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Seepage and overtopping

B Internal erosion due to seepage leading to piping
B Surface erosion due to overtopping leading to breaching
B Combined effects of seepage and overtopping on failure
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Hydro-mechanical coupled analysis of IVB problem
based on unsaturated soil mechanics




Hydro-mechanical analysis

B Porous media theory at finite strain (de Boer 2000, Schrefler 2002)
B Soil skeleton, pore water and pore air
B Static, quasi-static and dynamic problem

B Balance equations
B Mass and momentum balances of soil skeleton

B Internal erosion = mass exchange between soil skeleton and
pore water

B Mass and momentum balances of pore water and air

B Constitutive models
B Bishop’s effective stress (average skeleton stress)
B Darcy flow: interaction between soil skeleton and fluid
B Compressibility of pore water
B Compressibility of pore air
B Water retention curve (WRC)
B van Genuchten (VG) model

B Constitutive model for soil skeleton
W Linear elastic model
B Internal erosion
B Change in fine content dependent on Darcy flow velocity



Balance laws in Porous Media Theory

B Mass balance (local form)

D“ p* . . “: partial densi
P, e divye — pe P partial density

Dt v“ @ velocity

3, 0 0% mass exchange (density rate)
p =

a=1 Internal erosion = mass exchange

between soil skeleton and pore water

B Linear momentum balance (local form)
3
dive” + p°b+p“=0 > p*=0
=1

6" : Cauchy partial (averaged) total stress tensor of o

b : body force vector of o
p“ : interaction force vector of o



Constitutive equations for internal erosion

B Mass exchange (density rate) related to fine content rate

AS sR DS fc . I
o =0-n)p n :porosity

DSS f o™+ intrinsic density of particle
p" =—1—-n)p™ Dtc f. : fine content
n g volumetric ratio of fine particle
p =0 to soil particle

B Fine content rate dependent on Darcy flow velocity and
ultimate fine content (sterpi 2003, Cividini et al. 2009)

D”f ns"v"s|”
“=—p (f, - f f > f
Dt /Lle( C COO) Vref ( C COO)
D°f ns"v" : Darcy flow velocity
c=0 (f.<f ) f. Ul _
Dt ¢ -  Ultimate fine content



Validation of erosion model

B Internal erosion test (Sterpi 2003)

water suppl
\%\ 4

N

upper reservoir

Qir
inlet tube
=
inlet tube overflow valve
‘ outlet tube
Sand and silt
Fc =23%
| w
lower reservoir
Fig. 3. Expenimental setup for seepage tests
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Eroded mass rate with different s
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Formation of water flow path in landslide dam

Dammed lake A8 Landslide

Landslide dam

Yunokura landslide dam after the 2008 Iwate-Miyagi Nairiku earthquake



Numerical conditions
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[ .~ 2-D Finite element model of cross section along the reiver



Initial condition
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Formation of water flow path in landslide dam
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Conclusions

B Hydro-mechanical analysis for internal erosion based on
porous media theory is presented. The internal erosion of
soil skeleton and transport of fine particles in pore water
are modeled by mass exchange between soil skeleton
and pore water. A rate of mass exchange is assumed to
be proportional to the material time derivative of fine
contents based on the past laboratory tests.

B In the first validation example, the numerical model
reproduced the time histories of eroded mass rate with
different hydraulic gradients obtained by the laboratory
internal erosion tests.

B In the second simulation example, decrease in fine
content and increase in Darcy flow velocity occurred in
the landslide dam, which means the formation of water
flow path in the landslide dam.
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Recent studies on numerical analysis

W Surface erosion
B Formation and migration of headcuts (Wang and Bowles 2007)
B Parameter sensitivity of discharge through breach (Faeh 2007)

B Internal erosion
B Seepage-induced erosion and settlement (Cividini et al. 2009)
B Erosion and transport of fine particle (Fujisawa et al. 2010)
B Combination of pipe flow in the erosion channel and seepage
analysis (Zhou 2012)
B Seepage/overtopping and deformation
B Large deformation at the toe due to large hydraulic gradient

B Slip-like strain localization along the slope due to long overflow
(Oka et al. 2010)

B Different distributions of deviatoric strain with and without
overtopping (Uzuoka et al. 2011)



Seepage/overtopping and deformation

B Different distributions of deviatoric strain with and
without overtopping

08, DestormadO 2M0) s reoay o Outzut St & 17907 T L.T226400. Detormed0 2101 ws n-maorvtude. Oontowr ed J1

