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Bentonite

Highly compacted during
bricks, made of dry construction
bentonite, used to
construct a barrier
preventing possible
contamination

during
dismantling

© Villar, 2016
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Bentonite

during
Dry compacted construction
bentonite bricks swell
If wetted, hopefully
leading to a self-healing
and impermeable
barrier

during
dismantling

© Villar, 2016
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Bentonite - microstructure

Interlaminar
porosity

Intra-aggregate
porosity

AGGREGATE

=~/ MACROPORES: >50 nm
=7 MIP (600 pm
. =77 MESOPORES: 50-2 nm -6 nm)
MICROPORES: <2 nm XRD
Inter-aggregate Intra-aggregate
porosity porosity

© Villar, 2016

Non-clay mineral grain

Bentonite behaviour is complex and to predict it reliably we need to
understand the physical processes which leads to the observable
macroscopic behaviour
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Bentonite - microstructure

Inter-aggregate Intra-aggregate
porosity porosity

© Lloret et al. 2003 © Villar, 2016

Bentonite behaviour is complex and to predict it reliably we need to understand the
physical processes which leads to the observable macroscopic behaviour

¢
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Bentonite - microstructure

Forces acting in bentonite:

Macroscale: forces from mechanical
loading

Meso: capillary forces due to water menisci
petween aggregates ) @ O <
Micro: Forces within laminae of clay x x x

minerals (mainly montmorillonite) — inter-
pal'tIC|e dIStanCe eXCeedS ~30'4O A Van increasing pore fluid concentration o

der Waals attraction & electric repulsion on

atomic level
inter-particle distance below ~10-20 A —
electric repulsion on atomic level

o

© Santamarina, 2001
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Bentonite swellling

1. Number of Montmorillonite

platelets in a pile
decrease, spacing
between them increase.

Interlaminar porosity
Increases.

Some swelling occurs.

More water in the smallest
pores

TTH EBES: KYT project investigating bentonite

=" ‘ . Interlaminar
T = porosity

Intra-aggregate

AFGREGATE o ocity © Villar, 2016

ingide the saturated aggregates
formation of several particles

inter-layer space

| —_—

particle size o,
E Hickness
dl] inter-particle space dZI possible double layer

i

initial particle

d, < d

4+— high suction (> 50 MPa)

low suction (< 7 MPa) )
100 layers

10 layers

Sayiouri, Hicher & Tessier (2000)
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Bentonite - microstructure

1.7 —
= e = 1.008
1.0 =
0.9 — w=12.5%, s = 30 MPa
S J
© -4 0.812
R MX 80 clay
g W= 28.9% =125 % p = 2 Mg/m’
T s=2MPa WZ 2o %
S 4 0.597
S 06— @\x\@ *\
= - T
% 0.5 — \tg Ty
£ g T
7 = 0, T
2 030 w =285 % oo 0293
1= - O
n 0
0.2 — 0.230
0.1 —
00 — T \\IIII\‘ T \\\III\‘ T \\HI\I| T I\I\I\I‘
0.001 0.01 0.1 1 10

Porous radius (um) Delage et al., Géot. 2006

SAMPLE AT HIGHER WATER CONTENT AND LOWER SUCTION
HAS MORE WATER LOCATED IN VERY SMALL PORES (< 35 nm)
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Bentonite swelling

2 S 0-850 e = 0998 -09 &
. Size of the aggregates pi Ny 08 5
changes. They become also 0.63?@\“:%“?/1'0%’ R
more easy to break. Double oo T oged 04 B
. +7%_{F'e‘ﬁ-aﬂ96;:“"———+ -0-3
porosity structure slowly . O_ggg;f R "oz 02§
disappears 06 0 £

£
. . . ] s
Interlaminar porosity still ] ji I

5
o
Increases. & 1 8| e = 1006w = 125%
@
o)

~0-2 4 T\ .
< e-0998" N »«;ﬁ/’{; \

0-001 0-01 0-1 1 10
Entrance pore radius: pm

© Delage et al. 2006
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Bentonite swelling: montmorillonite water
absorption

3. Amount of water
between layers of
montmorillonite
changes

Adsorbed water

> 2 |y
MI

Additionally, the

4 layers : 20.6 A

Swe”ing iS aﬁeCted by Elementary sheet
the mesoscale _ Size of montmorillonite
of the aggregates v
. 4layers=206A:2d=11A, d= 55A
changes and capillary 3layers = 18.6 A 2d= 9A d= 4.5A
forces make a 2layers=156A:2d= 6A, d=3 A
] 1layers=126A:2d= 3A, d= 1.5A
difference

