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Simplified methods of analysis (slide © )
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Simplified methods of analysis (slide © )

Assumptions
® Failure is of localized type

® Stress at failure surface

But...

® \What if failure is of diffuse type?

® Stress inside failure surface

So?



Finite elements + classical plasticity (Mohr Coulomb)

EQ) PETRAIN

2.6394
Iq.m

4.013

3.1997
' 2,365

15733
ID.?GII'I?
-0.053162

EQ PSTRAIN
0.83729

l 0.54625
0.45521
; 0.36416

l 0.27312

0. 15208
I 0.091041

o




But...

® Data from Lizcano, Herrera & Santamarina (2007)
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Figura 15: Datos de ensave de compresion triaxial CU — Muestras saturadas (Localizacion: Manizales.
Profundidad: 7.0 m).



Types of Failure

® Slides: Localized

Liquefied -
L | zone
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Tensor representation \ector representation
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Effective Stresses

o
Gu—aﬁ_pM%
oc=0-p,l

oc=0-mp,

o=0"—-amp, K, Vol. Stiffness particles
o = _ﬁ K; \ol. Stiffness skeleton
K

a~1 soils




® Total Stress Tensor
O

@ Effective Stress Tensor
oc=p,l+o

P, Pore Water Pressure

@ Hydrostatic and deviatoric components
o' =p'l+Ss
S Deviatoric stress tensor

P’ Effective Hydrostatic stress



Invariants
e Stress tensor o,

e EIlgenvalues and eigenvectors
o.n=./1n det(a—/il):O
e Characteristic Polynomial
A*-PA*+PA-P,=0 o’ -Po’+Po—-P,=0

P =1r (G-- )
:) _
=0,0, +0,0,+0,0,
2 2 2
o ny o Gyz — Oy
P, = det (Gij )

Pl, PZ, P3 Do not depend on reference system



® Alternative |

|1=tr(0') |2=%tr(0'2) |3=%tr(03)
1 1
P =1, PZ:E(Ilz—ZIZ) =1Ll + g
P
l p 0 0)
P 4P s=l0 p o




Hydrostatic and Deviatoric Components
o=s+pl o;=5;+ p§ij
e Alternative Il
J,=tr(s)=0 J, :Etr(sz) J, :Etr(sc”)
2 3
|, =tr(s+pl)=tr(s)+3p=3p

), :%{(O'XX —GW)2 +(0'yy —O'ZZ) +(0'ZZ —O'XX)Z}
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2



® Uniaxial test

1 2 2 2
JZZE{(Gl—GZ) +(02—03) +(G3—01)}

~2{(0,-0)" +(0-0)" +(0-0,)'} =3,

® Triaxial test




® Shear P

J, :%{(GXX —ny)z +(0'yy —GZZ)
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Hydrostatic axis
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Work oW =0":de=p'dg, +qde,

g =tr(e)=(g +2¢,)
2 , 2
& =3 3J", :>§(51—€3)
Represented on same plane



Lode’s Angle




Farlure surfaces
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Von Mises Surface
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Failure Surface F(oy)=0

e Example: Von Mises

2 2 2
F =(c7xx—c7yy) +(GW—GZZ) +(c7ZZ —O'XX)

+ 602xy +602yz +6022x —6Y2 =0
@ Isotropic Materials

F(aij):O —> F(O‘l,O'Z,GB):O —> F(Il,JZ,J3)=0

2

F 5(01_‘72)2 +(o, - 03) +(03_01)2

—6Y*
F=J, ~Y?=0 mm) Several Alternative Sets



Tresca Surface




Mohr-Coulomb
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Improvements

@ Matsuoka-Nakali
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Figure 5. Characteristics of failure surfaces shown in principal stress space. Traces of failure surfaces shown in (a) triaxial plane
and in (b) octahedral plane
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Figure 9. Comparison of failure criterion with experimental results of cubical triaxial tests projected on common octahedral

planes for (a) dense Monterey No. () sand by Lade.' and for (b) normal Iy consolidated, remolded Edgar plastic kaolinite by
Lade and Musante'®
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Classical Plasticity

Perfect plasticity




Classical Plasticity

Hardening



Classical Plasticity

Softening



Classical Plasticity

| : Decomposition of strain increment

A = Ag® + Ag°



Classical Plasticity

Il : Yield surface in the stress space




Plastic Potential

dgpzlng(da:n) if (do:n)>0
h (loading)



