¢ '= 35
il Zone B E Zone A Sergipe Clay E

30 40 50 60 70 80 90 100
X-Axis (m)

Ladd et al. (1993)

Undrained Strength Anisotropy

»’l‘,

R [
il o N LA
3t oy
"
P Ty Oy L
/ 2 \
I‘j
sl

./
=

Ty

Extension Simpte shear Compression |mportance of shear modes
fal in stability analyses

T v
Compression

}
|
1
|
|
| k Simpie shear

¢ selected €

Te

Extension

{b}
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Elevation (m)

10

(=]

Limit Equilibrium Results

Profile 1, s (FV): FS =0.981
= - Profile 2, Revised s, (anisotropic): FS = 0.876 ¢

(Ladd et. al, 1993) i

\V4 Sea Level

—
(=]

Upper Jand, ¢ '= 35°E

Sergipe Clay

30 40 50 60 70 80 90 100

X-Axis (m)

Undrained Strength - Sergipe Clay

Elevation (m)

1k Upper Sand
-I5F
-16 -
a7k C= Compression
N D =DSS
18 F \ E = Extension
N
_1g [Profile 2: \ .
le)m?B { Profile 1, s(FV) |
. Virgin Clay e
" FNo Consol.
o Consol.) Profile 2: Zone A
il - Revised s,
(Partial Consol.)
29 | i
: Lower Sand s
10 15 2 ) X

Undrained Shear Strength of Sergipe Clay (kPa) (Ladd et. al, 1993)
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Comparison of UB vs LEM -1

Limit Analyses UTEXAS3 i

FS =1.046 - 1.124 L
=0 b A —
gl s =
§ s
Siof 2
i

o
S
L

20 30 40 50 60
a) Velocity field and plastic failure zone

o g e e e e

o

Elevation (m)
=
Y|

AXIMXIX

AALXIX

XX
XA

8

AN

60 70 80 90 100 110
b) Failure mechanism X-Axis (m)

Upper Bound Results: Profile 1, s (FV)

Comparison of UB vs LEM - 2

Limit Analyscs UTEXAS3
FS =0.955 - 1.021

e O e e e | e b
o
g_ L : x =
510 ' " 3 = =
[n] > <
220 = =
20 30 40 50 60 70 80 90 100 110
b) Failure mechanism X-Axis (m)

Upper Bound Results: Profile 2, Revised s, (anisotropic)
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' Sheet Piling
Original design

Sheet Plling

Drainage canals constructed from 1880's RS e (Posyeting

Hurricane flood walls added after 1992 Source: IPET (2007)
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17th St. Canal Breach

17 BTREEY CANAL EAST BANK BREACK
SECTION ¢

Source: Seed et al., (2006)

I RN R

AL b EADEE 2

Original Design of I-Walls

$
T

¥

f—— » -t eara.
[
T

t &
¥

Overall stability
sliding wedge mechanism

Limit equilibrium “Method of planes”
No consideration of wall stability
{No tension crack)

FS = 1.30 at El. +11.5ft NGVD

el

DLOATIONS W FEET - NAV D
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17t Street Canal: Stratigraphy — Two Versions

E Cana) water lovel EL+10ft (MSL)
e

Top of wall EL+13R
Rt

IPET Model 7

ILIT Model

(Yuan & Whittle, 2013)

Undrained Shear Strength — Spatial Variability
vs Noisy Data

. - - [ malat™ ™ e
B
a® Levee
" o B ..
[ F . ., SwampMarsh
£ e
R Lacustine
oy
= e
y Tu
¥ Beach

Lab:

4K Toa}
{ITANEMSN)

s bergioict)
(STAKH00)
4 Boring 2G4
(STARS)
= Boring 84 (CA )
1STASS1900)

£ Boing B8 (CA)
(STASSTeS0

#Boning €3CA )|
{STABS400)
+ B4 (Tos)
=87 (Tom)
£842(Toa)

813 (Ton)

Undrained Shear Stangth (pef)

Data scatter mainly attributable to sample disturbance
Improved sample protocols and testing essential

Piezocone:
Highlights uniformity of underlying lacustrine clays
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Undrained Stability — 17t Street Canal

[unpublished — Whittle, 2006]

z —re— LA
ﬂ&!}\‘_\‘f“\\“\ s: ..‘1:.‘

AR W)