© Delage, 2015
© Sayiouri et al. 2000
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Bentonite swelling

1000 —

. . 3 FAN ree swelling condition
4. Swelling pressure is affected 1 B o
by the mechanical, thermal, —s &
conditions, as well as ®3 @ 1 layer

. - 1 50 MPa

availability of water and water 5 - Py

.. .. S A 2 layers
composition (e.g. salinity). S o &

= I—7MPa _ YIS
o @ . 2 & 3layers

Similarly, the number of layers - Constant | 22 4 |
/ volume change is different for 13 volume [® 44 (i
different mechanical : layers7| = Aaa
conditions: complex thermo- . 1 . A
hydro-mechanical-chemical o 1w w0 s
cou pl | n g Gravimetric water content (%)

© Delage, 2015
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Water transport

Due to complex 5 0x10 12—
microstructure, water _
transport is complex, 1 6x1012—
mixture of transport via -
vapour and liquid. % 1.2x10"%—

mé b ( + s=45 MPa )
Also highly < 8.0x10"°— 4+ s=43MPa
temperature . & s=41MPa
dependent 4.0x10™° — E el

N B s=35MPa

Necessary to predict 0.0x10° T T 71
Swe”ing, as Swe”ing 0 20000 40000 60000 .
depends on amount "Lt Phys. Chem. Earth 2008

of water available.
Prediction in time is crucial, as material is affected by stress history
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Temperature N

2 048 | ¥““>&J(4’ (a)
Temperature affects 2 a1, ._
forces between particles > 4| w=110MPa
. . P ’ 0.4 —| | —— T1(80°C)
both in microscale, as 4 |—— T8 (25°C)

well as mesoscale. 0.36 T T T T T

0.1 1 10 100
Pressure (MPa)
Therefore the material P C ycompa |
properties are I @ TE(25°C)
temperature .- N\ TR ey
dependent. 8117
E 1 — (c)
Thermal conductivity 0.9 —
non-linear and coupled 08 T
to water & mechanical o 1 o
P roperties Pressure (MPa)

© Tang et al., 2008
Prediction in time is crucial, as material is affected by stress history
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Salinity effects

500
Distilled water

& O
o /

o
o 100
@
5
w
3
8
= 1M sodium chloride
T
@

" Synthetic water
4M sodium chloride
10 1 1 1 | L | 1
12 14 1-6 16 2:0

Dry density, py: Mg/m?

Fig. 2. Comparison between the swelling pressures developed with

distilled water, synthetic water and sodium chloride solutions

10fp ODW
@ sw
. 08}
:
K
IS
£ O06F £,=210p,— 275
g (r2=0-94)
s
& o4}
=
L
=
02F £,,=131p,— 1:82
(r?=0-86)
0 1 I 1 1 I 1 I 1 I
10 12 14 16 18 2.0

Dry density, p;: Mg/m®

Fig. 3. Comparison between the maximum swelling strain of the S/B
mixture wetted with distilled water and synthetic water as a function of

the initial drv density

© Manca et al., 2016

Water salinity affects the hydraulic behaviour of bentonite, as well as
mechanical properties. It also affects the swelling of bentonite aggregates
and generally lowers the swelling pressure.

TTHEBES: KYT project investigating bentonite A
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Salinity effects

Precipitation — 5%
of sodium Ehlurfidg__,'

MX80—~Na€l"am W.= 52%
N .

B

© Manca et al., 2016

Water in liquid phase transport salt, but water vapour not!
In non-isothermal condition creation of high saline zones (zone

reached wetted by liquid water which evaporates) likely. Effects on
material being investigated.
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Outline

|. Introduction & overview
lI. Research at Aalto

.  THMC modelling of bentonite / swelling clays
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Thermo-hydro-mechanical FE framework A

Aalto University

Taking into account well established laws of physics and thermodynamics

mechanical: amended BBM, models by della Vecchia et al. (2013, 2014, 2015), new
models which take into account micro and macro structure of bentonite are in

development

hydraulic: number of models for water retention, Philip & De Vries model for vapour
transport, extended Darcy law for liquid water transport, Henry’s law for solubility of
water, phase changes and heat effects are taken into account

thermal: heat flux in solid, water and gas
phases, full energy balance / coupling

