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Resumen

La segunda parte del proyecto CATSIUS CLAY,
ejercicios de validación a escala de laboratorio,
incluye dos ejercicios de comparación: el ejercicio
2 .1 : ensayos edométricos con succión controlada
de muestras de arcilla de Boom compactada y el
ejercicio 2.2: ensayo de humedecimiento y calen-
tamiento a pequeña escala de bentonita compac-
tada. El ejercicio 2.1 tenía dos partes: el ejercicio
2.1 A (deformación volumétrica en ciclos de hume-
decimiento-secado) y el ejercicio 2.IB (ensayo de
presión de hinchamiento). En el ejercicio 2.1A se
pedía a los participantes la modelización de los re-
sultados de una serie de cinco ensayos realizados
en muestras de arcilla de Boom compactada. En
el ejercicio 2.1 B se proponía la predicción (sin co-
nocimiento previo del resultado) de un ensayo de
presión de hinchamiento durante el cual se regis-
traron los valores de la succión, de la tensión verti-
cal y de la tensión horizontal. Se pidió a los parti-
cipantes que usaran los modelos que habían cali-
brado en el ejercicio 2.1 A sin efectuar ninguna
modificación. Este ejercicio suministra una evalua-
ción de las capacidades de los actuales modelos
constitutivos mecánicos para modelar el compor-
tamiento de arcilla en condiciones no saturadas.
Se puso de manifiesto que, incluso si la calibra-
ción en base a resultados experimentales es satis-
factoria, las predicciones (sin conocimiento previo
del resultado) de ensayos realizados a lo largo de

otros caminos tensionales pueden revelarse difíci-
les. En el ejercicio 2.2 se consideraba un cilindro
de acero lleno de bentonita altamente expansiva
compactada (arcilla S2 de Almería, España). La
arcilla se sometió a un calentamiento en el centro
y a una entrada de agua progresiva desde la base
de forma simultánea. Durante el ensayo se regis-
traron los valores de la temperatura en varios pun-
tos y de la tensión radial en el contorno. También
se midió la distribución del contenido de agua al
final del ensayo. Las predicciones para este ensayo
requerían resolver el correspondiente problema
termohidromecánico. Los parámetros de los mo-
delos se estimaron a partir de la completa serie de
ensayos realizados en esta arcilla. La comparación
entre las predicciones de los modelos y los valores
experimentales puso de manifiesto la importancia
del flujo de agua en forma de vapor, las dificulta-
des para predecir las tensiones en el contorno y la
generalmente buena concordancia entre los valo-
res medidos y calculados de las temperaturas. El
informe presenta una detallada descripción de los
modelos usados por los participantes, de los méto-
dos utilizados para estimar los parámetros de los
modelos y discusiones sobre las razones físicas
que pueden explicar concordancias o discrepan-
cias entre las predicciones de los modelos y el
comportamiento real de las dos arcillas expansivas
usadas en los dos ejercicios propuestos.
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Abstract

Stage 2 of CATSIUS CLAY Project: Val idat ion Ex-
ercises at Laboratory Scale includes two Bench-
marks, Benchmark 2 . 1 : Oedomete r Suction C o n -
trol led Tests on Samples of Compacted Boom Clay
and Benchmark 2 .2 : Small Scale Wett ing-Heat ing
Test on Compac ted Bentonite. BM 2.1 had two
parts: BM 2.1 A (volumetric deformat ion upon
wett ing-dry ing cycles) and BM 2.1 B (swelling
pressure test). In BM 2.1 A, part ic ipants were
asked to mode l the results of a series of five tests
on samples of compac ted Boom clay. In BM
2.1 B, a swel l ing pressure test in which suct ion,
vertical and horizontal stresses were mon i to red ,
was proposed as a bl ind exercise. Participants
were asked to use, wi thout further changes, the
models cal ibrated in BM 2.1 A. This exercise pro-
vides an evaluat ion of the capabil i t ies of current
mechanical constitutive models for unsaturated
clay behaviour. It was found that, even if a cal ibra-
t ion exercise on the basis of known experimental
data is satisfactory, bl ind predictions of tests involv-
ing different paths may prove difficult. The test set
up for BM 2.2 consisted of a stainless steel cell
f i l led with highly expansive compacted bentonite

(S2 clay f rom Almer ia , Spain). The clay was sub-
jected to a simultaneous central heating and a
progressive water inf low through the bot tom plate.
Temperature at various locations within the sample
and the boundary radial stress were moni tored
throughout the test. Water content distr ibution was
also measured at the end of the experiment. Pre-
dictions for this benchmark required the solut ion of
f ield equations for f low, temperature distr ibution
and mechanical analysis. Mode l parameters were
derived f rom the extensive set of avai lable experi-
ments on this clay. Compar ison between model
predictions and measurements revealed the signif i-
cance of water transport in vapour phase, the dif f i -
culties to predict boundary stresses and the general
good agreement between measured and ca lcu-
lated temperatures. The report provides a detai led
account of the models used by part icipants, the
procedures to determine model parameters and
discussions on the physical reasons which may ex-
plain agreements or discrepancies between model
predictions and the actual behaviour of the two ex-
pansive clays involved in the two benchmarks pro-
posed for solut ion.
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1 . The CATSIUS CLAY project

CATSIUS CLAY (acronym for Calculation and
Testing of Behaviour of Unsaturated Clay) is a Project
forming part of the Research Programme on Nuclear
Fission Safety of the European Commission. Its dura-
tion is from 1 Jan. 1996 to 31 Dec. 1998.

1.1 Objectives and scope
Compacted expansive clays are adopted as engi-

neered barriers around waste canisters in reference
concepts for geological repositories. After emplace-
ment in saturated formations, these barriers experi-
ence a transient wetting and swelling phase gov-
erned by the rate of absorption of natural water and
a transient temperature regime controlled by the de-
caying heat power input induced by the canister.

In recent years a number of research groups in
several European countries have developed mod-
els for the behaviour of unsaturated expansive ma-
terials. From the experimental point of view, the re-
sults of fairly comprehensive suction controlled
tests on expansive clays are available. In addition,
full-scale hydration experiments are in progress.
Therefore a benchmark exercise is being imple-
mented with the following objectives:

• to assess the accuracy and reliability of the
numerical predictions.

• to establish the usability and capability of
codes to model the thermomechanical be-
haviour of unsaturated clay barriers.

• to provide an evaluation of existing labora-
tory testing methods in view of the data and
parameters requirements of Thermo-hydro-
mechanical (THM) models

1.2 Project coordination and partners
involved

The co-ordination tasks are being carried out by
Centra Internacional de Metodos Numericos en
Ingenieria (CIMNE, ES), with Professor Eduardo
Alonso as a co-ordinator.

The partners involved, with their respective con-
tact persons are:

• Agence Nationale pour la gestion des Dechets
Radioactifs (ANDRA, FR) M. Gauthier
Vercoutere

• Clay Technology Lund AB (Clay Technology,
SE) Dr. Lennart Borgesson

• ISMES S.p.A. (ISMES, IT) Dott. Ing. Rita
Pellegrini

• Centre d'Etude de I'energie Nucleaire
Studiecentrum voor Kernenergie (CEN.SCK,
BE). Ir. Martin Put

• Universitat Politecnica de Catalunya (UPC,
ES) Professor Antonio Gens

• Universite de Liege (ULg, BE) Professor Rob-
ert Charlier

• University of Wales College of Cardiff (UWCC,
GB) Professor Hywel Rhys Thomas.

1.3 Work programme
The overall work programme for CATSIUS CLAY

consists of three stages, which will be performed by
all partners:

Stage 1. Verification Exercises

Its main purpose is to check that the codes in-
volved are correctly programmed to solve the field
equations. Two cases are treated:

• BM 1.1: Infiltration in a Finite Column of Un-
saturated Rigid Porous Medium.

• BM 1.2: Thermal Convection in a Saturated
Rigid Porous Medium.

Stage 2. Validation Exercises at Laboratory Scale

Two laboratory tests are being modelled:

• BM 2 . 1 : Oedometer Suction Controlled Tests
on Samples of Compacted Boom Clay.

• BM 2.2: Small Scale Wetting-Heating Test on
Compacted Bentonite.

Stage 3. Validation Exercises at Large "in situ" Scale

Two large hydration tests will be modelled:

• The BACCHUS 2 in situ Hydration on Boom
Clay Pellets, performed in the HADES under-
ground laboratory at Mol.

• The FEBEX Heating and Wetting Experiment
on Compacted Bentonite.

The results of stage 1 have been presented in a
report from the European Commission DOC
XII/284/97 - EN.
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2. Introduction to stage 2 of the CATSIUS CLAY project

This report presents the results of the stage 2 of
the project: "Val idation Exercises at Laboratory
Scale". Two benchmark exercises were proposed
to the partners corresponding to two small-scale
laboratory tests.

The first BM considered a series of tests per-
formed at the UPC on samples made of highly
compacted small size (2 mm) aggregates of Boom
clay, trying to simulate the particle aggregates of
clay soils with a bimodal fabric artificially created.
The BM was meant to test the capabilities of the
mechanical constitutive model of THM codes used,
and it was divided into 2 parts: model calibration
and a blind swelling pressure test. The second BM
considered a test performed by CIEMAT (Centro de
Investigaciones Energeticas, Medioambientales y
Tecnologicas/Centre for Energy, Environmental
and Technological Investigations) using a thermo-
hydraulic cell fil led with compacted bentonite. Part-
ners were asked to make predictions of the THM
problem resulting f rom the heating and hydration
of the thermohydraulic cell.

C o mmon symbols and acronyms for the different
partners have been used throughout the text and
the various figures. They are as fol lows:

Organisation Acronym Symbol

ANDRA -K>- AND
CLAY TECHNOLOGY - o - CLA
ISMES - a - ISM
SCK-CEN -^- SCK
UPC - o - UPC
MSM. UNIVERSITE DE LIEGE - a - UOL
UWCC - & - UWC
CIMNE o CIM

The last case (CIMNE) refers, when appropriate,
to the experimental data. Symbols were plotted in
the order indicated above so, when they coincide
in the same point, only the last one is clearly visi-
ble. This procedure allows also a clear identifica-
tion of the experimental data.

Computed results from partners were directly
taken from the files provided by the authors and
were integrated in common charts via Excel.

The types of codes used by the partners may be
grouped into two broad categories. The first one
corresponds to codes developed "in house" by the
organisation whereas the second refers to com-
mercially available codes.

The first group includes:

Code

CLEO

CODE BRIGHT

LAGAMINE

COMPASS

Commercial codes
are:

Code

ABAQUS

ABAQUS

Organisation

ANDRA

UPC

MSM-UNIVERSITE DE LIEGE

UWCC

used in Catsius Clay stage 2

Organisation

CLAY TECHNOLOGY

ISMES

HEKT f*A@£(S)
lef t BL&NSC
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3. BENCHMARK 2.1 "Oedomefer suction controlled tests on somples of compacted boom clay"

3.1 Part A: "VOLUMETRIC DEFORMATIONS
UPON WETTING-DRYING CYCLES"

3.1.1 Case definition

3.1.1.1 Introduction
A series of suction controlled oedometer tests on

compacted high plasticity clay were performed to
gain insight into the behaviour of unsaturated ex-
pansive clays.

The soil used in the tests was natural clay (Boom
Clay form the HADES underground laboratory in
Mol, Belgium) with the following characteristics: wL

= 55.9%; PL = 29.2%; IP = 26.7%; clay fraction:
kaolinite 20%, illite 30%, montmorillonite 10%.

In order to prepare the specimens clay powder
was highly compacted in a cylinder mould (0 = 50
mm) to a dry density Yd = 20 kN/m3 and a water
content w = 3%. Pellets were subsequently ob-
tained by crushing the compacted specimens and
sieving the resulting granular soil in order to isolate
aggregates with an average size of 2 mm. Five

samples for final testing were made by compacting
a "granular" mass of pellets to an overall dry den-
sity of 13.7 kN/m3. They were subjected to the
stress paths described in the next section.

The fabric induced in these "pellet specimens" is
probably an extreme case of the aggregate struc-
ture observed often in compacted clay at medium
or low density. A bimodal pore size distribution is
in fact observed (using mercury intrusion
porosimetry) in these cases. The samples prepared
in the way outlined before exhibit two main pore
sizes: those described by the (large) spaces be-
tween pellets and the pore sizes inside the pellets
themselves. Figure 3-1 a is a photograph of the
sample before testing. The pellets are clearly out-
lined. Once the sample is wetted however (Figure
31-b) the boundaries between individual pellets
are largely lost and a more continuous type of
structure is developed. The clay structure of a spec-
imen having a dry density Yd = 20 kN/m3 is shown
in Figure 3-2a (Romero, 1998). Large pores are
not visible and a relatively homogeneous "matrix"
type of structure predominates. This should be the
structure of the pellets.

Figure 3-2b (Romero, 1998) shows also a micro-
graph of a sample of Boom clay statically com-

n)

Figure 3-1. a) Sample before testing b) Wetted sample.
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a) Statically compacted fabric
w = 3.0 %

Yd = 20.6 kN/m3

b) Statically compacted fabric
w = 1 5 . 0 %

Yd = 13.7 kN/m3

20

Figure 3-2. Microphotogmpks of Compacted Boom clay.
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pacted to Yd = 13.7 k N / m 3 (equal to the overall
dry density of the "pellet specimens"). Large void
spaces are observed in this case between clay ag-
gregates. This structure directly created in a com-
paction process is similar to the structure artificially
introduced in a pellet sample.

A compacted high plasticity clayey soil exhibiting
a dual porosity is expected to react in a rather
complex way to changes in suction and applied
stress. High density pellets will swell when wetted.
However the overall structure may become unstable
and prone to collapse if the confining stress is high
enough. The behaviour of such an artificial soil,
which has been proposed as a suitable clay barrier,
constitutes an interesting challenge to modern con-
stitutive models of unsaturated soil behaviour

Benchmark 2.1 was designed to test the capabi l i -
ties of the mechanical constitutive model of THM
codes participating in CATSIUS CLAY. It does not
require therefore the solution of a boundary value
problem and no discretization of the test described
below is necessary. Tests performed should be con-
sidered as giving the properties of a "point". Test re-
sults provided correspond to the final "dra ined" situ-
ation of the sample. The time development of
deformations for imposed changes on the stress
path are not included as part of the exercise.

3.1.1.2 Test description
The tests were performed using suction controlled

oedometers with a constant vertical stress. Suction
was applied using an axis translation technique,
with a constant air pressure ua = 1 1 00 kPa for all
samples.

Initial conditions

The 5 samples had an initial dry unit weight of
13.7 kN/m3 and an initial water content of 3 %
(about 1 00 MPa of initial suction)

Stress paths

Once compacted, the samples exhibited a very
high suction, close to 1 05 kPa for an average wa-
ter content w = 3% (water retention curves for
compacted Boom Clay at Yd = 13.7 kN/m3 and Yd
= 1 6.7 kN/m3 are given in Appendix Al .2, Reten-
tion Curves For Boom Clay (Wetting-drying paths)).

Samples were then loaded at a constant water
content until the desired net vertical stress for each
sample (see below) was reached. A relatively small
suction decrease is expected during this stage of
the test.

Afterwards, suction was reduced in a first wetting
episode and several suction reversals were subse-
quently applied in the suction range 0.7 MPa (in
some samples 0.5 MPa) - 0.01 MPa. The wetting
paths applied to each of the five samples (A, B, C,
D and E) are represented in Figure 3-3. The de-
tailed equilibrium suction values and the corre-
sponding strains measured are given in Appendix
A l . l , Suction Controlled Tests Under Constant
Vertical Stress. The response of the five samples in
terms of volumetric strains measured as a function
of suction and applied vertical stress is given in
Figure 3-4.

Tests were carried out in an apparatus similar to
the suction controlled oedometer described in
Lloret and Alonso (1985). The time to equilibrium
for each stage of suction was around 4-5 days.
Overall each test lasted for 3-4 months. It may be
noticed in Figure 3-4 that samples under a v = 20
kPa and 50 kPa experience an ever increasing
swelling during the first wetting (unlike the remain-
ing samples). A distinct collapse is observed in
samples D and E (a v = 200 kPa and 400 kPa re-
spectively). In addition, suction reversals in the
range 0.7 (0.5) MPa - 0.01 MPa lead to a pro-
gressive densification of samples.

3.1.1.3 Required results
With the data given in Appendix 1, for each of

the 5 tests and using only one set of parameters
(which implies that all the samples are assumed to
have identical underlying properties) a model was
required that is able to predict the five suction -
volumetric strain curves measured. For each case,
the following output was required:

s suction (kPa) and ev vertical strain (%)

Partners were also requested to provide a de-
scription of the model used and also the set of nu-
merical values for the model parameters.

3.1.1.4 Final remarks
As a further reference of the material tested, a

comprehensive description of properties of com-
pacted Boom clay at different dry densities may be
found in the European Commission's Report
(Volckaert et al, EUR 16744 en, 1996). An offprint
of the paper Alonso et al. (1 995) was also distrib-
uted to the partners. There, a description of the
tests, within a more general discussion on the be-
haviour of expansive soils and the influence of
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100 zr

10 -

0.1 :

TESTING PATHS
PELLETS SPECIMENS y0 = 13,7kN/m3

0.01 T—® *
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

NET VERTICAL STRESS, ( o . - p J ( M P a )

Figure 3-3. Jesting paths for sample of Benchmark 2.1. Dots indicate suction values actually applied to samples.

l.E+00 I.E+01

Suction Variations at Constant Net Vertical Stresses

l.E+02 l.E+03 l.E+04

Suction u.-uJkPa)

l.E+05 l.E+06

Figure 3-4. Results of oedometer suction controlled tests on samples of compacted Boom Clay.
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microstructure, may be found. The views expressed
in this paper may be of some help to interpret the
results but they were neither a part of the bench-
mark nor should be considered as a guide or a de-
scription of features to be included in the constitu-
tive model used.

3.1.2 Results
Based on the reports prepared by partners, the

main characteristics of the model used by each
partner as well as the values of the relevant param-
eters resulting from the calibration process will be
presented. For each partner, the simulations of the
5 wetting/drying tests using the calibrated model
will be plotted against the data. Model descriptions
reported below follow closely the documents pro-
vided by the different participants.

3.1.2.1 AND (CLEO)

3.1.2.1.1 Model description

The strains of expansive saturated clays result
from the variations of the contact stresses at the
normally consolidated state and from the variations
of the repulsive and attractive stresses for
overconsolidated states. Thus the constitutive CA-
SUS CLAY (ChAracteristic of the Saturated and Un-
saturated Swelling CLAYs) model which has been
developed is based on two plastic mechanisms.
The plastic mechanisms are activated using two
yield surfaces: the contact yield surface Fc associ-
ated with the contact stress variations and the
swelling yield surface Fsw linked to the repul-
sive-attractive stress variations. The contact yield
surface is of the modified Cam-clay type and the
swelling surface is elliptic. For both non-associated
flow rules are considered.

The model was extended in order to propose a
unified formulation for expansive and non-expan-
sive clays under various hydraulic conditions
(Robinet et al, 1994). Two domains were consid-
ered: the quasi-saturated domain inside which the
water phase is continuous and the unsaturated do-
main inside which the water phase is no longer
continuous. The constitutive equations were then
associated with these two domains, defined in the
(p', pw) space by means of the so-called LS line.

The coupling relationship between the fluid and
the skeleton has been taken by the capillary stress
tensor as. The spherical part (ps) of as is called the

capillary pressure and depends on the water pres-
sure pw. The deviatoric part qs of us depends on
the consolidation pressure p'co.

