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Outline:

- Motivations: Geo-environmental and Energy engineering problems

- Mathematical model (thermodynamically consistent mechanistic theory — Hybrid Mixture
Theory): governing equations, constitutive models, i.c. & b.c.

- Finite Element discretisation

- Numerical validation and simulation of strain localisation in dense sand



Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

This lecture aims to:

» Show development of a fully coupled finite
element model for non-isothermal non-linear
multiphase elasto-plastic porous continuum in

dynamics (THM fem model).

« Validation (comparison with analytical solutions or

GAS

more approximated numerical solutions) (WATER VAPOR + DRY ARR)

Microscopic view of

- Strain localisation analysis (localised failure of....  three-phase geomaterial
(soil, concrete, rocks)

geomaterials)
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Finite element analysis of non-isothermal multiphase porous media in dynamics
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Motlvatlon catastrophlc landslides

* Dam 263.5 m tall (462 - 725,50 m sIm - tallest in world)
« Reservoir contained ~ 170 million m3 of water

* Reservair filling + heavy rainfall + high water pressure load

from the bedrock = reactivation of a prehistoric slide



MUMOLADE

Finite element analysis of non-isothermal multiphase porous media in dynamics

Motivation: catastrophic landslides

800 -
700 —

600 — Strotigraphic  units
described in Appendix G

500

pre-failure October 9,
1963

Foilure surface,

slide of Nov.4,1960

Oid slide
mass

T

ELEVATION,
metres

Vajont, Italy, October 9, 1963

Horizontal Scale ='Vertical Scale B i
See Figures 11 and 12 for location of Section LTt g F et

(Rbssi and Semenza, 1980)

» Reactivation of a prehistoric slide:
270 million m3 of rock - 200-250 m thick mass of rock

500

slide moved in 20-25s - velocity 20-30 m/s;
water wave ~ 210 m above top of dam = 2043 persons died

l ALERT SCHOOL 2015
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Finite element analysis of non-isothermal multiphase porous media in dynamics
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Motivation: catastrophic landslides
» Onset of landslide: increase of temperature in the failure zone (friction-
generated thermal effects) = increase of water pressure and loss of clay
strength = vapour cushion of zero friction may have appeared, increasing

the slide velocity (Hendron and Patton 1985; Vardoulakis 2002; Cecinato 2011; ...)

* ‘Ingredients” for modelling: non-isothermal multiphase porous media,

dynamics, frictional heating, large strains.

GAS

\""“S == (WATER VAPOR + DRY AIR)

Microscopic view of
w5 three-phase geomaterial — sws.mso

500

(soil, concrete, rocks)

Motivation sults



Motlvatlon seismic behaviour of deep nuclear
waste disposal B

Microscopic view
(partially saturated soil)

(deep: -400 m, -700 m)

(1) vitrified waste, (2) steel canister,
(3) buffer material, (4) host material

Typical scheme of a deep geological repository for nuclear waste
(Gens, Olivella, CISM lecture notes 2001)
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Finite element analysis of non-isothermal multiphase porous media in dynamics
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Motivation: oil sands production

Bituminous sands, colloquially known as oil sands or tar sands, are a »»~ ~f »»»ronucnticncl notraloiins donccit The ~ondg
contain naturally occurring mixtures of sand, clay, water, and a dense and ¢
to as bitumen (or colloquially "tar" due to its similar appearance, odour,
amounts in many countries throughout the world, but are found in extremely,

The crude bitumen contained in the Canadian oil sands is described by Ca
solid or solid phase in natural deposits. Bitumen is a thick, sticky form of cr
unless heated or diluted with lighter hydrocarbons. At room temperature, it
often refer to similar types of crude oil as extra-heavy oil, because Venezue B
viscous, allowing it to flow more easily.

Oil sands reserves have only recently been considered to be part of t
technology enable them to be profitably extracted and upgraded to usable
oil or crude bitumen, in order to distinguish the bitumen extracted from oil s:
as crude oil traditionally produced from oil wells.

Making liquid fuels from oil sands requires energy for steam injection and

amount of greenhouse gases per barrel of final product as the "produ/ﬂ
products is included, the so-called "Well to Wheels" approach, oil sandsMare

greenhouse gases than conventional crude.[4] FORMATION

.. the oil made to flow into wells by in situ techniques, which reduce the viscosity by injecting steam, solvents, and/or
hot air into the sands. These processes can use more water and require larger amounts of energy than conventional oil
extraction, although many conventional oil fields also require large amounts of water and energy to achieve good rates of
production.
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Motivation: Hydraulic fracturing (1947)

Ahighly pressurized mixture
of sand, water and chemicals
isinjected into the well

Millions of litres of water are
delivered by tanker or pipeline

e

Shale rock bed

Namral gas flows to the surface
Recovered wastewater is stored
in pits before being treated or

; re- Imecled into aquifer:
!

Fissures

Storage and
»> jprocessing tanks

Natural gas is piped
or trucked to market

TR ——

Roughly 200 tanker
trucks deliver water for
the fracturing process.

2,000

.

A pumper truck injects a
mix of sand, water and
chemicals into the well

Hydraulic Fracturing

Hydraulic fracturing, or

“fracing,” involves the In;em:m
of more than a m||Iion g 1
~ of wate

Natural gas flows out of well.

Recovered water is stored in open
"% pits, then taken to a treatment

: plant

"Pit

"
i

Storage  Natural gas is piped
tanks to market.

.

Graphic by Al Granberg
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Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

Mathematical model

liquid phase

Microscopic view of a
(liquid water)

three-phase material

Intergranular forces due

to capillary effects
solid phase

gas phase (dry air and/or water vapour)

Mechanics of non-isothermal multiphase porous materials:

- Balance equations
- Generalised effective stress principle

- THM constitutive models (dependent on temperature and capillary pressure)

l ALERT SCHOOL 2015 Motivation — Mathematical Model - F.E. resulis
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State of art - porous media models in dynamics

1980: O.C. Zienkiewicz , C.T. Chang, P. Bettes, Géotechnique
1983: A.H. Chan, PhD Thesis, Swansea University. Isothermal models.

1990: O.C. Zienkiewicz, A.H.C. Chan, M. Pastor, D.K. Paul, T. Shiomi, PRSA

Isothermal 3-phase formulation with air phase assumption
1995: E.A. Meroi, B.A. Schrefler, O.C. Zienkiewicz, NAG.

Isothermal 3-phase formulation with air phase assumption.

1998: R.W. Lewis, B.A. Schrefler “The Finite Element Method in the Static and Dynamic Deformation and
Consolidation of Porous Media”, Wiley, 1998.
Non-isothermal dynamic 3-phase formulation, non-isothermal 3-phase quasi-static implementation.

1998: B.A. Schrefler, R. Scotta, CMAME, 1998. Isothermal 3-phase formulation and implementation.

1999: O.C. Zienkiewicz, A. Chan, M. Pastor, B.A. Schrefler, T. Shiomi “Computational Geomechanics
with special reference to earthquake engineering”, Wiley, 1999.
Isothermal 3-phase dynamic formulation and implementation with air phase assumption.

2009: N. Ravichandran, K.K. Muraleetharan, IJINAMG, “ Dynamics of unsaturated soils using various finite
element formulations”. Isothermal 3-phase dynamic formulation.

2010: B. Markert “Dynamic wave propagation in infinite saturated porous media half spaces”, Habilitation
thesis, Universitaet Stuttgart. Isothermal 2-phase dynamic formulation and implementation.

l ALERT SCHOOL 2015 Motivation — Mathematical Model - F.E. resulis




Finite element analysis of non-isothermal multiphase porous media in dynamics
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MUMOLADE

State of art - porous media models in dynamics

2010: B. Albers “Modeling and numerical analysis of wave propagation in saturated and partially
saturated porous media”, Habilitation thesis, Technische Universitaet Berlin.
Isothermal 3-phase dynamics formulation.

