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Common Complaints from Students about

Soil Mechanics A 1HH1 48

e Soil Mechanics concepts are quite difficult to
assimilate with the study of other materials
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Common Complaints after Graduation

about Soil Mechanics F XN J5 FIHI4L

e Soil Mechanics taught at university is quite
removed from the practice of Geotechnical
Engineering
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Soil Mechanics is a Young Science;
Starting in the 1930s
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e Focus on <yE 5

— Impact of the computer on how we practice
Soil Mechanics
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— Impact of the computer on how we teach
Soil Mechanics
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How did engineers perform calculations prior

to the invention of the digital computer?
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Slide Rule for multiplication, division,

Engineer in the 1970s
log & trig functions, etc.
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Birth of Saturated Soil Mechanics
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e 1943 Karl Terzaghi wrote
“Theoretical Soil Mechanics”
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e Saturated soil behavior is
controlled by the effective
stress variable, (oc-u,)
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Attet ws to make Soil Mechanics a science
with closed-form solutions for simplified
representations of geotechnical problems
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Classical Soil Mechanics developed without:
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- Moisture flux boundary conditions K4y &l G744t

- Unsaturated soil behavior ﬂlé’ﬂﬂ%ﬂifﬁﬂék
\ Condensatlon
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Evolution of Unsaturated Soil Mechanics
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e 1970s Unsaturated Soil behavior is controlled by two stress
\(/arlable)s; namely, net total stress, (o — u,), and matric suction,
u,—u,
SR, SRR LA AR SR, B AR (O — u,) Rk
FRS Cu,—u,>

Attempt was to make
SOIL MECHANICS FOR Unsaturated Soil Mechanics a
UNSATURATED SOILS science through use of
boundary-value
representations of saturated-
unsaturated soil problems
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D. G. Fredlund
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Computers influence how a science
is presented and practiced




I'mpact of Computers on Geotechnical Engineering
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0 Field Logging soil observations can be entered
electronically in the field
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0 Laboratory test data can be entered into a
database and calculations performed
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0 Spreadsheets (e.g., EXCEL) are used for simple
calculations and simple problem solving
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0 Word Processors are used for writing reports
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I'mpact of Computers on Geotechnical Engineering
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Graphics Software is used to prepare plots and figures
BB HT%HER

Knowledge-based database used to store and retrieve
past experience and estimate soil properties 51i:RFE H
TEWSER], A5 VR

Numerical modeling software is used to solve a wide
variety of Soil Mechanics problems ¥{a#4. 7] LA#HIR
%+ F PR

PowerPoint and other software used to communicate
with clients and agencies. Professors also use
PowerPoint at University. PowerPoint% 4 r] H FH AR
M

All Software Packages should be Transparent
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Objectives of a Soil Mechanics Coutse
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e Teach Soil Behavior and Problem Solving
(e.g., seepage, shear strength, volume
change)

PHE LHIPER, MR LR (0. B3, PUBY

yﬁf# M), A SOIL MECHANICS FOR

— Theory associated with Constitutive UNSATURATED SOILS
behavior
HARMRAMRHH B

— Measurement of the soil properties
T E

— Estimation of the soil properties

. D. G. Fredlund
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— Application of theory in the form of a
formulation of the practical engineering
problem
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Geotechnical Engineering Practice

is about Predicting the Future
‘o b RIS M !

Predictions may be difficult for several reasons:

e The physics of the model may not be
sufficiently rigorous
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e The input soil properties may not be sufficiently
known or assessed

TS A

e The initial conditions and boundary conditions
may not be sufficiently defined
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e The computer results might not be properly
interpreted
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It is exgremely

Forecasting the future is a fool's game, especially

dijj‘icuﬁ Lo when it comes to technology.
predict the =
future but ifwe "Hﬂl OUGHT T0 BE

do not attempt el

founder of Microsalt, 1951

to do so, we will

five without a
“Vision for
Survival”
)——\l,-f; )_@
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| = THOMAS WATSON JR,
chalrman of IBM, 1943







What is a Paradigm Shift?
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Clock with Moving Parts
T BH TR ) B

- Royal

.~ Observatory
1 Greenwich

The Paradigm Shift

Watch run with a Quartz Crystal
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Discovered in1880 &I} T 18804

Seiko made 15t watch in 1969
19694F H A% T (Seiko) A &) ik
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History of Problem Solving in

Soil Mechanics
T 1R R A R KRR R

1930-1960 Era of closed-form solutions,
graphical solutions and simple integration f##¥y
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1960-1990 Era of development of digital
computer hardware and computer solution
software (as well as other software) &%
I R e 5 BUB AR AR