Some experiments on water retention
behaviour of MX80 bentonite and its
microstructure in saline solutions leading to
inclusion of those into modelling (chemical

coupling)

4/3/2017 dwell HY HPW e | det | mag O

- PW | pressure | de
O | 4:45:00PM | 45us | 10.00kY  51L8um | 79Pa | CBS | 8000 x
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Thermo-hydro-mechanical FE framework

Compues and Cesmrchnies 52( 30 T) B2-155

Era

Contents lists awvailable at Sciencellirect
Computers and Geotechnics

jeurnal homepage: www.alsevier.comflocate fcompgeo

Aalto University

Research Paper

A study on how to couple thermo-hydro-mechanical behaviour of
unsaturated soils: Physical equations, numerical implementation and

examples

Ayman A. Abed *, Wojciech T. Sodowski
A Usdversiry, Depanonns of Civil Brginarning, F.0. Bax 1900, A-GNTE Astm, Fsbd

() commtint

ARTICLE INFO ABESTRACT
Argicie This paper desoribes 2 thermo-hydro-mechanical framewaork suitable for moddling the behaviour of
Recehved 30 December 1006

Accepred 16 Jaly 17

unsaturated soils In particular, this paper focuses on bentonite clay subjected to a thermo-hydro-
mechanica load, as in the ase of mudear waste enginesing bamriers. The paper gives a theoreticl
derivation of the full ==t of mupled bakince squations governing the material behaviour a5 well as an

extended physicl interpretation. Finally. a finiee element disoetisation of the eguations and number
of 5 |

werifying their implementaion ino 3 oustom finie slement code is providsd Some

eyt of the farmulifion are ab validated against experimental data.

Finie eheme i1 me o 5P against experimen: ) )

A eiriphate fow @ 2017 Elsevier Lrd. All rights reserved.
Bermrie

THM bechia v

Muchear wase mpositanes

1. Introsdise tion radioactivity and chemical resctions, though these factors are ot

In some engineering applications the understanding of unsatu-
rated soil behaviour becomes inevitably important and necessary
for an elfective design A pronounced example is the caie of ben-
tonite which & the material of dwie for engineering barriers
due toits very low permeability, relative resistance to Chemicals
and swelling behaviour upon welling For instance, bentonite i3
used x5 barrers for nuclear waste disposal sites where safety spec-
ifbcations are especially strict [1.2). ldeally, barrers should be
nealy impermesble, sell-healing (3o the influence of cracks and
imitial imperfections i minimised) and poedes properties sud
that the sumownding envir remaing by radioac-
tive waste materials for a very long time, typically tens of thou-
sandd of years. A suitsble barrier materisl design requires
prediction of comples behaviour under high temperature gradient,
hydraulic processes and development of gas pressure. The design
ako requires prediction of the seli-healing properties obtained
due to swelling upon wetting and high pressure state in the
material Nonetheless, the developed swelling pressure should
mit be too high, &8 that could adversely affea the containers for
the nuclear material. Finally, the materisl i also affected by

* Conmspording auther.
E-mull adfres: 3ymanabedia o (LA Abed).

et e Al rg/ 10 101 5].com e 301 TATHIT
O2E6-35IXM0 2007 Elvier Ll AN rights resered.

A

Aalto University

imchuded in this study.

A significant body of research sccumulsted for these sealing
materials (eg |14]L which generally agree that the maodelling
should condider the fuly coupled (chema)-thermo-hydro-
mechanical behaviowr of bentonite. This paper presents a physical
framework which can be extended to indude chemical efects and
radioactivity effects. The framewaork is genersl and suitsble for
unsaturated soils and geomaterisls 1t can ako be wsed for porous
materiali, 5 each constitutive equation can be exily replaced by
anather fommulstion more suitable for given application

Experience gained in different scientific disciplines |3.5-8) sug-
gegts that the finite element method is one of the best methods o
numerically solve such a coupled system of equations. This study
presents in detsils the coupled physical formul stion, fnite slement
discretisation and implementation of the thermo-hydmo-
mechani cal equa tions governing the beha viour of porous geomate-
rials. This paper also discusses Barcelona Basic Model (BEM) |2
and its thermo-mechanical externsion |10

Finally, this paper provides verification and validation aginst
analytical soletions, well-established THM code (CODE_BRIGHT
[11]) results, and experimental data The numerical results are sat-
isfactory from the point of view of matching theonetical sol utions
and approaching real physical behaviour.