Necessary elements

1 15g( _8fj
p:— ) d p: d T
de hng(da.n) g T o Py

® Yield Surface

of 0o
Howe)=0 N =5as
® Plastic Potential
o9 /oo
N =
’ ‘Gglao"

® Plastic Modulus h



Plastic Modulus

@ Consistency Condition

oa 0O¢

f(o,a)=0
df =0

of
of of H=—
—:do+—da =0
oo oa O

oc? Oo

J

@ Strain Hardening
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Hunting of the Yield Surface
@ ()Assumef=F

O . O ,

2 &

Experimental Model
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Yield and Failure Surfaces
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Limiting loads b
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Limiting loads by different meshs
for vertical cut problem
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GeHoMadrid

e Constitutive Models
— Elastoplastic Models

— Generalized Plasticity
— Cam-Clay

— Nova

— Concrete

Special Techniques
Adaptive remeshing
Adaptive Timestepping
Backwards Euler Integration
Consistent Stifness
Stabilization ...



Slope Stability: Finite
Element Model

8 nodes for displacements
4 nodes for pressures




e Boundary Conditions
Pw =0 kPa




Excavation ( 3 months)
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Critical state based
models
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Critical State Models

@ Hydrostatic Compression

- Gives Hardening Rule

@ Triaxial tests
- Plastic Potential

- Yield Surface
@ |Improvements

- Overconsolidated Clays
- Granular Soils



Hydrostatic Compression

|dealized

Experimental



@® Conclusions (so far)

- Plastic strains during
Hydrostatic Compression
Oedometer

- Yield surfaces MUST be closed




Hardening Rule de




Triaxial




2
g, =tr(e)=¢ +2¢, Es 25(51_53)



Consolidated Drained




Consolidated Undrained
CU path

===> No volume change at failure



@ Compression and extension

' q

M =

Mc
M =
="
p
. p' C
Me M. =
M. 3+sm¢

M, 3-— sm¢

6sin ¢

3—-sIin34sin ¢

6sin ¢
3-sing
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3+sing



@ Conclusions CD

- Material tends to compact

- Failure at g/p=M

- Strength increases with confining pressure
- Failure takes place at constant volume

@ Conclusions CU

- PWP Increases

- Failure at g/p=M

- Strength increases with confining pressure
- strength smaller than in CD

- Failure takes place at constant Pw



Normal Consolidation and Critical State Lines

e NCL 9 i




Critical State Models

Origin : work of:
- Drucker and Prager 1952
- Drucker, Gibson and Henkel 1957
- Cambridge group

Ingredients
- Normal Consolidation and Critical State Lines
- Failure takes place at Critical State Line
- Hardening depends on volumetric plastic strain
- Plastic Potential and Yield surfaces






f=g=q"+M*p(p-p,)

" csL

"~ csL

Pc/2

Pc



Critical State Models

@ Hardening Law

op, 1l+e

oe P :Z—K Pe

Vv

@ Plastic Potential

a—g:O at n=M
op’

@ Failure surfaces of Frictional Type



OverConsolidated Clays
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Behaviour of sand

Dense

b ‘ssans lojeinaq

Axial strain, €1
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Sand Behaviour : CD
(Predictions)
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Sand Behaviour : CU

A Axial
pw strain

Axial
strain



Sand Behaviour : CU

g

pW

(Predictions)
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CU Tests p' =392 KPa
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Liquefaction of very loose sands (CU)

qA

A Axial
pw strain
F ]

Axial
strain




Behaviour of sands (CU)
Influence of Confining Pressure

Deviator stress, q [kPa]
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Limitations of CS models

(Drained)

A

A

Strain

-
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(Undrained)
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Generalized Plasticity
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Generalized plasticity