Only seepage after 48 hours

W7 TV.T22E400. Detor a0 2101 s n-maovitude. Oontow: ed i1

Seepage with overtopping after 27 hours

Degree of saturation Deviatoric strain




Seepage and overtopping

B Deviatoric strain dependent on saturation
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Validation of erosion model

B Internal erosion test (Sterpi 2003)

T T T T

o ]
I 15 S G I .
—_WJC)V 4 3 [ ] 0_—
: WJOT T * [ ] 0:
I 1190 A G I |
BN ! : .
I Im. Lo I
16 018 020 0.22

Fine content fraction

—— (0.0s

—a— 2.0x10% s
—— 4.0x10% s
—— 6.0x10% s
—— 8.0x10" s
—— 1.0x10° s
—a— 1.2x10° s
—— 1.4%x10° s
—— 1.6x10° s
1.8x10° s




Validation of erosion model

B Internal erosion test (Sterpi 2003)
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Formulation



Basic assumptions

B The spatial point with each material X in the current configuration is
the common point x.

B At the common spatial point x the motions of the individual phases
define the interaction among these phases.

Current configuration

@t =1) Next configuration
Reference configuration ' (t =4+ A1)

(r =1y)

BS ....... ~

s « \ BV P AR
= (l) i X X?l’ X7} B '
(Pll ) A. "/

[ x = $*(X?, 1)

x

k- VT = = :
\, ol o

dx I (X, 1)
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Additional assumptions

Isothermal condition,
Incompressible soil particle,
No mass exchange among phases,

Material time derivatives of relative velocity of the pore
fluids to the soil skeleton are small compared to the
acceleration of the soil skeleton,

Advection terms of the pore fluids to the soil skeleton
are small compared to the acceleration of the soil
skeleton.



Volume fraction concept

+ + =

Pore air
Real maternial Partial material Partial material Partial material
(Solid) (Water) (Air)

Partial density of solid  p° = ’nS,OSR = (1 — n)|,OSR 7. : porosity

5"V : water saturation

: : R R
Partial density of water p’ = ’nwpw = ’nswbw

Partial density of air p? = n2pR = pgdpaR = ln(l — SW)baR

Overall density of mixture = superposition of each partial density

p:ps+pw+pa:(l_n)psR_I_n(swpr_I_SapaR)



Description of kinematics

B Based on material time derivative (Ds/Dt) with soil skeleton

4" = Dl;qtf’ = 05;: - (grad v°)v®
gt = DZV;QZW = 0;: - (grad o™ )oW

= a® - DZ;WS - {grad (v°® + ") }o™®
a" = D;l: = 8;; - (grad v*)v®

= a” - D;Utas - {grad (v°® + v*°) }v**

VS as ) ) ) . .
’U“ > U : relative velocity of pore water and air (Eulerian velocity)



Balance laws for partial materials

B Mass balance (local form)
op°
ot

B Linear momentum balance (local form)

- div (p%vY) = p° p“ : mass exchange
(neglected here)

IOCYG,CX - diV O.CY _+_ p()éb()d __I_ ﬁ(l’

o : Cauchy partial (averaged) total stress tensor of o

b™ : body force vector of a

P : interaction force vector of o
3

Z(/A}ava _+_ﬁa) —0

o=l



Recent studies on constitutive model (Gens, 2010)
® First constitutive variables (01); — a0y Wils, S1)0y

B Alonso et al. (1990); Cui & Delage (1996); Vaunat et al. (2000b); Rampino et al. (2000); Chiu
& Ng (2003); Georgiadis et al. (2003); Thu et al. (2007); Sheng et al. (2008a)

(01);; — PeOij; M1 =0 Netstress

B Kohgo et al. 81993); Loret & Khalili ﬁZOOO, 2002); Laloui et al. (2001); Sun et al. (2003);
Russell&Khalili (2006);Masin & Khalili (2008)

(01);; — PgOij + 11(5)0;

B Jommi (2000); Wheeler et al. (2003); Gallipoli et al. (2003); Sheng et al. (2004); Tamagnini
$2004); Pereira et al. (2005); Oka et al. (2006); Santagiuliana & Schrefler (2006); Sun et al.
2007a, 2007b); Kohler & Hofstetter (2008); Buscarnera & Nova (2009)

(O1);; — PgOij + uyi(s, 81)0;;

From thermodynamic studies (Hassanizadeh and Gray 1980; Ehlers 1993; Houlsby 1997;
Muraleetharan and Wei 1999; Borja 2006; Li 2007)