Desspite facusing on bentonite behaviour, the described physical
framework i general and may be uwsed for simulstion of THM

W

JYVASKYLAN YLIOPISTO
UNIVERSITY OF JYVASKYLA
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Thermo-hydro-mechanical FE framework A

Aalto University

Barcelona Basic Model (Alonso et al. 1990)

g 4

v

?/ 4
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Thermo-hydro-mechanical FE framework /£ A

A STORY OF

30YEARS

Aalto University

mechanical: BBM (Alonso et al. 1990)

parameter « - k { A0) Pt Po
(-) (MmPa) (mPat) (-) (-) (kPa) () (kPa)
10.1 0.05 0.20 0.5

0.02 0.117 0.08

41 0.5 6.36 variable

curacy 10.005 1010  +0.0 e +0.5 +0.2  +0.0 o +0.1 e B
-0.01 -0.01 -0.05 -0.02 -0.0 -0.2 -0.05

parameters established based on:

- Tang et al. (2008), PhD Thesis, Ecole des Ponts
Villar (2005), Ciemat technical report, CIEMAT/DIAE/54540/5/04
Seiphoori (2014), PhD thesis, Ecole Polytechnique Federale de Lausanne
Dueck and Nilsson (2010), SKB Technical report, TR-10-32
Dueck et al. (2010), SKB Technical report, TR-10-55

Porté, Abed & Sotowski (in preparation)
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Thermo-hydro-mechanical FE framework A

Aalto University

mechanical: amended BBM - enhanced for temperature effects
Por = Do + 2(a1 AT + a3AT|AT]), Gens (1995)

or
* * T — Tref .
Por = Pol 1 —vyrlog| /——— Laloui & Cekerevac (2003)
To - Tref

Changes in elasticity:

B (ao + a,(T — TO))T
B 3

T

£l K=K,(1+ a,s)

Salinity effects on mechanical behaviour: in progress

Abed & Sotowski (2017)
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Thermo-hydro-mechanical FE framework A

Aalto University

hydraulic: number of models for water retention, Philip & De Vries model for vapour
transport, extended Darcy law for liquid water transport, Henry’s law for solubility of air,
phase changes and heat effects are taken into account. Also gas flow.

Advective liquid and gas flow (transport due to head difference):

q' = —K;(Vh,, + 1) Liquid phase
I ¢l 3 L gl
l l S Sreg l _ ng sat
K* = Ksat | 7 7 Ksqt = ———
Ssat - ST'eS l’l'l
3 (1 _ nref)z 247.8

kéar = ki w, = (243.18 x 10~7)10T-140

ACIEES A

w

g
q9 = —K, (th + 'D—l> gas phase
p

Abed & Sotowski (2017)

o
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Thermo-hydro-mechanical FE framework A

Aalto University

hydraulic: number of models for water retention, Philip & De Vries model for vapour
transport, extended Darcy law for liquid water transport, Henry’s law for solubility of air,
phase changes and heat effects are taken into account. Also gas flow.

Advective liquid and gas flow:

p? h
q9 = =K, | Vhy +— gas phase

Pw
3
S9 —S7
g res
K9 = Kdry (Sg . Sg )
dry res
g gplevkgry Hg = 1.48 X 10_6W
Kdry _ 1+ ==
Hg T

Abed & Sotowski (2017)
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Thermo-hydro-mechanical FE framework A

Aalto University

hydraulic: number of models for water retention, Philip & De Vries model for vapour
transport, extended Darcy law for liquid water transport, Henry’s law for solubility of air,
phase changes and heat effects are taken into account. Also gas flow.

Philip & De Vries : also non-advective flow of water vapour

g __ .9 g __
Jw = Jow +]vT - _DUWVhW + Dvahg - DvTVT
v N, e’
moisture term temperature term

g IM,y,

D,y = Datmvvqbgrpw RT

Dyr = fTvDatmvv(pngw T2 + RT?2

1.75
p T
D., =22x10"5(-4m)(_—
atm ( Pg TO

Abed & Sotowski (2017)

; [4974.0 gM,,
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Thermo-hydro-mechanical FE framework A

Aalto University

hydraulic: number of models for water retention, Philip & De Vries model for vapour
transport, extended Darcy law for liquid water transport, Henry’s law for solubility of air,
phase changes and heat effects are taken into account. Also gas flow.