Stress

c de=C:do
B1

A3 A1 AD C depends on:
- stress level

0 | - history
- direction of stress

B2 Increment




@ Level of stress @ Direction of stress increment

strain

v

v

® history

A

7

strain strain

v



@ Direction of stress increment

== |ntroduce a direction n such that
de=C, :do for n:do>0
de=C,:do for n:do>0

n:do>0 Loading
n:do=0 Neutral loading
n:do<0 Unloading

==> Continuity between L-U

e 1
C, =C +H—ngL®n

L

. 1
CU :C +H—ngu ®n

U




== Decomposition of strain increment

def=C°:do
de=de&® +dgP 1
dgp :(H—nguu ®nj:d0

L/U

== Neccesary items

e Loading-Unloading discriminating direction n

e Direction of Plastic flow Ny ,y

e Plastic Modulus H,

e Elastic constants



Classical Plasticity

@ ngiven by normal to f

® n, given by normal to g

@ H given by consistency
condition
N _ (unloading is elastic)




A Generalized Plasticity Model for sand (1991)

®@ "9 ® "
N, =(Ng,. Ny ) n =(n,n,)
dg=(1+a)(|\/lg—77) d =(1+a)(M -7)
=d /(1+d %)M
n, =d, /(1+d,*)"? n, (1+d ")

_ 2\1/2
n, =1/(1+d )2 N =1/(l+d")

H, =H,pH, {H,+H,}

4
H, =|1- L . :(uijm T
f f Vv
77f (04 Mg

H s — :80181 eXp(—ﬂof)




CU Tests p' =392 KPa

a 29% | O
= b 44 % | A
- c 47% | ®
- d 0 A
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Liquefaction of very loose sands

Experimental

Axial strain (%)



Predicted

Axial strain (%)
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@ Cyclic Mobility (Experiments)

W/

1%
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@ Cyclic Mobility (Predicted)

N




HD = €EXp _7/dgvp

VOLUMETRIC STRAIN (%)
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3a2 Debonding
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Debonding

Reduction of yield surface size Lagiola & Nova, 1995

— Experimental
q 115 - - - Calculated
A
1.1+
1 1.05+
e
®
- 1
g
0.95-
0.9+
> — >
p 0.85r
0.8 . . : :
0 1000 2000 3000 4000

mean effective stress p’ [kPa]



fo : fresh rock
fw : partially weathered

f :uncemented soil
u

Fresh rock = {1 nbonded soil



GPM for bonded geomaterials

77N

\\" %  Deponding

Gens & Nova, 1993

Lagioia & Nova, 1995

v J

pc pcO p

Introduce p* = PP P = Py exp(—ptg)
7 =alp

HL:(Hop*_Hb H:(H:‘I'Hs)HSM H, =b&, exp(—b,e,’)

H::(l_z_j Hj:(l—&—lj H;M :(g:naxlg)




A generalized plasticity model for debonding
(JA Fernandez Merodo et al 2003)

Introduce p* =P+ P, with Py = Py exp(—ptg)

n =qlp

Hy =(Hop'|= Hyf)H{ (Ho +H, ) Hoy

Hj:[ —”—*j How = (G /€)

17

*_( n*j H, =beP exp(-b,z”)



void ratio

GPM for bonded geomaterials
Fernandez-Merodo et al., CMAME 2004

Validation

Lagioia & Nova, 1995

— Experimental

115 - - - Calculated
117
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qL
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0. 80 1 [lll]t] 2GIUD SUID[I 4[I|t]t]
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Isotropic compression test
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—_ o
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1500 , 1500 )/
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Oedometric test



=i
*
|_
O
=
=

D

n

)
-

Q
c
=
=
=
o
o
Gl

e Las Colinas landslide in Santa Tecla,
El Salvador Earthquake, 13-01-2001

Figure 2.13  Surveyed Slope plotted with surfer with green dashed perimeter.

F 1g'ure 211 | Blrd s eyes view of the Las Colinas landslide



F.E. modelling of Las Colinas landslide  u-pw model
« Material: Tierra Blanca — pumice ash: loose cemented soil

Imperial Colléege (Bommer & al.)

; . 3 &
Iy f e "
T At -
¥ 3 " 0 ) o
L =P Fi

interior of the shear band




F.E. modelling of Las Colinas
u-pw model

landslide
e Geommetry
* Finite element model: Coupled formulation (pore fluid is air)

* Boundary conditions :
[',,[" , free stress boundaries, p,=0

[';,[", : a) Base motion+absorbing boundary
b) Base motion + infinite stratum condition
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F.E. modelling of Las Colinas landslide u-pw model
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u-pw model

F.E. modelling of Las Colinas landslide

a

Excess Pore Pressure
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: _ _ u-pw model
F.E. modelling of Las Colinas landslide "
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F.E. modelling of Las Colinas landslide

Pt (Pa)

Excess
pore pressure
(Pa)

22222

11111

00000

00000

22222

11111

T
9.32

T
10.36

T
114

Time (s)

u-pw model



F.E. modelling of Las Colinas landslide

Mean effective
stress
(Pa)

Ux (m)

?????