2010: M. Nenning and M. Schanz, IINAMG, “Infinite elements in a poroelastodynamics”.
Isothermal, wave propagation problems in unbounded saturated porous media.

2011: A.R Khoei, T. Mohammadnejad, Computers and Geotechnics, “Numerical modeling of multiphase fluid
flow in deforming porous media: a comparison between two- and three-phase models for seismic analysis of
earth and rockfill dams” . Isothermal model, 2- and 3-phase formulation.

2012: Y. Heider, Ph.D thesis, “Saturated Porous Media Dynamics with Application to Earthquake Engineering”,
Universitaet Stuttgart. Isothermal 3-phase formulation with application to strain localisation simulation.

2013: 1.D. Moldovan, T.D. Cao and J.A. Teixeira de Freitas, IJNME, “Elastic wave propagation in unsaturated
porous media using hybrid-Trefftz stress elements”.
Isothermal 3-phase formulation, modeling for shock wave propagation in porous media.

THM implementation in dynamics: not yet published

l ALERT SCHOOL 2015 Motivation — Mathematical Model - F.E. resulis




Finite element analysis of non-isothermal multiphase porous media in dynamics
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Mathematical model based on: Hybrid Mixture theory

Lewis and Schrefler 98, The finite element
method in the static and dynamic ...,

| Hassanizadeh and Gray AWR 1979, 1980, 1990
= 4 Intergranular forces due Schrefler AMR 2002

to capillary effects

liquid phase
(liquid water)

solid phase

gas phase (dry air and water vapour)

Thermodynamically Constrained Averaging

- . Theory (TCAT): Gray and Miller, 2005, ... ... ;
Assum ptlons (THM mOdeI)- Gray and Schrefler, 2007; Gray et al., 2012

* local thermodynamic equilibrium state

» constituents microscopically non-polar

* immiscible constituents (except dry air and water vapour)

« water vapour, dry air and their mixture: perfect gases

 phase change for liquid water and its vapour (evaporation/condensation —
adsorption/desorption)

« small strains (for the implement model) -
||



Finite element analysis of non-isothermal multiphase porous media in dynamics

Hybrid mixture theory

Microscopic balance equations

Spatlal averaglng operators (Hassanizadeh and Gray AWR ‘ \
1979, 1980, 1990)

Microscopic view

Macroscopic balance equations

* As a results a substitute continua which fill the
entire domain simultaneously is obtained, instead of
the real fluids and solid, which fill only a part of it.

* These substitute continua has a reduced density,
which is obtained through the volume fraction 7#x,?)

— Ju7 macroscopic view of
T (x0) [ dvix.1). averaged continuum

I ALERT SCHOOL 2015 Motivation — Mathematical Model - F.E. results




Finite element analysis of non-isothermal multiphase porous media in dynamics

Macroscopic balance equations
(Lewis and Schrefler ‘98)

Linear momentum balance equations of the mixture:

- nSgpglagS +v¥ Vv =0

pa’[-nS p" [aws +v". VVWJ

div(c'—loc[pg — Swpc])+ Pg -

Enthalpy balance equation of the mixture:

]—i— CenS,p* k;g;:g [—gradpg + p? [g —a’ — agsﬂ} ~grad T +

w Wkrwkw w w N ws
{Canwp o [—gmdp +p (g—a —a
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Motivation — Mathematical Model - F.E. resulis
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Finite element analysis of non-isothermal multiphase porous media in dynamics
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Macroscopic balance equations
(Lewis and Schrefler ‘98)

Liquid species mass balance equation (solid, liquid water & vapour):

oa—n nS oa—n o—n oa—n i
Y S’ + + p® V' + o' =——8 S p + S*p¥+10"S + oS ladivv’ +
[p{K KW}'O K ‘”g}p pK Sl 'OK 2o |elors,+ 7S]
a—n .
‘Sl+nl|lS +
| K PO ﬂ

gradp” + p*lg+a’ —a” ]j + diV(pg‘” KL gradp™ + prgta” —a™ ]:j =0
1

S S N

O 0S|t |- p
K Tk P

S S

- [,OW,BSW + ,ngﬂs [0[ - I’Z]Sg ]T + I’ng,Dgw + diijV + |:,Ow |:

+ dzv(

Dry air mass balance equation:

p* + & nSng"+aS dz‘vv%gp'g‘widivﬁ‘#
Ks g Ks g g pga pga g

kK,

. : | s .
pch+n}Sw—,Bs(a—n)SgT+Fdzv(p [ gradp?® + p* [g 1 —ag] J:O
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Finite element analysis of non-isothermal multiphase porous media in dynamics
MUMOLADE

Macroscopic balance equations (implemented model)

Assumption: when relative acceleration of the fluids and convective terms

can be neglected [aws Ly .va}; [ags Ly ,va]

u-p form (A.H. Chan, 1983, PhD Thesis, Swansea University)
(Zienkiewicz O.C., Chan A.H., Pastor M., Schrefler B.A., Shiomi T., Wiley, 1999)

(Valid for low frequencies problems, e.g. in earthquake engineering)

 u-p-T form

State variables: »“ capillary pressure

p? = pJ - p°
g
(measurable) P gas pressure approximated in
T  temperature dynamics
(e.g Hassanizadeh et al. VZJ
u  solid displacements 2002)

l ALERT SCHOOL 2015 Motivation — Mathematical Model - F.E. resulis




Figure 2.1 The soil column — variation of pore pressure with depth for various values of m and

™ B (Biot theory) ——-—2z(u-p approximation theory) we=c (Consolidation
theory) (Solution (C) 1s independent of 72 ). Reproduced from Zienkiewicz (1980) by permission
of the Institution of Civil Engineers

kv? 2\kT ki/n
=—-=t = (Z)=% =0 =
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2 2
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PARTIALLY SATURATED BEHAVIOUR WITH AIR PRESSURE NEGLECTED 31
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Figure 2.2 Zones of sufficient accuracy for various approximations: Zone 1, B = Z = C, slow
phenomena (i and iican beneglected) Zone2,B = Z # C,moderate speed (#can beneglected)
Zone II1 B # Z # C, fast phenomena (# cannot be neglected only full Biot equation valid).
Definition as in Figure 2.1. Reproduced from Zienkiewicz (1980) by permission of the Institution

of Civil Engineers

m =kpV3jwL? = 2%kpr/nT?

m =wfL V=25

k=k/pg, k - kinematic permeability, T = 2L/V, , V2 = (D + ke /n)/p ~ Bke/ern~ ke/p
(speed of sound in water), # = ps/p, n~ 033, §~ 033

and I1, is dependent on the permeability & with the range defined by

0.97K < 11 < 97K

According to Figure 2.2 we can, with reasonable confidence:

(i) assume fully undrained behaviour when IT; = 97k’ < 1072 or the permeability
k' < 10~* m/s. (This is a very low value inapplicable for most materials used in dam
construction),

(if) We can assume u-p approximation as being valid when k' < 10~? m/s to repro-
duce the complete frequency range, However, when &’ < 10~' m/s periods of less then

0.5 s are still well modelled.

We shall, therefore, typically use the u-p formulation appropriately in what
follows reserving the full form for explicit transients where shocks and very high
frequency are involved.

O.C. Zienkiewicz, A. Chan, M. Pastor, B.A. Schrefler, T. Shiomi “Computational Geomechanics
with special reference to earthquake engineering”, Wiley, 1999.