Henry’s law
y _ PwRT OH _ Oy (1 T
H. My, o~ 9Pwhwpll 5=+ (7 = Pur | H 5
Coupling:

Formulation include mass balance for the phases and changes in density due to all
the factors. Coupling due to saline concentration is being developed.

Abed & Sotowski (2017)

o
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Thermo-hydro-mechanical FE framework A

Aalto University

coupling: mass balance of solid, liquid and dry air

solid:
a S AS
pS = psoe.Bsp(p—pgef)—,BsT(T—To)
dp* 0dp*dp 0dp*adT ap aT

— — s_° S
ot~ op ac T T ar = PP 5 T PP

on a ) de, N dp aT
ot W\ or TP Py
Abed & Sotowski (2017)

TTHEBES: KYT project investigating bentonite A T IAYnumerola " WFF 30
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Thermo-hydro-mechanical FE framework A

Aalto University

coupling: mass balance of solid, liquid and dry air

(ol wl
water: (¢ éot W) + V- (¢ P wwvl) + V- jw

water in liquid phase
d(p9pIw?
+ (¢ ; W)+V-(¢gpgw5,vg)+v-j§,+ 0 =0

— water in solid phase
water in gas phase

aS"
Tl(,DW pw) (1 - n)(SlPﬁ; + Sgpv%)ﬁsT - nSlﬁpr\l/v

Abed & Sotowski (2017)
TTHEBES: KYT project investigating bentonite A Tosewoowe i numerola * WZFF 31
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Thermo-hydro-mechanical FE framework A

Aalto University

coupling: mass balance of solid, liquid and dry air

dry air:
9] d(p9p9w?
(d)at ) +7- (qb P wavl) +7-jL+ (‘P ;t a) + V- ((/)gpgwgvg) +7-j9
dissolved dry air in liquid phase b dry air in soil voids
+ 0 =0
dry air in solid phase
s’ oH
NpPq [H _ 1] a_T + npasl oT (1 - n)pa [Sg + HSZ],BST

Abed & Sotowski (2017)

.
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Thermo-hydro-mechanical FE framework A

Aalto University

Thermal:

heat capacity:
Dy, = ¢l plwiEry Ere = ci(Tk — Tio)
b, = [(1 —n)p°cg + n(HSl + Sg)paca +nStplcl + nSgp;Ag,c;f,](T —T,)

heat flux:
.= q° + p' wiErqt + Etiw

) v
conduction  convection by liquid phase convection by gas phase

qn = —ArVT + [(paca + poc3)q? + (plcly + pacaH) @ (T = T,) + [y — ca] Ji, (T — Ty)

Abed & Sotowski (2017)
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Thermo-hydro-mechanical FE framework A

Aalto University

Energy balance: very complex

V- qp

= —ArV - VT + [(paca + puc)|(T =TIV - q9 + [(paca + pigciy)|q? - VT

+ (ol + pacaH)|(T =TIV - g + [(piycly + pacatl)a' + [y — cal jw] - VT
+[cd —co] (T - TV - jJ

A= [—pscs + HS'pacg + S9pgc, + Stplctl, + S9p3 g](T —-T,)
=[(1- n)pscs] (T — To)
= [Hpaca — PaCq T Pévcvlv - pv%Cv%](T - To)

D =n|HS ' pacy + SIpacq + Stplcl, + S9pgca| + (1 —n)pScg
Abed & Sotowski (2017)
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Thermo-hydro-mechanical FE simulations A

1,05
1,00
0,95
0,90
0,85

0,80

void ratio e[-]

0,75
0,70
0,65

0,60

Aalto University

O Alonso et al. (1990)

— Current BBM implementation in Numerrin

100 200 300 400 500 600 700
isotropic net stress p [kPa]

Abed et al. (2016)
%

TTHEBES: KYT project investigating bentonite A s onTo wnumerola WT .
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Thermo-hydro-mechanical FE simulations

A

Aalto University

350 r
—0— o)
300
—_ O
$ 250
=,
o
» 200 | —0
(%)
o
© 150 |
2
@
o 100 |
> O Alonso et al. (1990)
© 50
—Current BBM implementation in Numerrin
0 1 1 1 1 1 ]
0,00 0,05 0,10 0,15 0,20 0,25 0,30