Elevation [ft}

17th Street Canal: Shear Strength Profiles

() IPET model
1 [ e

Wi ra e

18
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Evaluation of FE Analyses (IPET)

~
T

(-]
LBy REAE R

Storm Surge Elevation [ft]
(-]
Ll

W s
1

Numerical
limit analyses

N
L B

-
T

i PO Y PR TR R SO WY WA TP GO DU TN T N T e\
0.8 1.0 1.2 1.4 1.8 1.8 2.0
Factor of Safety, FS

17th Street Canal: Water Filled Gap at Wall

(Yuan & Whittle, 2010)
Levee o ]

wall

(=)

Total lateral pressure oy

Tension
cut-off

Levee soil

© " @ %
b Aug >0

Aup <0

Aue<0

A<

Tenston gap Water fllled gap
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Critical water level 111t
0
e
i
.20
"0 A L L I A A 1 I 1 1 1 1 I L L 1
0 50 100 150

17t Street Wall Breach

A R PN AR

Y D

100 150

Stability computed using numerical limit analyses: Yuan & Whittle (2013)
Wall fails before overtopping — inadequate design

12

-
o

Storm Surge Elevation [ft] (MSL)

< | ILIT_LEM (No weak layer)

IPET_FEM

P | PRI (SN T S (S S S W |

1.4 1.6 1.8 2

Factor of Safety
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Stage Hydrograph - 17th Street Canal

Lako Pontchartrain Hydrograph near 17th Streot Canal

: - IaEEEEEEEEEEEEEEN
g:; i g r [ S £ B i ) e A S
g 94— ! 0 | _f:__..,
Lk |
. = izas---cassamEEE
€s ©  Bost Owner Photograp o
,§4 ‘ot : t ©  Baat Owner Log
5 LI e o I o e Smoothed Line-HWM at 9:30 T i
2 1 t x ga HWM- est time range T
1+ 1-— | 4= = TopalF at Orleans Marina - .
0 | 303 1 s P 20 o W Bt AR o 8 |
g g g 8 g g g 8 g g 8 g 8
(2 2 o o o o Cd S H 2 o o o
B F B F 5 : &8 8§ 8 & ¢ 8
Central Daylight Time on 8/20-8/30
11.5ft = 3.35m i Source: IPET

Stability Problems for Braced Excavations

-2,
COS0S

* Overall stability -> Major design decisions
* Limitations/errors in existing LEM methods (above)
* Improved Method - Numerical Limit Analyses
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Existing Methods for Basal Stability

Bjerrum & Elde (1956)

a) Without wall embedment
(principal stress directions after Clough & Hansen, 1981)

/‘Iemghl (1943)

=

Terzaghi (1943) [:I_
=

N s i o

Eide et al. (1972)

b) With wall embedment

Ukritchon et al. (2003]

Stability number. N = yH/s,

Braced Vertical Cut in Clay

k

i

§= /sy

Clay v, s,

~J

%

v

. \\qbﬁ) 1

o 1

e 5
/

5 e e S e ] . R
50 4.0 30 2.0 1.0 1.5 20 2.5 3.0
Wide B/H H/B Narrow

Ukritchon et al. (2003
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s,

Stability number, N

Effect of Wall Embedment

5 ; e e A : . ANy . ——
10* 10" 10° 10'
Flexible Relative strength parameter, M /(s,D°) Rigid

Ukritchon et al. (2003]

Braced Excavation in South Boston
MBTA Transitway

Undraincd Shear Strength, s, (KPa)
50 100 150 00250

" 7 Mise. Tl 7
¥ X Cohesive Fill [
¥ oo =02 | Measured Data;
L ] "G SB Special Test Program
5 (Ladd ct ul., 1998)
L v} BT
10 ¥
¥
_ : |
15 F g 1
= ! v
g8 u
~20 g -
a5t y g YRR Corpresston 5,y
i u Recompression Tuta (CK UC)
i 0.9m thick S Streagih
:!F R.C. Diaphragm Wall S"ASNEEPI: m= 0,4»':W
30 e Slmple Shear <
SITANSEP Strength Profile
Upper: $= o m =0,
35 Lower: S wi)IR. m =066
“ T ]
0 20

4 - 8 12 16 24
Distance from Centerline (m)
» Very low margin of safety on basal stability
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Stability of Excavation:
MBTA Transitway South Boston

Factor of Safety, FS =1.18-1.23
35 E

30F

4
+

3 =l
3 '
25_ X

Elevation (m)