30 EQUATIONS GOVERNING THE DYNAMIC, SOIL-PORE FL
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Figure 2.1 The soil column — variation of pore pressure with depth for1
™ B (Biot theory) -—---z(u-p approximation theory)
theory) (Solution (C) is independent of 1 ). Reproduced from Zienkiewi
of the Institution of Civil Engincers
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Figure 2.2 Zones of sufficient accuracy for various approximations: Zone 1, B = Z = C, slow
phenomena (wand can beneglected) Zone2, B = Z # C, moderate speed (W can be neglected)
Zone III B # Z # C, fast phenomena (i cannot be neglected only full Biot equation valid).
Definition as in Figure 2.1. Reproduced from Zienkiewicz (1980) by permission of the Institution

of Civil Engineers

m = kpV2jwL? = 2kpy = T?

m =wt L}V =2 ()

k=k/pg, k -kinematic permeability, T = 2L/V, , ¥2 = (D + ke /n)/p~ Bke/on~ ke/m
(speed of sound in water), 3 = ps/p, n~ 033, G~ 033

and I1, is dependent on the permeability & with the range defined by
0,97k < I, < 97k’

According to Figure 2.2 we can, with reasonable confidence:

(i) assume fully undrained behaviour when I1; = 97k < 1072 or the permeability
k' < 10~* mys. (This is a very low value inapplicable for most materials used in dam
construction).

(i) We can assume u-p approximation as being valid when k' < 10~? m/s to repro-
duce the complete frequency range. However, when &' < 10~! m/s periods of less then
0.5 s are still well modelled.

We shall, therefore, typically use the w—p formulation appropriately in what
follows reserving the full form for explicit transients where shocks and very high
frequency are involved.
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Macroscopic balance equations (implemented model)

Additional assumptions:

* Incompressible solid grain at microscopic level:

K = o

S

K
( O, =1 —?T; for sails, ap,. =1)

S

* Negligible: dynamic seepage forcing terms: solid acceleration a® is

neglected in mass balance equations (very small contribution compared with

other terms - A.H. Chan,1983, PhD Thesis , Swansea University — isothermal

conditions)

and in enthalpy balance equation

l ALERT SCHOOL 2015 Motivation — Mathematical Model - F.E. resulis




Finite element analysis of non-isothermal multiphase porous media in dynamics
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Macroscopic balance equations (implemented model)

Linear momentum balance equations of the mixture:

dz’v(c'— [pg —Swpc}l)+pg =0

(thermodynamically consistent: Schrefler 1984, Lewis & Schrefler 1987,
Gray & Hassanizadeh 1991; Borja 2004)

Enthalpy balance equation of the mixture:

Kk, Kk

ConS, p"— [—gmd(pg —pc) +pwg] +CnS, p* —gg[—gmdpg +pggﬂ -grad T
H H

K vap

w

+(,0Cp )eﬁ T—div(;(eﬁgde) —EOW s, AH [pg —pc}—}AHmpprwamLﬁ

+AH, BT - nAHmpSw [ p" = p* ] —div [ ol kmgw [— gradp” + pwg}] AH, A =0'g’
U
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Finite element analysis of non-isothermal multiphase porous media in dynamics
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Macroscopic balance equations (implemented model)

Liquid species mass balance equation:

Ew % (% - pr ]-ﬂ[prw + 08 ladivv’ =|p" B, + p B[1-n]S, I +nS_p*

w

+divl "+ n[pw —ng]S'W + div(pw kzl;w [— gmd(pg — pc)—i— pwg]] +

B P P | B
+div| p P gradp®” + p°g||=

Dry air mass balance equation:

no, . 1
asS , divy’ + gi P+ —
P P

rg
a’iv(pga kﬁ[— gradp® + pgg]j - p [1 — n]S T=0
pe S )

divJ g" — nSW +

1

ga

_I_
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LMBE

o —@]+ [o”s, +p™s, ]adi Lo s, + B 1= nls [k S, o

wsMBE

+ di+ n[pw - pgw@ + div(pw k;tljw [— grad @+ pwg]j +
o KK
+ div( [— grac@Jr g J =0
us

3) Othdiv ’;S P+ pl dl —nS, + gaMBE
+p—dzv( [— gra‘ Vo, g]J B~ n]S@ 0
4) {C;n o L [—grad(@)+pw +CnS, p* —— gra‘p g } gra )@

dzv Zﬂgrad@ p" S AH ‘p -AH,p"S, am@M ﬂ@ nAH S gw] —
div(pw W —grad'_@ _|_pr jAHmp EBE
State variables: @ @ @
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Finite element analysis of non-isothermal multiphase porous media in dynamics

T EIREE
MUMOLADE

Initial and boundary conditions

Initial conditions

p!=p3, p°=p§, T=Tp, u=nug, u=nug, at t=tp

Boundary conditions

5
|

pd = pY on 0By, P

T T on OBr,

p¢ on 0Beg,
u on 0B, for t>tg

-
|

[nSgp9% v9%] - n

[nSgp?Y vI® + nSyp®” v¥] - n

q9? on B¢,

Be (pgw— pgé”)
+ ¢9* 4 ¢* on O B¢

nSwp? v AHvap — Xeff grad(T)]-n = ac (T — Two)
+ eoo(T* — T4) + ¢! on oB%
oc-n =t on 9Bl
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Finite element analysis of non-isothermal multiphase porous media in dynamics

Non-isothermal constitutive models: fluids
(Gawin and Schrefler EC96; Lewis and Schrefler 98)

gas phase = mixture of dry air and water vapour (perfect gases)

Clapeyron’s equation and Dalton’s law

pQszQCLRT/Ma pg’wng’wRT/Mw
. . p°M
Kelvin-Laplace’s equation p?* = p?"*(T) exp | ——— -
p - RT
CIausius-CIgpeyron’s pIWS(T) = pI¥30 exp (_Mw Ang(l _ i))
equation R T 1o
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Finite element analysis of non-isothermal multiphase porous media in dynamics

Non-isothermal constitutive models: fluids
(Gawin, Schrefler EC96; Lewis, Schrefler 98)

Darcy, Fick: from linearization of 2"? principle of thermodynamics

. Mg M ga
Fick law Vit = - = -"Dy grad (p ) = —vJ¥
My pY
K7k,

Darcy law nS, v = [g’”ad (p )+p”g]

u”

Fourierlaw ¢ = —X,yff grad(T)

0.608
Dynamic viscosity of gas ¢ = p9% 4 [pu9¢ — pu9v] (p )

= pI"° 4 a9" @ To)

uga = 90 + 99 (T — Tp) + % (T }- To)?
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Finite element analysis of non-isothermal multiphase porous media in dynamics
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Non-isothermal constitutive models: fluids
(Gawin, Majorana, Schrefler MCFM 1999;

Gawin, Pesavento, Schrefler NAG 2002; 1100
Gawin, Pesavento FT 2011 1:2 T
for concrete as multiphase porous material) X
E 600 [~ ——FURBISH \ ;
Bulk density of liquid water (Furbish, 1997) T

Temperature [°C]

p = oo + b (1) + b2(1)2 + b3(1)° + ba(1)* + b5 (1)°]
+K[ag + a1(T) + ao(T)* + az(T)> + a4(T)* + as(T)"]

Dynamic viscosity of liquid water ;% = 0.6612@ 229]1-°62

Enthalpy of evaporation (Watson formula)
AHyap = 2.6T2E+5x[Ter {3 with  Tor = 647.3K

l ALERT SCHOOL 2015
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Finite element analysis of non-isothermal multiphase porous media in dynamics
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Constitutive models: hydraulic behaviour
S (p¢, T &p), k™ (@<, J1), k’¢(pe, ) - experimental functions

Monfared et al. EG 2012)
11 ¢
1.0 +
N ™N
09 £ <
: R 1EA1T ¢
— 08§ N, ‘ \\ :
= 07+ oS, AN ?
2 06 < “a N\ 1E00
g Tk N AN g
2 05¢ N N :
2 04t > \ = 1E01 ¢
g - |—sw20°C N \. S
g 0.3 T N \ >
02 £{-== Sw;80°C M .| E ol 5 E |
o1 £ N \\ e Pt " —m—Olvela & Gens [T R 5
' E S e oo ----- N r | . . .
00 F—— i L e s I : ;| —&—Comes : :
0.1 1.0 10.0 100.0 1000.0 | 1ED3 frevesessnssnssnssnssbesns s R oo NG |
Capillary pressure [MPa] Boom Clay ; ; :
Sw ol /0 00 02 04 06 08 14
] ) Saturation [-]
(Francois and Laloui, NAGO08)
kv-§, and K-8,
Air entry value: (Olivella and Gens, TIPM 2000 )

5. T
Sp = 5,0 -€ P 1-67 log -6, log(1- &)
0
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Finite element analysis of non-isothermal multiphase porous media in dynamics
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Constitutive models: solid skeleton

(isothermal/non-isothermal & variably saturated conditions)

Classical rate-independent elasto-plasticity | =

Drucker-Prager (non associated plastic flow,
linear isotropic hardening)

(implicit) return mapping algorithm

(Sanavia, Steinmann, Schrefler, CM 2002)

with suction dependent cohesion: oA H>0 |—

c =c,+ ptan ¢’, (Fredlund et al. 1978)

H<0

c=c,+ ptan ¢’ -T tan ¢’, (non-isothermal cond.)