0jj = (:(71)(/ — PeOij + Si(pg — P1)0ij

. . . Bishop’s stress, average skeleton stress
B Second constitutive variables = compatible with three-phase formulation

B Suction, Degree of saturation

u(s, )



Constitutive equations (1)

B Effective stress for saturated soil (Terzaghi)

B Effective stress for unsaturated soil

Hassanizadeh and Gray (1980, 1990) , Ehlers (1993), Houlsby (1997),
Muraleetharan and Wei (1999), Borja (2004, 2006), Li (2007)

o=0c"+o" +o" Total stress = X Partial stress
=o' — (s¥p" + s*p*)I Averaged pore pressure

=o' —p*I +p*T —s"p"I — (1 — sV )p?I

_ 0_/ o paI i gV (pa L pw)I
(_0_/) _ (_0_) o paI o S\\’(])H o ])W>I

Net stress Suction p¢ = p* —pY
Ref. Bishop’s effective stress

(—0') = (—0o) =PI + x(p* — p")I




Constitutive equations (2)

B Cauchy partial stress

o

S

A%\%

a

o

o —(1—n)(s"p" +s*p ) I =0"— (1 —n)p'I

—ns " p" I

—nsp*I

!

o

P
P
p

W

a

f

: Cauchy effective stress tensor

: pore water pressure (positive in compression)
: pore air pressure (positive in compression)

: averaged pore pressure (positive in compression)



Constitutive equations (3)

B Interaction force Hassanizadeh and Gray (1980, 1990)
de Boer (2000) , Schrefler (2002)

AS AW A8
p =—-—pP —D
AW

= pw grad n — UW nWpWs
— pwgl‘ad ('TLSW) — u“”r,»ls\&’,vws
P = Pagl‘a-d n> — ua-navas
— Pagl'a-(1 (ns"‘) — ua”ns'dv""*‘

with Darcy’s law

" nWV pVVR q ns%W pr q
' = — kWS : permeability coefficient of water
kws Jows '
. na /)aR g n.sd paR q - B |
pne = = I kas  : permeability coefficient of air

k as k as



Constitutive equations (4)

B Hyperelastic material for soil skeleton (neo-Hookean model)
/ _ Hn A

& = (b°—1I) + -ﬁ(ln TN (incompressible soil particle)

A, (L :Lame’s constants ,Js: Jacobian for soil skeleton
b : left Cauchy-Green deformation tensor for soil skeleton

B State equation for water (isothermal condition)

DS wR wR DSpW
AN - b KW 2 bulk modulus for water
Dt (K¥)s Dt

B State equation for air (isothermal condition)

Dsp? _ s 2R © : absolute temperature

_ @ P _
Dt OR Dt R : specific gas constant




Water retention curve (WRC, SWCC)
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Constitutive equations (5)

B SWCC (van Genuchten, 1980)
pcl: P4 sV = g% (p(:’ T) — gV (p()

(isothermal condition)
DS S\V 89\\.’ Dsp(.‘.

Dt 9p° DIt
Db'pc

W (C) — [1 L C\Nvg 1 —Myg iggh,  B—Oy B — gL
83 (p%) =114 (e p®) " } )= g~ —w

1 My 2
WS __ 1.LWS [ W &vg . oW - WS WS
l" T l”s {'5(‘_‘. } e |:1 {1 ('5(* )m\h } ] T l‘s l"r

1

2Mi i
,as __ 7.as oW\ Tve o ( W) Mve 7 1.,a817,a8
KBS = k25(1 — s%) {1 5" } T

S




Soil water characteristic curve

B Continuous logistic function

P sV — g% (pc’ T) — gV (p(:)
(isothermal condition)
DSS\V B OS\V Dsp(_'.'.
Dt op¢ Dt
Db‘, C
> = C p
0 1 sy Dt
9“, (1)() - 1 SW (pc) B 6) - 01_ B SW . S:.V
‘ {1+ exp(ap® + b))} ° 0 —0; sV — sV

Vs — k_:\xf&z((s,\\r)f\-g

S e

ras __ 1.as oW\ Tve
l” T l”s (]' Se ) e



Constitutive equations (6)
B Extended Modified Cam-Clay model

Yield function

F'—
1\[2

LP(P-P) = L p (P’ =
Evolution law

‘: L3y . 1 e P .
Pl =U&¢€ = —- Pl éP = —QP’ P
C AY A 2 C A" C AY

",\\'0(' b*
R* = exp {—(1" ( - ) } (@° = 0)
P

=1 (0°<0)