55555

44444

22222

11111

-9.55

-12.72

-15.89

-19.06

-22.23

u-pw model




Debonding

Reduction of yield surface size Lagiola & Nova, 1995

— Experimental
q 115 - - - Calculated
A
1.1+
1 1.05+
e
®
- 1
g
0.95-
0.9+
> — >
p 0.85r
0.8 . . : :
0 1000 2000 3000 4000

mean effective stress p’ [kPa]



fo : fresh rock
fw : partially weathered

f :uncemented soil
u

Fresh rock = {1 nbonded soil



3a3 State Parameter
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1600

2000
i e=0-833
Dr=379%
1400 - A
Dense state, d< 0 :
A /
' 1500 [~
& g
= 1000 % - 1 = constant Vs
: L 1 = constant e '
R 7 1000 [
S 5
g | e=0735 © Loose state, d> 0
é:" 600~ Dr=637% g |
Dr=18-5%
200 | Dense state, d<0
0 s - ] 0 ".‘ l 1 [ 1 |
0 200 400 600 800 1000 1200 0 500 1000 1500 2000
Effective mean normal stress, p”: kPa Effective mean normal stress, p”: kPa

Undrained Triaxial Test (from Li & Dafalias, 2000)



Behaviour of sands (CU)
Influence of Confining Pressure

Deviator stress, q [kPa]

2000
Toyoura Sand _
1500 | (Dr=37,9%) _o~ ®
rf; :

1000 -

500 -

0 & o X A
0 1000 2000 3000

Effective mean normal stress, p” [kPa]

4000

Deviator stress, g

2000

Toyoura Sand
(Dr = 37,9%)

—o— po’=3000kPa
—8— p0’=2000kPa
—A—po’= 1000kPa
—o—po’=100kPa

0 0,05 0,1 0,15 0,2 0,25 0,3

Axial strain
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Void ratio, e

State 1
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Dilatant
behaviour

1
D
|
D

State 2

° Y >0

Contractive
behaviour




Modified flow rule (Li & Dafalias 2000)

d
d, :M—O-[I\/Ig -Exp(mw)—n}
g
Direction of plastic flow .
_ g
nqv IR
: Y.
_ T \/1-|— dg
ng:(ngv,ngs) — ,




d, :I\C/ll—o-[MgoExp(mw)—n]

g
AtcsL ¥ =0 np=M, == d=0

n=M?=M_exp(my) == d=0

4000
Toyoura sand, e = 0-735, D, = 63:7%
¢ 3000
& Varied phase
s transformaton __—~227 .-~
n . o
2 2000k stress ratios
w aaaaaa /.w‘
2 o e
> g’
S 1000} =
Q e ol L . L : 1 . . ! .
0 500 1000 1500 2000 2500 3000

Effective mean normal stress, p’: kPa

Fig. 5. Variation in the phase transformation stress ratio with
material state (data from Verdugo & Ishihara (1996))



Experiments (Yang and Li 2004)

Model predictions

C py'=100kPa, =0.735
A py'=1000kPa, 8=0.735
+ Po=2000kPa, #=0.735
o Po'=3000kPa, §=0.735
x pgy'=1000kPa, =0.907

—6o—po’= 1D0kPaeo =0,735
—A—po’= 1000 kPaeo =0,735
—+—po'=2000kPaeo =0,735
—o6—po'=3000kPaeo =0,735
—¥—po = 1000 kPaeo =0,907

=2000kPaeo =0,907

Stress ratio, g/p'

-
(XY

o
[--]

0.4

O Po'=2000kPa, 8=0.907

Test data: Toyoura sand

-0.5 0 0.5 1 1.5
Dilatancy, d

dilatancy




Loading - Unloading discriminating direction




Modified Plastic Modulus

H =Hy P Pan - T (730)