Oy
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Finite element analysis of non-isothermal multiphase porous media in dynamics
MUMOLADE

Non-isothermal constitutive models: solid skeleton

ACMEG-TS model (Advanced Constitutive Model for Environmental
Geomechanics - Thermal and Suction effects) for clayey soils

(Laloui, Francois NAGO08; Laloui, Frangois JEMO9, ...)

Critical state concept, multi-surface plasticity (ECP-Hujeux model)

and bounding surface theory

a n 7
gTe — gme +?STI K= Kref[@J GGref[@)

7 pref pref
Non-linear thermal elasticity o . ’
ﬂs:(ﬂs0+(@{ 59)())

(thermo hypo-elasticity) _
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Finite element analysis of non-isothermal multiphase porous media in dynamics
MUMOLADE

Non-isothermal constitutive models: solid skeleton

2
. Tp _ Ip Ok
Thermo-plasticity 8 Z EU k gzj,ISO +‘9y DEV ~ o'

y
linear combination of two |rreverS|bIe contributions
(developed within the multi-mechanism plasticity theory, Koiter 1960)

fiso = p'—Péo (TO)I—YT log@To)}[HyS log@se)}riw =0

Isotropic thermo-plastic yield function

Deviatoric thermo-plastic yield function

fdev =q—Mp'| 1-bIn

— d-p Vi =0
> dev ~
peo (To )'w[l YT log@T 0 )] [1 +7Ys log@se )] "
= Mo - (D-Tp)

> 34/34 l ALERT SCHOOL 2015 Motivation — Mathematical Model - F.E. results




1alysis of non-isothermal multiphase porous media in dynamics

deviatoric

< yield limit

nstitutive models: solid skeleton
2 5Qk

lsotropic

Eieldlimit Z gU k gy,ISO U,DEV

/ | Elastic
y 4. doimain

|rreverS|bIe contributions (multl-mechanism
deviatoric 2r 1960)

yield limit
|Eta5uc
Idamaln

9 - p' Tlog@To):Il:1+yS log@Se):Ilf'iSO =0
f Id function
T, Isotropic
T }"FE!d lirnit
< : eld function
f*'“iiiﬁa:i‘:r:ii: . d - p' )
, P dev —
o To) 1— v 10g(T)Ty ) (147 loe()se)

(e Sli:::m ;zfécllli:lr:it
g, 5 Motivation — Mathematical Model - F.E. results




MUMOLADE

Finite element analysis of non-isothermal multiphase porous media in dynamics

Finite Element discretisation

Mathematical model: non-linear
coupled PDEs

\ 4

Non-linear system of algebraic equations

Incremental approach

Spatial discretisation:

standard Galerkin method,
isoparametric formulation

Time discretisation:

Generalized Newmark method

(GN22)

l ALERT SCHOOL 2015

Motivation -

Mathematical Model - F.E. results




Summary of the F.E. approximation

onl (boundary) form

non-linear system of partial differential equations
A(g)=0

2) Weigthed residual method mmm=)> weak (integral) form of { B ()= 0

'\

3) Discretisation in space
non-linear system of

algebric equations

4) Discretisation in time
/

linearised system of algebric equations
5) (consistent) linearisation ==  \hich can be solved numerically

(Newton-Rapson procedure)

(Textbooks: Zienkiewicz O.C. and R. Taylor, T.J. Hughes, ........ P. Wriggers)

I ALERT SCHOOL 2015 Motivation — Mathematical Model — F.E. results




Weak formulation: weigthed residual method

Standard approach

Test functions: ou_ (virtual displacements); ope (virtual gas pressure)

op¢ (virtual capillary pressure);  oT (virtual temperature)
LMBE:

j(divmp[g—a]).ausdv _0  Vou, %0

B )
. Green’s theorem

—jc':grad5usdv +j(pg —Swpc) divou, dv

B B
+J‘p[g—a]°5usdv+ jf ou,da=0 Vou, #0
B OB

...Ssimilarly for the other governing equations



Finite element analysis of non-isothermal multiphase porous media in dynamics

Discretization in space:

* Note that the choice of the shape functions must be of C, continuity.

 Among various possible element combinations, the mixed elements are
recommended to satisfy the LBB conditions or to pass the patch test (e.g.
for 2D problems) - (Zienkiewicz et al. 1999):

(1) 6-noded quadratic triangle for the displacements and 3-noded linear
triangle for the water pressure.

(2) 9-noded (or 8) biquadratic quadrilateral for the displacements and 4-
noded bilinear quadrilateral for the water pressure.

I ALERT SCHOOL 2015 Motivation — Mathematical Model — F.E. results




Finite element analysis of non-isothermal multiphase porous media in dynamics
MUMOLADE

Mixed finite elements (in 2D)

® | Solid skeleton displacement

+1T @® ° ® .
> « o | Fluid pressure/temperature
€ (
0+® e 16 p* =N,p® |Gas pressure
&1 JP" =N.p" | Capillary pressure
1 X X I'=N,T Temperature
- @ bt ® u=Nu -
\ u Displacement
P P2
-1 0 +1 N, : |Bi-quadratic functions
N,,N_,N; ¢ | Bi-linear functions
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Finite element analysis of non-isothermal multiphase porous media in dynamics

TR
MUMOLADE

Discretization in space:

r/ - ~c — 3 K — —c A
C pg T Cgcp B CgTT T Cguu I Kggpg B Kgcp B KgTT - ‘f:g Parabolic

88
C._p°+ Cccﬁc +C, f+ Ccuﬁ 1K, 7+ K, P "‘KCTT ~f equations

24

—Cgp ~C,.p° +CTTT ij-- WD+ K. P +K T =f.

EW }B‘B c'dV - K K _p %f Hyperbolic
i equations

System of partial differential equations
- 1° and 2° order

- Fully coupled
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Finite element analysis of non-isothermal multiphase porous media in dynamics

Discretization in time:

Generalized Newmark Method (GN22)

(Zienkiewicz, Taylor, 2002)

u"' =u" + Aru” + B, AtAu”

u' =u" + dra” +%A12ﬁ” +%,82A12Ai1_'”

T =T 4 T +adtAT"

_cn+1

P =D +Aip° + tApe”

n+l

ps =p% +Ap*" +04tdp*”

1 1
Eéﬂl,a,g,é’ﬁl Eﬁﬂlgﬂz

Unconditionally
stability condition
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Finite element analysis of non-isothermal multiphase porous media in dynamics

000 oo
MUMOLADE

Finite Element discretisation

: - * Incremental approach
Mathematical model: non-linear PP

coupled PDEs

« Spatial discretisation:
standard Galerkin method,
isoparametric formulation

\ 4

Non-linear system of algebraic equations

l « Time discretisation:
_ _ o Generalized Newmark method
Linearisation (directional derivatives) (GN22)
éhpk AXITL — k'(Xz )
X | . nt1 = —¥ (X
Xnt1

Solution of the final set of linearized equations (monolithic approach)
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Finite element analysis of non-isothermal multiphase porous media in dynamics

[ T T KR
MUMOLADE

Numerical validation (Comes-Geo fem code — Unipd, |)
http.//www.dicea.unipd.it/

1. Validation of the isothermal solid phase model 1 eq.

1a- Wave propagation problem in a solid bar - (analytical solution)

1b- Wave propagation problem in a dry sand column (numerical comparison)

2. Validation of the isothermal water saturated model 2 eqs.

Dynamic consolidation - (analytical solution)

3. Validation of the non-isothermal water saturated model 3 egs.

Non-isothermal consolidation - (Aboustit et al. numerical test)

4. \Validation of the isothermal variably saturated model 3 egs.