Decomposition of the total stress tensor

According to the hypotheses made, the total
stress tensor is decomposed in the following way:

a =
(normally consolidated states)

(overconsolidated states)

(3-1)

where a'c is the contact stress tensor, CT'SW is the re-
pulsive-attractive stress tensor, ps is the capillary
pressure and / is the identity tensor.

The boundary between the quasi-saturated and
unsaturated states is given in the p'-pw plane by
the LS line:

{p'> sQ) (3-2)

wwhere pw is the water pressure, and m-\ and SQ are
model parameters. Points representative of quasi-
saturated states lie below the LS line, whereas
points representative of unsaturated states lie
above the LS line.

The capillary pressure is given by the following
relations:

Ps =
(quasi-saturated domain)

(3-3)

(unsaturated domain)

with

(3-4)

(3-5)

where pw is the water pressure, pwd is the value of
pw at the transition point between the quasi-satu-
rated and unsaturated domains, m2 is a model pa-
rameter and (Ps)max is the value of ps for pw -»oo.
The dependence of ps on pw is thus linear in the
quasi-saturated domain and hyperbolic in the un-
saturated domain, the transition between both do-
mains being smooth.
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Elosfic response

Concerning the elastic part, the fol lowing rela-
tions for the bulk modulus K and the shear modu-
lus G have been assumed:

G=GaPo(p'/PJ

(3-6)

(3-7)

where pa is the atmospheric pressure, Ka pa is the
initial bulk modulus, Gapa is the initial shear modu-
lus and n is a model constant.

Yield surfaces

Associated with the plastic mechanisms consid-
ered, two yield surfaces are introduced: the contact
yield surface Fc and the swelling yield surface Fsw.

The contact yield surface Fc is the ellipse given by:

Fc = q
2

+ / V 1 2 p ' [ p ' - p > J ] = 0 (3-8)

where p'cf(pw) is the greater axis of the ellipse.
The swelling yield surface Fsw is the ellipse (inside

the contact yield surface) given by:

+/V12[p'-ap+a,(pJ][p'-ap-o,.(pw)] = 0 (3-9)

where a,-(pw) is the greater semi-axis of the ellipse
and (ap , aq) is the position of its centre.

Flow rules

The flow rule for the contact mechanism is
non-associated, and given by:

ds^aV^ (3-10)

= a]dXc
dq

with

a , = •
M2 -M KO

3MK0 1 - K A ,

3(l-K0)
MK0 = 1+2/0

(3-11)

(3-12)

(3-13)

where X] and K are, respectively, the loading and
unloading slopes in an oedometric test.

The flow rule for the swelling mechanism is also
non-associated, and given by:

=aV
dp'

(3-14)

with

dFsw

dq

1.0-

when unloading

when reloading

-a. dp'
(3-15)

-0 .5
Pc(dech)

(3-16)

1.0-1.5^-
P c f ,

where p'i is the mean effective pressure which
gives the contact point of the two yield surfaces
during either a mechanical unloading path or a
soaking path, api is the horizontal co-ordinate of
the centre of the Fsw surface at the initial state,
Pc(dech) is Pco at at the beginning of the unloading
path.

Hardening laws

For the contact yield surface

wiith

Pco(Pw) =

Pi
(quasi—saturated domain)

PL ~(PL ~Pi)exPfei(Pw ~Pw
(unsaturated domain)

(quasi-saturated domain)

(unsaturated domain)

(3-17)

(3-18)

(3-19)

wi th

k'7 =
-2

m _(PcoLx-P:o(0) n
/ ( J o I

(3-20)

(3-21)

where pwcj is the value of pw at the transition point
between the quasi-saturated and unsaturated do-
mains, (3i(pw) is the plastic compressibility modulus,
Pi is the plastic compressibility modulus at satura-
tion, pL is the plastic compressibility modulus for
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Pvv —> -<»,(;, is a model parameter controlling the
rate at which the plastic compressibility modulus
increases with suction, s^ is the plastic volumetric
strain, m3 is a model parameter and (p'co)max is the
value of p ' c o fo rp w -» -oo..The dependence of p'cf

on pw is thus linear (constant) in the quasi-satu-
rated domain and exponential in the unsaturated
domain, the transition between both domains be-
ing continuous.

For the swelling yield surface

da,. = +B2c/sq
p

writh

82=-0.5M2p'P2(P«

Pc(dech))P

(3-22)

(3-23)

(3-24)

(3-25)

where pwci is the value of Pw at the transition point
between the quasi-saturated and unsaturated do-
mains, The dependence of p'co on Pw is thus linear
in the quasi-saturated domain and hyperbolic in
the unsaturated domain, the transition between
both domains being smooth.

Principles of activation of the yield surfaces for the paths simulated
in the BM

Three cases are considered, depending on
whether the material is: highly overconsolidated
(swelling), normally consolidated (collapse) or
slightly overconsolidated (swelling-collapse).

• Highly overconsolidafed material.
(See Figure 3-5). Initially, both the contact
yield surface and the swelling yield surface
are tangent. The point representative of the
stress state (point A) lies on the swelling yield
surface but is inside the contact yield surface
and is in the unsaturated domain. During
the first wetting cycle, suction is decreased.
This causes the decrease of the capillary
pressure (hyperbolic law), the mean effective
pressure and the preconsolidation pressure.
However, the decrease of the mean effective
pressure is slower than the decrease of the
preconsolidation pressure. The contact yield
surface shrinks and so does the swelling yield
surface, but at a constant mechanic deviator

stress. The state at the end of the first wetting
cycle (point B) is: 1) the stress state is nor-
mally consolidated (lies on both yield sur-
faces) and in the quasi-saturated domain
and 2) swelling volumetric plastic strains are
obtained. During the first drying cycle, suc-
tion is increased. This causes the capillary
pressure to increase (it is equal to the suc-
tion) and the mean effective pressure and the
preconsolidation pressure increase in the
same way. The contact yield surface expands
but the swelling yield surface does not
change its size. The state at the end of the
first drying cycle (point C) is: 1) the stress
state is normally consolidated (lies on both
yield surfaces) and in the quasi-saturated do-
main and 2) settlement strains are observed.
During the second wetting cycle, suction is
decreased. This causes the decrease of the
capillary pressure (it is equal to the suction),
of the mean effective pressure and of the
mean effective preconsolidation pressure.
The contact yield surface remains constant,
but the swelling yield surface shrinks. The
state at the end of the second wetting cycle
(point D) is: the stress state is overconsolidated
and in the quasi-saturated domain and (2)
swelling strains are observed.

Normally consolidated material.
(See Figure 3-6). Initially, both the contact
yield surface and the swelling yield surface
are tangent. The point representative of the
stress state (point A) lies on both the swelling
yield surface and the contact yield surface
and is in the unsaturated domain. During the
first wetting cycle, suction is decreased. This
causes the decrease of the capillary pressure
(hyperbolic law), the mean effective pressure
and the preconsolidation pressure. The con-
tact yield surface shrinks but the swelling
yield surface does not change its size. The
state at the end of the first wetting cycle
(point B) is: 1) the stress state is normally
consolidated (lies on both yield surfaces) and
in the quasi-saturated domain and 2) settle-
ment plastic strains are obtained. During the
first drying cycle, suction is increased. This
causes the increase of the capillary pressure
(it is equal to the suction), of the mean effec-
tive pressure and of the preconsolidation
pressure. The contact yield surface expands,
but the swelling yield surface does not
change its size. The state at the end of the
first drying cycle (point C) is: (1) the stress
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a) First welting cycle
P 'c (B) P ' c (A ) F

b) First drying cycle
P'c(B)

c) Second wetting cycle
P'c(D) P'c(C)

Figure 3-5. Activation of the yield surfaces for a highly overconsolidated material.

state is normally consolidated (lies on both
yield surfaces) and in the quasi-saturated do-
main and (2) settlement strains are observed.
During the second wetting cycle, suction is
decreased. This causes the decrease of the
capillary pressure (it is equal to the suction)
and of the mean effective pressure, but the
mean effective preconsolidation pressure re-
mains constant. The contact yield surface re-
mains constant, but the swelling yield surface

shrinks. The state at the end of the second
wetting cycle (point D) is: (1) the stress state
is normally consolidated (lies on both yield
surfaces) and in the quasi-saturated domain
and (2) swelling volumetric strains are ob-
tained.

Slightly overconsolidated material.
(See Figure 3-7). Initially, both the contact
yield surface and the swelling yield surface
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a) First welling cycle P'c(B) P-c(A)

b) First drying cycle
P'c(B) P-c(C)

c) Second wetting cycle
P'c(D) P'c(C)

Figure 3-6. Activation of the yield surfaces for a normally consolidated material.

are tangent. The point representative of the
stress state (point A) lies on the swelling yield
surface but is inside the contact yield surface
and is in the unsaturated domain. During the
first wetting cycle, suction is decreased. This
causes the decrease of the capillary pressure
(hyperbolic law), of the mean effective pres-
sure and of the preconsolidation pressure.
However, the decrease of the mean effective
pressure is slower than the decrease of the

preconsolidation pressure. The contact yield
surface shrinks and so does the swelling yield
surface. The wetting proceeds until a state
(point B2) is reached with the following char-
acteristics: (1) the stress state is normally con-
solidated (lies on both yield surfaces) and in
the unsaturated domain and (2) swelling vol-
umetric plastic strains are obtained. As the
wetting process proceeds further, causes the
decrease of the capillary pressure (hyperbolic
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a) First part of the first wetting cycle

P'c(B2) P'c(B1) P ' c ( A )

b) Second part of the first wetting cycle
P'c(B3)

Figure 3-7. Activation of the yield surface for a slightly overconsolidated material.

law), of the mean effective pressure and of
the consolidation pressure. The state at the
end of the first wetting cycle (point B3) is:
(1) the stress state is normally consolidated
(lies on both yield surfaces) and in the
quasi-saturated domain and (2) settlement
plastic strains are obtained. After this point,
the other drying and wetting paths follow the
pattern explained for normally consolidated
material.

3.1.2.1.2 Determination of node! parameters

Modelling the behaviour of clay pellet samples
implies to take into account the fact that, during
the first wetting cycle, the granular medium be-
comes continuous. Therefore, the LS line, which is
defined in the model for a continuous medium, is
modified to simulate the first cycle.

The parameters needed to define the model
may be obtained from oedometer, triaxial and hy-
draulic tests.

The number of parameters used is 14, and are
classified into 5 categories:

i Elastic mechanism:
Ka, Go, n.

, j Yield surface Fc at the saturated state:
Pco, M, Pi

' j Yield surface Fsw at the saturated state:
°0/ (Pc)ref

: j LS line and capillary pressure:
So, rri], mi

1 Yield surface Fc at the unsaturated state:
m3,P t,Ci

As a result of the calibration process, the values
in Table 3-1 have been derived.

3.1.2.1.3 Computed results

The results provided by the partner have been
plotted against the experimental data, and are
shown in Figure 3-8 to Figure 3-1 2. It may be seen
that:

j The agreement with the experimental data is
very good in all cases.

j The hysteretic behaviour observed during the
test is well reproduced.
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Figure 3-8. Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case A.
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Figure 3-9. Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case B.
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Figure 3-10. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case C.
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Figure 3-11. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case 0.
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Figure 3-12. Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case E.

Table 3-1
Model parameters used in the simulations

Param

K,

Pco

Oo

So

m3

Calib

33

60 kPa

0.0143 MPa

- 0 . 5 MPa

2.8

Param

Go

M

(Pc)ref

mi

Pi

Calib

15

0.86

0.84 MPa

0.75

1

Param

n

Pi

m2

Ci

Calib

1

14

4.8

0.225

3.1.2.2 CLA(ABAQUS)

3.1.2.2.1 Model description

Only the response of the sample against the first
wetting path was considered. The model used is
based on a modified effective stress theory, using
material models available in ABAQUS. The simula-
tion is based on the following assumptions:

^! Total strain = elastic strain + moisture strain.

3 Porous elasticity has been assumed for the
elastic part.

Z2 Moisture swelling is used to calibrate the
strains.

The following decomposition of the total stress
tensor a is assumed:

cr=cr'+S, -ci (3-26)

where a' is the effective stress tensor, Sr is the de-
gree of saturation and uw is the pore water pres-
sure.
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"er:nir;a"ion of node! oara meters

Using the test data, logarithmic effective pressure
vs. volumetric strain curves are plotted at various
fixed pore pressures. A straight line is fitted to each
curve, thereby getting a value for the logarithmic
bulk modulus K for each value of the pore pres-
sure. This dependence of K on the pore pressure is
implemented by a user-defined routine. This rela-
tion may be used to establish the relation between
pore pressure and effective pressure that yields
zero volumetric strain. However, when computing
the volumetric strain using these values of pore
pressure and effective pressure, a non-zero volu-
metric strain is obtained. This fact is corrected us-
ing a moisture swelling strain defined as a function
of saturation. Finally, in order to have a correct re-
ationship between pore pressure and degree of
saturation, the dependence of suction on degree of
saturation has also been defined.

3.1.2.2.3 Computed results

The results provided by the partner have been
plotted against the experimental data, and are

shown in Figure 3-13 to Figure 3-17. It may be
seen that:

•.-.) The hysteretic behaviour observed during the
wetting-drying cycles is not reproduced since
only the first wetting path was considered.

,,.; The first wetting path is well reproduced. It
may be seen that as the net vertical stress in-
creases, predictions become closer to the ex-
perimental data.

3.1.2.3 ISM (ABAQUS

3.1.2.3.1 Model description

Working with suction dependent material proper-
ties of the Cam clay model implemented in
ABAQUS, that is, with a material property depend-
ence on a predefined field variable (here, suction)
has lead to numerical difficulties in presence of
sharp moduli changes with suction. Moreover (and
most important), dependence of isotropic elastic
and elastoplastic compliances on suction cannot
make the resulting response turn into a compres-
sive one at higher applied loads. On the other
hand, a suction induced softening turned out to be
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figure 3-13. Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case A.
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not operative. It has been decided then to focus
the model l ing efforts on suction induced shear
efaects by using a model implemented in a user
defined routine for ABAQUS (UMAT).

The model implemented in the UMAT routine is a
critical state model (modified Cam clay) within an
effective stress approach with a suction dependent
yield domain and a suction dependent elastic vo lu-
metric compl iance. This model has been devel-
oped and used widely to study temperature effects
on clays (Hueckel and Borsetto, 1 9 9 0 ; Hueckel
and Baldi, 1990).

The fol lowing decomposit ion of the total stress
tensor a is assumed:

a=a'+Sr-uw-l (3-27)

where a' is the effective stress tensor, Sr is the de-
gree of saturation and uw is the pore pressure.

The elastic volumetric response s* has been
made dependent on the effective pressure p' and
on the suction s, according to the following law:

e := -K /p+e o ) - l n (p7p ' o ) +

\ef . (3-28)

where K is the elastic logarithmic compliance, e0 is
the initial void ratio, a; is a model constant and sref
is a reference suction. For the elastic shear re-
sponse, a constant shear modulus G has been as-
sumed. The non linear elastic model is able to
capture responses turning from expansion to con-
traction depending on the isotropic effective stress
and on the applied suction range.

For the plastic response, the size of the yield lo-
cus of the modified Cam clay model, defined by
the effective preconsolidation pressure p'co h
been let to linearly vary with suction s:

=P'o+2a,(s-sn (3-29)

where p'o is the initial Cam clay hardening param-
eter and ci] is a model constant. Both the
elastoplastic logarithmic compliance X and the crit-
ical state constant M are assumed to be constant.
The degree of saturation-suction curve completes
the model.

3.1.2.3.2 Determination of model parameters

Because the approach followed uses only one
stress variable, as shown in equation (3-27), it is
possible to relate changes of suction to changes of

effective stresses by means of the water retention
curve.

Experimental data have been replotted in order
to check if the modified Cam-clay model with an
elastic volumetric deformation given by equation
(3-28) and a suction-dependent hardening given
by equation (3-29) may fit to them. Values for p'
have been calculated from experimental vertical
stresses a'v using a law obtained from a numerical
elastic oedometric path with a shear modulus of 5
MPa. It was concluded that the deformability pa-
rameters should be much higher than the values
reported in the literature to predict suction-induced
strains with the present effective stress approach.

A linear yield size decrease with suction from the
initial value to the final value of 128 kPa has been
chosen by setting the constant ai to 5.66-10"2.

Shear constant calibration has been the object of
many tests, since the response has been found
highly dependent on this value. Dependency of G
on the overconsolidation ratio or on effective iso-
tropic stress is non linear. Results obtained with
natural Boom clay at a comparable density are re-
ported by Baldi et al. (1991). Values ranging from
10 MPa to 100-200 MPa are reported at isotropic
stresses from 0.5 MPa to 9 MPa, respectively. It
should be considered that the initial stress condi-
tions of the tests under consideration are prospec-
tively of the same range. Modelling of G depend-
ency with the applied isotropic stress involves
elastic couplings with an important impact also on
plastic constitutive laws (Hueckel and Tutumluer,
1987). A constant value of 100 MPa has been se-
lected, giving priority to the stiffness at higher
suctions.

Finally, soil deformability has been set to get a
satisfactory prediction of actual strain values. Con-
stants obtained need further checking with respect
to suction-controlled mechanical tests in order to
see if the constants X, K and M active along this
path have values suitable to predict the actual re-
sponse. As a result two calibrations have been
used, with the values of model parameters shown
in Table 3-2.

3.1.2.3.3 Computed results

As a result of the calibration process, two sets of
values have been obtained (Table 3-2).

The partner highlights the following differences
between calibration 1 and calibration 2:
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Table 3-2
Model parameters used in the simulations

Param

B,

X

K

a,

Calib 1

22.9

2.38

0.038

2.35-1 O W

Calib 2

22.04

2.28

0.038

2.35-10"6kPa-'

Param

G

M

a,

S,ef

Calib 1

105 kPa

1

5.66-10'2

79420 kPa

Calib 2

105kPa

1.0

5.66-10"2

79420 kPa

J Yield suction decrease law at high suctions:
in cal ibrat ion 2 , the decrease starts immedi -
ately, whereas for cal ibrat ion 1 no yield size
decrease is al lowed up to 5 0 0 0 0 kPa.

J Logarithmic plastic compl iance K: for cal ibra-
t ion 2 is lower than for cal ibrat ion 1.

According to the partner, cal ibrat ion 1 predicts
better strain values at low vertical stresses, whereas
calibrat ion 2 is better suited for predicting the be-
haviour observed at intermediate vertical stresses.
Cal ibra t ion 1 was used to furnish the required re-
sults, because both cal ibrat ions yielded similar re-

sults when used in the blind swelling test (Chapter
3.2).

The results provided by the partner have been plot-
ted against the experimental data, and are shown in
Figure 3-1 8 to Figure 3-22. It may be seen that:

IJ The hysteretic behaviour observed during the
test is only approximately reproduced.

U Predictions during the first part of the initial
wetting path (suctions on the range 105 to
1 0 3 kPa) are far f rom the measurements. The
comparison with measured results improves
in the low suction range (1 0 3 to 1 01 kPa).

Net Vertical Stress (a , -u j = 19.62 kPa
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Figure 3-I8. Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case A.
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3.1.2.4 UPC (CODE BRIGHT)

3.1.2.4.1 Model description

The model for unsaturated expansive materials
described by Aionso et al. (1994) is used. This
model considers a microstructural and a mac-
rostructural scale. The microstructure is associated
with clay aggregations constituted by an arrange-
ment of clay platelets. The macrostructure is asso-
ciated with the porous medium constituted by the
arrangement of single aggregates. The microstruc-
ture is considered in local equilibrium with the
macrostructure. Consequently, the constitutive law
works with a single set of stress variables which are
measurable at the macrostructural scale: the net
stresses (defined as the excess of the total stresses
over the air pressure) and the suction.