TTH EBES: KYT project investigating bentonite

shear strain gq [-]

Abed et al. (2016)

.
A %
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Thermo-hydro-mechanical FE simulations A

Aalto University

Infiltration for 5 days

3 -
25 1 0.1day initial hydrostatic
condition
2 -
£
s
215 -
Close boundary 3.0m 2
1
0.5 +
] O Analytical solution by Srivastava et al. (1991)
—Current implementation in Numerrin
‘r o_l PR T S TR SR T N T TR TR T T N SR TN SR NN S S S SR NN TR S T N |
0 -0.5 -1 -1.5 -2 -2.5 -3

Groundwater table
pressure head vy [m]

Abed & Sotowski (2017)
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Replication of data from Jyvaskyla University
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pressure head
o o
S ©
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-7000

-8000

-9000

TTH EBES: KYT project investigating bentonite

0 0.002

A

Aalto University

position along the sample length [m]

0.004 0.006

—7  1.021day

m———

———— - -

R4 0.094 day

-=--Measurements
—Coupled BBM

-O-BBM alongside Krohn's model

Abed et al. (2016)
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Thermo-hydro-mechanical FE simulations

Infiltration test, Villar (2005)

hy=122.32m

R

A

"

/

o/

Axisymmetric conditions

(b

)

A

Aalto University

I ﬁ
[
[
’\I_/
Axisymmetric conditions

©

Abed & Sotowski, (2017)

JYVASKYLAN YLIOPISTO
UNIVERSITY OF JYVASKYLA

- poeme
E%teﬂcm
A
Be 0.4m
C
Y
0.015m
0.I035m
Axisymmetric conditions
(a)
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Thermo-hydro-mechanical FE simulations A

Aalto University

Infiltration test, Villar (2005)

; hl =122.32m !
- ' 22.0°C

0.004m /| < 0.015m : .
K Benton i N
Elastic teflon
E%Isticsteel
Eésﬁcfoam
A
| v
|~
Be 0.4m
v
|V
Ce
A
f<—>1 }«0.015m ! !
0:035m ! 1100.0 °C
N/ '
Axisymmetric conditions Axisymmetric conditions Axisymmetric conditions
(CY (®) ©
Abed & Sotowski, (2017)
VNN . G /s
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Thermo-hydro-mechanical FE simulations A

Aalto University

100 r Point A
...... P SRR e L
Y N P LE Sl Ll @o---""" N v
590- """"""" AAAAAA“AAA Point B
o A S SRy -\
E 80 r /.' A L2 *—_____,——"-“ / A o
:-9 70 B f A . /X A '__ R
S h v N A A
./ » A
‘E 60 'I .'l 7 A " il /\
(0] / A /\
Z 50 | ¥ K ° o Measurements
g ° wr
N ™ A CODE BRIGHT
40
— Aalto Code
30 1 L L 1 1 y
0 5000 10000 15000 20000 25000 30000
Time [h]

isothermal infiltration

No perfect match between codes due to different water vapour transport models

Abed & Sotowski, (2017)
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Thermo-hydro-mechanical FE simulations

Relative humidity RH[%]

TTHEBES: KYT

_ Point A

-
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-
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O
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-
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-

60

50

Point C

A

Aalto University

40 L S PO > L A .
30 -&- Measurements
== AaltoCode

2 ==AaltoCode-Notemperature effect . . .

0 5000 10000 15000 20000 25000 30000

Time [h] _ - :
non-isothermal infiltration
Abed & Sotowski, (2017)
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Thermo-hydro-mechanical FE simulations A

Aalto University

Relative humidity RH[%]

30 L -@- Measurements
= Aalto Code
20 - AaltoI Code with modliﬁed permeabilityI (Mitchell 2002, Yardon 2009) .
0 5000 10000 15000 20000 25000 30000
Time [h]

the effect of swelling on the water hydraulic conductivity ~ non-isothermal infiltration

Abed & Sotowski, (2017)
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FE simulations: CIEMAT Mock-Up test A

Example: Simulation of CIEMAT Mock-Up test for 2500 days (Martin et al. 2006) Aalo Umiversity
The hydro-thermal coupling is based on the theory proposed by Philip & De Vries (1957).
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| 1T20304M E
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!
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Y e Ol
A ‘o o‘ <V
0.375m
'L Y ‘O E Ol
o O

: & Abed & Sotowski (2017
N/ (2017)
Axisymmetric conditions

Geometry and Finite Element Mesh Mechanical boundary conditions  Hydraulic boundary conditions  Thermal boundary conditions



FE simulations: CIEMAT Mock-Up test A

Example: Simulation of CIEMAT Mock-Up test for 2500 days (Martin et al. 2006) AsMo Univeralty
The hydro-thermal coupling is based on the theory proposed by Philip & De Vries (1957).