) (-2 (14 [




Simulations: CD Triaxial Test

350 350
Testresults Model simulations
> 300 - Toyoura Sand 300 + Toyoura Sand
s U ':
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(0] 0
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O p
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350 350 - -
Testresults Model simulations
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o o
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—e—e=0.831 (eny) —=—e = 0.917 (eny) —a—e = 0.996 (eny) |——e = 0.831 (sim) ——e = 0.917 (sim) ——e = 0.996 (sim)




Simulations: CD Triaxial Test

1600 1600
Testresults Model simulations
Toyoura Sand Toyoura Sand
S 1200 - (p’=500kPa) ©1200 - (p’=500kPa)
7 3
o g
2 800 - 2 800 -
(@] o
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© 8
> >
Q400 - A 400 -
0 - —& ‘ ‘ —A | 0 ‘ ‘ ‘ ‘ |
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0 ‘ ‘ ‘ _ (p’=500kPa) 0 | | | _(p’=500kPa)
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
Axial strain Axial strain
—e—e=0.810 (eny) —m— e = 0.886 (eny) —a— e =0.960 (eny) e =0.810 (sim) e =0.886 (sim) e =0.960 (sim)




CU Triaxial Test

4000 4000
3500 - Testresults asgo . Model simulations
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CU Triaxial Test

2500 2500
Testresults Model simulations
o 2000 . Toyoura Sand o 2000. loyouraSand
@ (Dr = 37,9%) & (Dr = 37,9%)
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S =000 5 ,
-§' 1000 E 1000 -
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o - g 0 T T T T 1
0 1000 2000 3000 4000 0 1000 2000 3000 4000
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2500 Test results Model simulations
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Tensién Desviadora, q

Banding sand (Castro 1969)

1400 1400
Arena B 0O Dr =53% 1200 Arena B 0O Dr =53%
1200 71 by = 980KPa o Dr = 45% = * | po= 980kPa oDr= 4&;2/0
_ Dr = 42%
1000 - A Dr=42% S 1000 - o A - 0o
X Dr = 35% S o O X Dr =35%
800 - g 800 - o
(D)
600 O 600 -
S
400 - @ 400 - v S 3
(¢D)
200 = 200 - JAY
X
0 T T T T g O ‘ ‘ ‘ ‘
0 200 400 600 800 1000 1200 0 0,02 0,04 0,06 0,08
Tension Efectiva Principal, p Deformacion Axial
1200
1000 Arena B
S Po’ = 980kPa X
= - A
CU p, = 980kPa 5 o0 | ]
o
o
L 600 -
5 o
'g 400 - O Dr =53%
£ o Dr = 45%
200 A Dr=42%
X Dr = 35%
0
0 0,02 0,04 0,06 0,08

Deformacion Axial



Madrid Sand

Deviator stresss, q [kPa]

1200 1200
Madrid Sand
A (po’=300kPa) T
800 - A o o e =0.409 = 800 -
. 0 e =0.365 g
Al 1o Ae=0351 = Madrid Sand
5 (po’=300kPa)
0 g 0 o€ =0.409
a oe=0.365
ae=0351
0 I o T A4 O k2 T T T 1
0,30 0,35 0,40 0.45 0% 5% 10% 15% 20% 25%
Void ratio, e Axial strain, g1[%]




3a3 Unsaturated
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Basic definitions (1/2)

@ Suction S=p,—p,

@ Cementation Parameter
(Haines 1925, Fisher 1926, Gallipoli and Gens 2003)

3 1 3T 3T 2 8T Relationship between stabilizing pressure
f (S) =_—J2_ —— 5.1 S 4+ —39 at a given suction s and at zero suction
Ts surface tension

2S R R R R radius particles

&=1(s)1-5,)
@ Effective stress (Bishop,...Schrefler)
c'=c+Ssl-pl (x=S,)
® Work (Houlsby 1997)
oW =(o +S,s1 - p,l)de +s.(—n3S, )




Degree of saturation, S: %

100

30 Air-entry value
Soil
| particle
60 +
y & P Water
40 _-_ -L ‘.. S i""‘* |
- Boundary effect zt::-ni\l"ransiﬁon zone \@ual zone of unsaturation
- S - =
~=— Residual state of saturation —— NG
i =~
0 i | 1 5 B 1d) | i J.llll!l.l A L L i 1 L3 L A Ll L 1 ii Il lllllli\l“‘
1 10 100 1000 10000 100000

Suction: kPa

From Vanapalli et al 1992

1000000



Basic definitions (2/2)