Mechanical behaviour of microstructure

At the microstructural scale, a non linear elastic
behaviour is considered. The strain increment is
only volumetric and given by:

de'=-
0+e

(3-30)

where ee
vm is the microstructural volumetric strain,

Km is an elastic parameter, em is the microstructural
void ratio, p is the mean net stress and s is the suc-
tion.

Mechanical behaviour of macrostructure

At the macrostructural scale, an elastoplastic be-
haviour is considered. The elastic domain is limited
by 3 yield surfaces in a p-q-s plane as presented
by Aionso eta l . (1994).

Elastic domain

In the elastic domain, the strain increment is
given by:

(3-31)

where D,-^ is the elastic tensor due to stress
changes, an

kl is the net stress tensor, Ks is the bulk
modulus due to suction changes and s*m is given
by (3-30). The elastic parameters are computed
from the following relationships:

K = (3-32)

G _3 (1 -2v )

l(l + v)K,
(3-33)

(3-34)
K

where K, is the bulk modulus due to stress changes,
K is the slope of the recompression line in a e-ln{p)
diagram, eM is the macrostructural void ratio, G is
the shear modulus, v is the Poisson's ratio, Ks is the
bulk modulus due to suction changes, KS is the
slope of the elastic wetting/drying line in a e-ln(s)
diagram and pa/m is the atmospheric pressure.

Yield loci

The LC (loading-collapse) yield locus defines the
onset of macrostructural plastic strains due to
changes in net stresses and suction, irrespective of
the soil being expansive or not. Aionso et al.
(1990) define its shape in the p-q-s plane by the
relationship:

q2 +M2(p + kss)[p - p 0 ) = 0 (3-35)

with

Po=Pc^j (3-36)

where q is the deviatoric stress, M is the slope of
critical state lines, ks is a parameter describing the
increase of cohesion with suction, p0 is the yield lo-
cus for an isotropic compression at fixed suction,
p'o is the yield locus for an isotropic compression in
saturated conditions, pc is a reference stress and
X(s) is the slope of the virgin compression line in a
e-/og(p) diagram at a given suction.

The SI (suction increase) and SD (suction de-
crease) yield loci define the onset of macrostructural
plastic strains due, respectively, to microstructural
shrinkage and swelling. Their shapes are defined
by the relationships:

p+s-S/=0

p + s-SD=Q

(3-37)

(3-38)

K

where SI and SD are the respective yield loci at p
= 0.

Flow rules

For the LC surface, a non associative flow rule is
considered in order to predict zero lateral strain for
KQ saturated loading. The expression is:
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(3-39)

wiith

a = X O —t 3 riK !— 3-40
J3TI(X(0)-K)

3(1-1

1+2K,
(3-4

The plastic strain which develop when SI and SD
are active are only volumetric and directly related
to the microstructural elastic volumetric strain
through the relationships:

dsp
v = fDdss if SD is active (3-43)

The value of f/ and fD depend generally on the
level of stress and on the distance of the current
stress state from LC.

Hardening laws

The three yield surfaces are coupled by the volu-
metric plastic strain. For the LC surface the harden-
ing law reads:

dP d £ (3.44)

po

For the SI and SD yield surfaces the hardening
laws are expressed by:

SI

de +e

SD

(3-45)

(3-46)

3.1.2.4.2 Determination of model parameters

Elastic parameters

The following values are used:

K = 0.045 (from Fig. 6.c in Alonso et al., 1 994) (3-47)

« m = M 0 - 3 (3-48)

KS =0.059 -0.008log(p) (3-49)

LC parameters

The following values are used:

X{0) = 0.1 6 (from Fig. 6.b in Alonso et al., 1 994) (3-50)

40

M = 1

k$ =0.073

pc = 0.1 kPa

a = 0.423

(3-51)

(3-52)

(3-53)

dep
v=f<dee

m if SI is active (3-42) Ms) = 0.045+

(3-54)

In test E, collapse occurs along the whole suction
reduction path and follows up to the very low value
of final suction. In order to reproduce such phe-
nomenon, a specific shape has to be defined for
the LC surface. The best fitting was obtained using
the following expression for X(s):

0.769

ln(2570+710arcsinri(2log(s)-6)
(3-55)

The initial location of the LC surface is given by:

p'o = 8 0 kPa (3-56)

SD parameters

The function fD used is:

f D = 0.01(1-0.1 p / P o ) (3-57)

As a consequence of compaction and prelo-
ading, the initial value of SD is defined as initial
mean stress plus initial suction:

SDj =pi+s, (3-58)

For all tests, the SD surface is activated during
the initial and during suction cycles.

SI parameters

The function f( used is:

f(=900(p/p0
10.9 (3-59)

The SI surface is activated during the drying
stage following the first wetting and during the final
suction cycles. The last ones show a very specific
behaviour: in tests A and B, the drying path is
above the wetting path in the ev-log{s) diagram,
whereas in tests C, D and E, the drying path is be-
low the wetting path. This pattern can be explained
by the model considering that in tests A and B, the
distance between Si and SD is larger than in tests
C, D and E. Since the differences between both
sets of tests lies in the distance from the initial
stress state to the LC curve, the initial distance be-
tween SI and SD is considered to be dependent on
p/po and SDU and given by:

S/; = S D , + 2 5 0 - 2 0 0 p / P o (3-60)
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Initial and boundary conditions

During the tests, no horizontal deformations were
al lowed. The initial suction is 9 8 1 0 0 kPa. The ini-
tial stresses considered are shown in Table 3-3.

3.1.2.4.3 Computed results

The values for the original model by Alonso et al.
(1994) are shown in Table 3-4.

The results provided by the partner have been plot-
ted against the experimental data, and are shown in
Figure 3-23 to Figure 3-27. It may be seen that:

Q The hysteretic behaviour observed during the
test is well reproduced in all cases.

Q Excellent coincidence with the experimental
data in all cases.

3.1.2.5 UOL (LAGAMfNE)

3.1.2.5.1 Model description

The constitutive model for the simulation is the
Alonso and Gens one (1990 version). It is written

in an invariant stress space and has been imple-
mented in the finite element code LAGAMINE. A
detailed description of this model has been given
by Alonso, Gens and Hight (1987). Here a short
formulation summary of the model implemented in
LAGAMINE is given.

Stress variables for the model formulation

The model is formulated using two independent
stress variables: the net stress tensor and the suc-
tion.

The net stress tensor is defined as:

<*•• = C T , - - p a S « (3-61]

where pa is the pore air pressure. To formulate the
model, the following stress invariants are used:

(3-62)— a u, — o~ u, — •.

• —sin
3

2 I/

(3-63)

(3-64)

Table 3-3
Initial stresses

Case (kPa)

19.82

49.05

aho (kPa)

21.02

Param

M

m
(Po)o

C

D

E

Calib

0.001

1

0.16

80 kPa

98.10

206.01

392.40

Table 3-4
Model parameters used in the simulations

Param Calib

K 0.045

pc 0.1 kPa

42.00

88.32

169.02

Param

V

ks

Calib

0.3

0.073
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Figure 3-25. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case C.
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Figure 3-27. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Cose E.

with

3 W

(3-65)

(3-66)

where s;jis the net deviatoric stress tensor, la is the
first net stress invariant, //s is the second net
deviatoric stress invariant, 0 is the Lode angle and
f3 is the third net deviatoric stress invariant.

The suction is defined as:

" P . (3-67)

Yield surface of the model

The model is based on a yield surface, which is
composed of two parts. The yield surface equation
in the /a -lls space is written as:

F, = (C +(/0 -Ps)l'a ->op
s)~r2 + C (3"6 8)

where r is defined as a reduced radius which rep-
resents the failure states of soil and is given by:

r — • (3-69)

The different soil ultimate resistance on extension
and compression can be taken into account by in-
troducing the Lode angle in the model, through de
reduced radius:

(const

{
where a, b and n are constants which are linked
with the internal friction angles on compression
and extension and may vary with suction.

Ps represents the resistance of soil on extension
and is given by:

with

s) (3-71)

c(s) = c 0 + i ; . s (3-72)

where cj)c is the internal friction angle (may vary
with suction), c is the cohesion of soil, c0 is the co-
hesion of soil in saturated state and E, is a parame-
ter describing the increase in cohesion with suc-
tion. In the present application, the cohesion will
be neglected.
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lo = 3 p0 represents the pre-consolidation of soil,
and varies with suction according to:

= 3pe (3-73)

where /*0 = 3 p 0 is the pre-consolidation of soil in
saturated conditions, pc is a reference pressure, K
is the elastic slope of the compressibility curve
against the net mean stress and k(s) is the plastic
slope of the compressibility curve against the net
mean stress. It varies with succion according to:

Ms) = MO)[r + (l-r)expH$s)] (3-74)

where A(0) is the plastic slope for the saturated
condition and r and P are the parameters describ-
ing the changes of soil stiffness with suction.

In the present model, a simplified part of the
yield surface (SI) in the /CT*-s pace was adopted:

F2 = s - s 0 (3-75)

where s$ is a yield suction value which represents
the maximum value of suction ever applied to the
soil. It should be noted that this second part of the
yield surface will not be involved in the present
analysis.

Finally, under isotropic condition, the pre-consol-
idation pressure represents a yield stress of soil.
The curve describing changes of pre-consolidation
pressure with suction (equation (3-94)) in the space
/a*-s is a trace of the yield surface (LC). Thanks to
this yield curve, the collapse under wetting phe-
nomenon can be modelled.

Responses of the model

The total strain is assumed to consist of a elastic
strain and a plastic strain due to stresses (mechani-
cal solicitation) and suction:

8,7 = 8 ; / + s ! ; = s i , m
 + 8 ; /s + 8 i jm +&ijs (3"76)

where the subscripts m and s mean mechanical
path and suction path, respectively.

Elastic deformations

The elastic strain due to the stresses (mechanical
solicitation) is given by the Hooke's law:

Mm ~C ijkl (3-77)

where is the Hooke's tensor and is the net stress
tensor rate. The elasticity of the soil is assumed to
be non-linear:

with

G=b%

g _ 3 ( l + e 0 )
3K

b _ 3Q-2v)
2(1+ v)

(3-78)

(3-79)

(3-80)

(3-81)

where % is the bulk modulus of soil, G is the shear
modulus of soil and v is the Poisson's coefficient.

The elastic volumetric deformations induced by
the suction is given by:

8L = 3/vr
with

0+e)(s+Po,:

(3-82)

(3-83)

where KS is the elastic slope of the compressibility
curve against suction and Pa, is the amospheric
pressure.

Plastic deformations

The plastic strain due to the stress (mechanical
solicitation) is evaluated by:

P _
da,

(3-84)

where Q is the plastic potential surface. A non-as-
sociated flow rule in the space l'a -//* can be intro-
duced in the model via the following equations:

5 Q = dF_ (3-85)

df (3-86)

where r\ is obtained by requiring that the model
predicts zero lateral strain for stress states corre-
sponding to the Ko condition:

(3-87)
3 V 3 [ l - J ^ (l+2K0)(l-K0)

with

Ko = 1 —si (3-88)
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Suction can induce irreversible deformat ions un-
der compression when the suction of the soil is
larger than so- The plastic vo lumetr ic de fo rmat ion
induced by suction is given by:

1

wiith

3/W

A . . -

-5,,s (3-89)

(3-90)

where ks is the plastic slope of the compressibility
curve against suction.

Hardening laws

The evolution of the yield surface is controlled by
the total plastic volumetric strain developed in the
soil through the state variables l*0 and So:

ds0

dl'o _

t

1

1+e

Kt - K ,

+ e ,

de{ (3-91)

(3-92)

where e^ is the total plastic volumetric deformation.

3.1.2.5.2 Determination of mode: parameters

Two calibrations were carried out. The first one
(calibrationA) took only into consideration the
swelling tests provided. For the second calibration
(calibration B), the loading-unloading response of
the sample before wetting (an information provided
with Benchmark 2.1 B, Figure 3-48) was also incor-
porated.

Fundcrnental parameters of the model

The fundamental parameters of the model have
been determined using the following relations:

p*0 = 8.022 •10-3exp(0.7224yJ (3-93)

X[0) = -0.00843yd +0.276 (3-94)

K = 0.00526y d -0 .041 (3-95)

where p0 is the pre-consolidation stress in kPa,
A,(0) is the virgin compression index, K is the elastic
compression index and Yd IS ^ne dry density in
kN/m3. Using Yd = 14.0 kN/m3 , we get:

p'o = 197.95 kPa A(0) - 0.158 K = 0.0326

Datoniete:s related to tie suction

In order to determine the elastic index upon suc-
tion KS, it has been assumed that the initial reduc-
tion of suction will induce only an elastic volumet-
ric deformation (elastic swelling). According to the
experimental results, it is evident that the coefficient
KS depends on the net vertical stress applied to the
sample. So it has been tried to find a relation be-
tween KS and the net stress state (first net stress in-
variant cr'jtfe f ° r example). Assuming that:

i) the loading before the wetting phase only pro-
duces an elastic deformation and

ii) the first step of suction reduction only pro-
duces elastic swelling deformation, the follow-
ing formulae may be derived:

(3-96)
n 1 -v v

•4b)(1+e) dev

3 d(ln(s+pj)

with

Q _
+e
3K

0 b _3 ( l - 2v )
2(1 +v)

(3-97)

(3-98)

(3-99)

where v is Poisson's modulus, e is the void ratio,
a h is the net horizontal stress, a v is the net vertical
stress and ev is the vertical deformation. Using the
former relations, the results of the test and taking K
= 0.0326, v = 0.4 and e0 = 0.93, an approxi-
mation of KS for each sample is derived. Figure
3-28 shows the results obtained with the fitting of
an exponential curve.

The point over the broken line corresponds to
sample B, which seems to be out of the calibration
curve. The relationship between KS and a'kk has
been approximated by the function:

KS = 0.0797exp(-0.05 a'kk)

This relation was used in the simulations, al-
though it is argued that KS may depend on other
factors, such as p + s.

Parameters associated with the SI yield curve

As the samples have an initial water content of
3% (about 100 MPa of initial suction), we consider
that the maximum vaue of suction exerted on the
samples is about 100 MPa, so we have

so = 100 MPa
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Figure 3-28. Calibration of the elastic index upon suction as a function of the net mean stress.

Parameters associated with the LC yield curve

Theoretically, with the simplest version of
Alonso-Gens model, the collapse will take place
when the stress points reach the LC yield curve. So,
the LC yield curve is the most important factor for
the simulation of the tests. To determine the LC
yield curve, information is needed about the de-
pendence of the apparent pre-consolidation pres-
sure on suction, but this is not determined in the
set of tests to be simulated. So the parameters re-
lated to the LC yield curve (r, |3 and pc) are ob-
tained by a trial and error process until a good

agreement between the simulated results and the
test results is reached.

In addition, the experimental results clearly show
that collapse has been observed for sample C,
which was submitted to a net vertical stress of 1 00
kPa. In other words, it seems to be very difficult to
get the collapses numerically if the saturated
pre-consolidation pressure p0* is taken to be
197.95 kPa. As a consequence, the value of this
parameter has also been obtained by a trial and
error process. The model parameters selected in
this calibration may be found in Table 3-5.

Table 3-5
Model parameters used in the simulations

Param

V

X[0)

K

CalibA

0.4

35°

0.158

0.0326

Calib B

0.214

47°

0.158

0.0326

Param

Pc

r

P

CalibA

80 kPa

0.05

0.75

4.23

Calib B

20 kPa

2.5

0.75

4.23
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Simulation procedure

Each simulation was performed in two steps:

1. Mechanical loading to apply the net vertical
stress at constant suction (s = 981 00 kPa).

2. Suction loading (wetting and re-drying) at
constant net vertical stress.

Remarks on the simulations

1. With the model used, after the 1 st wet-
t ing-drying cycle, the stress points are in the
elastic zone, so loops cannot be obtained
when the wetting-drying cycles are appl ied.

2. From the analytical solut ion, it is noticed that
some parameters may have some influence
on the simulation results, for instance Pois-
son's modulus, but information about them is
lacking.

The net stress path corresponding to the prepa-
ration of the sample has been used to get more
informat ion about this material (cal ibration B).
With this new in format ion, it is possible to get va l -
ues for Poisson's modulus and the internal fr ict ion
angle.

Analysis of the experimental results (Calibration B)

J The Ko value for the unloading path differs
from the corresponding value for the loading
path. This implies that that yield limit has
been reached during the loading path.

J It seems that the yield stress is very low (net
stress of 100 - 2 0 0 kPa) for a soil with such
a high value of suction (79420 kPa).

• Yielding has increased the value of Ko.

Determination of parameters v and cj)c (Calibration B)

The values of Poisson's modulus v and of the
friction angle (j) c have been obtained using the fo l -
lowing formulae:

a, = 1-v
-o\ (3-101;

(3-102)

The first formula is used in the unloading path
(elastic model), whereas the second is used in the
loading path (Mohr-Coulomb perfect plastic
model). Because the unloading path is not linear,
the value of v may range from 0.193 to 0.36.

Using a regression, an average value of v =
0.214 has been found. Using the second formula
in the loading path, a value of cj)c = 40° is ob-
tained.

Simulation of the oedometer mechanical loading-unloading
(Calibration B)

A simulation of the loading and unloading paths
used to prepare the sample was performed under
Ko conditions and at a constant suction of 79420
kPa. In this simulation, where the values derived
during calibration A have been used, the yield sur-
face is not reached and no residual stresses are
obtained.

On the other hand, a series of simulations of
the loading and unloading paths used to prepare
the sample were performed using as a basis the
new values for Poisson's modulus (v = 0.214)
and the internal friction angle (cj)c = 40°), derived
from the sample preparation process, as ex-
plained before.

Because the relation between the friction angle
and Ko is not the same for Coulomb's model as for
a Cam-clay like model, a new value of the friction
angle (cf>c = 47°) has been obtained by trial an er-
ror in order to obtain a good fit with the experi-
mental curves. In this process, 4 sets of parameters
with different values for v and (J)c have been used,
with both associated and non-associated flow
rules. The result of this analysis has shown the fol-
lowing:

j The slope of the unloading path depends on
v, but both v and (f)c influence the Ko value
for the loading path.

[J With a lower value of v and associated flow
rule, the simulation seems to better match
the experimental results. However, with v =
0.4, cj)c = 40° and non-associated flow rule,
the loading path is very well simulated,
whereas the unloading path and the residual
net horizontal stress cannot be reproduced.

IJ Some hardening parameters, such as the sat-
urated virgin compression index X{0) and the
elastic compression index K play an impor-
tant role in the numerical simulation, but they
have been kept constant since they are con-
sidered to be correct.

[_j Some parameters related to the LC curve
have been adjusted to get the lower value of
the yield stress.
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As a result of these tests, it is concluded that the
best set of parameters is the one with v = 0 .214 ,
c})c = 4 7 ° and associated flow rule.

The model parameters selected in this calibration
may be found in Table 3-5.

The calibration of KS is very difficult and it is
highly dependent on Poisson's ratio. As explained
before, a calibration assuming an exponential de-
pendence on a " ^ was performed using v = 0.4. A
a new calibration assuming the same functional
form has been performed using v = 0 .214 , giving
the fol lowing formula:

KS = 0 . 1 5 e x p ( - 0 . 0 0 5 5 c r kk i (3-103)

This relation completes the definition of the
model parameters used in calibration B.