Constitutive equations (7)
B Extended Modified Cam-Clay model

Pressure-dependent hyperelastic model (Borja and Tamagnini 1998)

(e _e % 3 ., .
6 (€5, €5) = (€5) + s p° (5)°
b €v — €0

¢ (€5) = —Pykexp (— 2

A

K

-V

) = —Pykexp

QO -~
2 / , 7 7
= fio + E(#’) = o — Pyaexp ()



Full formulation (1)

B Linear momentum balance of mixture

‘ [ DPpWe | | ,
pab _|_pVV = {grad (v& _’_va)}th
DR
| DEgp?e e e
+ pa _ Dt = {grad (US + vclb)} vclb:|
= divo + pb

pa® =div (o’ — p'I) + pb



Full formulation (2)

B Linear momentum balance of water

ns™ g [ab | D - {grad (v° +vw"’)}’vw‘°}
R
LS g -.
= —nsVgrad p™ + ns¥p" b — — ns" v
R |
Fqyee f
ns®p* [aﬁ | oy - {grad (v° + v*°)} ’va“]
a.+aR
. . . ns (1 P
— _ns&gradpd nsddeb L ‘ nsclvdb

kds



Full formulation (3)

B Mass balance of water

w _WR S, W 8.8
ns-p o wR D p | wR D p
( kv 7 C> bt """ D

+ sV p"Rdiv v® + div (ns” p"Ro™®) = 0
B Mass cuviiie o0 wn

(n(l L SW) 1 Dspa.

aR
= — > |
| np C} Dt np

+ (1 — s™)p*Rdiv v® + div (ns®p*Rv®) = 0

DHpW

aR
G
Dt




Simplified formulation (1)

B Linear momentum balance of mixture

W Material time derivatives of relative velocity of the pore fluids to the soil
skeleton are small compared to the acceleration of the soil skeleton.

B Advection terms of the pore fluids to the soil skeleton are small
compared to the acceleration of the soil skeleton.

i S e WS
pCLS 3 D v feTm ; P
=2 forad(o ——v_’“—*)?i}z‘%"
" DSq@s | N el |
S T i e e S
t
= divo + pb

pa’® =div (¢’ — p'I) + pb



Simplified formulation (2)

B Linear momentum balance of water

R DS,UWS
W W S [ e s 3 3/ A
ns" p [a F=5; forad o= T }
ns¥ pWiy ..
L wR W WS
= —ns"gradp” +ns" p" b — ws T v
l LI1cal 11ivIiIcClictudi il yaidiliLvc vl dil
S pedS
dR[ | D v ( 1 /.S _.as\ AS]
ns P i 2 ad (0 10 J7D
Dt
aR
ns*p*tyg s
= —ns?grad p® + ns*p*tb — ns*v"®

kas



Simplified formulation (3)

B Linear momentum balance of water
B Generalized Darcy’s law

, KWe , ‘
ns" oW = {—gradp" + PR (B — a’)}
pWRg
B Linear momentum balance of air
B Generalized Darcy’s law

. K 1
nsv® = i {—grad p* + p?R (b2 — a&’)}




Simplified formulation (4)

B Mass and momentum balance of water

wR S, W S,
ns“p wR D*p wR. . Dp wR
—np +n div v°
( K™ ’ > Dt T - i

. | AL |

+ div { (—grad p™ + p" Y — p"Ra®) b =0
g

m VIaSS and momentum balance or alr

D] — oW D\ 4 Ds W
{N((-)RS =gt } I s - M Sl i

Kk .. ARy R«
+ div { (—grad p* + p*Rb* — pa& a‘“)} =()
g



Simplified governing equations
B Linear momentum balance of mixture
pa” = divo + pb

= div (o’ — p'I) + pb
B Mass ana nnear momenwum palance of water

w . wR S, W S 2

ns® p D*p »n D®p R :

( [,/“, g ('> ) + np"Be f + sV p"Rdivv®
W D Dt

k WS
9

m p+div { (—grad p™ + p"RpY — /)“'Ra”')} =)

oF + (1 — sV)p*Rdiv v®

n(l — sV . DSp? | DspWV
{ ( ) — npR ('} D]f +np*Re D]f

kilS . ) ) . i
+ div { (—grad p* + p*Rb* — pR a‘“)} =)
9



Weak forms (1)