Abed & Sotowski (2017)
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FE simulations: CIEMAT Mock-Up test A

Example: Simulation of CIEMAT Mock-Up test for 2500 days (Martin et al. 2006) AsMo Univeralty
The hydro-thermal coupling is based on the theory proposed by Philip & De Vries (1957).

Abed & Sotowski (2017)

Y OF JYVASKYLA
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FE simulations: CIEMAT Mock-Up test A

Aalto University

Calculated relative humidity versus measurements
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- -0O--RH4 (0.7, 1.0

= Ag|to Code

0 500 1000 1500 2000 2500
Time [days]

Abed & Sotowski (2017)
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FE simulations: CIEMAT Mock-Up test A

Aalto University

Calculated temperature versus measurements

100 ¢

S
O,
(<}
—
-
)
©
L -
(<5}
o
5
—

20 -O--T (0.77, 1.185) -O--T (0.58, 1.185)

10 O--T (0.39, 1.185) -O--T (0.22, 1.185)

= Aalto Code
0 1 1 1 1 ]
0 500 1000 1500 2000 2500
Time [days]
Abed & Sotowski (2017)
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FE simulations: CIEMAT Mock-Up test A

Aalto University

Calculated swelling pressure versus measurements

10000
9000
8000
7000
6000
5000
4000

Radial stress [kPa]

3000

2000

- O--Radial stress (0.667, 1.0)

1000
Aalto Code

0 1 1 1 1 ]
0 500 1000 1500 2000 2500

Time [days]
Abed & Sotowski (2017)
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FE simulations: CIEMAT Mock-Up test A

Aalto University

Calculated water intake versus measurements

1200
1000 }
> 800 }
=
)
S 600 }
-
| -
(€]
T 400 |
=
200 L -O-Water intake measurements
— Aalto Code
O [l [l [l [l ]
0 500 1000 1500 2000 2500
Time [days]

Abed & Sotowski (2017)
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FE simulations: CIEMAT Mock-Up test A

Aalto University

Aalto Code prediction after a duration of 2500 days of the test

]_E 0.452—E
09 04
_08 B
- 0.3
=0.7
0.587E0.6 0.1 86E02
Temperature Degree of saturation Porosity
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Outline

|. Introduction & overview (15 min)
Il. Research at Aalto

.  THMC modelling of bentonite / swelling clays
Il.  Investigation of effects of salinity on bentonite

% A
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Water retention behaviour of MX-80 bentonite A

Aalto University

Aim: find out what is the influence of salinity on water retention behaviour of MX-80 bentonite

l _
A
09 MMM MEF" Eyp 14 4 A
. A L A
A
0.8 | ¥ B
5 '\
0.7 i Bo+
0.6 __E Dﬁ]
© A A
0.5 - %  + Matric Suction (H20) & CfA A
04 - &  OTotal Suction (H20) #0
= H
0.3 &  OPsychrometer (H20) L
0.2 - A Matrix suction (1M NacCl) Eﬁ% P
0.1 - . * A
5 Suction [kPa]
8000 16000 32000 64000 128000

Lahtinen et al. 2016
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Water retention behaviour of MX-80 bentonite A

Aalto University

Aim: find out what is the influence of salinity on water retention behaviour of MX-80 bentori+=
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Aalto University
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Yang & Sotowski (in preparation)
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Water retention behaviour of MX-80 bentonite A

Aalto University

Aim: find out what is the influence of salinity on water retention behaviour of MX-80 bentonite

100 A
A X OM-FP-total suction
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°8 oY
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0
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total suction MPa

Yang & Sotowski (in preparation)

¢

TTHEBES: KYT project investigating bentonite A [ onsro wnumerola WT e

Aalto University



Water retention behaviour of MX-80 bentonite A

Aalto University

Aim: find out what is the influence of salinity on water retention behaviour of MX-80 bentonite