10 15 20 25
Distance from the center line (m)

Applications

« Far field ground deformations

+ Controlled by constraint of constant volume in
undrained shearing

e Undrained stability problems
¢ Undrained shear strength is critical

o Performance of excavation support systems
+ Role of soil modeling
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Performance of Excavation Support
Systems

1) Latral movemens
e i P e

(2) Vertical movement profile induced  B0%t0n Bhue Clay
beneath the building foundation

“SMW Buttress 5 ~1914 kPa
~Jot Grout, 0. =1915 kP2 |

e e i
40 35 -30 .25 20 <135 10 5 0 4 10 1S 20 25 30
Distance from Wall (m)

o Key Components
+ Ground Deformations -> Adjacent Facilities
+ Structural Design (Wall & Bracing System)
+ Construction Procedures
+ Groundwater Control, Ground Improvement

Collapse of Nicoll Highway, Smgapore
— Apr|I2004 e

Court of Inquiry Report (COI; May 2005)

Causes of failure investigated by 18 experts
Back-analyses and diagnoses of collapse mechanism
All done with MC model & limited field strength data
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Excavation Suoggort - Section M3

Post

1OF

Upper JGP
-4 (sacrificial) 1.6m

E] Lower 4GP 3.0m

Overestimation of Undrained Shear Strength in

Design

| imitatinne af MC. Mndel (Mathnd A)
SHANSEP equation (Ladd & Foott, 1974):

» 10.0.
e $,/d', = S(OCRI"; S = 0.21, m = 0.8
= [ Mohr Coulomb Effective Stress Crierion (¢’ = 0, 6
8,/0 = 1/2(14K )si¢'|  Singapore Marine Clay: ¢' = 22° - 26°
— K, = (1-sing) (Jaky, 1944)
1) K, = K. (OCR)" (Schmidt, 1966)
* = Ky =06,n=04

SHANSEP.

—t
o
—

o
>

w2 exD

—— =

--—=
- - ==
T -
e - - - -
o - -

Method A

(i) o' = 22°- 26°(i) ¢' = 22°- 26°

Undrained Strength Ratio, s /¢’

1.0 2 ' 10.0
Overconsolidation Ratio, OCR
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Nicoll Highway: Design Section & Soil Profile

Reduced Level, RL (m)

Undrained Shear Strength, s, (kPa)
Piezocone strength data
(no reliable tab data)
Method A — overestimates s,
GIM — Method B (design profile)
Lower Marine Clay - underconsolldated

Whittle & Davies (2006)

Wall Deflections - M3 Design Section

100 M3 Type Analyses MgITyIpS Anl:Iysles 1
' Excavation Level 7 ";L 6‘3 5 L
RL 81.6m f AN ]
——ANLE] |
—— B G |
. (310"
e EBC

Elevation, RL (m)

000 006 0.0 015 020 025 030 000 005 .10 015 020 026 030 035
Wall Deflection, 6w (m)
Original design
Underestimates wall deflections & bending moments (factor of 2)
Consequence
Wall under-designed (bending capacity)
JGP rafts under-sized
During construction
Performance mis-interpreted Whittle & Davies (20086)
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Comparison with Measured
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Strut Level
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Axial Compression of JGP (mm)

0 S0 tow 150 200 0 S0 tmo 150 20m
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April 5th April 17-18th- Whittle & Davies (2006)

Post-Failure Lab Data:
MIT-E3 Model: Slngapore Marine Clay

0.4 T T T T T 0‘ I T T T
MIT-E3: Singapore =
Manne Clay. K .= 052 L
0.3¢ UMC ..w““‘iﬂ.ﬂ;%ga A
el 1 . - ’*%Hﬂé?&ﬁm o
b6 b s
i o 1 Post Failuro Site Investigation 1
g {Kiso-Jiban, 2004)
= Sym. | Unit |_Depth (m)
i) s | UMC 12.1 i
0 o uMC | 104 l
® o | LMC | 254
o & LMC | 288
]
g '.'ﬁoa
0 NG, 08,
- 3 R dﬁm
I 2
s0s s n%’
0.2 n, - + 88as g
- "D
_o.a i L 1 A L A A L o —
.0 01 0.2 03 0 4 0. 5 0.6 a7 2 4 6 8 10

Effective Stress, (o', + o', ¥20",_ Axlal Strain, e | (%)
Laboratory data: Post-collapse site investigation (Kiso-Jiban, 2005)