B Linear momentum balance of mixture

Ow” =0wyy + 0W(yy + 0wgy + 0wy + dwis,

owpyy = / pov® - a’dv = dwpy(a’, v, p%, p*)
n |

) Linearization
(5'1.[’8:) pm— /
(2) s

arad ov° : o'dv

0d” : o'dv = duiy) (W)

-
\
0 s

OW (3)

_ /Bs pf(li\,r v dv = (5'((3?3) (uﬁg])w,pa)

OW(yy = — /BS pov” - bdv = ow(y (u’.p~. p")

Sw’ _ / dv° - tda = du..rf;))(fa)
B3

—
1
~—r

dv® : weight function



Weak forms (2)

B Mass and linear momentum balance of water
ow™ =0wy + dw iy + 0wy + dwyy + owsy + dwg) + dws

; ‘ -S‘“‘ /)\\ R
ow ) :/ op” n( oW i )1)“ dv = dwyy(u”, p™, p*)
B>

Linearization

(511.'2‘.;) = / (5‘1)“"-12/)“"R cprdv = (5"(1*Z‘.é)(u“. Y. p")
J Bs

0w 3 :/ op™ s p"Rdiv vSdv = ows (u”, p*, p*)
Bs

i ' : 3 ) k\’\'\
0w 'y :/B- grad op™ - p grad p™dv = dwpy (uw’, p™, p*)

- : oo SRR o S e
OW(sy = — / grad op™ - p"Bbdy = dws (u, p™, p*)
B* g

- o . am
0W gy = / grad op™ - T/“Ra dv = owg (u”,a”, p", p*)

il = g da = S, ~ . .
OW7) ./aB=~ 0p™ - da = 0wz (1) op™ : weight function
wq



Weak forms (3)

B Mass and linear momentum balance of air
W™ =0wyy + 0wy + 0w(gy + 0wy + Ow(sy + dwigy + ow s,
oWy = / opn ( S ]_; = Bk (") pdv = owpyy(uw®, p™, p")
Linearization

S

Owpy) = / op*np*Rep¥dv = oWy (u”, p™, p*)
B.»,

OW 3y = /B-- op*(1 — sV) p*Rdivoidy = ow(gy(u®,p" ., p*)

as

grad p*dv = dwyy (u”, p™, p")

g

oWy = / orad op® -
J Bs

OW 5y = — /B grad op™ - - p T bdv = dwisy (u’, p", p*)

OW gy = / erad op™ - ” pRa’dv = owg (uw’,a>,p",p)
B* {

e . R B o |
OW 7y —/{)Bﬁ 0p"q da = owz)(t) op* : weight function

.:I(l



Weak forms

B Fully implicit with Newton-Raphson method
ow(a®,p™, ") =0 Qry1 = a + Aa
Sw¥ (a®, ¥, p*) =0 P = P + A"
dw*(a@®,p%¥, ") =0  Pr1 = P + AP
Déw®|Aa®] + Dow®|Ap™| + Dow®|Ap®| = —dwy;,

Déow% [Aa®] + Déw™ [ApY] + Dow" [Ap?| = —dwy]
Déw?|Aa®] + Dow®|ApY| + Déw*|Ap®| = —dwy,




Linearization (the first term in Linear

momentum balance of mixture)
B Linearization of weak forms at reference configuration
obtained by pull back

Dowy)|Aa”] = /B‘“ (Dpso[Aa®] 607 - @® + pspdv® - Da’[Aa®]) dV?
= / {BAET® (s "™ + s*p*R) v® - @® div Aa®} dV*
J BsO
T / (pso0v® - Aa™) dV*

DoW i, [ApY] = /f. Dpso[ApY|6v° - a*dV*®

. S\\'/)\\'R . o % o | -
- / BAL(J® — 1+ ns0) v T c(p*™ — pV) p ApYov° - @’dV*
v [ 0 \ W /

DAWANAT L= | DeslBfT] gv™-a'al”

” S,H
= BALA( TP — 1.+, ){——('(/)"H—/“”)}_\.p ov® - a*dV®
_/H 5 1 OR



Linearization (the first term in Linear

momentum balance of mixture)
B Push forward of linearized weak forms to current
configuration

Déwiyy[Aa”] =3 At* / (sV "R 4+ s2p*R)5v° - a® div Aa®dv
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Mixed finite element method

B 8-node isoparametric element
B Satisfy LBB condition
B Soil skeleton: 8 nodes
B Pore water and air: 4nodes

® Displacement of soil skeleton

O Pore water and air pressure
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Time integration

B Newmark implicit time integration method
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