@ \Wetting-drying

Air entry value

_________

Fredlund, Romero &Vaunat
Manzanal

S, =S,, + 1= 50
In{ +(s"/a)" )}
s =e"s

Residual Saturation




Basic aspects of behaviour (1/5)

CSL on (e,p’) plane

12
®s=0

e 5

@ ) A O
1- As=200
2 - > * A
©s=300
S 105 o L ©
% 2
= 1 . o A
O
= 0,95 -
¢ 1N

0,9

, O o

0g5 . | SPeswhite kaolinI A

, 0’

0,8 + ‘ ‘

10 100 1000
p1

[ Reanalysis of data from Sivakumar,
1993]



Basic aspects of behaviour (2/5)
CSL on (e,p’) plane: normalization Gallipoli et al 2003

Introduce 9(¢) :eizl—a-[l—exp(b-é)]

Model equation

\ | — — Experimental (s = 100 kPa)
Experimental (s = 200 kPa)
Experimental (s = 300 kPa) |,

/;
/,
s
/,
A p
N\ " 7
\\ i //
AY A
" &
\ “
; AN b N
] hY \\ _r’/
. s = 0 kPa (saturated) /
09— — — s=100kPa =

————— 5= 200 kPa
— — — 8= 300kPa

1
0-8

T T T T T 1
T T T T T T T 1 0 0-2 0-4 06
40 50 80 70 8080100 200 300 400 500 =
o kPa

Isotropic compression lines at constant suction (left) and
normalization using the bonding factor (rigth)
Data from Sharma 1998 and predictions by Gallipoli et al (2003)



voids ratio e

Basic aspects of behaviour (3/5)

@ CSL on (e,p’) plane: alternative normalization Manzanal 2008

L —exp(g(¢))

o)

1.2
A
A ©
. ) o L17
o o
O A =
* © 10
. oA
— (9p)
¢s=0 ° éo g
O's =100 - S 49|
A's =200 o L9 =
©'s =300
: . 0,8
10 100 1000
P’ (kPa)

g(&)=a exp(bg)—l}

e =1,5267-0,1119*Ln(p")
¢s=0
0s =100
A s =200
© s =300
10 100 1000
p’ (kPa)

Data from Sivakumar (1993)



Basic aspects of behaviour (3b/5)

[ Proposed ]
: =0 S S S
g(é) S= 1 2 3
Punsat
Psat € |«
6 p”sat p”unsat

@00 ¢’ SIS

[ Cementation parameter J




600

400 -

1200

000 -

800 -

600 -

400 -

200 -

c'=c+S,sl-p,l

Basic aspects of behaviour (4/5)
@ CSLon (p’,q) plane

(2 =S,

)

®s5=0

©s=80
As=10
¢ 5=400
o s=600

200

400

600 800

1000

1600

Hoo

1200 -

1000

800 -

600

400 -

200 A

c'=c+35,sl-p,l

_ Sr _SrO

=9

re 1— Sro

(Z — Sre)

Silty soil Y = Sre
(Maatouk, 893)
/
>

ms=(
& s—80

< As=150
¢ s=400
o 5=600

0 200 400 600 800 1000

CSL on p’-q plane: without correction (left) and
using the effective degree of Saturation (right



Basic aspects of behaviour (5/5

Tensioén desviadora calculada, gqc

[kPa]

e
S
1000
o Enfoque con Sr
soo | A Enfoque con Sre
600 - - DA :
U O
p® O
O
400 - A
A
200 - Grava
[Toll, 1990] (Kiunyu
O T T T T 1
0 200 400 600 800 1000

Tension desviadora medida, gm [kPa]

Tension desviadora calculada, qcv

Tension desviadora calculada, gqc

1000

800 -

200 -

Suelo
[Chiu, 2001] (volcanico

200 400 600 800 1000
Tension desviadora medida, gm [kPa]

R

o Enfoque con Sr

A Enfogque con Sre
O

A Suelo
[Maatuok et al., 1995] | Limoso

200 400 600 800 1000 1200 1400

Tension desviadora medida, gm [kPa]



Generalized Plasticity Model (1/2)

@ Main ingredients

o Effectivestress o'=oc+S,sl—-p,I (x=S,)