1990-2000+ Era of a new generation of
numerical modeling techniques and software

capabilities with faster computers 35— E{E#
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Geotechnical Engineering Changes in the 21 Century

—t+—tHLrE T THE

0 Saturated-Unsaturated Seepage analyses.
YA — RS IR o

0 Contaminant Transport analyses for geo-
environmental engineering.

WEa + TR TS 4Ye B ot
0 Stress-Deformation analysis for usage with:
N =R, GiE
e Optimization Techniques (e.g. Dynamic
Programming) for: fiAvBAR (n: &%), NAHT:
- Slope stability analyses h¥i# st

- Lateral earth pressure analyses lq+ & 15347
- Bearing capacity analyses &# 15#t



Geotechnical Engineering Changes in the 21 Century
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0 Implementation of Elasto-Plastic models 537558 M 7Y
e Combining stress-strain and a shear strength
model Z5& N J)— NAR K R PUEY iR FERRY
0  Geo-thermal analyses ¥b—#4r#7
o Freeze-thaw analyses kgt

o Heat flow through saturated-unsaturated soil
systems 1 —IEMN T RS IR
e Soil-atmospheric models involving vapor flow 3
AL T3 — KR
0 Solving Uncoupled analyses 3:#& 347

e Importing pore-water pressures into slope stability
analysis ¥rLB/K 5 NAAE € i

o Importing stresses into slope stability analyses
WM. 7 I NIA AR SE




Geotechnical Engineering Changes in the 21 Century
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Coupled: &5
0 Simultaneous solution of: [F]B -
o Seepage and stress-deformation analysis for

BN T — RS, MAHT:
* Consolidation analysis [H%54) %7
+ Swelling clay analysis %5+ KK
* Collapsible soil analysis Kk MESHT
o Seepage and Heat flow analysis (Soil-

Atn%ac:)}g)henc model) Xz iERmEE i (LE—

o Seepage, thermal and stress analysis (Frost

gjave models) KEjgi, HIANSIHEE ST (K



The Problem We Face in Teaching

Soil Mechanics
T JjEE A 2 W A 3

0 Concepts and Principles of Soil Mechanics
were defined in the 1930’s and still form the
context for most Soil Mechanics books
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0 Consequently, a large gap exists between
geotechnical engineering practice and what is
taught in Soil Mechanics at universities

FETRARAAEE TR T




Historical Categorization of Classic Soil
‘Mechanics Problems

2 38 77 27 1) 2R

2 Volume Change of soft compressible clays
B+ B R AR

o Settlement Analyses &5 ¥t
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Soil property; coefficient
of volume change = m,
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Soil Mechanics Partial Differential Equations, PDEs

o e i S

All classic areas of soil mechanics can be viewed in
terms of the solution of a Partial Differential

Equation FrE%4 8t 012 ST LLEAE R 20 75 72

Water flow through porous soils (Saturated or
Unsaturated) Zi.NFEFEH(EMEAERFI L)

Stress analysis for slope stability, bearing capacity
and earth pressure

N 35081, N TFAEARE, AL TR

Stress-Deformation volume change and distortion
N J]—Z2 A AR AR

— Incremental elasticity &3

— Elasto-plastic models 338 MR




Boundary Value Context for

Geotechnical Engineering Problems
= = TR A B 7] e

Boundary Conditions

Seepage: Flux jits Head K) =k
Stress/Strain: Force JjDisplacement /1%

Boundary 5

Boundary 45

Element for which a

Boundary Partial Differential
25t Equation Must be Derived
EENT AR T FE I BT AR Boundary

s

Boundary Values Must be Supplied
WA 2 H A A




Consider Flow Through Porous Media as an

Example of Teaching from a PDE Base

250 ﬁﬂﬁbjﬂﬁfiﬁ"ﬁhﬁ fifi, BRI RAEHR

a

Start with picking an REV and defining what
is meant by a “field”

iEEXREV (Representative Elementary Volume),E[) R 1k 5.
TOAERR, WA ) “YaE”

Derive the Partial Differential Equation, PDE
F B w7 77 A

Explain the meaning of the PDE and the Soil
Properties ##%wt85 77 FEA LM M 2= X

Solve & Interpret the Computer Results 4317
HERER




Steady State Seepage Flownets 3BV M

0 Homogeneous, Isotropic, Saturated soil

EA— [P+ :
: L Old Paradigm B
X < Graphical Solution E#
02h +62h__0 Lis
L & - H, Flow lines s Sheet pile wall
Datum -
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Q‘ 'b ’ Saturated
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Impervious  Equipotential lines
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Partial Differential Equation for Saturated-