3.1.2.5.3 Computed results

The data given in the definition of the blind swell-
ing pressure test (Chapter 3.2) and, in particular,
the loading-unloading stress path during sample
preparation, furnishes more information concern-
ing the properties of the tested material.

As mentioned before, the partner gives two cali-
brations depending on whether or not this new in-
formation has been taken into account: calibration
A (without new information) and calibration B (with
new information) (Table 3-5).

The results provided by the partner have been
plotted against the experimental data, and are
shown in Figure 3-29 to Figure 3-33. In these fig-
ures, results obtained using the old calibration are
labeled "UOL A" and results obtained using the
new calibration are labeled "UOL B". It may be
seen that:

• The results of the first suction cycle (wetting
and drying) are quite accurate in general
terms.

• Since a single yield plane, for suction in-
crease, is included in the model, the pre-
dicted behaviour beyond the first suction re-
versal is elastic and cannot reproduce the
accumulation of volumetric strains.

• The second calibration of parameters per-
formed (UOLB) does not seem to improve
significantly the results of the first calibration
(UOLA).
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Figure 3-29. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case A.
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Figure 3-30. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case B.
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Figure 3-31. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case C.
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Figure 3-32. Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case D.
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Figure 3-33. Oedometer Suction Controlled Jests on Samples of Compacted Boom day. Case E.
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3.1.2.6 UWC

3.1.2.6.1 Model definition

In the model, yield surfaces controlled by net
mean stress, suction and temperature changes are
employed to describe the typical features of defor-
mation behaviour in unsaturated soils. The mois-
ture transfer, air transfer and heat transfer are de-
scribed elsewhere and are not repeated here.

For this particular Benchmark exercise thermal
effects are not relevant. Therefore, total strain is as-
sumed to consist of the elastic and plastic compo-
nents due to the stress and suction changes. This
can be given in incremental form, without loss of
generality, as:

de = +dsP (3-104)

where the subscripts e and p refer to elastic and
plastic components. The subscripts a and s the
stress and suction contributions.

According to the elasto-plastic constitutive rela-
tionship proposed by Alonso et al. (1990), the
elastic volumetric strain induced by stress and suc-
tion are given by:

u p
mdp (3-105)

•mds=D;]ds (3-106)
v{s+potm)

where u is the specific volume, K and KS are the
elastic stiffness parametrs with respect to net mean
stress and suction respectively, p is the net mean
stress, s is the suction and Ds is the suction matrix.
For a two dimensional problem,

mT = (1, 1, 0) (3-107)

The elastic deviatoric strain will be evaluated
from

(3-108)
q 3G

where q is the deviatoric stress and G is the shear
modulus.

The net mean stress p and deviatoric stress q are
defined as follows:

= 3
(109)
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a =
(a,-az

1/2

(3-110)

The stress-strain relationship may therefore be
expressed as follows:

da"=D(de-dee
s -dsp

c -dep
s) =

= D(de-D-s
]ds-dep

n-dep
$) (3-111)

where a" is the net stress and D is the elastic ma-
trix.

The total strain increment can be calculated from
the deformation:

de = Bdu (3-112)

with

d

0

d

0

d
dz
d

(3-113)

where 8 is the strain matrix and u is the displace-
ment vector.

Two yield equations which are linked with the
stress variables and suction according to

F 1 = q 2 - / V 1 2 ( P + P s ) ( P o - p ) = O (3-114)

F2 = s - s 0 = 0 (3-115)

where M is the slope of the critical line, ps is re-
lated to the efffect of suction on the cohesion of
the soil, p0 is the preconsolidation stress and s0 is
the maximum previoulsy attained value of the suc-
tion. They are defined as follows:

Po .

Pc "

co =

= X(0)[r

P

= Po l

A , ( 0 ) - K

X(S)-K

+ (l-r)exp(-p

— Is c
—

(3-1

(3-1

(3-1

(3-1

16)

17)

18)

19)
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where p 0 is the preconsolidation stress, p c is a ref-
erence stress, A(O), Ps and r are the parameters
control l ing the stiffness of soil and k is the parame-
ter describing the increase in cohesion with suc-
t ion. Equation (3-1 18) was proposed by Alonso et
al (1990) and is routinely employed in the code.
However, a slight modif ication to equation (3-1 18)
has been carried out for the analysis of Benchmark
2 . 1 . In particular, an addit ional term has been in-
cluded that more easily accomodates the develop-
ment of plastic strain across a wider range of suc-
t ion. The precise form of the new relationship is

given as:

(l-r)exp(-ps) + (r-r1) +

(3-120)

where smox is the initial (maximum) suction and r-\ is
constant, taken as 0.1 for this work.

To enable the model proposed by Alonso et al
(1990) to be incorporated in a finite element anal-
ysis, the following forms of the plastic potentials Q]
and Q2 are proposed here.

Q 2 = s - s 0 = 0

(3-121)

(3-122)

where aq is a constant derived by requiring that the
direction of the plastic strain increment for zero lat-
eral deformation is found for stress states satisfying
KQ conditions:

M[M-9)[M-3)
9(6 -M) 1 -

K,.
(3-123)

The plastic strain will be evaluated from:

d

ds

(3-124)

(3-125)

(3-126)

where Xi a n d X2 a r e fluid parameters which are
determined through the plastic consistency condi-
tions (Alonso etal , 1990).

The expansion of the yield locus is achieved via
an increase in the preconsolidation stress for satu-
rated conditions p0 and the suction hardening pa-
rameter s0 when plastic volumetric strains de-
velop, i.e.

dp°- V -dsp
v (3-127)

P o

Xr - K
(3-128)

where s^is the plastic volumetric strain and Xs is
the stiffness parmeterfor suction change.

3.1.2.6.2 Determination of model parameters

The approach adopted by UWC involved two
stages. The first stage involved direct calibration of
the model against each of the five experiements. A
further exercise was then undertaken to determine
a single set of parameters that would best describe
all five tests.

Calibration analysis

The full set of material properties used to analyse
all five samples in Benchmark 2.1 is presented in
Table 3-6. Alonso et al (1 990) suggest that "some
dependence of Xs and KS values on net mean stress
may be suspected...". The calibration exercise per-
formed makes use of this suggestion and average
values of these parameters are therefore given in
Table 3-6. Some parameters were varied with net
vertical stress. All other parameters were held con-
stant, as indicated in Table 3-6, for all five tests.

For Sample A and B, the first wetting cycle oc-
curred entirely within the elastic region. The initial
value of p0 was set at 80 kPa, which was higher than
either of the initial net vertical stresses (19.62 kPa
and 49.05 kPa for samples A and B respectively).

Alonso et al. (1995), suggest that for the Boom
clay aggregate under consideration "It seems that
during the first suction reduction path, the soil has
undergone important changes in structure which
are very effective in erasing previous soil states".
This observation has also been incorporated in the
current calibration exercise. In particular, the first
drying cycle involved elastic and plastic strain con-
tributions based on the assumption that the Suction
Increase (SI) surface was dragged down to a suc-
tion of 10 kPa during the first wetting cycle (effec-
tively erasing previous soil states). Subsequent wet-
ting drying cycles were then evaluated making use
of a Neutral Line type of approach.
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Table 3-6
Parameters used in calibrotion analysis 1. The quoted values for Xs, KS and r are mean values of the respective functions

Parameter

A(0)

K

Ms)

Ks

k

P
r

k

Vo

h

Pc

Value

0.158

0.0326

0.016

0.052

12.5 MPa"1

0.86

0.6

1.94

80kPa

lOkPa

Comment

new function (3-120)

f(p)

f(p)

f(p)

Sample C, D and E were modelled in a similar
manner to Samples A and B. However, prior to first
wetting, the increased applied stress caused trans-
lation of the LC yield surface to a new location in
each case. In particular, prior to first wetting, p0 =
98.01 kPa for Sample C, p0 = 206.01 for Sample
D and p0 = 392.4 for Sample E.

Subsequent cycles were determined as for Sam-
ples A and B, however the total strain calculations
in these cases necessarily involved both elastic and
plastic components.

Calibration analysis 2

A further analysis has also been performed in an
attempt to provide a single set of parameters that
adequately represent all five samples. This has
been achieved at the expense of the quality of re-
sults. However, in general the results achieved are
still considered to be in good agreement with the
experimental data.

The material properties used in this case are
summarised on Table 3-7. On this occasion it was
found necessary to maintain stress dependence of
KS. This is represented by the following an expo-
nential expression:

KS =0 .038exp( -0 .06p /4 ) + 0.002

p>80J<Pa (3-129)

It was assumed that at stress levels below the
preconsolidation pressure, that Ks would remain
constant. The above expression was therefore only
used to evaluate KS for samples C, D and E. With
samples A and B both having a KS value of 0.03.
The modified realationship of A(s) used in the first
calibration was also adopted in this work.

3.1.2.6.3 Computed results

The results provided by the partner have been
plotted against the experimental data, and are
shown in Figure 3-34 to Figure 3-38. In these fig-
ures, results obtained using the first calibration are
labeled "UWC 1" and results obtained using the
second calibration are labeled "UWC 2". It may
be seen that:

J The hysteretic behaviour observed during the
test is very well reproduced.

J There is an excellent agreement of the exper-
imental data with the predicted values, espe-
cially for the second calibration.
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Table 3-7

Parameters used in calibration analysis 2

Parameter

A(0)

K

X(s)

P
r

k

vo

Po*

Pc

Value

0.158

0.06

0.052

12.5 MPa-1

0.87

0.6

1.94

80kPa

lOkPa

Comment

new function (3-120)

f(p), see text

Net Vertical Stress (a,-u.) = 19.62 kPa

l.E+01 l.E+02 l.E+03 l.E+04 l.E+05 l.E+06

Suction ua-u. (kPa)

Figure 3-34. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case A.
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Figure 3-35. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case B.
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Figure 3-36. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case C.
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Figure 3-37. Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case 0.
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Figure 3-38. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Cose F.
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3.1.3 Discussion
On the basis of the overall characteristics of the

constitutive models used, two genera! groups may
be established among partners. CLA and ISM
modify in an "ad hoc" way existing standard con-
stitutive laws available in ABAQUS. Both use a
modified single effective stress expression. CLA
corrects the nonlinear strain formulation with a
"moisture strain" whereas ISM introduces changes
both in the elastic and the plastic formulation of a
Cam clay model.

The remaining partners (AND, UOL, UPC, UWC)
use elastoplastic models directly conceived to re-
produce several characteristic features of unsatu-
rated soil behaviour. They rely on two independent
"effective" stress fields which combine total stress
and suction. In addition, they introduce an explicit
dependence of yield stress with suction. Suction in-
creased yield stress. This relationship may explain
the collapse phenomena (compression volumetric
strains as suction decreases).

A synthesis of the constitutive models actually
used by partners has been prepared by collecting
the expressions used for the following aspects:
stress variables, elastic strains, yield surfaces, plas-
tic potentials and hardening laws. This information
is given in Table 3-8. It provides also additional in-
formation on the material constants used in different
models. A full understanding of the background of
the models requires however a more detailed de-
scription which has not been included in this report
in order to maintain it within a reasonable size.

AND works with a relatively complex constitutive
model in which two nested yield surfaces are de-
fined. The models proposed by UOL, UPC and
UWC share a common framework: the model de-
scribed by Alonso, Gens and Josa (1 990) for un-
saturated soils (in the remaining BBM, Barcelona
Basic Model).

The first group of models (CLA and ISM) have ex-
perienced difficulties to reproduce some aspects of
the tests proposed for benchmarking. They have
been mentioned before in the evaluation of their
prediction. The second group fares better. This is
summarised in Figure 3-39 to Figure 3-43, where
predictions by AND, UOL, UPC and UWC, as well
as measured response of the samples for varying
vertical confining stress, are plotted in common
graphs. All the models capture in a reasonable
way the observed behaviour. There are however in-
teresting differences among them which deserve
further comments.

AND achieved a very good fit in all cases. His
model requires however 14 material parameters
which have to be adjusted. UOL, UPC and UWC
modify BBM in order to reproduce the data. In
general the elastic parameters KS (which provides
the elastic deformations for changes in suction)
and G (shear modulus) were made dependent on
the mean confining stress (an equivalent assump-
tion is made by AND in his model). This depend-
ence raises the additional problem of ensuring a
consistent result from a thermodynamical point of
view for elastic stress paths, a question which was
not addressed by partners. It is clear from the test
results that, when one considers the soil response
during the last suction cycle, the elastic stiffness
against suction changes increases when the confin-
ing stress increases. This behaviour justifies the
nonlinear stress dependent parameters used by
partners for the elastic component of their models.

UOL has maintained the BBM model with mini-
mum changes beyond the previous comment. Nev-
ertheless, it reproduces correctly the first wet-
ting-drying cycle. UWC presents also a good
agreement with experiments, but in order to be
precise, it is necessary to modify slightly the param-
eters for the different samples. UPC modified the
original BBM and included a double structure ap-
proach and one additional yield surface to account
for the effect of suction cycles. Their predictions are
very good but they require also a relatively high
number of material parameters similar to the num-
ber of parameters of the AND model.

A common and significant feature of the UOL,
UPC and UWC models is the so called LC yield
surface. It provides the increase of net mean yield
stress with suction and controls the maximum value
of swelling pressure, a problem which will be ad-
dressed in the second part of the Benchmark
(Chapter 3.2). The LC yield curves derived from
the material parameters given by UOL, UPC and
UWC have been plotted in Figure 3-44 (in log
scale for the mean stress) and Figure 3-45 (in nat-
ural scale for the mean stress). For both UOL and
UWC the first and the second calibrations are rep-
resented (see text). Although a common value for
p0 was chosen in most cases (p'o = 80 kPa), the
shapes of the different LC's differ and this implies
that different swelling pressure paths will be pre-
dicted, even if the final value of swelling pressure
(controlled by p'o) will be quite similar. Although
the elastoplastic model used by AND departs from
the BBM it shares with it the introduction of a load-
ing collapse or equivalent yield surface. This sur-
face (named "contact yield surface" in AND
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Table 3-8
Summary of constitutive models used by partners in Benchmark 2.1

AND CLA

Stress variables

Plastic potentials

= p ' - p s and p = p' + 5, ft, and </

= - A . (sat); A = - A [unsat)

= const

Elastic strains

Yield surfaces

dsj; = {1/K}c

G<» Ko, n =

Fc = f + ffli
fsw=((?-a,)

M — const

Ip'anddeJ = { l / [ !

)'/pai]/'andK= Kapa

const

?¥-p'cf(Pw)] = 0
2 + 4f[p'-ap +

i

dej = {K/[vp']}dp' + d8p
ra anddsj - {l/[3G]}dfl

K = K(ft»)

< =<(5,)

0 CO

CO

dsj = iX([dFJdp') and ds^ = a]AX,[dFc/dp') (contact mechanism)

a, = [(tf-M L = 3(1 - Ko)/(1 + 2 Ko)
= iXJ^FJdff) and k" = dAsw[(afsv»/3^ - a2(afsw/3p')] (swelling mechanism)

a2 = [1 - 1 p'l - ap .5 (pc/Pc(dech)) - 0.5] (unloading)

[1 - | p'l - ap i \/do\[] -1.5 (pc/pcidech))] (reloading)

o'o = const

P'»(AV) = p'co(O) - Pwd (sat); ̂ ( n J = p'co(pwd) + (^2)1/2 (-ft, + / U (unsat)

Hardening laws dq = +
fi, = -0.

= - 0.5

P 2 W = PlD + P«/Pc(de(h)][Pc/p']eXp(-ClPw)

Pi, (tef), C i =



CD

i

! Stress variables

Elastic strains

Yield surfaces

Plastic potentials

!

1 Hardening laws

p' = p-StPv

q

de; = {K/[vp']}dp' +

ds; = {l/[36|}d</

G — const

K , a i , po, sref = const

j J jlPJ,

p'(0=p'l+20][5-5ref]

M, p'\ol Q\ = const

Table 3-8
Summary of constitutive models used by partners in Benchmark 2.1 (continuation)

ISM UPC

P' = P"-Po

q

5 = Po - Av

{ a M J / l v - p W + {a,ln(p7po)}ds ds; = {K/(vp)}dp' + {K/[V(S + pol)]}ds + {KJK(P' + s)]}d(p' + s)

dse, = {l/[36|}d(/

fi={3[l-2v]vp'}/{2[l+v]K}

K, Km, Vm, V = COnSt

KS = 0.059 -0.008-ln(/0

] = o ^ ( f + ^p'-p'sKp'-pg^o

f2 = p' + s_Si = 0

f3 = p' + s - J d = 0

P'c»=P,ef{p to-/Aaf}{ [" (0)-Kl/ [" (S)-K!}

P's = - ^ S

M,pref,/:,A(0) = const

A(s) = 0.045 + 0.769/{ln(2570 + 710-arcsinh(2log(s)-6))}

g, = a(f-yM2(p'-p's)(p'-p'C0)

92 = P'

S3 = P'

a = {A(0)-l/3[(l + v)/(l -2V) ]T ) K} { [ ^ 2 -T I 2 ] / [ 3T 1 (A (0 ) -K ] }

TI = {3(1-KO)/(1+2KO)}

dpto7dSp = Pco-v/[A(0) - K ]

ds/dsj - {[vm-(p' + s)]/Km}]}/{900(p7p'co)0-9}

dsd/dej = {[vm-(p' + s)]/K ra}]}/{0.01[! -0.01(p7p'Co)]}
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Table 3-8
Summary of constitutive models used by partners in Benchmark 2.1 (continuation)

UOL UWC

Stress variables

5 = Pa -

= {K/[vp]}dp'+{K/[v[5+pa,]]}d5

= {l/[36|}d?

Elastic strains G = {3[1 - 2v] v0 p'}/{2[l + V ] K }

K, v = const

Ks-0.0797-exp(-0.015p')

= {K/[vp]}dp'+{Ks / [v[s+po t ] ] }d5

G — const

Ks = 0.038 exp(-0.06p74) + 0.002
CO

CD

Yield surfaces

Plastic potentials
T| =

& = l-sin((J>c)

Hardening laws dVdsJ = {[s + p a t ] v } / { A , s - K S }

= const

P's = O

A(s) =

M, Aef, <

ffl = Tl

92= P'

A(O){(l-r)exp(-ps) + r}

:s r, A(0), P = const

P's = - k s

X(s) — A(O){(1 — r)exp(—Ps) + ( r - / i ) 4

M, p,ef, /:, r, A, A(0), p, smm = const

fl, = a(f-/M2(p'-p's)(p'-p'(0)

92 = P'

- / i ( l — (S—pot)/5mox)}

-ft]} a =

As = const
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Net Vertical Stress (cr,-uj = 19.62 kPa

• =

1.E+00 l.E+01 l.E+02 l.E+03 l.E+04

Suction u,-u, (kPa)

l.E+05 l.E+06

Figure 3-39. Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case A
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Net Vertical Stress (a,-u.) = 49.05 kPa
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Suction u,-u, (kPa)
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Figure 3-40. Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case B.
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Figure 3-41. Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case C.
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Figure 3-42. Oedometer Suction Controlled Tests on Somples of Compacted Boom Clay. Case 0.
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Net Vertical Stress (o, -u j = 392.40 kPa

1.E+00 l.E+03

Suction u,-u. (kPa)

l.E+04 l.E+OS l.E+06

Figure 3-43. Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case E.
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Figure 3-44. LC curves plotted in the ln(p) - ln(s) space.
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l.E+05

l.E+04
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700 800 900 1000

Figure 3-45. LC curves plotted in the p - In (s) space.

model) is also plotted in Figure 3-44. It predicts a
lower saturated preconsolidation mean stress if
compared with other models and a larger value of
yield stress for high suctions.