© Work conjugate pairs

oW =(o+S,51 - p,1)de +5.(-n5S, )
o Wetting-drying with hysteresis
© Increment of strain

de; = deij-’ + deij'-oa + dgifs

o State parameter dependent



Generalized Plasticity Model (2/2)

de! :ingds
H,
C s H, = (f)H P Patm Hom H

A 4
Crmax



350

3000]
®©
¥ 2500]
X
c
2
o 2000
-
N

Specific volume




Deviator stress g: kPa

Specific volume v

400

300

200

100

22

21

20

1-8

0 Normal comprassion points
® Critical state points

Critical state lineg,
g = 200 kPa e -

100 200 300
Mean net stress p: kPa

-___H-' MNormal compression
. line, s = 200 kPa
-~ -t s |
b . . F

1-8

o
i Critical stale line, / \J A
| 5 = 200 kPa
1 1
100 200

Mean net stress p: kPa

400

(A) Constant v, constant s tests,
pw and pa increased to keep
the volume and the suction constant

(B) Constant p, constant s tests,
pw and pa increased
to keep p and the suction constant

(C) Fully drained constant s test,
pw and pa kept constant



Tensién desviadora, q [kPa]

Tensién desviadora, q [kPa]

300

TX Constant Volume

N° Pneta SO VO Sro
Ensayo [kPa] [kPa] [%]
2A 200 200 2,1617 67,25
3A 100 200 2,0669 73,43
4A 150 200 2,1267 69,60
5A 300 200 1,9903 78,44

[Datos de Sivakumar, 1993]

o 3A
O 4A

250 -
200 - o 3A
O 4A
150 - A 2A
© 5A
100 -
50 -
0
0 100 150 200 250 300 350
Tension principal neta, pnet [kPa]
300 300
o 3A ©
250 D 4A £ 250
A 2A _—
o 5A 3
200 - o © 9 L 200
b=
A 8
A D 0
150 - = o) £ 150 |
O~ O c
©
100 - »n 100 -
o
Experimental o
50 - o < 50
Prediccion >
0 T T T T 1 O z‘
0 4 6 8 10 12 0

Deformacién Axial, ¢1 [%]

Manzanal (2008)

2 4 6 8 10

Deformacion Axial, ¢1 [%]

12



Tension desviadora, g [kPa]

Volumen especifico, v

350

TX Drained
N° Pneta SO VO Sro p"
Ensayo [kPa] [kPa] [%] [kPa]
26C 75 0 2,0789 100,00 75,00
oC 100 200 2,1804 66,37 232,73
17C 100 300 2,188 61,17 283,50

[Datos de Sivakumar, 1993]

c)

¢ 17C
A 9C
O 26C

s= 300kPa
s = 200kPa
s = OkPa
O T T T T T 1
0 5 10 15 20 25 30 35
Deformacion axial, g1 [%]
2,25 2,25
b)
2,2 - 2,2 1
>
o
2,15 - O 215 4
3
2,1 - 8 214
4 S 2,05
2,05 - S 2051
e o A g )
2 - A E
1,05 < Experimental A A N 1,05 -
Prediccién
1,9 T T T T T T T 1 119
0 5 10 15 20 25 30 35 %

Deformacion axial, g1 [%]

100 150 200

Tensién principal neta, pret [KPa]

250




350 +
&
300 + 2
o
250 - o
. 8= - A1l
200 - - N N
150 A
100 A os=0
O s = 100kPa
5o | AS*= 300kPa
0 s = 600kPa
¢ s =1200kPa
0 T 1

0 50 100 150 200 250 300 350
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e R1 What is rheology?

o In afluid, shear stress depends on rate of shear strain

Z

(newtonian)

] oV

J e




e R1 What is rheology?

o Differences with elastoplasticity

f (0, PC”+1) =0

P n n+1
Pc

&P = ng(nT,o'-) —~ If o=ct &° =0



e R1 What is rheology?

o Differences with viscoplasticity

HQLPC_PCO] —— if o=ct &% %0

& =£°+&E"



e R1 What is rheology?

o Similarities with viscoplasticity 1D

a0 _ {[r —roj
H\ Ty

—=> 7 =7,+u&" (Bingham model)



e R1 What is rheology?

o In afluid, shear stress depends on rate of shear strain

Z

(newtonian)