4a- Liakopoulos test: quasi-static drainage of liquid water from an initially
water saturated sand column - (numerical benchmark)

4b- Unsaturated sand column subjected to a step load (hnumerical comparison)



5 sss 000
cc00080

= *+ 90 L

# v o0 o0
® 00 -
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MUMOLADE

Numerical validation (Comes-Geo fem code — Unipd, |)
http.//www.dicea.unipd.it/

1. Validation of the isothermal solid phase model

1a- Wave propagation problem in a solid bar - (analytical solution)

1b- Wave propagation problem in a dry sand column (numerical comparison)

2. Validation of the isothermal water saturated model

Dynamic consolidation - (analytical solution)

3. Validation of the non-isothermal water saturated model

Non-isothermal consolidation - (Aboustit et al. numerical test)

4. Validation of the isothermal variably saturated model

4a- Liakopoulos test: quasi-static drainage of liquid water from an initially
water saturated sand column - (numerical benchmark)

4b- Unsaturated sand column subjected to a step load (humerical comparison) _
F.E. results



Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

Numerical validation (Comes-Geo fem code — Unipd, |)
1) div(c'—Lyg/Swp/c]I)erg—pas =0 div(e)+pg—pa’ =0 LMBE

0" %[pé’ ~p |+ lpts, + oS, Judivv ~|p" B, + p BJ1=

w

2)

3)

k"k k¥ k
4) CynS,p" ,uww [—grad(pg —pc)+pwg]+ CénS, p® ,ugg [—gradpg + pfg

div()(eﬁgrad T) —p" %AHWP [f?g -p vap

—gradp” + pr]j AH,, =c'¢ _EBET

p'S,amLi+AH, B T-nAH, S, | p" - p™ |-

vap=w
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Numerical validation (Comes-Geo fem code — Unipd, |)
http.//www.dicea.unipd.it/

1. Validation of the isothermal solid phase model

1a- Wave propagation problem in a solid bar - (analytical solution)

1b- Wave propagation problem in a dry sand column (numerical comparison)

2. Validation of the isothermal water saturated model

Dynamic consolidation - (analytical solution)

3. Validation of the non-isothermal water saturated model

Non-isothermal consolidation - (Aboustit et al. numerical test)

4. Validation of the isothermal variably saturated model

4a- Liakopoulos test: quasi-static drainage of liquid water from an initially
water saturated sand column - (numerical benchmark)

4b- Unsaturated sand column subjected to a step load (humerical comparison) _
F.E. results



Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

Numerical validation (Comes-Geo fem code — Unipd, |)

1) div(c'—[pg—Swpc]I)erg—pas=0 with S =1 p¢-p°=p” LMBE

2 i[][s%s]aW%
/d]ngrn[p ,7% +dzv( [—gmd(p -p )+,0 gj

k'$"k
+divW J =

wsMBE

3)

w k’”g
o K7k, [ grad(p p) g]+C§nSg,0g i{g [—gradpg+pgg

4) {C;”nSW

div()(eﬁgradT)—pw%AHmp [pg - p° P S,amLu+AH, B T - nAHvapSW [pw —pgw]—

—gradp” + p g]jAH =o'e’ /EB(
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Numerical validation (Comes-Geo fem code — Unipd, |)
http.//www.dicea.unipd.it/

1. Validation of the isothermal solid phase model

1a- Wave propagation problem in a solid bar - (analytical solution)

1b- Wave propagation problem in a dry sand column (numerical comparison)

2. Validation of the isothermal water saturated model

Dynamic consolidation - (analytical solution)

3. Validation of the non-isothermal water saturated model

Non-isothermal consolidation - (Aboustit et al. numerical test)

4. Validation of the isothermal variably saturated model

4a- Liakopoulos test: quasi-static drainage of liquid water from an initially
water saturated sand column - (numerical benchmark)

4b- Unsaturated sand column subjected to a step load (humerical comparison) _
F.E. results



Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

Numerical validation (Comes-Geo fem code — Unipd, |)
1) div(c'—[pg —Swpc]I)erg—pas =0 with S =1 p®-p°=p" LMBE
2y p %[pé’ — s, + %Sg ledivv' ~[p"B,, + p= B[1-n]S, I + n%gw

+a’}\/gw+n[p ng]S +dzv( [—gmd(p -p )+,0 gj

+de]}

wsMBE

.S I’ZS a 1 a -
as ,divy’ + — P — —divJ] —nS, +

3) Rz ez gaMBE
< - gradp® + p g]J B.li-n]s,T=0
4) {C;”nSW kMk [ grad(p - p ) }ngnS e Kk, —gradp® + p g]} gradT+(,0C ) T -

div()(eﬁ,gradT)— W -AH,  p S;amLu+AH, B T - W

w BE
div( v K7k, [ gradp” + p g]jAH =o'e’
i
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Finite element analysis of non-isothermal multiphase porous media in dynamics

000 oo
MUMOLADE

Numerical validation (Comes-Geo fem code — Unipd, I)
http.//www.dicea.unipd.it/

4. Validation of the isothermal variably saturated model

4a- Liakopoulos test: quasi-static drainage of liquid water from an initially
water saturated sand column - (numerical benchmark)

4b- Unsaturated sand column subjected to a step load (numerical comparison) _




Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

Numerical validation (Comes-Geo fem code — Unipd, |)

1) div(c'—[pg —Swpc]I)erg—pas =0 with S =1 pf-p°=p" LMBE
2y p %[pé’ ~p |+ lprs, + oS, Judiv ~|p" B, + p B.l1-n]S, I +nS, oo
" wsMBE
+divdy +n[,0w —pgw].S"W +div(pw Kk, ljw [— gmd(pg —pc)+ p'g j+
U
o KK
+div( [ gradp®” + p g]J s,
3) “r aS  divv’ + ’; P+ pl divdé —nS,, + gaMBE
+%div[ [ gradp® + p g]J 1 n]S T=0
P pe
" k”wk
4) {CanW [ grad(p - p ) g}+CjnSg,0g
div()(eﬁgrad T) -p" %AHWP [pg -p’ P S,amLu+AH, B T - nAHvapSW [pw —pgw] —

—gradp” + p g]jAH =o'e’ /EB(
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Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

1a- Wave propagation problem in a solid bar

n=0
/| .
0.1m | 7 “— 100 MPa V=0
) E =210 GPa
< > — A
=1 p = 7860 kg/m”3 (steel)
Linear elastic solid

(L.J Sluys, 1992, PhD thesis )

10 12 14 16 18 ] 2

Spatial discretization (4-nodes isoparametric elements; 4 Gauss points integration)
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Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

1a- Wave propagation problem in a solid bar

Wave Velocity v :\/E =\/210E9 =5044m

p 7860 S
FA B s
Period T= 4L = l =7,93FE—4s et
Vo 5044 N
Axial strain g, = o, _100E6 0,47E -3 >
E - 210E9 =1.98e-4 5 L, t=0s time
0'(()),0000 0,0004 @ 0,0012 0,0016 0,0020
o1 A /\
A /\ /\ |
= os \ / i\ / i\ Displacement
Eon o\ [\ [\ time history
g 0,5 > \\ // \\ // \\ = Comes-Geo of the free side
£ 05 \ / \ / \ of the bar
8 -0,7
08 \../ \ ./ \ .| Arfess
0o \ / \/ N
1’0 \/ \VJ N
’ Time [s]
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1a- Wave propagation problem in a solid bar

Time [s]
0,00 0,05 0,10 0,15 0,20

0,0

0,1

l

£-03 it

0,2

<04
c

]
£-05
@

]
é‘ -0,6

e 0,7 L

08 fHH

At=1e-5s
09 060605

-1,0

Displacement time history of the free side of the bar

At=le-5s Time [s]

A AR

=0 J4 A4 UT Tk 4T % .