A final consideration concerns the capabilities of
models which are specified by many material pa-
rameters to reproduce nicely a given test for differ-
ent sets of constitutive parameters. There is evi-
dence to suggest that this is often possible and
even likely. This is not a very satisfactory situation
in constitutive modelling. Two ways to improve this
situation is to develop models with a clear physical
interpretation of material parameters which can be
unambiguously determined or to check the model
by subjecting it to a more comprehensive set of test
results, specially if the selected stress paths cover a
wide range of possibilities. An investigation of this
nature requires a major effort and is outside the
scope of this Benchmarking exercise. However, the
swelling pressure test discussed in the next section
was thought to provide a qualitatively different
stress path which was nevertheless closely related
to the wetting-drying experiments described before.
The final evaluation of models used by the different
partners should therefore take into account their
performance in this new exercise.

3.2 Part B: "SWELLING PRESSURE TEST"

3.2.1 Case definition

3.2.1.1 Introduction
As a second stage for benchmark 2 .1 , a blind

test was proposed. The models calibrated by part-
ners using the oedometer suction controlled tests
on 5 samples made of Boom clay aggregates dur-
ing the first stage of benchmark 2.1 should now be
used to predict the experimental results provided
by a suction controlled swelling pressure test on a
pellet sample identical to the samples used in
Benchmark 2 .1 , Part A. The test was performed by
the Coordinator in the Soil Mechanics Laboratory
of the Geotechnical Engineering Department of
UPC. A typical swelling pressure type of path both
for wetting and drying at constant volume is indi-
cated in Figure 3-46 in a ((av - pa) , s) plane. Also
indicated in the plot are the wetting-drying paths at
constant (av - pa) from Benchmark 2 .1 , Part A. The
swelling pressure paths have been depicted in
qualitative terms simply to show that they impliy a
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100 ^

TESTING PATHS
PELLETS SPECIMENS y. = 13.7 kN/m3

0.05 0.10 0.15 0.20 0.25 0.30

NET VERTICAL STRESS, ( a , -p.) (MPa)

0.35 0.40 0.45

Figure 3-46. Swelling pressure (qualitative) plotted in the (ov - Pa, s) plane. Also indicated are the wetting drying paths
at constant vertical stress considered in Benchmark 2.1, Part A.

simultaneous variation of stress and suction in a
region which was previously "explored" in Bench-
mark 2 .1 , Part A. In this way, the first part of the
benchmark may be considered as a model calibra-
tion exercise in order to predict the results of the
swelling pressure test.

3.2.1.2 Test description

3.2.1.2.1 Sample preparation

A sample made of Boom clay aggregates (pel-
lets) similar to those tested in the suction controlled
oedometer experiments for the first stage of bench-
mark 2.1 was placed in an oedometer ring, 70
mm in diameter, prepared to measure net horizon-
tal stresses (cp, - ua). The gravimetric water content
of the sample (w) was 3.81%. The sample was
loaded without changing the water content by in-
creasing vertical displacements. Both net vertical
stress (o\, - ua) and net horizontal stress (at, - ua)
were measured along the compaction process. The
process finished when a net vertical stress of 1 799
kPa was reached. At that point, the height of the
sample was 20 mm, the gravimetric water content

(w) was 3.81% and the dry unit weight (Yd) was
1 3.7±0.1 kN/m3, whereas the suction (determined
using a retention curve) was around 79420 kPa.
Figure 3-47 (Romero, 1998) shows the water re-
tention curve for compacted Boom Clay powder at
Yd = 13.7 kN/m3 and Yd = 16.7 kN/m3. Both co-
incide at high suction values (beyond 1 MPa) indi-
cating that the small voids of the microstructure
(the structure of the pellets in the case of pellet
samples) control the water retention properties at
high suctions. Numerical values of these curves are
given in Appendix A1.2. Figure 3-48 shows the
vertical and horizontal stresses measured during
the complete loading-unloading cycle. This infor-
mation is also given in tables 1 and 2 in Appendix
Al .2. Also plotted in Figure 3-48 (lower part) is the
Ko value computed from experimental results. Dur-
ing loading the pellet sample tends towards a Ko

value for normally consolidated conditions of
0.36. On unloading, Ko increases as the over-
consolidation ratio increases and a non zero resid-
ual horizontal stress is measured when the vertical
stress is reduced to zero. The sample was finally
unloaded, without changing the water content, re-
ducing the vertical displacements. Net vertical
stress (av - ua) and net horizontal stress [ah - ua)
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Figure 3-47. Water retention curves for compacted Boom Clay powder at yd = 13.7 kU/m3.
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Figure 3-48. Vertical and horizontal stresses measured during the swelling pressure test.
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were also measured. The process f inished when a
net vertical stress (av - u0) of 0 kPa was reached.

3.2.1.2.2 Test description
Once compacted as explained above, the

sample inside a oedometer ring was introduced in
the suction controlled oedometer cell shown in Fig-
ure 3-49. Suction is applied by means of air over-
pressure (upper porous stone) and varying water
pressure on the lower high air entry ceramic disk.
Horizontal deformations of the sample are pre-
vented by means of a system which applied the nec-
essary pressure against the lateral confining ring of
the sample. Strain gages glued to the oedometer
ring provide the necessary feedback to the pressure
system. The cell is installed in a rigid frame and
vertical stresses are recorded in an external load
cell. The whole set up is shown in Figure 3-50.

During the test, the sample was not allowed to
deform. The water could flow in or out of the sam-
ple through the saturated high air entry value
(1 500 kPa) porous stone placed below the sample.
A burette was used to monitor the water flow in or
out of the sample. This information was necessary
to infer the changing suction during the application
of the first step in suction reduction. This first step
decreased the initial suction (79420 kPa) to 450
kPa. Suction, in an average sense, was estimated
through the water retention curve, and the chang-
ing water content actually measured. Subsequent
steps in suction reduction were applied by imposing
a constant air pressure ua = 500 kPa on the upper
stone and lower stone. The following steps were
used: uw = 50, 300, 440 and 490 kPa, which cor-
respond to suctions s = 450, 200, 60 a 1 0 kPa, re-
spectively. Intermediate values of suction were de-
rived through the water retention curve, from the
measured changes in water content. During this
wetting process vertical and horizontal stresses
were monitored at determined time intervals. A
new step in suction reduction was initiated once
stationary values of o"h, av and w were reached.

The measured values of vertical and horizontal
stresses are plotted against suction in Figure 3-51.
The most distinctive feature of this plot is the maxi-
mum swelling pressure (both horizontal and verti-
cal) measured at some intermediate suction. After-
wards, swelling pressure is reduced continuously
until a common value for both ah and o~v (ah = av

= 0.124 MPa) is recorded at a very low suction.
This shape of the curve suggests that an internal
collapse of the sample structure took place when
the stresses reached a maximum value. The condi-

tion of zero volume change then forced the stresses
to reduce in order to compensate for the collapse
(compressive) strains developing within the sample.

Suction was finally increased by lowering the wa-
ter pressure on the lower stone to the following va -
ues uw = 440, 300 and 50 kPa. However, when
the suction reached a value close to 370 kPa,
stresses became zero (loss of contact between sam-
ple and cell walls due to shrinkage) and the condi-
tion of zero volume change was no longer fulfilled.
The resulting drying path is also plotted in Figure
3-51. Horizontal and vertical stresses remain equal
during this final drying stage of the sample.

Partners of the project were asked to give their pre-
dictions for the swelling pressure test just described in
terms of changes in horizontal and vertical stresses
as suction was first decreased and then increased.

A second swelling pressure test was conducted in
order to give confidence to the experimental re-
sults. A sample of Boom clay powder was manu-
factured at the same dry density and an identical
procedure was followed for sample preparation
and testing. The initial water content was higher in
this case. Initial suction was slightly over 2 MPa.
The swelling pressure curves recorded, plotted in
Figure 3-52 (Romero, 1 998), indicate also a maxi-
mum value to an intermediate suction and a con-
tinuous decrease in swelling pressures thereafter as
suction decreases. The recorded residual swelling
pressure for near saturated conditions is very close
to the value recorded in the previous test. It is also
comforting to check the almost identical shape of
the drying curve for this second sample.

3.2.1.3 Required results
Using the models calibrated during the first stage

of benchmark 2 .1 , taking the model parameters
determined in the first stage of benchmark, values
were required for suction (ua - uw), net horizontal
stresses (ah - ua) and net vertical stresses (av - ua)
during the test. Partners were free to select the set
of suction values for which the required results will
be provided. However they were asked to report
specifically their predictions for suction values of
450 kPa, 200 kPa, 60 kPa, 10 kPa, 200 kPa and
373 kPa, for which the specimen reached station-
ary conditions.

The following output was required:

S suction (kPa)

Sh net horizontal stress (kPa)

Sv net vertical stress (kPa)
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Figure 3-51 Results of swelling pressure test for benchmark 2.1, Part B.
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Figure 362. Results of an additional swelling pressure test carried out in Boom clay powder in connection with Benchmark 2.1, Part B.
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3.2.2 Results

3.2.2.1 AND (CLEO)
The partner provided the explanations for the re-

sults obtained reproduced below.

The assumption of swelling along the wet-
ting-drying path is made. At the initial state, the
medium is highly overconsolidated. Both the con-
tact yield surface and the swelling yield surface are
tangent. The point representative of the stress state
lies on the swelling yield surface, but it is inside the
contact yield surface and it is in the unsaturated
domain. During the wetting cycle, suction is de-
creased. This causes the decrease of the capillary
pressure (hyperbolic law) and of the mean effective
pressure at the critical state. However, since total
strains are constant, plastic strains are balanced by
elastic strains, leading to an increase of the mean
effective pressure and of the deviatoric stress. The
mean effective pressure at the critical state in-
creases at the same value as at the beginning of
the wetting cycle, so the critical state does not
change. The net horizontal and vertical stresses in-
crease. At the end of the wetting cycle, the material

is at the normally consolidated state. During the
drying cycle, suction is increased. This causes the
increase of the capillary pressure and of the
preconsolidation pressure. Therefore, the mean ef-
fective pressure at the critical state increases with
suction.

However, since total strains are constant, plastic
strains are balanced by elastic strains, leading to a
decrease of the mean effective pressure and of the
deviator stress. The mean effective pressure at the
critical state decreases at the same value as at the
beginning of the wetting cycle, so the critical state
does not change. The net horizontal and vertical
stresses decrease.

The comparison of the results provided by the
partner with the experimental data is shown in Fig-
ure 3-53. It may be seen that:

"J During the wetting stage, stresses increase
monotonically, not reproducing well the
shape observed and, in particular, the maxi-
mum pressures recorded. However, the val-
ues of the maximum swelling stresses pre-
dicted at saturation agree reasonably well
with the experimentally observed maxima, es-
pecially for the horizontal stress.

l.E+05

l.E+04

l.E+03

I.E+02

1.E+01
0 50 100 150 200 250 300 350 400

Net vertical stress (CT.-U,) or net horizontal stress (crh-u0) (kPa)

Figure 3-53. Blind Suction Controlled Swelling Pressure Test on a Sample of Compacted Boom Clay.
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• During the drying cycle, stresses decrease
monotonical ly, reproducing qualitatively the
shape actually observed.

3.2.2.2 CLA(ABAQUS)
The comparison of the results provided by the

partner with the experimental data is shown in Fig-
ure 3-54. It may be seen that:

• There is nearly no difference between the
predictions for the horizontal and vertical
stresses. Both were taken as equal at the be-
ginning of the test and this initial condition
probably explains the subsequent results.
Note also that the initial suction was taken to
be 500 kPa, well below the actual value.

Zl During the wetting stage, stresses increase
monotonically, not reproducing the observed
maximum. The residual swelling stress calcu-
lated underpredicts by a factor close to 2 the
actual measured value.

• The model reacts in a similar way to wetting
and drying cycles and, therefore, no differ-
ences are predicted for them. The drying
path, superimposed on the wetting one re-

produces qualitatively the path actually mea-
sured.

3.2.2.3 ISM (ABAQUS)
The comparison of the results provided by the

partner with the experimental data is shown in Fig-
ure 3-55.

In order to compare in this case model calcula-
tions with measured results, a change of scale in
the plot has to be introduced. Both vertical and
horizontal computed stress paths depart consider-
ably from experimental results. In particular the re-
sidual swelling pressure (for almost zero suction)
vastly overpredicts the measured value. Upon dry-
ing, a stress increase is computed against the ac-
tual soil behaviour.

3.2.2.4 UPC (CODE BRIGHT)
The swelling pressure test was performed with the

same set of parameters used for the calibration.
During the test, no lateral and vertical deforma-
tions were allowed. The initial stresses were CTV0 =
0 kPa, CT/,0 = 85 kPa. The initial suction was So =
79420 kPa.
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Figure 364, Blind Suction Controlled Smiling Pressure Test on a Sample of Compacted Boom Clay.

73



CATSIUS CLAY Project. Stage 2: Validation exercises at laboratory scale

l.E+05

l.E+04

l.E+03

l.E+02

l.E+01
1000 2000 3000 4000 5000 6000

Net vertital stress (a,-uj or net horizontal stress (crh-u,) (kPa)

7000 8000

Figure 3-55. Blind Suction Controlled Swelling Pressure Test on a Sample of Compacted Boom Clay.

The comparison of the results provided by the
partner with the experimental data is shown in Fig-
ure 3-56. It may be seen that:

_] During the wetting stage, computed stresses
increase monotonically until a maximum is
reached. Afterwards, they decrease, repro-
ducing satisfactorily the shape observed.

U Maximum vertical stresses are well predicted
by UPC, whereas horizontal maximum stresses
are somewhat overpredicted.

J During the drying cycle, stresses decrease
monotonically, reproducing nicely the ob-
served path.

3.2.2.3 UOL(LAGAMINE)
The comparison of the results provided by the

partner with the experimental data is shown in Fig-
ure 3-57 and Figure 3-58.

First prediction: obtained using the first calibra-
tion (labeled "UOL A" in Figure 3-57).

J A maximum swelling pressure is predicted
during the first wetting, in agreement with the
experiment.

J Maximum predicted swelling pressures are in
reasonable close agreement with measure-
ments.

J The horizontal residual (zero suction) swelling
pressure is remarkably accurate. However,
the predicted residual vertical stress under-
predicts by a factor close to three the mea-
sured value.

J A fair prediction in qualitative terms of the fi-
nal drying cycle is achieved.

Second prediction: obtained using the second
calibration (labeled "UOL B" in Figure 3-58)

.J A maximum in swelling pressure is again cor-
rectly predicted.

U Maximum swelling pressures are now largely
reduced with respect to the previous analysis.
They underestimate actual measurements.
However, the suctions corresponding to these
maxima are now higher, in agreement with
measurements.

J Residual swelling pressures are now closer to
measured values, but a relatively large differ-
ence between horizontal and swelling pres-
sure is maintained, unlike recorded values.
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Figure 3-56. Blind Suction Controlled Swelling Pressure Jest on a Sample of Compocted Boom Cloy.
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Figure 3-57. Blind Suction Controlled Swelling Pressure Jest on a Sample of Compacted Boom Clay (first calibration).
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Figure 3-58. Blind Suction Controlled Swelling Pressure Jest on a Sample of Compacted Boom Clay (second calibration).

:_j The final drying cycle is again predicted in a
qualitative form.

Concerning the second prediction, the partner
provides an explanation for the slight increase of
the horizontal stress at the end of the drying cycle.
During the drying path, at a suction of 220 kPa the
model predicts softening (a decrease in the satu-
rated preconsolidation pressure p0*) that will in-
duce a dilation of the soil, leading to an increase
of stresses. On the other hand, the drying path will
induce a shrinkage of the soil, leading to a de-
crease of stresses. As a result, stresses in the soil
may increase or decrease.

3.2.2.6 UWC (COMPASS)
The comparison of the results provided by the

partner with the experimental data is shown in Fig-
ure 3-59. It may be seen that:

j During the wetting stage, stresses increase
monotonically until a maximum is reached,
at saturation. The peak swelling pressure ob-
served at an intermediate suction is not re-
produced. However the final residual swell-
ing pressures are closer to predictions.

U During the drying cycle, stresses decrease
monotonically, reproducing well the shape
observed (monotonicaly decreasing).

3.2.3 Discussion
For the reasons explained at the end of the dis-

cussion on Part A (Chapter 3.1.3), the evaluation
of the predictions of the swelling pressure test
should be considered part of the overall evaluation
of models. The swelling pressure test was a blind
exercise in the sense that partners did not know the
experimental results and they were asked to make
predictions without modifying the parameters "cali-
brated" in the course of the modelling of the wet-
ting and drying experiments.

The results presented previously confirm the diffi-
culties of models used by CLA and ISM to repro-
duce the swelling pressure test. The "ad hoc" mod-
ification of elastic and standard elastoplastic
models, using a single effective stress proves to be
a difficult task. CLA, using perhaps the simplest
model, was able however to find a consistent trend
both in wetting and drying for the actual swelling
pressure path. In the group of more recent elas-
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Figure 3-59. Blind Suction Controlled Swelling Pressure Test on a Sample of Compacted Boom Clay.

toplastic models developed for partially saturated
soils (AND, UOL, UPC, UWC), UOL and UPC
achieved a good prediction in general terms. They
correctly predicted a maximum swelling pressure at
some intermediate suction and the absolute mag-
nitudes of both maximum and residual swelling
pressures were quite acceptable. The behaviour
under the final drying stage was also satisfactory.
AND and UWC did not predict a maximum for the
swelling pressure at some intermediate suction.
The model used by UWC has certainly the capabil-
ity of predicting this characteristic behaviour and in
a further revision of their predictions (not included
in the previuos section) UWC found a swelling
pressure path quite close to the measured one. It
was found that linearisation of some stiffness pa-
rameters, in particular KS, had resulted in an un-
der-prediction of the elastic strains generated dur-
ing the initial wetting phase of the test.
Consequently, the collapse feature of the test was
not featured in the initial predictions made by
UWC. However, the blind prediction provided by

UWC provided a very good estimate of the resid-
ual swelling pressure at saturation. It is not clear if
the model used by AND, with a different but equiv-
alent set of material parameters (in the sense that
they could also match the first part of the bench-
mark) would also predict a maximum swelling
pressure before reaching saturation. The maximum
swelling pressures were predicted for saturated
conditions. Their absolute values were however
close to the actual maxima observed at some
higher suction in the experiment.

This benchmark proves the value of blind tests to
check the ability of models to carry out predictions.
In fact, when model parameters are derived from
actual test data, it is not surprising that the models
could, in turn, reproduce the experiments. Proba-
bly, as models become more complex and embody
many parameters, this conclusion becomes more
and more certain. However, the blind test imposes
a different and more difficult challenge, specially if
the experimental path is different from the paths of
tests used for model calibration.

HEX? PAGEfSJ
left BLAftSK
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BENCHMARK 2.2
"SMALL SCALE WETTING-HEATING
TEST ON COMPACTED BENTONITE"
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4. BENCHMARK 2.2 "Small scale wetting-heating test on compacted bentonite"

4.1 Case definition

4.1.1 Introduction
In order to investigate the effect of both tempera-

ture changes and artificial hydration on moisture
transfer and deformation of unsaturated expansive
clay, CIEMAT performed a series of tests on highly
compacted bentonite. Two different cells were de-
signed and constructed in stainless steel: a
thermohydraulic cell and alteration cell. Experience
8, performed using the thermohydraulic cell, will
be considered here.