Corral & Whittle (2010)
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Stress History and Undrained Strength

Profiles
Poalt Falium‘SI ' ' , :
1 (Kiso-Jiban, 2004) | T Best Estimate (MC)
® [ °', Whittle & Davies (2008)

f MIT-E3 Shear Modes
1 12 —— | __PSA
= 90 T+ ——— | PSP
£ = DSs
-
4
§ ___________ g0
g . - -4 -
a
A
t % §
-f- |
70- L 0
‘[ b, 1
0o 160 260 360 20 40 80 80 100
In Situ Stresses & Undrained Shear
Stress History (kPa) Strength: s, (kPa)

MIT-E3 used for Upper and Lower Marine Clay units only Corral & Whilttle (2010)

Computed & Measured Wall Deflections

South Lateral Wali Deflection, §_ (mm)

North

(w)z ‘tpdeg
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CA/T & Transitway Projects — South Boston
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Performance of Excavation Support Systems
Class A vs Class C Predictions
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= — [Whittle et al., 2013

Tl B B e T o T i i PR i o criianind

Systems

Class A vs Class C Predictions
Courthouse Station

¥ +,
RS
2000—
! £ Measured (£1SD)
- DO Allowable Load
3 B ClassA
v 7
?ﬂ v E 1500r | @ ciassc
! |
o §
i _— g 1000 ! i ;
z P i E §< 5
! 5 500 § \\ L -
. $ ]
v mbb v 1 - L \ s ]
i ' q : ]
[+ |3 AN \
NISE § : N E § i AN
i Strut Level 1 Strut Level 2 Strut Level 3 Strut Level 4 Strut Level 5
e S | s

[Whittle et al., 2013

49



T T T T O T T T O T T W S e e T W

Systems

Class A vs Class C Predictions
g sernr vz o sefp@MEROUSE Station
t P Excavation Heave (mm)

.
-]

Time (days)

[Whittle et al., 2013

Applications

o Far field ground deformations

+ Controlled by constraint of constant volume in
undrained shearing

« Undrained stability problems
¢ Undrained shear strength is critical

« Performance of excavation support systems
+ Role of soil modeling

o Future research on undrained behavior
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Rate Effects in Normally & Lightly
Overconsolidated Clays

LAl 1 1w
Axisl strain rate (S/hr]  (og ecaie)

Measured data (Sheahan, 1991):
Strain rate principally affects peak shear resistance
Strain rate effects significantly reduce with OCR

High strain rates associated
with pile installation s

04

Limitations of current viscoplastic models: -

Strain rate effect same at all OCR’s ol 7
Affects critical state conditions i
Major upgrade of MIT soil models (Yuan, 2013) N

Unifies modeling of creep-relaxation-shear rate

2 7By urched
Ouarier 22012

Stiff high OC London Clay

w < w, (Ductile-brittle transition)
Localization observed in undrained
shear tests

Impacts on near field conditions & control
Of EPB parameters
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Complex Natural Materials
Microstructure Affects Behavior

Cavemn

Representative elemental volume:
Microstructure of cemented

clay aggregates

Quantitative mineralogy
Need for multi-scale modeling of

clay aggregates
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Compression Transforms Swelling Properties

of Oid Alluvium
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Aggregate crushing at high pressures

Reflects change in CEC

Reversibility of large swelling strains

[Nikolinakou & Whittle, 2010]

Mesoscale model of clay aggregation

Bwased on MD simulations
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. Comparison of predicted & measured
elastic properties of clay aggregates
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Summary

¢ Undrained shear behavior

+ Stress history

« Non-linear, anisotropic stress-strain-strength
« Limitations in conventional elasto-plastic models

Applications

o Far Field Deformations
« Effect of pile driving, ground movements due to tunneling
« Largely independent of constitutive behavior

« Stability Problems

+ Importance of undrained shear strength, s,
» Properties based on lab vs field tests
+ Advantages of numerical limit analyses
2 In comparisons with Limit Equilibrium & FE Methods
« Predictions of performance - excavation support
« Importance of undrained properties in design

« Demonstrated predictive capabilities of advanced
effective stress models
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Geoenvironmental Engineering;
Problems Solved and Challenges
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The 2012 Karl Terzaghi Lecture
Bg Dr.David Daniel

To be published in the Journal of Geotechnical and
Geoenvironmental Engineering of ASCE.
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