Water retention curve of Mx-80

i P4
0.9 t A
4
08 | -
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—_ +
o 0.7
§ ¥
T 06 P
38
- 05 t
: 48
@ 04 + Aalto University OM WP4C __
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03

& Aalto University SM WP4C * a

0.2 # ‘A

01 +2

0 L L J

1000.000 10000.000 100000.000 1000000.000

Suction [kPa]
Yang & Sotowski (in preparation)
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Water retention behaviour of MX-80 bentonite

dry density, g/cm3

A

Aalto University

Aim: find out what is the influence of salinity on water retention behaviour of MX-80 bentonite
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Water retention behaviour of MX-80 bentonite A

Aalto University

Microstructure characterization (note: issues in the test — higher pressure
needed! — work in progress)

dwell HY HPFW pressure | det mag ]
45pus | 10.00kV | 829 ym | 60Pa | CBS | 5000 x HiRes Gold on Carbon

Yang & Sotowski (in preparation)
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Water retention behaviour of MX-80 bentonite A

Aalto University
Microstructure based model: Dieudonné et al. (2013)
| A P
As-compacted {0\ ERASIV
(e, =0.63) / . . 30YEARS
] L
0.8r| __ Oedometer wetting ! i
up tos =470 kPa |/
(e, = 0.67) / ]
0.61 Oedometer wetting |- (M)

" uptos=0kPa
(e, = 1.04)

o
~

©
N

Pore size density function, - §e/§(log x)

=
10° 10° 10"

PSD maodel after fitting on Boom clays experimental data (Dieudonné et al., 2013)

10

Porté, Abed & Sotowski (in preparation)
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Water retention behaviour of MX-80 bentonite A

Aalto University

Microstrucure based model: Dieudonné et al. (2013)
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04

A STORY OF
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0.35 | Seiphoori, 2014 Sr = 1.00 - D Point
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03 | ——Seiphoori, 2014 5r=0.28 - A Point
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o]
1 10 100 1000 10000 100000 1000000

Pore size distribution curve of Mx-80 bentonite (after Seiphoori et al, 2014)

Porté, Abed & Sotowski (in preparation)
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Water retention behaviour of MX-80 bentonite A

Aalto University

Microstrucure based model: Dieudonné et al. (2013)
FREC’I:‘ASMUS

0a [ERASMUS+

A STORY OF

30YEARS

—PSD -5r=0.62

PSD [

0.35 |
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0.3

0.25 |

0.2

0.15 |
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1 10 100 1000 10000 100000 1000000

pore size diameter x [nm]

PSD test and calibrated model for Mx-80 bentonite which has a degree of saturation of 0.62.

Porté, Abed & Sotowski (in preparation)
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Water retention behaviour of MX-80 bentonite A

Aalto University

Microstrucure based model: Dieudonné et al. (2013)

" FROM
ERASMUS

ERASMUS+

Water retention curve of Mx-80 ASTORY OF
30YEARS

1 o

08 r

0.8 r

0.7 r

06

Degree of saturation [-]
&

0.5 B

.{.Jf:‘n;_

04 r

——Calibrated model
03

g2 L Seiphoori (2014)

01 ¢

N~

1000, 0000 10000, 0000 100000.0000 1000000.0000

Suction [kPa]

Calibrated water retention curve of Mx-80 compared with the tests used for the calibration process.

Porté, Abed & Sotowski (in preparation)
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Water retention behaviour of MX-80 bentonite A

Aalto University

Microstrucure based model: Dieudonné et al. (2013)
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Calibrated water retention curve of Mx-80 compared with the test made by the Aalto University with the WP4C
instrument (after Yang and Sotowski, in preparation)
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Water retention behaviour of MX-80 bentonite A

Aalto University

e Dieudonné et al. 2013 is now available in the FE code now, so
calculations will follow

e Constitutive models which incorporate micro- and macrostructure are
being implemented (or are available already) in the FE code

e Salinity effects are being implemented

e Better microstructural investigations of salinity effects are thought of

o
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A”

Aalto University
School of Engineering

Thank you !

Presentation will be uploaded and available at
http://solowski.info and THEBES website



THEBES

THMC Behaviour of the Swelling Clay Barriers

Questions?

. 4
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