] oV

J e




@ R1Whatisrheology? Generalization to 3D

o Rate of deformation tensor D

OV,
D -2 +—
2| ox, " ox

O Stress

U:—p|+(DOI+(D1D+(D2D2 (Dk:q)k(IDl;ng;IDg)

: |, =trD
O Assumptions .
|, ==tr D’
|, =0 (incompressible) D2 — 5
1 3
O, =D, (15,) lop =3trD

O Hydrostatic & deviatoric

1 1
Pryg = —gtr(a) = p—(q)o +§CI)2trD2j



@ R1Whatisrheology?

o Simple shear flow

) 1 ov

/ X

oc=—pl+®,1+D,D+D,D’

i, 22

L) [y
2 07 4\ oz
0 | D°=| O
0 0
=0, =—p+d,+
=—p+d,
1 _ ov
==®, —




R1 What is rheology?

O Example: generalization of Newtonian fiuid

2 | — T —
Ow =0z :_p+(DO+£(D2 (@j GXX - GZZ N p
4 0z o.=—p
vy
Gwzler;Do oV
V o, = U—
— P = XZ
725 g j Oz
1 (avjz
o,.=0, =—P+D, +—D,| — | =— _
XX 2z P 0 A Z\aZ/ P (I)O_O
o, =—Pp+Dy=—p —> D, =2u
D, =0
1
ny:Eq)lzzu

c=—pl+®l +®D+®,D? > o0 =-pl+2uD



Newtonian Fluid

® Experimental 7= ﬂ@
0z
2
Ow =0, = _ﬁ—i_lé@_\/j
4 Z
o, =—P
1. ov
o,=— D, =2u
“ 2 oz '

@ Generallaw o=-pl+2uD

Material viscosity(Pa.s)
air 10
water 107
mud 10~




Bingham Fluid

. oV
® Experimental T=Ty+/15
1 _ ov oV
NZ 2 2V Ty,
Ow =04, Z—E-l-—(b A 2T
4 Z =—Y 412
_ T vier
o, =—P
o ziq)l@ butIZD:EtrDZ:E
“T2 tar 4

® General law

o=-pl+ i +2u:D
I2D




@ Bingham’s fluid

o, 7, (Pa) ,u(Pa.S)
Jan 100-160 40-60
Johnson 2000-2400 | 60, 170-150 45
Sharp&Noble 2400 20-60
Pierson 2090 130-240 | 210-810
Rickenmann&Koch 100—-800 | 400-800
Jeyapalan 1400 1000 50




Bagnold’s rheometer

e o

| &%

Fioure 2. The apparatus (rotating parts shown hatched).



T=2xrhr



D1 Introduction. The infinite slide




@ D1 Introduction. The infinite slide
Y4

poghsing

: r=pg(h—-2)sing
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® D2 Some simple examples: Newtonian
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@ D2 Some simple examples: Bingham fluid
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@ D2 Some simple examples: Bingham fluid
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e R3 Behaviour of fluidized soil
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Bagnold’s Fluid

@ Experimental
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® General law
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@ R3 Behaviour of fluidized soll
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@ R3 Behaviour of fluidized soil: volumetric component

\oids ratio

Drained path

Rate of deformation increases

Undrained path
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@ R3 Behaviour of fluidized soil: volumetric component

First ingredient: dynamic CSLs

Cest.ayn = Ces T 131 ( |2d )

2nd ingredient: dilatancy law at dynamic CSLs
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@ Infinite landslide: Perzyna, Von Mises Model

Plug

E 8.67 Pa N
Poiss 0.3 /' Shear zone
Dens 2000 Kg/m3

Yield 0.285e5 Pa

gamma 0.1 | l
delta 1.
Slope 14

Velocity Profile



@ Infinite landslide: Perzyna
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@ Infinite landslide: Perzyna Von Mises

Von Mises Perzyna
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Note: Sigma x = Sigma Yy within shear zone!



@ Infinite landslide: Perzyna, Cam Clay Model

y
X /
E 1.5e7 Pa ﬁ/ Shear zone
Poiss 0.3 —
Dens 1500 Kg/m3
Mg 1.1
Lambda 0.51 k 0.09

PcO 0.285 e5 Pa
gamma 0.1

delta 1.

Slope 14

Velocity Profile



@ Infinite landslide: Perzyna Cam Clay

Cam Clay Perzyna
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Note: Sigma x = Sigma Yy within shear zone!