Unsaturated Water Flow Analysis
P o3 75 REREAT YA — AR S i o0 i

Head variable to be solved

REg: Kk l

| |
L 0%h  okY oh e 82h oky oh  ,  oh
v OX° OX Ox t) oy’ 8y oy ot

n

Water coefficient of permeability Water storage Time
(function of soil suction) (function of soil suction) gl
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Two-dimensional seepage analysis through an earthfill

dam with a clay core.
b vt w1 w1 LR 372 R

Optimized mesh for saturated-unsaturated seepage analysis
V7 B, TR —IERAE 5t
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0 SVFLUX
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Thieu and Fredlund, 1998
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Transient Seepage Analysis

Saturated-Unsaturated Soil Systems
YA — AR A Bk S Z i o) BT

0 Changing zero pressure isobar with time
TE R LB 1A 3R 4L
0 Total elapsed time, transient is 19,658 h

2 P12 19, 658/Nif

Final water level &
y

Initial water
level ¥]%&7K
Y &
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Introduction to
Unsaturated Soils

B N A B,
3
Permeability Function JEIE:
indirectly determined

from the SWCC

Y535 M B B0 BT SWCC, N
B+ 7K i 2% 1R B N shel

Relationship of the Nﬁ’g
SWCC to the

Permeability Function

Log k

Log suction, kPa

SWCCEBE M RETI R R



Convergence of Nonlinear Partial

Differential Equations

AREe P WA I3 77 A2 HI SR

Convergence is the single most pressing
problem facing modelers W= 34 1w Il

) Ee 38 U] ) [7]

Most successful solutions have involved

Adaptive Grid Refinement methods, AGR _

%Odqn, 1989; Yeh, 2000) X2 HUBTIHIfEIEK A
& R A R, BTAGR

Mesh is dynamically upgraded during the
solution based on error estimates
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Retainment Dyke with an Internal

Geomembrane
Hh 8] 2 1 TR B S 30 ) R A% 41 4L




Problem illustrating the solution of a 3-dimensional,

saturated-unsaturated seepage PDE
0. fFR =4E TN — AR NS W I T 1R

Optimized, automatically S
155 generated finite element mesh
75 B, i
o~ BT, B3NAEREAE RIT M
3 w P o | Ey X
Hos SVFLUX_ .
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Modeling f a waste tailings pond
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Typical Subjects Covered in a Conventional
Soil Mechanics Book (Soil Mechanics & Foundations
by M. Budhu) H AR+ )25 i a ) S8 i @

Definition of Head and Darcy’s Law & Xk SL 1A pg & i
Estimation of the Saturated Permeability il f15:i% 2%
Measurement of Coefficient of Permeability il &15i%E 2%
Flow Parallel and Perpendicular to Soil Layers “Firf1i#EH
TR EZh

Criteria for Sketching Flow Nets £: i3 ¢4 i J52 )

Flow Nets for Isotropic Soils & [a] [q] 4 1 1137 I 2 1l

Flow Through Anisotropic Soils # a7+ 4 Kis i

Flow Rates i %

Hydraulic Gradients 7K J; &

Critical Hydraulic Gradients Il %7k Jy 86 )%

Uplift Forces #4t )

Flow Through Earth Dams +#lii5 i
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» ChemFlux - 3D finite element analysis of a
contaminant transport problem (animated)

{53 AN =45 FRT o i (BERa)

D1-3DPosterProblem




Thermal Analysis for Saturated-

Unsaturated Soil Systems
YR — PN R A IS AT

0 Heat flow partial differential equations are
similar to water flow except for the Latent heat
associated with:

Aot F RS KA, BT L M AESZRAL
o freezing and thawing %Rk
o vaporization &k

0 Thermal soil properties are a function of the
soil-water characteristic curve , SWCC + j#

M A2 T KGR E B2k, BISWCCH R %X




» SVHeat - 2D finite element analysis of a problem with
extremely steep thermal gradients
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Partial Differential Equation for Saturated-

E Dll a_u + D12 @
OX OX oy

ol _ (ou ov

VRN — JEV RN £ [
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Unsaturated Stress-Deformation Analysis
— AT o M B 3 7T AR