The benchmark consists in the prediction of the
thermo-hydro-mechanical response of the benton-
ite inside the cell when heat is applied to a central
cylindrical heater and, at the same time, a lower
boundary is hydrated. Based on comprehensive re-
ports by Villar et al. (1994) (CIEMAT report) and
Pintado and Lloret et al. (1997) (UPC report) (see
Chapter 6, REFERENCES), information was given
concerning the characteristics of the bentonite
used: the so called S2 bentonite (montmorillonite
from Almeria, Spain). The results of hydraulic, ther-
mal and mechanical tests were provided. Based on
this information, partners were asked to provide
predictions for the evolutions of the water intake to
the cell, the radial pressure near the base of the
cell and the temperature and gravimetric water
content at several points inside the sample. Since
the results of the test had been published in
CIEMAT report and Volckaert et al. (1996)
EUR16744EN (EUR report) (see references), it was
stressed to partners that this benchmark is a pre-
diction exercise: partners were expected to define
their model parameters on the basis of the tests
provided and subsequently they were asked to
model the thermohydraulic cell response. Accord-
ingly, this benchmark is not supposed to be a
backanalysis of cell measurements.

4.1.2 Test description

4.1.2.1 The thermohydraulic cell
The thermohydraulic cell used (see Appendix

A2.1, Scheme of the thermohydraulic cell
(CIEMAT)) consisted of a stainless steel case that
housed the compacted bentonite sample. The
sample could be heated and hydrated, and several
parameters could be monitored during the test. A

description of the main components of the cell as-
sembly follows:

• The cell case was a cylinder made of stain-
less steel, with an inner diameter of 1 5.0 cm,
an inner height of 15.6 cm and a thickness
of 3.6 cm. An opening in its upper part al-
lowed the placement of the heater. Nine
ports on its wall at three different levels, al-
lowed the introduction of thermocouples.
Three additional holes at the same levels
allowed the introduction of the swelling pres-
sure transducers. Two ports on its lower part
allowed the hydration (using deionized water)
of the sample through the lower porous plate.

• The heater, placed in the upper part of the
cell and along its axis, was a cylinder with a
height of 10.0 cm and a diameter of 2.0 cm.
It consisted of a resistance electronically reg-
ulated by an ON/OFF temperature controller
with a thermocouple sensor.

• Nine thermocouples were placed at three dif-
ferent levels and at three different radius
through the cell wall ports. Chromel-alumel
thermocouples with stainless steel sheaths of
0.1 cm of diameter were used. The tempera-
tures measured by them were logged by a
data acquisition system.

• The porous plate, placed in the lower part of
the cell, was a cylinder with a height of 1.0
cm and a diameter of 15.0 cm. It was con-
nected through the hydration ports to an auto-
matic pump. The volume of water inflow was
measured by an automatic volume change
apparatus with an accuracy of 0.001 cm3.

4.1.2.2 Sample preparation
The sample was prepared using S2 bentonite

(Spanish montmorillonite from Almeria). It was uni-
axially compacted to the dry density water content
and degree of saturation given below. The sample
occupied a cylindrical space inside the cell with
14.6 cm of height and 15.0 cm of diameter. The
Table 4-1 summarises some initial physical proper-
ties of the clay.

4.1.2.3 Test description
The test had 2 main inputs: (1) Application of the

following heating-cooling cyclic scheme: heating
by switching on the heater (constant heating power
of 40 W) until a temperature of 100 °C is reached
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Variable

Dry density

Gravimetric water content

Degree of saturation

Table 4-1
Initial physical properties of the clay

Symbol

Pd

w

s,

Value

1.66

11.8

49

Units

g/cm3

%

%

Water content (w) is defined here as the ratio between the weight of water lost after heating the sample to 105° C for 24 hours and the weight of
the dried day, expressed as a percentage.

The volume used to calculate the dry density (pi) was measured by mercury displacement.

at the control thermocouple and cooling by switch-
ing off the heater until a temperature of 97 °C was
reached at the control thermocouple (see Appendix
A2.1, Scheme of the thermohydraulic cell
(C1EMAT)). (2) A constant water pressure to the
lower porous plate during the time the experience
elapsed. The outer cell surface was in contact with
the ambient air of the laboratory. The control ther-
mocouple has co-ordinates (r , z) = (1.00 , 7.00)
and is placed on the heater surface (see Appendix
A2.1, at "T control"). The total duration of the ex-
perience was 2401.6 h.

The Table 4-2 summarises the inputs applied to
the sample.

4 .13 Data ob
the exoe

mimed auring ana arrer

Since the problem has cylindrical symmetry, a
system of cylindrical co-ordinates will be used to
refer to points inside the sample:

j r radial distance from the sample axis

j z vertical distance from the sample bottom

4.1.3.1 Date obtained during the experience
During the experience, the water intake to the

sample (see Appendix A2.2, Water intake during
the experience (CIEMAT)), the pressure at the pres-
sure transducer (see Appendix A2.3) and the tem-
perature at the thermocouples (see Appendix A2.4,
Temperatures measured during the experience
(CIEMAT)) were measured. The corresponding val-
ues were taken from the CIEMAT report.

A \ '] V lintn "rrninpn fiFP7 fhQ °vnpnpnrp

At the end of the experience, the sample was
taken out and sliced. The slices were analysed by
measuring the final water content (see Appendix
A2.5, Final physical properties of the clay
(CIEMAT)).

Other parameters were also measured to test
some of the main chemical factors that can modify
the mechanical behaviour of the compacted ben-
tonite, i.e., cementation and salt concentration.
However no reference to these effects is made in
this benchmark. The corresponding values were
taken from the CIEMAT report.

Table 4-2
Inputs applied to the sample

Input

Heat power during heating

Heat power during cooling

Water pressure

Value

40

0

1.1

Units

W

w

MPa

From

T < 97 °C

T = 100 °C

Beginning of test

Until

T = 100 °C

T = 9 7 ° C

End of test
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4.1.4 Characteristics of the S2 bentonite
The characteristics of the bentonite used, that are

relevant for the test, have been classified according
to the main processes present in the test. They are
taken from both the CIEMAT report and UPC re-
port. The data is given both in graphical and nu-
merical form. Partners were asked to use these raw
data to calibrate the parameters used in their mod-
els. The information given here accounts for the
main characteristics of the S2 bentonite, but it is
not fully complete, i.e. there are some features of
the bentonite for which no information is available,
such as the relative permeability as a function of
degree of saturation and void ratio. Therefore,
partners were asked to provide estimates for those
parameters not derivable from the information
given here. Table 4-3 gives a summary of the type
of tests made available to partners. They are fur-
ther discussed below.

4.1.4.1 Water flow
The saturated hydraulic conductivity (KT) is given

as a function of temperature (T) for two dry densi-
ties (p j (see Appendix A2.6, Hydraulic saturated

conductivity (CIEMAT)). The corresponding values
were taken from the CIEMAT report.

The water content (w) is given as a function of
suction (s) for various initial dry densities (p^o) (see
Appendix A2.7, Water retention curves (CIEMAT))
using membrane cells and sulphuric acid atmo-
sphere to impose suctions. The corresponding val-
ues were taken from the CIEMAT report. On the
other hand, the suction (s) is given as a function of
water content (w) for various temperatures (T) and
initial dry densities (p^o) (see Appendix A2.8, Water
retention curves (UPC)). The corresponding values
were taken from the UPC report.

4.1.4.2 Heat transport
The thermal conductivity (Xj) is given as a func-

tion of the dry density (p )̂ for various water con-
tents (w) (see Appendix A2.9, Thermal conductivity
(CIEMAT)). The corresponding values were taken
from the CIEMAT report.

4.1.4.3 Mechanical properties
Thermal linear strains (sT) are given as a function

of the temperature (T) (see Appendix A2.10, Ther-

Table 4-3
Type of tests available to find model parameters. Benchmark 2.2

Phenomena Parameter (*) Test available

Darcy's flow

Water retention

KSAT(T)

k,(S,,e)

S,(s,T)

• Yes

No direct tests performed

Yes

HEAT TRANSPORT

Thermal conductivity A(e,w) Yes

MECHANICAL

Coefficient of thermal expansion

Volume change
a

Depends on constitutive model

Elastic behaviour 6(e)

Yes

Suction controlled oedometer tests

- N2 overpressure (s : 0-13 MPa)

-Sulphuricacid (s:10-100MPa)

Swelling pressure tests

Resonant column tests

(*) S,: Degree of saturation; T: Temperature; e: Void ratio; s: Suction; w: Gravimetric water content
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mal expansion (UPC)). The corresponding values
were taken f rom the UPC report.

Using suction contro l led oedometers , dessi-cat-
ion-hydrat ion cycles under constant vert ical pres-
sure (av) and load ing -un load ing cycles under con -
stant suction (s) were per formed on 5 samples (see
Appendix A 2 . l l , Suction control led oedomet r ic
tests (CIEMAT)).

The suction was imposed using both the axial
translat ion technique (using N2) and a sulphuric
ac id a tmosphere (for very high suctions). The cor-
respond ing results were taken f r om the CIEMAT
report.

4.1.5 Required results
Taken into account the experimental data pro-

vided in Appendices A2.6, A2.7, A2.8, A2.9,
A2.10 and A2.1 1, partners were asked to provide
predictions for the evolutions of the water intake to
the cell, the radial pressure near the base of the
cell and the temperature and gravimetric water
content at several points inside the sample. The
position of these points is schematically indicated
in Figure 4-1 4 and Figure 4-13.

The output wich was required is shown in Table A.

The output units should be: time in hours, dis-
tances (r and z) in cm, pressures in MPa and
gravimetric water content in %.

4.2 Results
Measured results as well as partners' predictions

have been plotted in a number of graphs (Figures
4.12 to 4.47) which are described as follows:

Figure 4-12 Small Scale Wetting-Heating Test on
Compacted Bentonite. Evolution in
time of water intake 121

Figure 4-13 Small Scale Wetting-Heating Test on
Compacted Bentonite. Evolution in time
of radial stress at the cell bottom. .121

Figure 4-1 4 Lay out of the points where temperature
is required, (vertical profiles) . . . 122

Figure 4-15 Lay out of the points where gravimetric
water content is required, (vertical
profiles) 122

Figure 4-1 6 Small Scale Wetting-Heating Test on
Compacted Bentonite. Temperature
distribution at t = 25.6h (vertical pro-
files) 123

Figure 4-1 7 Small Scale Wetting-Heating Test on
Compacted Bentonite. Temperature
distribution at t = 1420.6h (vertical
profiles) 123

Figure 4-18 Small Scale Wetting-Heating Test on
Compacted Bentonite. Temperature
distribution at t = 2380.6h (vertical
profiles) 124

Figure 4-1 9 Small Scale Wetting-Heating Test on
Compacted Bentonite. Temperature
distribution at t = 2401.6h (vertical
profiles) 124

Figure 4-20 Small Scale Wetting-Heating Test on
Compacted Bentonite. Gravimetric
water content distribution t = 25.6h
(vertical profiles) 125

Figure 4-21 Small Scale Wetting-Heating Test on
Compacted Bentonite. Gravimetric
water content distribution t = 1 420.6h
(vertical profiles) 1 25

Table A

time (h), water intake (cm3)

time (h), pressure (MPa), (r, z) = (7.50,1.25)

time (h), coord r (cm), coord z (cm), temperature T (°C)

t e{25.6,1420.6,2380.6,2401.6}, (r, z) = see (1)

time (h), coord r (cm), coord z (cm), water content w (%)

t e{25.6,1420.6,2380.6,2401.6}, (r, z) = see (2)

(1) (t, z) e{2.00,4.10,6.50}x {1.00,7.50, 12.50hW.00, 4.60)} (10points)

(2)(r, z) e{1.75, 3.75,6.25}x {0.80,2.35,3.85,5.60,7.60, 9.60, 11.60, 13.60} (24points)
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Figure 4-22 Small Scale Wetting-Heating Test on
Compacted Bentonite. Gravimetric
water content distribution t = 2380.6h
(vertical profiles) 126

Figure 4-23 Small Scale Wetting-Heating Test on
Compacted Bentonite. Gravimetric
water content distribution t = 2401,6h
(vertical profiles) 126

Figure 4-24 Lay out of the points where tempera-
ture is required (radial profiles) . 127

Figure 4-25 Lay out of the points where gravi-
metric water content is required (ra-
dial profiles) 127

Figure 4-26 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 1cm; t = 25.6h; z = 7.5cm; t =
25.6h 128

Figure 4-27 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 12.5cm; t = 25.6h; z = 1cm; t
= 1420.6h 128

Figure 4-28 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 7.5cm; t = 1420.6h; z = 12.5
c m ; t = 1420.6h 129

Figure 4-29 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
2 = lcm; t = 2380.6h; z = 7.5cm; t
= 2380.6h 129

Figure 4-30 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 12.5cm; t = 2380.6h; z = 1cm;
t =2401.6h 130

Figure 4-31 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 7.5cm; t = 2401.6h; z = 12.5
cm;t = 2401.6h 130

Figure 4-32 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 0.80cm; t = 25.6h; z = 2.35cm;
t = 25.6h 131

Figure 4-33 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 3.85cm; t = 25.6h; z = 5.60cm;
t = 25.6h 131

Figure 4-34 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 7.60cm; t = 25.6h; z = 9.60cm;
t = 25.6h 132

Figure 4-35 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)

z = 11.60cm; t = 25.6h; z = 13.60
cm;t = 25.6h 132

Figure 4-36 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 0.80cm; t = 1420.6h;z = 2.35
cm;t = 1420.6h 133

Figure 4-37 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 3.85cm; t = 1420.6b; z = 5.60
cm;t = 1420.6h 133

Figure 4-38 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 7.60cm; t = 1420.6h; z = 9.60
c m ; t = 1420.6h 134

Figure 4-39 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 11.60cm; t = 1420.6h; z =
13.60 cm; t = 1420.6h . . . . 134

Figure 4-40 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 0.80cm; t = 2380.6h; z = 2.35
cm;t = 2380.6h 135

Figure 4-41 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 3.85cm; t = 2380.6h; z = 5.60
cm;t = 2380.6h 135

Figure 4-42 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 7.60cm; t = 2380.6h; z = 9.60
cm;t = 2380.6h 136

Figure 4-43 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 11.60cm; t = 2380.6h; z =
13.60 cm; t = 2380.6h . . . . 1 36

Figure 4-44 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 0.80cm; t = 2401.6h; z = 2.35
cm;t = 2401.6h 137

Figure 4-45 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 3.85cm; t = 2401.6h; z = 0.60
cm;t = 2401.6h 137

Figure 4-46 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 7.60cm; t = 2401.6h; z = 9.60
cm;t = 2401.6h 138

Figure 4-47 Small Scale Wetting-Heating Test on
Compacted Bentonite (radial profiles)
z = 11.60cm; t = 2401.6h; z =
13.60 cm; t = 2401.6h . . . . 1 38
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Based on the reports prepared by the partners,
the main characteristics of the model used by each
partner as well as details concerning assumptions
made will be presented. In addition a comparison
between partners predictions and measured results
will also be made on the basis of the preceding set
of figures. A general discussion is offered in the
next chapter.

4.2.1 AND (CLEO)

4.2.1.1 Model description
The approach followed by the partner was to

consider the thermal and hydro-mechanical as-
pects of the wetting-heating test in an uncoupled
way. Using the symmetry of the test, the problem
was formulated using a 2-D axisymmetric domain,
corresponding to the clay sample.

The general equations governing the coupled TH
problem are:

(i) conservation of the mass of the fluid:

0,{p,nSr)+cliV(p,q) = O (4-1)

(ii) balance of momentum:

diV(a) + b = 0 (4-2)

(iii) motion of the fluid:

q=-[kKr]/^)grad(Pw+Plgz) (4-3)

(iv) heat transport:

9>[(pCL0] = -div[-rovgrad(Q)} + H -

-d /V [p f C f 9q] (4-4)

(v) state equations:

(pC)av = 0 - n ) p , C s +np,C fS r +npaCkSa (4-5)

(4-6)

(4-7)P, =p0P-P(e-e
where a is the total stress tensor, b is the volumet-
ric body force, Cs, Q , a s , a,f and p0 are constant, k,
jjf and P depend on the temperature 0, Krl de-
pends on the degree of saturation Sr and H is the
volumetric heat source. The degree of saturation Sr

depends on the capil lary pressure Pc = Pa - Pw.
The reference temperature 6o is set to 4 ° C .

For the bentonite sample, the CASUS CLAY con-
stitutive model has been used. This model was also

used in BM 2.1 , where a description was provided
(see Chapter 3.1.2.1.1 on p. 23).

The main assumptions that have been made are:
3 H = 0,

since there is no volumetric heat source.
3 npaC0S0 ~ 0

(the contribution of the air to the specific heat
is neglected)

(air pressure is constant)

.J cfiV[pfCf0q] = 0
(heat transport by water advection is ne-
glected)

After introducing the constitutive relations in the
balance equations, a system of differential equa-
tions is obtained. The unknown fields are Pw, 6 and
the displacements u. These equations have been
solved in an uncoupled way: temperature was con-
stant during the soaking time step and the degree
of saturation was constant during the heat time
step.

The hydraulical initial and boundary conditions
used are:

• pc = 24 MPa
initial uniform capillary pressure

_J Pw = 1.1 MPa
at the sample bottom

3 3nPw = 0
at the sample boundary (except the sample
bottom)

The mechanic initial and boundary conditions
used are:

J At the boundary of the clay sample, zero nor-
mal displacements were imposed.

The thermal initial and boundary conditions used
are:

Q Q[f0) = 24°C
initial uniform temperature

on the sample-cell boundary

•J -TavdnQ = P/S
on the sample-heater boundary

where X is the (constant) coefficient for heat loss, P
is the (constant) input heat power from the heater
and S is the surface of the sample-heater bound-
ary. The heat loss coefficient was determined in or-
der to reach a constant 0 at the sample-heater
boundary after ten hours.

The gravimetric water content Wsat has been con-
sidered to be a function of the temperature 0, de-
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fined by means of a fitting procedure, using data
provided in the test description. Thus, the mechani-
cal effects are indirectly taken into account during
the first 10 hours through the variations of Wsat

with temperature.

4.2.1.2 Determination of model parameters
Based on results from Villar et al. (1994)

(CIEMAT report), the following physical character-
istics have been used in the simulation:

Gravimetric water content at saturated state. It
was fitted using the following law:

W s o , = I

0.002145692 -0.296079 +34.22256

(9<70°C)

24

(e>70°C)

(4-8)

However, this law did not allow to get a
gravimetric water content at saturation of 28.8% at
a temperature of 35° C, corresponding to the ex-
perimental value. So the law has been changed to
get a gravimetric water content of 28.8% at a tem-
perature of 50° C. The law became:

VV . =

0.002145692 -0.296079 +36.5614

(9<70°C)

26.37
(9>70°C)

(4-9)

Degree of saturation. The following relation has
been used:

W = n (0<pc <lMPa)
l l -0.182ln(pe) (l/V1Pa<pc

(4-10)

Intrinsic permeability. It was assumed to depend
on the temperature 0, according to the following
function:

k = 10-2 0(3.6834-10-693-4.2903-10-492 +

+1.5756 -10-29 +1.3001) (4-11)

where k is in m2 and 0 is in °C. However, the curve
has been moved to obtain the correct water intake
evolution. The law used for the simulation was:

J< = 10-2 0(3.6834-10-693-4.2903-10-492 +

+1.5756-10"29+0.8001) (4-12)

Relative permeability. It was assumed to depend
on the degree of saturation, according to the fol-
lowing function:

krl=(Sr)
3 (4-13)

Fluid density. It was given by the relation:

p, =po0-pe) (4-14)

with

P o =lO 3 / cg /m 3 (4-15)

139*
p= 6.1 + - (4-16)

where P is in OC"' and 0 is in °C.