S 5 O O R L
e LA &
0 A Y TRIRIRI IR

w4 Y / /S S

10 A X & X E-S X X 8
Numerical damping: comparison between Numerical accuracy: comparison between
different time integration parameters different time steps
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Numerical validation (Comes-Geo fem code — Unipd, |)
http.//www.dicea.unipd.it/

1. Validation of the isothermal solid phase model

1a- Wave propagation problem in a solid bar - (analytical solution)

1b- Wave propagation problem in a dry sand column (numerical comparison)

2. Validation of the isothermal water saturated model

Dynamic consolidation - (analytical solution)

3. Validation of the non-isothermal water saturated model

Non-isothermal consolidation - (Aboustit et al. numerical test)

4. Validation of the isothermal variably saturated model

4a- Liakopoulos test: quasi-static drainage of liquid water from an initially
water saturated sand column - (numerical benchmark)

4b- Unsaturated sand column subjected to a step load (humerical comparison) _
F.E. results



Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

2- Dynamic consolidation in water saturated

elastic column under harmonic load
(B. Markert, 2010, Habilitation thesis, Universitaet Stuttgart)

£(t)=1000[1-Cos(20mt )] N/m’
2000
1500 -
Initial condition £
£ 1000 -
P® = Patm fixed 5
P =0,0 S
T=293.15°K fixed
u, =0.0 on the lateral nodes 0
10m b 0.0 0.1 02 03 0.4 0.5
u, = 0.0 on the bottom .
Time [s]
Boundary condition Material parameters Value  SI unit
P® = Patm fixed Young's Modulus E 1,45E+07  Pa
PC = 0.0 at the top Poisson's Modulus v 0,3 -
T=29315K fixed Porosty n 0,33 .
u, =0.0 on the lateral nodes Density of the solid P 2000 kg/m
«=0.
. : 2
uy = 0.0 on the bottom Gravity a'c'celeratlon g _20 _5 m/s
. Permeability ky, 10710 m/s
2m Incompressible liquid water

Spatial discretization (8-node isoparametric elements; 9 Gauss points integration)



MUMOLADE

Finite element analysis of non-isothermal multiphase porous media in dynamics

Vertical displacement [10“m]

?2-

-0.1

-0.6

-1.1

-16

-2.1

25-Geo
tic solution

...........................

Dynamic consolidation in water saturated
elastic column under harmonic load

=&~ Com és-Geo
—Analyétic solution

Vertical displacement [10m]

a) k, =102 m/s,

Displacement history, top surface
b) k, =10~ m/s

Analytical solution: de Boer, 1993, Arch. Appl. Mech.
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Numerical validation (Comes-Geo fem code — Unipd, |)
http.//www.dicea.unipd.it/

1. Validation of the isothermal solid phase model

1a- Wave propagation problem in a solid bar - (analytical solution)

1b- Wave propagation problem in a dry sand column (numerical comparison)

2. Validation of the isothermal water saturated model

Dynamic consolidation - (analytical solution)

3. Validation of the non-isothermal water saturated model

Non-isothermal consolidation - (Aboustit et al. numerical test)

4. Validation of the isothermal variably saturated model

4a- Liakopoulos test: quasi-static drainage of liquid water from an initially
water saturated sand column - (numerical benchmark)

4b- Unsaturated sand column subjected to a step load (humerical comparison) _
F.E. results



Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

3- Non-isothermal consolidation in a water
saturated elastic column
Numerical solution: Sanavia et al. JTAM 2008 (quasi-static) - Aboustit et al. NAG 1985

£(t) = 10000 Pa

llllllAt=50K

! 399

| .396. Initial condition

| e ol

{3871 P® = Patm fixed
T T = idrostatic

1] T=293.15K fixed . -

T ..3253: ! u = 0.0 on the lateral nodes Mater.1a1 parameters Value SI unit
........ Porosity n 0,39 -

Tm uy =0.0 on the bottom Intrinsic permeability k 2,0E-19 m’
111 = 3 3 Solid skeleton density Ps 2670 kg/m3
el oundary condition
o339 - ry Irreducible saturation point ~ Siry 0,05 -

AEREIENE P . = Patm fixed Solid thermal conductivity 0,42 W/(m K)
H i P =0.0 at the top Solid matrix heat conductivity 1,9E-16 W/(mK)
W T not fixed Solid specific heat 732 J/(kg K)
A TEREN U, =0.0 on the lateral nodes Cubic thermal expansion coefficient 1,3E-5 K
e u, =0.0 on the bottom Biot’s constant op 1 .
—2m —

Spatial discretization (8-node isoparametric elements; 9 Gauss points integration)
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Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

3- Non-isothermal consolidation in a water
saturated elastic column
Numerical solution: Sanavia et al. JTAM 2008 (quasi-static) - Aboustit et al. NAG 1985

node: 319 319 node: 399
. ; ‘ ; ; 3 =
. , 380 g i E
R 7&’ ) """""""""""""" i *Quasirstalic model -+| 20000 o :
----------------------------------------------------------------------------- %0 5 ’ ' ' 0 g S
B 20000 40000 60000  80.000  100i000 2 £
'g'. .\. ......................... -20000 § 8
Y M0 & : - - i -40000 E : %-
(] : H =
- \ : E | ‘ —=—Dynamic model g
| P P 8 i ; ; = g IR s —e— Quasi-Static model |---| 0.5 =
-..] —==Dynamic model |- 320 3 \\f“ oo g N : : : ! S
—e— Quasi-Static model e fromeannans o000 = et } } : T 0 -
A . : ; i | : i ; 200000400000 600000  80C000 1009000 ©
o e i j 300 } e : : ~100000 : e ' ‘ ‘ 05 >
0} 500 .. 1000 1500 2000 “tme fsec] i T
i Tire [day] "
node:319 . : .
: T = 320 ; 40000
===—Dynamic model "3 —=—Dynamic model E-
—e—Quasi-Static model i = | —e—Quasi-Staticmodel _[| 20000 £
R e e a5 2 : o E E
; ® \s.c 00 10.000 15.000 20.000 g &
i @ : 20000 B £
L T = P 30 & g &
| a (]
' (4] -40000 ' ' [+
: i L 2 —=—Dynamic model a
ey AR b 305 —| 60000 T PO ——Quasi-Statiemodel || 0% 2
v P © H |
| ' : so000  © i i ! 0 E
. ; 5000 10000 15000 20000 S
0 50 100 50 ' 100000 ' ‘ ‘ ? 05 E
Time [day] Time [sec] Time [day]
Temperature time history Capillary pressure time history Displacement time history
(bottom surface) (bottom surface) (top surface)
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Finite element analysis of non-isothermal multiphase porous media in dynamics
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Numerical validation (Comes-Geo fem code — Unipd, I)
http.//www.dicea.unipd.it/

4. Validation of the isothermal variably saturated model

4a- Liakopoulos test: quasi-static drainage of liquid water from an initially
water saturated sand column - (numerical benchmark)

4b- Unsaturated sand column subjected to a step load (numerical comparison) _




Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

4a- Drainage of water from a soil column:

Liakopoulos test - isothermal variably saturated model
(Liakopoulos, PhD thesis, 1965, University of California-Berkeley)

| open 1o flow Numerical solution:

o Gawin and Schrefler EC 1995
Initial condition . .
(quasi-static)
P® = Patm on the top . .
P° — idrostatic Gawin and Sanavia CMES 2009
\ T=293.15K fixed
™ impervious and W =00 on the lateral nodes Material parameters Value SI unit
constrained X ' }
1.0m \ boundary u, =0.0 on the bottom Porosity n 0,2975 ) 5
Intrinsic permeability k 45E-13 m
Boundary condition Solid skeleton density Ps 2000 kg/m3
P2 = Patm on the top, on the bottom | Irreducible saturation point Sir 0,2 -
P =0.0 on the bottom Critical saturation point Sai 0,909 -
T=293.15K fixed Young’s modulus E 1,3 E+06 Pa
u, =0.0 on the lateral nodes Poisson’s coefficient v 0,4 -
Y constrained o
S Sooidizy u, =0.0 on the bottom Biot’s constant ag 1 -
0.1 m free water outflow Bulk modulus of water Kw 22E+09 Pa

Spatial discretization (8-node isoparametric elements; 9 Gauss points integration)
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10000 I
9000 11 -@- QS t= Smn I‘L
. . L
m 00+ * 9svme L Quasi-static o3
& - QS 1=20mn ) ')
7000+ o QS t=30ma [ solution —=
goooow + QS t=60mn e
g 5000 || 40 1120 mn s 8
A /]
S "
. /
5 3000 P
& 2000
8 1000 - .... ...
0 :
02 04 06 08 '
Height [m]
1500 t
.
- 1000 «-0S t= 2mn ‘—r
é‘ «Dt= 2mn l,'
71V ) — . B -
5 an
an
g "‘.. 0:'
a .
.
E =500 .t i
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Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

Biaxial compression test of initially water saturated
globally undrained dense Hostun sands

Desrues & Mokni (Grenoble - Fr 1992, MCF 4 1998)

\%
35
2
)

340 electrical motor

mm Eﬂ
! L2 e |
I T — | ===l screw jack

2 3 I : axial displacement

transducer
load cell

upper platen load beam

= —— horizontal displacement
3 transducer

plane strain device
rear glass plate

specimen
lower platen

porthole

plane strain device pressure cell
and specimen and loading device

biaxial compression test on Hostun sands
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Finite element analysis of non-isothermal multiphase porous media in dynamics

£ P ocaa et
Ay MUMOLADE

Biaxial compression test of initially water saturated
globally undrained dense Hostun sands
Desrues & Mokni (Grenoble — Fr, 1992, MCF 1998)

Failure sig [kPa] Essai Biaxial en Déformation Plane - S1. . Water
plane 4000 localization | pressure
3500 @%K ) [kPa]
e 10
Axial ‘%% 1 o [ 5%
effective N/ 400
Cauchy 300
stress
[kPa] 200
1000 100
500 0
Dilatant | | o i
shear 0 0,02 0.04 0'0? 0.08. 0.1 0,12 cavitation
band Axial strain [-]

* Experimental conditions: de-aired water
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Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

Strain localization in globally undrained dense sand _

Imposed vertical displacements

/ — i i i
K,=2.2e9 Pa & Velocity of wave propagation = 1483.24 m/s (1.2 & 2.4 & 3.6 & 6 mmls)

__ Length __
D TCTit o Velocity —000023S 9 [r YYYYYYTYTYY A
Ll
v" The time for analysis of dynamic problems T
d  At<T,;=0.00023s [ i ‘: }I :' {[ EE
8 nodes per HHH
Material parameters clement T
Young modulus E =30 linear softening =-1.0 31ii:::i_:EErE:
MPa modulus MPa :II:H:{:::}:’:[[:: £
Poisson ratio v=0.4 Initial porosity n, = 0.20 Impervious oS- EEEE #
o & adiabatic [~~~
Gravity g =9.81 Initial intrinsic k=1.0E- boundary |-

: ’ . , I
acceleration m/s permeability 14 m ééj:}:{:EElE:
Initial apparent C,=0.5 Water unit Yo = 10 Y
cohesion MPa weight KN/m3 [

Angle of internal ¢ = 30° Solid density ps = 2000 E ]{ i i i i i i
friction kg/m3 T +
Dilatancy angle v =20° Drucker-Prager model
10cm
< >

(Sanavia et al., 2006 - inspired by Mokni and Desrues, 1998)
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Finite element analysis of non-isothermal multiphase porous media in dynamics

MUMOLADE

Strain localization in globally undrained dense sand

= Velocity load = 0.0024 m/s

S| |l

- _ = | WAT. SATURATION
Egy Plast STRAIN YOLUM. STRAIN ﬁiif CAPILL. PR.(Pa) REL. :*UNHD!TY 1
0.45111 0.22331 1.1632e+06 0.09934 I 090112
l 0.40099 I 01985 l L0155 0.99867 0.80225
0.35086 017369 | 6.3967e+05 - 0.998 - 0.70337
- 0.30074 - 0.14887 - B.7828+05 e B oosis
- 0.25061 - 0.12408 iy 516542405 B 00067 t 0.50561
- b p 2
- 0.20049 - 0.009248 i - 3.5487e+05 | 0,895 - 0.40673
. 0.15037 L 0.074435 - 1.932e+05 0.99533 0.30786
31533 :
0.10024 0.049623 0.99457 0.20898
0.050118 0.02481 -1.3013e+05 Do e
0 0 -2.9178+05 :

Equivalent plastic strain [-], volumetric strain [-], capillary pressure [Pa], relative
humidity [-] and saturation degree[-] contours at 19 s
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Finite element analysis of non-isothermal multiphase porous media in dynamics

Crucial issue in shear band modelling:
objectivity of FE results

Strain localization is a material instability phenomenon

d,w =do :de <0 (Hill 1958) d,wP =do : deP <0 (Drucker 1951)

sigy [kPal Essai Biaxial en Défo

Localisation

3000

2500

4000 , :
V\@ oftening behaviour
3500 —

2000

1500

1000

500

0 0,02 0,04 0,06 0,08 0.1

epsa cavitation

U [kPa]

e 1- Softening
o behaviour

- 500

400 2- Non-

o associated
. plastic flow
100

0

—— | -80kPa

-100

0,14

- E. results



Finite element analysis of non-isothermal multiphase porous media in dynamics

Crucial issue: objectivity of FE results

Strain softening single phase materials — von Mises plasticity

l F (1) K
il S 0.12
. g,wm(u(l)xy :
ayp=060mm
a>=120mm 0.10 24 mesh
- 2 12 x24 mes
A =60 mm 0.08 |
loading :
1 Foay = 07505 A 0.06 6x12 mesh

1 =00 F

“ o 1= 1510 " 0.04 &

. .' Ty material : ‘ 0,02 / 3% 6 mesh

F =11920 N/mny’

\ h Voo 00— L&*m ] -
p = 5000 kg/m* 0 20
l__x kK 3y =100 N/mm?