D44 Lﬁ_u T

j:

oV

oy _

D,, D,, D,, = Combination of E and u which are function of

soil suction and netft total stresses
EEEMn, W IJIEIEN J7 B R

Stress-deformation analyses have a degrees of freedom in each
of the Cartesian coordinate directions
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. SVSolid 1.07 - [Project: CoalMine  Problem: CH2]
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— Tools
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Hooke’s Law #]7e# E e
Linear Elastic Z:3:

Non-linear Elastic JE£k 5%
Anisotropic Linear Elastic

Behavior - Set By Soil Region
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Hyperbolic X127 11 4 i £ Effective or total stress parameters

_ o A BN B
%?Rhf)%glﬁ%%g ml;allure Criteria Drained or undrained analysis
HEKEAHK I 1B
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S calculate pore-water pressure
2-D Plane Strain =22V [R5 WA, BAE, FRLAU AL R
Axisymmetric #hixtFR Body loads applied for any
3-D =4 particular soil region

R 52 DX SBT3 B AR BR B AT
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Representation of extremely fine features B/~

Complex structures
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Stress analysis can be combined with the Dynamic

Programming to compute the factor of safety

DP Generated

30|
o 25

20|

Elevation &

SVDynamic

Critical Slip Surface
FOS=1.3
DPAE ) i S35 %
TERHNL. 3

N EEESAR, TEZERE

Shape and location of the slip
surface are a part of the
solution &3 RN BRI 2 EF
FH—H#r, MARIFLRx!

DP(Dynamic Programming),sh&MRIK# R F

15 |

\/\/\/\/I\ \

10

e

Finite Element Shear Stress é

Distance 55

60 80
Pham and Fredlund, 2002




Prediction of Heave or Co[lhgse of a Soil

TOO - B P2 K 5
Must consider effects of: FTFEE[E
-Nonlinearity %tk
-Coupling &4 1€ Slab-on-ground

|
Coupled #4&
Uncoupled {34
Pseudo-coupled #:#&

Saturated-Unsaturated Saturated-Unsaturated
Seepage Model Stress-Deformation Model
A — R FS s A PN — AR RN ) — AR TR A
Computes changes in suction Computes deformations
TR T AR AL R %37




Consider Edge Lift for a Flexible

Impervious Cover
FRAEKENERRENLT Lk

Boundary conditions and initial conditions must be
specified both seepage and stress-deformation

BATB AN S — 2T, W74 b RIE &4
0 SVFLUX Infiltration, q A%
Flexible cover zvema, ||| L[]
0
Flux = O-J MEANO
WEHO Flux = 0 —

BB /7 41400KPa
Ve Constant suction = 400 kPa

=
T

Depth, m %
N

Distance from centre of cover or slab, m
5B % ESRPORER



Matric Suction at Ground Surface after One Day of

Infiltration for Various Infiltration Rates

0 SVFLUX

R
Matric suction, kPa

AFRINBEZR T,

500

400

300

200

100
0

Hi 2R B FE U T
W B A Y
— +«— Distance under slab
WIGH1E
Initial

- g = 10 mm/day
Specified < L
zero suction -q=20
HENER S —q=30
| | .
- g =40

50—
| | «—1q=60

0 2 4 6 8 10 12

Distance from centre of cover, m
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Vertical Displacements at Ground Surface after

One Day of Infiltration

US? , MR B ) A%

SVSOLID Distance under slab
25 GmmEny ]
\

specified zero suction
—~ 20
g /
QQLE: 15 g = 60 mm/day
t 9 | ]//’
i’ 10 C q - 50
Amount of edge q =40
S | heave ik E - q =30 ‘1=20
q =20~
0 K 10 —
0 2 4 6 8 10 12

Distance from centre of cover, m
EBRETOLHNES



Observations on Teaching Soil Mechanics from a PDE Basis

TR TR, Rt e

0 Saturated-unsaturated soil systems can be described
in terms of a variety of nonlinear partial differential
equations  HR—IEMA LR LUBE — RV MR 7 IR

0 Unsaturated soil property functions can be related to
the soil-water characteristic curve

RPN+ 1) T S EA] 5 L KA e AH B R
0 Partial differential equations are derivable for:
hif 70 77 72 A] AR A4S )
e one, two and three-dimensional problems —4, —4:f=% %
water flow KK# 35
Stress-deformation analysis [N }j—2 %53 #r

contaminant transport 53Wiat

thermal analysis involving evaporation or freeze-thaw
BE R ERRE R AT
vapor flow and air flow ZFESFEMNTSR
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Conclusion:

Geotechnical engineering analyses for
Saturated-Unsaturated Soil Mechanics
can indeed be viewed as the Solution of a
Series of Partial Differential Equations
Delwyn G. Fredlund