Dynamic viscosity of the fluid. It was assumed to
depend on the temperature, according to the rela-
tion:

H = 10-3(2.285-10.1log(9)) (4-17)

Average thermal conductivity of the medium. It
was given by the relation:

rw=(i-n)rs+nr, (4-18)

with n = 0.397, Ts = 3 W/rrr°K and Tf = 0.6
W/m-°K.

Average heat capacity of the medium. It was
given by the relation:

(pC) w =0-n ) P s r s +np ,C ,S r +np o C Q ( l -S>

«( l -n)p s r s+np,C fS r (4-19)

where the gas phase has been neglected,

Cs = 800 J/kg-°K and C, = 4200 J/kg-°K

Coefficient of heat loss. Two different coefficients
for heat lost have been tested: A = 1 9.2 W/m2-°K
and A = 15W/m2-°K

4.2.1.3 Computed results
The results plotted for AND correspond to the

case X = 1 9.2 W/m2-°K. It may be seen that:

• Water intake evolution is well predicted, al-
though a slight underprediction may be no-
ticed.

• Pressure evolution is well predicted, particu-
larly in the interval from 1000 to 1600 h. In
the interval from 0 to 900 h, a slight
underprediction is observable. Beyond 1 600
h, no results are available.
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Temperature distribution follows the trends
observed in the experiment. AND predictions
are close to the average of results provided
by the remaining partners. In general they
follow closely the measured results except for
points near the heater at the upper part of
the cell where predictions overestimate mea-
surements by 12°-14°C approximately.

Computed gravimetric water content distribu-
tions do not show the radial gradient ob-
served in the test (lower values close to the
heater, higher values in the outer end) (see in
particular Figures 4.45 to 4.47). Instead,
computed water content remains fairly ho-
mogeneous inside the cell and increases with
time. The best agreement is found at an in-
termediate radial distance (r = 3.85 cm).

1.2.2 CLA (ABAQUS)

1.2.2.1 Model description

4.2.2.1.1 Processes and material models

Thermal flux by conduction

The only thermal flux that is modelled is due to
thermal conduction, and is defined by the parame-
ters X (thermal conductivity) and c (specific heat).

Thermal expansion

The volume change caused by the thermal ex-
pansion of water and particles is defined by the pa-
rameter a (thermal expansion coefficient). Only the
expansion of the separate phases is taken into ac-
count. The possible change in volume of the struc-
ture (not caused by expansion of the separate
phases) is not modelled. However, a thermal ex-
pansion in water volume will change the degree of
saturation that in turn will change the volume of
the structure.

Wafer flux in liquid phase

The water flux in the liquid phase is modelled to
be governed by Darcy's law with the water pressure
difference as the driving force in the same way as
for saturated clay. The hydraulic conductivity of
partly saturated clay Kp is assumed to be a function
of the hydraulic conductivity of saturated clay K
and the degree of saturation Sr:

Kp=S*K (4-20)

where 5 is a parameter ranging from 3 to 7, and
assumed to be 3.

Water vapour flux

An increased temperature in one part of an un-
saturated buffer will make water evaporate into the
air phase of the pores. This will cause a locally in-
creased vapour pressure and a diffusion of the wa-
ter vapour to parts with lower vapour pressure and
lower temperature where it may condense to water.
The water vapour flux qv is modelled as a diffusion
process driven by the temperature T gradient and
the water vapour pressure pv gradient, according
to the following equation:

qv=-DTvgrad(J)-Dpvgrad(pv) (4-21)

where the thermal vapour flow diffusivity Djv has
been assumed to be a function of the degree of
saturation Sr and the isothermal vapour flow
diffusivity Dpv has been neglected. The thermal wa-
ter vapour diffusivity can be evaluated from mois-
ture redistribution tests by calibration calculations.
The following relation was found to yield accept-
able results (Borgesson and Johannesson, 1995):

DT*sin'-£-4
^ T v b

Drvbcos6

0.3 2

Sr - 0 .7 jt

0.3 2

(Sr < 0.3)

(0.3 <S r <0.7)

(0.7 < S r ) (4-22)

Mechanical behaviour of the structure

The mechanical behaviour has been modelled
using a non-linear porous elastic model and a
Drucker-Prager plasticity model.

The porous elastic model implies a logarithmic
relation between the void ratio e and the average
effective stress p, according to

Ae = KAln(p) (4-23)

where K is the porous bulk modulus. Poisson's ra-
tio v is also required. Drucker-Prager plasticity
model (Hibbitt et al.) uses the following parame-
ters: the friction angle P in the p-q plane, the co-
hesion d in the p-q plane, the dilation angle i , the
influence of the intermediate principal stress and
the yield function q = f(sp/), defined as the relation
between Mises' stress q and the plastic strain sp/ at
a specified stress path (Hibbitt et al.)
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Mechanical behaviour of the separate phases

The water and the particles are mechanically
modelled as separate phases with linear elastic be-
haviour. The pore air is not mechanically modeled.

Hydraulic coupling between the pore water and the pore gas

The pore pressure uw of the unsaturated buffer
material, which is always negative, is assumed to
be a function of the degree of saturation Sr inde-
pendent of the void ratio.

uw=f(Sr) (4-24)

Mechanical coupling between the structure and the pore water

The effective stress concept according to Bishop
is used to model the mechanical behaviour of the
water-unsaturated buffer material:

a'=[a-uj) + x(uo-uw)l (4-25)

where a ' is the effective stress tensor, a is the total
stress tensor, ua is the pore air pressure, uw is the
pore water pressure and X is a function of the de-
gree of saturation Sr. In the present case, it has
been assumed that uo = 0 and % = Sr. The short-
comings of the effective stress theory can be partly
compensated in ABAQUS by a correction called
"moisture swelling". This procedure changes the
volumetric strain ev by adding a strain that can be
made a function of the degree of saturation Sr.

Aev =f[Sr) (4-26)

4.2.2.1.2 Calculation of the experiment

The original plan was to perform a completely
coupled thermo-hydro-mechanical calculation.
However, the information about the thermal condi-
tions during the test was insuficient in order to
make a temperature prediction. Instead, the tem-
perature calculation had to be calibrated after the
measurements and thus not coupled to the other
processes.

The modelling of the problem included the sam-
ple, the steel case and the porous stone. However,
only the sample and the porous plate were included
in the hydraulic model. Using the symmetry of the
test, the problem was solved in a 2-D axisymmetric
domain. The element mesh has 3960 elements.

Boundary conditions

The boundary conditions for the thermal model
were a heat transfer coefficient applied to the out-

side of the steel case and a constant temperature
of the surrounding air. Since no information of the
heat transfer to the air was given, the fol lowing
value was used a = 1 0 W/m 2 - °K. The temperature
of the surrounding air was T = 24 °C. The me-
chanical boundary conditions for the steel case
were free, meaning that the test device was free to
deform. The hydraulic boundary conditions were of
no flow across the boundary (of the sample and of
the porous plate) al lowed.

Temperature calculation

The temperature calculation was problematic
due to the lack of information concerning the heat
transfer from the cell to the surrounding air, the
applied power to the heater and the thermal prop-
erties of the heater. The heater was temperature
regulated in the sense that the power of 40 W was
on when the temperature of a temperature gauge
placed on the heater surface became lower than
97 °C and off when the temperature became
higher than 100 °C. The time when the heater was
on was not measured, which means that the aver-
age power is lower than 40 W and not known. In-
stead of trying to make a "correct" heat calcula-
t ion, a number of calculations with a constant
power of 40 W and a heat transfer coefficient of a
= 10 Ws/m2 -°K and different degrees of satura-
tion of the buffer were performed. The initial condi-
tion of the temperature was 24 °C for the entire
structure. Very good agreement between calcu-
lated and measured values was obtained at a de-
gree of saturation of 4 0 % and corresponding val-
ues of bulk density (p = 1810 kg/m3) and specific
heat (a = 1 102 Ws/kg-°K). It is surprising that the
degree of saturation needs to be lower than the
initial value in order to reach an agreement in spite
of that the power used is higher than the actual av-
erage power. The reason is probably that the heat
transfer coefficient is incorrect and results in a too
high temperature difference between the steel case
and the air.

Hydro-mechanical calculation

The uncoupled temperature calculation was used
for the coupied hydro-mechanical calculation. The
initial conditions applied to the sample and the po-
rous plate were: e0 = 0 .67 , Sr0 = 0 .49, u0 =
4 2 7 0 0 kPa and p 0 = 2 0 9 2 3 kPa. The calculation
was performed in four steps. In the first three steps
(each lasting for 1 000 seconds) the structure was
locked in a few nodes, the own weight of the differ-
ent materials was appl ied, and the constant pore
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pressure of 1 1 0 0 kPa was appl ied to the outer
boundary of the porous plate. The temperature in-
crease started in step 4 .

4.2.2.2 Determination of model parameters
Most parameters for the material models have

been derived from the laboratory measurements
accounted for in the specifications. However, some
parameters cannot be derived from these tests, but
require special tests, which have not been per-
formed.

Those parameters have been derived from fictive
tests with calibration exercises as described later.
Some parameters are taken from standard tables
or other bentonite materials.

Heater

_̂j Mechanical:
E = 2 . M 0 8 k P a , v = 0.3.

• Thermal:
X = 30 W/m-°K, c = 460 W s / k g - % p =
3900 kg/m3.

Steel case
r j Mechanical:

E = 2 . M 0 8 k P a , v = 0.3.

_] Thermal:
A = 53 W / m - % c = 460 Ws/kg-°K, p =
7800 kg/m3.

Porous plate

^) Mechanical:
E = 2 . 1 1 0 8 kPa, v = 0.3.

; j Thermal:
X, c = same as for the buffer, p = 2770
kg/m3.

The porous plate is modelled as a porous mate-
rial with the following properties:

i j Hydraulic:
K= 1.0-10-3m/s

I j Particles:
Bs = °° (bulk modulus of solid grains) a = 0
(coeff. of thermal expansion)

j Water:
Bw = oo (bulk modulus of water) a = 0 (coeff.
of thermal expansion)

Buffer material

Thermal

The measured thermal conductivity, when plotted
as a function of the degree of saturation, is seen to
depend only on the degree of saturation in the
small range of dry densities considered in the ex-
periment. The values shown in Table 4-4 have
been used in the calculation with linear interpola-
tion between them.

The specific heat has been calculated as the
weight average of the specific heat of water and
particles, according to:

c = 8 0 0 / ( l + w) + 4200w/ ( l + w) (4-27)

where w is the water ratio. Table 4-5 shows the in-
put parameters that have been used (linear inter-
polation).

Thermal expansion. Only the thermal expansion of
water has been considered in these calculations. The
coefficient of thermal expansion is o^ = 3.0-1 0"4.

Table 4-4
Thermal conductivity as a function of the degree of saturation

90

Sr

0.0

0.3

0.4

0.5

0.6

X
W/m-°K

0.48

0.52

0.65

0.85

1.03

Sr

0.7

0.8

0.9

1.0

X
W/nr°K

1.15

1.24

1.32

1.37
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Table 4-5
Heat capacity as a function of the water ratio.

w

0.0

0.1

0.2

0.3

c
Ws/nvkg

800

1109

1367

1585

Liquid water flow

The measured hydraulic conductivity accounted
for in the spacifications at temperatures up to 90
°C has been normalised with regard to trie influ-
ence of temperature and density. The influence of
temperature is known to be practically only caused
by the cahnge in viscosity and the influence of den-
sity and the influence of density is assumed to be
similar to that of MX-80 bentonite. Thse effects are
confirmed by the measurements. The input of the
hydraulic conductivity used in the calculation is
shown in Table 4-6.

These values are a factor of 2 lower than the mea-
sured values. This correction is based on calibration
calculations of water uptake tests as shown later.

Water vapour flow

The basic value of the vapour flow diffusivity DTvb

in equation (4-28) is found by calibration calcula-

tions of moisture redistribution tests, as shown
later. The following value was determined:

DTvb = 0.8-10-u m2/s-°K.

Mechanical behaviour of the structure

Porous elastic model:

K = 0.2, v = 0.4.

Drucker-Prager model:

p = 17°, d= lOOkPa,^ = 2°andki= 1.0.

The yield function is given in Table 4-7. This data
was taken from measurements on MX-80 (Borgesson,
Johannesson, Sanden and Hernelind, 1995).

Sorption

Several measurements of suction at different ini-
tial water content and density are shown in the
specifications. They agree fairly well. Table 4-8
shows the relation used in the calculation.

Table 4-6
Hydraulic conductivity as a function os void ratio and temperature

T
°C

20

20

20

50

50

50

e

0.63

0.73

0.83

0.63

0.73

0.83

K
m/s

0.6-10"13

1.2-10"13

2.1-1013

0.9101 3

1.8-10"13

3.15-10"13

T
°C

70

70

70

90

90

90

e

0.63

0.73

0.83

0.63

0.73

0.83

K
m/s

1.2-10'13

2.4-1 fj-13

4.2-10"13

1.5-10"13

3.0-10'13

5.25-10-13
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Table 4-7
Yield function

Sr

0.01

0.15

0.20

0.26

0.30

0.40

0.50

q
kPa

113

138

163

188

213

Table 4-8
Relation between pore pressure and degree of saturation

Uw c

kPa i r

-3.106 0.60

-2.6-105 0.70

-1.61-10s 0.75

-1.31-105 0.80

-1.1 -10s 0.90

-6.7-104 0.9983

-4.0-104 1.0

Spl

0

0.005

0.02

0.04

0.1

Uw

kPa

-2.4-104

-1.2-104

-9.0-103

-8.0-103

-6.0-103

-1.0-102

0

Moisture swelling

The data for the "moisture swelling" procedure
has been derived from calculations of drying tests
as shown later. Table 4-9 shows the data used in
the calculations.

Drying and wetting tests

The input for the "moisture swelling" procedure
needs to be determined by drying and wetting lab-
oratory tests. Two types of tests are required.

1. In one test type, the void ratio is determined
as a function of the degree of saturation when
the water ratio of a sample is changed by dry-
ing or wetting and the sample is allowed to
change its volume freely. A calculation of the

test will yield a difference in calculated and
measured volume change due to the short-
coming of the effective stress theory. This dif-
ference will be used for calculating Asv for the
moisture swelling procedure.

2. In the other test type, the total stress is mea-
sured as a function of the degree of saturation
when the water ratio of a sample is changed
by drying or wetting and the sample is con-
fined and not allowed to cahnge its volume. A
calculation of the test will show whether the
measured pressure agrees with the calculated.
At the calculation, the moisture swelling data
derived from the first test is used.

The test specifications include a large number of
suction controlled oedometer tests. These can be
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Table 4-9
Change in volumetric strain as a function of the degree of saturation

Sr

0

0.2

Aev

0

0

Sr

0.9

0.94

ASV

-0.108

-0.129

0.265

0.4

0.5

0.7

0.98 -0.17

-0.03 0.993 -0.181

-0.046 0.9983

TO

-0.19

-0.19

used for the required calibration of test type 1.
Tests EDN1 _1 and EDS 1 _1 with constant external
load of 50 kPa have been used. No tests of type 2
have been made and only the swelling pressure at
full saturation has been used for the calibration.

Starting with the initial conditions given in the
specifications (e0 = 0.67, Sr0 = 0.49), calculations
have been performed with and without the "mois-
ture swelling" correction that yields the same void
ratio changes as the measurements. However, the
calculation of type 2 tests yields unrealistic total
pressures. Thus the values for "moisture swelling"
had to be changed and were chosen as a compro-
mise between yield good values for both test type 1
and test type 2. According to these calculations,
the swelling pressure at full saturation will be 5.2
MPa ate = 0.67.

Water uptake tests

Since no water uptake tests were accounted for
in the specifications, such a test was simulated with
the experiment as a basis. A water uptake test, with
water available at the water pressure of 1 1 00 kPa
in a filter in an oedometer with the height 14.6 cm
at a constant temperature of about 50 °C, was
simulated. This corresponds approximately to the
situation for the buffer material at the radius 3.75
cm of the test device, since the axial temperature
gradient is small and the radial moisture redistribu-
tion from the radial temperature gradient is small
in the midway between the heater and the wall.
The fictive test was calculated using the input of the
buffer material shown earlier, except for the hy-
draulic conductivity, which was a factor of 2
higher, corresponding to the measured values.

Moisture redistribution tests

In a moisture redistribution test, a temperature
gradient is applied along the axis of a sample,
which is confined both mechanically and hydrauli-
cally. By doing several such tests, interrupt the tests
at different times, and measure the axial distribu-
tion of density and water ratio, the thermal water
diffusivity can be determined. No such tests were
presented in the specifications, but two fictive tests
can be simulated, as for the water uptake tests. At
the axial distances of 13.6 cm and 7.6 cm from
the porous plate, the radial temperature gradient
of 2.2 °C/cm and 5.5 °C/cm, respectively, is es-
tablished. These two locations can be used for the
calibration exercise provided that the following
conditions are fulfilled:

1. The temperature is changed very little during
the test.

2. The rate of the moisture redistribution is so
fast that the steady state is established before
the end of the test.

The first condition is fulfilled, as shown by the
temperature measurements. The second condition
is also fulfilled, as will be shown by the calcula-
tions. The radial geometry is idendical to the radial
geometry of the cell. The tempearture gradient was
applied to yield increasing temperature with de-
creasing radius. The input for the calculation has
been shown earlier, with the exception of the basic
value of the vapour flow diffusivity Djvb which was
varied in different calculations in order to find the
value that best fits the measurements. The condi-
tions for the calculations were set as follows.

• At z = 7.6 cm: AT = 5.5 °C/cm, e0 = 0.67
and 5r0 = 0.80.
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At z = 13.6 cm: A7 =
0.67 and SK) = 0.75.

2.2 ° C / c m , e 0

The results of these calculations show that:
steady state is reached after about 25% of the total
test time and DJvb — 1.0-1 0"11 yields acceptable re-
sults with good agreeament bewteen calculation
and measurements for the two outer measuring
points and a little underestimation of the drying
close to the heater. In the calculation of the
xeperiment, DJvb = 0.8-10"11 was used since con-
vergence problems occurred at higher values.

The parameters for the "moisture swelling" pro-
cedure and the thermal vapour flux could not be
derived directly from the laboratory tests. The ex-
periment can, to some extent, be used for simulat-
ing fictitious tests and thus achieve the required in-
formation. Also the hydraulic conductivity of
unsaturated clays needs to be checked and possi-
bly changed by such test calculations.

4.2.2.3 Computed results
The calculation process followed by CLA, unlike

other partners, makes use of the actual cell test re-
sults to derive model parameters. Therefore it is only
in part a prediction exercise. Their results compare
very favourably with measurements in the heating
and hydration cell. In particular, it may be seen that:

; j The prediction for the water intake evolution
is excellent.

• The pressure evolution is overpredicted by a
factor of 2.

! j Temperature distributions match very well the
experimental data.

j Gravimetric water content distributions follow
the average results of the predictions by other
partners and end up very close to the mea-
sured distribution of water content at te end of
the experience. However water content in
points near the base of the cell appear some-
what underpredicted, whereas calculations
overpredict measurements at the upper part of
the cell (see in particular Figures 4.44 to 4.47).