Lo h = 1000 N/mm’
. 777 Fig. 3.17: Equivalent plastic strain in centre section of the sample
Fig. 3.14: Impact biaxial test (t=0.1275E-3 s)

L.J. Sluys, PhD thesis, 1992: “Wave propagation, localisation and dispersion in
softening solids” — Delft University of Technology

1. F.E. dimension sets shear band width

2. maximum level of effective plastic strain inside shear band is
inversely proportional to F.E. dimension
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Finite element analysis of non-isothermal multiphase porous media in dynamics

Strain-softening single phase continuum

 Dynamics: when strain softening occurs, domain splits into an
elliptic part with imaginary wave speed (standing wave) and

hyperbolic part where waves can propagate

(Cauchy continuum)
dive+pg=pi — 1D a—G+pg=p1}i — Q; % _ 8_2\/
4 0 x ot ox = ot

ot
¢ =¢&° +&7; small strain, linear elasto-plasticity 6 = h¢” = F&° > 6 =

where v

Eh
E+h

&
with h = plastic modulus (h<0 softening)

o, L _Ov 0’v._ Eh 10°v  wave equation for 1D strain
Ox

" ox ~ orr E+h56x2 hardening/softening continuum

I ALERT SCHOOL 2015 Motivation — Mathematical Model — F.E. results




‘ Finite element analysis of non-isothermal multiphase porous media in dynamics

Strain-softening single phase continuum

? ’ . Eh/(E +h
o' [ Eh 19 (wnh D Ehj Cf:i\/ (E+h)
ot \ E+hppox E+h p

wave equation for 1D elasto-plastic continuum phase velocity

when #£<0, E+h>0 — c, isimaginary

« Dynamics: when strain softening occurs, domain splits into an elliptic

part with imaginary wave speed (standing wave) and hyperbolic part

where waves can propagate.

« Because of the inability of the standing wave to propagate, localization
zone has zero thickness with no energy consumption; against

experimental evidence.



Finite element analysis of non-isothermal multiphase porous media in dynamics

Strain-softening single phase continuum

When F.E. models tries to simulate strain softening, the first plastic

wave is unable to propagate and locks.

When the mesh is refined, the shear band width decreases

= pathologic mesh dependence.

T

)
H
. geomeltry :
F (1) a; =60 mm
a-> =120 mm
A =60 mm”*
leading :

X

\ |
p = 5000 kg/m
x K Gy =100 N/mm?

Frn = 0755y A
=04 F

1= 1510 %5
malerial

E = 11920 N/mm’
v =049

4,

h = 1000 N/mm’
7

Fig. 3.14: Impact biaxial test

0.12

0.10

0.08 —

0.06

0.04 4

0.02 -

12 X 24 mesh

6x12 mesh

A

/&M 3x6 mesh
/

0.0
0

120

y [mm]

Fig. 3.17: Equivalent plastic strain in centre section of the sample

(t=0.1275E-3 s)

L.J. Sluys, PhD thesis, 1992: “Wave propagation, localisation and dispersion
in softening solids” — Delft University of Technology




Finite element analysis of non-isothermal multiphase porous media in dynamics

Crucial issue: objectivity of FE results

(Cauchy continuum) isothermal rate-independent single phase material

model does not contain any internal length scale 1o set shear band width.

To maintain hyperbolicity in dynamics (or ellipticity in quasi-static

problems), we need to regularize the governing equations:

- inclusion of gradient or Laplacian term (higher-order gradient terms; e.g.

non-local strain models, 2nd-order gradient of internal variables, etc.)

- inclusion of rate-dependent term (extra higher-order time derivative

terms; e.g. visco-plasticity),

- inclusion of rotational degrees of freedom (micro-polar Cosserat model).

I ALERT SCHOOL 2015 Motivation - Mathematical Model — | F.E. results




Finite element analysis of non-isothermal multiphase porous media in dynamics

Crucial issue: objectivity of FE results

All these models introduce implicitly or explicitly an internal

length scale for strain localization analysis.

Multi-phase porous media models contain a Laplacian in the

mass balance eq. of the fluids if Darcy’s law is introduced:

Mass balance equation (solid + liquid + vapour):

oS - /Ou
n[p” — Pgw]a—:) + [p"Sw + p? Sgldiv ( )

opI¥ MqM gw
+ nSy P div | p9— ngwgfr'ad (p))

ol M2 P9
g o1
- g g _
+ v 19 ) + P 9]) ﬁswg By

L+ div (pw#w[—gmd (p?) + grad (p°) + pwg]) =0

F.E. results



Finite element analysis of non-isothermal multiphase porous media in dynamics

Crucial issue: objectivity of FE results

 The dynamic equations for variably saturated geomaterials may
remain hyperbolic even after the onset of strain softening and an

internal length scale can be defined:

Q(y)

Distribution of the
wave number
domains for fully
and partially
saturated
geomaterials

well-posed d¢ y

-yo ° *Yo\ill-pose
domaijn

o

 Forthe “quasi-static” case, this internal length cannot be defined

and a regularization strategy has to be used. ults
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ain localization in globally undrained dense sand

Drucker-Prager elasto-plasticity — multiphase porous media in dynamics

(Cao, Sanavia, Schrefler, NME under revision)

5x17 10x34 20x68
A
8 nodes per
element
§
=
Impervious
& adiabatic
boundary
A
1 8 FE. 340 FE. 1360FE.
—2 300 nodes 1109 nodes 4257 nodes
l ALERT SCHOOL 2015 Motivation — Mathematical Model -
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Numerical results, vertical section in the middle of the sample, with 3 different meshes
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Finite element analysis of non-isothermal multiphase porous media in dynamics

FEM regularization for post localized bifurcation

Visco-plasticity as regularization strategy

Perzyna model (1966) - (in cooperation with Maria Lazari)

Drucker-Prager yield surface with non associative flow rule & linear

isotropic hardening (Sanavia et al., 2006).

_ 2
F(p,s,éj - 3anp +HSH+Bn\/g[CO _I_hq p: mean Cauchy pressure
\/5 _ s: deviator Cauchy stress tensor
—singQ 6
a =2 3 g =200 &: equivalent viscoplastic strain

. 2 .
3-sing " 3-sing o .
C,: 1nitial cohesion

o eo00000
20000
@
@

h: hardening/softening modulus
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Finite element analysis of non-isothermal multiphase porous media in dynamics

FEM regularization for post localized bifurcation

Visco-plasticity as regularization strategy

Perzyna model (1966) - (in cooperation with Maria Lazari)

ofE]

6 =D¢ :(é—éij g=gel4¢gw A ZK%S where XV<

F,: is a reference fixed value making F/F, dimensionless,

v. is a “fluidity” parameter, depends on the viscosity (n) of the material and

can be constant (y=1/n) or a function of the stress or strain rate.
<> the McCauley bracket h that 0x) I p(x)20

<-> : X)) =
are the McCauley brackets, such that: (Q(x)) 0 if ox)<0

e o 0 @
e+ 0000
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Visco-plasticity as regularization strategy

Drucker-Prager visco-plasticity, Perzyna model (1966)

(in cooperation with Maria Lazari)

5x17 10x34 20x68
A
8 nodes per
element
§
=
Impervious
& adiabatic
boundary
v
7 85 FE. 340 E. 1360 FE.
QL 300 nodes 1109 nodes 4257 nodes
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<f§frainllocalization in globally undrained dense sand

Drucker-Prager visco-plasticity — Perzyna formulation
Viscosity, =20 sec

Loading 0,50
velocity:1.2mm/s

0,40

y

0,30 A

0,20

0,10

----(5x17)
— (10x34)
.............. (20x68)

------

t=56 sec

0,00

0,60

0,15 020 0,25

030 035
y (m)

0,50

0,40
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0,10 |

-----
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.............. 20%68)

t=56 sec

0,00
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0,04 0,06
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X (In)
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0,80
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—— (10x34)

_______
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Equivalent viscoplastic strain at the horizontal (y=0,1 m) and vertical middle section of the sample
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v s | Concluding remarks
AN MUMOLADE

* Presented a fully coupled THM model for non-isothermal elasto-plastic
variably saturated porous materials in dynamics

* Novel contribution: u-p-T formulation (for low frequencies problems)

* Model implemented in Come-geo code (University of Padova, Italy)

« Validation steps

* Dynamic strain localisation in globally undrained dense sand including
frictional heating and a test case of rapid landslide have been presented

Perspectives

 Extension to non-local visco-plasticity - Implementation of Nova-
diPrisco-Buscarnera model for sand - Parallel solution and 3D model

* Application to real cases (e.g. catastrophic landslides) —
[
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