4.2.3 ISM (ABAQUS)

4.2.3.1 Model description
Temperatures have been calculated with a pro-

cedure that solves the transient heat conduct ion
prob lem, uncoupled f rom the stress analysis. Since

the procedure used solves for a one-phase medium,
average heat conduction properties have been
used. Temperatures have been assigned to a hy-
dro-mechanical coupled analysis, solving for
stresses and pore pressures under unsaturated tran-
sient conditions. The temperature dependency of
hydraulic conductivity has thus been incorporated.
O n account of the test symmetry, the problem has
been solved in a 2-D axisymmetric doma in .

Heat conduction analysis

Concerning the thermal analysis, the entire test-
ing apparatus has been included in the model . A
constant heat flux (corresponding to a heat power
of 40 W) was appl ied to the heater until a temper-
ature between 97 and 1 0 0 ° C was reached at the
control thermocouple. The heat flux was subse-
quently adjusted in order thjat the temperature at
the control thermocouple remained in the range of
temperatures between 97 and 1 0 0 ° C . Thermal
clay properties have been estimated as a poros-
ity-based balance of those of pore water and clay
grains at a water content of 1 1 % , a porosity of
0 .399 , a degree of saturation of 5 0 % and a dry
density of 1.65 g / cm 3 .

A constant heat flux of 1 .27325 W / c m 2 has
been appl ied to the heater up to 100 s. According
to the specifications, the heat input has been since
then adjusted to keep temperature at the control
thermocouple between 97 and 100 °C . The as-
signed thermal power corresponds to 40 W in the
heater port ion in contact with the clay sample.

The boundary condit ions used were a fixed tem-
perature at the cell bottom (the lab temperature)
and a convective f low along the remaining sur-
faces of the outer steel case, using a constant heat
convection coefficient.

The mesh used had 6 1 2 isoparametric 8 node
quadri lateral elements and 1943 dof. Typical ele-
ment length in the heated zone (in the clay) is 0.5
cm along the radial direct ion. To effectively ad -
dress the needs of the stress analysis, the element
size has been kept similar also in the vertical direc-
t ion and lowered at the contact with the porous
stone. Some elements in the central part of the
model (clay part) have been distorted (within the
tolerance accepted by the code) as to provide the
solution at the specified points, avoiding ad hoc
post-processing.

Flow-stress analysis

Concerning the hydro-mechanical analysis, the
inclusion of the steel case turned out not to be es-
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sential for increasing the agreement of the solution
in terms of total pressure against the wall and, on
the other side, to introduce heavy computational
requirements, due to the modelling of the sliding
conditions at the interface between the sample and
the cell. Therefore, the partial model with only the
clay sample has been retained.

The model used to describe clay volume change
is an elastoplastic non-linear model. The total
strain s'°' is described as:

s':' = s f + s(s) + s9 (4-28)

where e f is the strain in the soil skeleton, e9 is the
strain in clay grains and s(s) is a fully reversible sat-
uration-dependent swelling component, as defined
in ABAQUS. For the strain in clay grains, a linear
elastic behaviour depending both on stress and
temperature is assumed. For the strain in the soil
skeleton, an elastoplastic behaviour is assumed
(Hueckel and Borsetto, 1990).

The elastic volumetric deformation of the soil
skeleton is given by:

<sk = - K ( p J / ( l + e o ) l n ( p 7 p ' o ) + aAT (4-29)

where p' is the effective isotropic stress, T the tem-
perature, K the soil elastic compliance (depending
on the applied suction p j , eo is the initial void ratio
and a is the thermoelastic expansion coefficient of
the soil skeleton. The dependence of the elastic
compliance K on suction is assumed to be given by:

K = K ;+pApw (4-30)

where P is a material constant and K, is the initial
elastic volumetric compliance at the reference
state. The deviatoric strain component is linearly
elastic and uncoupled from the volumetric one.

The plastic deformation of the soil skeleton con-
siders a Cam-clay plasticity model with a suc-
tion-dependent yield locus, according to the fol-
lowing relationship:

o=ak + a , A p w + a 2 ( A p J 2 (4-31)

where a = pco/2, aj, is the initial hardening param-
eter and a; and 02 are suction-softening material
constants. This suction-dependent yield criterion
has been found essential to reasonably describe
the total stress change due to suction change.

Swelling strains have been introduced to incorpo-
rate the high deformability during variable suction
paths. The swelling strain is made dependent only
on saturation, without any threshold dictated, for
example, by a stress measure. The elastic character
of the swelling strain when high saturation is
reached represents also a limitation.

A linear elastic behaviour has been used to de-
scribe pore water and clay grains response.

The boundary conditions used were constrained
at the bottom and at the top of the clay specimen
and at the bottom of the clay-heater contact, hori-
zontal displacements along the vertical contact
with the heater and along the outer vertical bound-
ary of the clay specimen. The applied boundary
conditions (except, to som extent, those at the con-
tact with the heater) appear justified by the high
swelling characteristics of the Almeria clay. A pore
pressure equal to 1.1 MPa has been applied to the
bottom boundary nodes at the start of the analysis
and then kept constant throughout the calculation.
The thermal loading has been applied 20 minutes
after the application of the boundary condition on
pore pressure at the bottom of the sample.

The mesh used to model the clay sample had the
same size, pattern and refinement of the thermal
analysis. It was made of 414 isoparametric 8 node
axisymmetric elements with 1333 nodes and 3 1 2 6
active dof (displacements and pore pressures).

4.2.3.2 Determination of model parameters
Heat conduction analysis

The heat convection coefficient has been selected
as 1-10"3 W/cm2-°C. This is a value lower than that
indicated in the technical literature as representative
of air at rest (0.1 - 0.5). The reference laboratory
temperature has been kept to the average of T/a(, =
25 °C. Table 4-10 shows the values used in heat
conduction analysis for material properties. Clay
properties have been calculated as a porosity-based
balance of those of pore water and clay grains at a
water content of 1 1 %, a porosity of 0.399, a satu-
ration degree of 50% and a dry density of 1.65
g/cm3. Specific gravity has been calculated to be
2.75. These conditions correspond to the average
clay conditions at the beginning of the test, which
appear justified by the heat diffusion rate quicker
than the water diffusion rate.

Heat conduction values have been given by
CIMNE for specimens of increasing saturation. By
processing such data according to their appropri-
ate porosity balance, values have been found in
reasonable agreement with the ones provided by
an emprirical law (Thomas et al., 1 994).

Flow-stress analysis

The calibration of material constants has been
guided by the results of oedometer tests run on
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Material

Cell - inox steel

Heater - 1 0 % volume inox steel

Porous stone

Clay

Table 4-10
properties used in heat conduction

Density
(kg/cm3)

7.820-10"3

0.872-10'3

1.908-10'3

1.180-10"3

analysis

Conductivity
(W/cm-°C)

0.1512

0.0013

0.0500

0.0875

Specific heat
(J/kg-°C)

460.6

460.6

1358.6

722.52

Amerfa clay by CIEMAT. Tests series EDS_1 and
EDS_2 have been considered, being relevant also
for high suctions. The initial conditions of the
above oedometric tests and the interpretation of
void ratio changes in terms of effective stresses
have been evaluated according to the procedure
used in solving BM 2.1 (see Chapter 3.1.2.3). Ma-
terial properties have been all referred to T = 20
°Candp w = -131 MPa.

The logarithmic compliance coefficient has been
calculated for EDS oedometer tests for decreasing

vertical stress under constant suction. The initial elas-
tic volumetric compliance of the porous elastic model
has been set to the average value of K, = 0.07. The
P coefficient, set to 2.564-10"4 MPcr1, makes the
elastic compliance increase to 0.1 at 1 3 MPa. The
shear stiffness has been assumed to be 10 MPa.

Taking K, = 0.07, a dependence of the swelling
strain on the degree of saturation has been intro-
duced. As shown in Figure 4 -1 , two candidate
curves have been studied. Curve number 2 has
been retained.

0.16

0.14

0.12

0.1

0.06

0.04

0.02

Swell n.l a Swell n. 2

0.1 0.2 0.3 0.4 0.5 0.6

Saturation degree

0.7 0.8 0.9

Figure 4-1. Swelling volumetric strain as a function of the degree of saturation.
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In equation (4-31), giving the dependency of the
yield locus on suction, the fol lowing values have
been chosen for the parameters:

afc = 36 MPa, a, = 0.197, a2 = -5.693-1 a4 MPa1

The elasto-plastic compliance has been deduced
from EDS oedometer vertical stress loading paths
as X = 0.3. The preconsolidation stress has been
assumed to be the one reached when loading the
specimens to 20 MPa in the EDS series. Accord-
ingly, the reference void ratio has been set to e ; =
1.943. The critical state coefficient has been set to
M = 0.6.

The volumetric expansion coefficient of the soil
skeleton has been evaluated from data provided
by CIMNE on temperature-induced elongations on
tests following ASTM-4535 procedure, and assum-
ing that method I of that procedure has been fol-
lowed (elongation under unconfined conditions).
Two sets of elongation data have been provided by
CIMNE on clay specimens kept at a degree of sat-
uration of 55% (dry density of 16.81 kN/m2) and
of 60% (dry density of 1 6.53%). The two specimens
are characterized by a porosity of 0.385 and
0.398, respectively. Considering the poros-
ity-based balanced effect of thermal expansion of
water and of clay grains, and taking elongation
values pertaining to the linear part of the heating
path, extra elongations of 0.598-1 0"4 (Sr = 60%)
and 2.27-10-4 (Sr = 55%) have been calculated
for the two batches of data. One unloading point
seems to indicate that most of the elongation is ir-
reversible. The lower figure has been retained for
some analysis. It is believed, however, that most of
the thermal strain under the highly confined condi-
tions of the test is much less than that observed in
the quoted tests due to some presently not quantifi-
able irreversible straining. According to this, some
analysis have been run with zero thermal expan-
sion of clay skeleton, i.e. including that of the
grains and of water only. The solution provided
has a zero thermal expansion of clay skeleton.

For the linear elastic behaviour used to describe
pore water and clay grains response, Table 4-1 1
shows the values considered.

From data supplied by CIMNE, it appears that
the water retention curve is temperature-insensitive.
Values given for a dry density of 1.65 g/cm3 have
been adopted. The water retention curve required
by the code is expressed in terms of suction - de-
gree of saturation. To this end, data have been
processed according to the relationship between
the degree of saturation, the water content and the
dry density, using a specific gravity of 2.75.

Data have been supplied by CIMNE on saturated
hydraulic conductivity change with temperature of
Almeria clay specimens, with a dry density of 1.6
and 1.7 g/cm3, characterized by a void ratio of
0.705 and 0.605, respectively. Permeability values
at a void ratio of 0.705 are expected to be 1.5
times higher than those at 0.605, according to the
Kozeny-Carman equation. The change observed in
experimental values is bounded between 3 and 1.7
at low temperatures. The ratio observed at higher
temperatures is lower than one and it is biased by
the strong temperature sensitivity of the clay tested
at lower void ratios. The figure of 3 is again due to
the comparatively low permeability of the specimen
with lower void ratio. This ratio being much higher
than expected (ViMar et al., 1996), the hydraulic
conductivity dependence on the void ratio of the
Kozeny-Carman equation has been retained. This
behaviour is representative of the trends observed
in the data supplied up to 75 °C. At higher tem-
peratures, experimental results are significantly
lower for the less dense specimen and higher for
the other. In this solution, the experimental trend of
the permeability dependence on temperature ob-
served in the denser specimen has been used. The
dependence on temperature is assigned pointwise
in the code.

As for the permeability dependence on satura-
tion, the default law implemented in ABAQUS has
been adopted: K = s3Ksat. Some sensitivity analysis

Table 4-11
Material properties for clay grains and pore water

Clay grains

Pore water

Bulk modulus
(MPa)

5-104

2.5-103

Vol. thermal exp.
(°C)

H O ' 5

4.5-10-4
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have been run in order to study the effect of de-
pendency on saturat ion, by using saturated perme-
ability. It resulted that, while the impact on the wa-
ter intake curve is not decisive (10%), the evolution
of the total pressure with t ime predicted by a satu-
rat ion-dependent permeabil ity appears not to be
consistent with measurements, t h e solution pre-
sented is obtained without saturation-dependency.

4.2.3.3 Computed results
The following comments may be made:
3 The water intake evolution is somewhat un-

derpredicted.
^j Computed pressures at the base of the cell

stay above measurements. The relatively
rapid increase in pressure computed at some
intermediate times are not measured and the
reasons for this behaviour are not clear.

3̂ Temperature distributions match very well the
experimental data except for points close to
the heater at the upper part of the cell (tem-
perature sensor 1) where temperatures are
overestimated by 1 0°C approximately.

• Computed gravimetric water content distribu-
tions do not show a radial gradient, as ob-
served in measurements at the end of the test
(see in particular Figures 4.44 to 4.47).
Computed water contents at the end of the
test (t = 2401.6 h) remain in general below
measurements by amounts varying between
5% and 10%.

4.2.4 UPC (CODE BRIGHT)

4.2.4.1 Model description
Three phases will be considered: the solid phase,

the liquid phase (made of pure water) and the gas
phase (made of air and water vapour). It was as-
sumed that the pressure of the gas phase pg is con-
stant, so (using a Darcy-type equation) the gas
phase flow will be negligible.

The general equations governing the coupled
THM problem are:
(i) balance of mass for water:

3,(p,<S,n + p X V ) + cM/r + 0 = 0 (4-32)
where p/, pg are the densities of the liquid and gas
phases, « * , (x> g

w are the concentrations of water
into the liquid and gas phases S/ — Sr, Sg = ] - Sr

are the volumetric fractions with respect to pore
volume of the liquid and gas phases, n is the po-
rosity and /|w, /g

w are the mass flux of water in the
liquid and gas phases. The relationships consid-
ered in this particular case are:

• The densities of the liquid phase p/ is related
to the pressure of the liquid phase p\ and the
temperature T by:

n _ n pPtPi-PioLaT (A T31
Pi ~ P10e e \H ool

'J The degree of saturation Sr = Si is related to
the suction s = pg - pi by theVan Genuchten
relation:

_]

Se =

with

S . = •

(4-34)

(4-35)

• The gas phase is assumed to be a mixture of
ideal gases, the pressure of the gas phase pg

will be computed as

where p j is the partial pressure of the water
vapour and p° is the partial pressure of the
(dry) air. It will be assumed that the pressure
of the gas phase remains constant and equal
to the atmospheric pressure patm.
The density of the water vapour p^ = Pg-a)g
is related to the partial pressure of water
vapour p j and the temperature T through
the ideal gas law:

p : = -
RT

(4-37)

where Mw is the molar mass of water and R is
the constant of ideal gases.

G The partial pressure of water vapour p* is re-
lated to the suction s = pg - p/ and the tem-
perature T by the psychrometric law:

Pg =P g o e x P (4-38)

where p j o is the partial pressure of water
vapour above a flat surface of pure liquid
water, its dependence on the temperature T
being approximated by the expression:

pg
w

0=Aexp(-B/T) 1-39)
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• Since it has been assumed that liquid phase
is pure water (co/w = 1), the mass flux of wa-
ter jiw will not have any diffusive component.
Using Darcy's equat ion, the mass flux of wa-
ter will be given by the following relation:

/7 =-p,(fc,.fc,/n,)-(Vp(+p(gVz) (4-40)

with

=n)Oexp(y/T)

(4-41)

(4-42)

(4-43)

where k, is the intrinsic permeability (assumed
constant), kr is the relative hydraulic perme-
ability (assumed to depend on Sr), fJi is the
dynamic viscosity of the liquid phase (as-
sumed to depend on T), pi is the pressure of
the liquid phase, pi is the density of the liquid
phase, and g is the acceleration of gravity.

• Since it has been assumed that the gas phase
flow is zero, the water vapour flow jg

w will only
be due to vapour diffusion. It is assumed to
be given by the fol lowing Fick-type equation:

(4-44)

/ (4-45)

with

0w
m =DQ (T5 / pg) (4-46)

where ocT is the concentration of vapour into
the gas phase and D™ is the diffusivity tensor
(here assumed to be spherical and depend-
ing on n, Sg, the tortuosity x, T, co* and pg)
and / is the identity tensor. The air flow will
also be diffusive and given by j° = -j™.

(ii) balance of energy

+d/V(/c (4-47)

where ps, pi, pg are the densities of the solid, liquid
and gas phases, Si, Sg are the volumetric fractions
with respect to pore volume of the liquid and gas
phases, n is the porosity, Es, E/, Eg are the specific
(per unit mass of phase) internal energies of the
solid, liquid and gas phases, jEs, jEi, jEg are the
advective (due to the phase motion) internal energy
flux of the solid, liquid and gas phases and ic is the
heat flux due to conduction. Local thermodynamical
equilibrium is assumed between phases. The rela-
tionships considered in this particular case are:

• In porous media, terms related to volume
change in the internal energy are assumed
negligible. The specific internal energies are
expressed by:

ES=C*T (4-48)

E,=C;T (4-49)

T) (4-50)E
g = ^ l

with

Cs =CsU +XT

c°B=cfl
oO

(4-51)

(4-52)

(4-53)

(4-54)

• The advective internal energy flux of the solid
phase /ES is neglected. The advective internal
energy fluxes of liquid and gas phases are
given by:

IEI ~ c / // \H'JOI

" V/0

9

i = E W i
/Eg C g Ig

(4-56)

• The heat flux due to conduction ic is given by
the following Fourier-type equation:

ic =-Xgrad(T) (4-57)

where X is the conductivity of the medium,
assumed to depend on the conductivities of
the solid, liquid and gas phases, the porosity
n and the degree of saturation Sr, as given by:

X=t^f^'-&1 (4-58)

• The density of the solid phase is assumed to
be given by:

ps =psOexp(aJ) (4-59)

• The density of the gas phase pg is given by pg
= Pg + P g ' w n e r e Pg is assumed to be related
to the partial pressure of (dry) air p° and the
temperature T through the ideal gas law:

P o = -
RT

(4-60)

where M ° is the molar mass of water and R
is the constant of ideal gases.

(iii) balance of momentum

d/V(a) + b = 0 (4-61)

where a is the total stress tensor and b is the volu-
metric body force.
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An elastoplastic model is used to represent the
behaviour of the clay. The elastic part is based on
hypoelasticity. The plastic part is an extension of
the model of Alonso et al. (1 990) to include the ef-
fect of temperature. Details of the model can be
found in Garcia Molina et al. (1 995).

_j The elastic parameters are computed form
the following relationships:

dse
v =/C;1-dp+K;1-ds+ao-c/T (4-62)

dee
q = {V (3G) }dq (4-63)

K p = ( l + e ) - p / K (4-64)

K s = ( l + e ) - ( s + P a J / K s (4-65)

G = 3 ( l - 2 v ) K p / [ 2 ( l + v)] (4-66)

where ee
v is the elastic volumetric strain, s^ is

the elastic deviatoric strain, Kp is the bulk
modulus due to stress changes, Ks is the bulk
modulus due to suction changes, ao is the
coefficient of thermal expansion, G is the
shear modulus, e is the void ratio, K is the
slope of the unloading-reloading line in a
e-ln(p) diagram, KS is the slope of the elastic
wetting-drying line in a e-ln(s) diagram, v is
the Poisson's ratio (assumed constant) and
Potm is the atmospheric pressure.
To reproduce the swelling characteristics of
the clay, K is assumed to depend on suction,
according to the following relation:

K = K0(l-a,s) (4-67)

Moreover, KS varies with suction and net
mean stress, as given by:

K s=K s O0-PJog(p/p r e f ) )e-§ s (4-68)

j The elastic zone is bounded in the p - q - s
space by the yield surface, given by:

q 2 -/V12(p-ksse-p(T-Tol)(p + po) = O (4-69)

where q ts the deviatoric stress, M is the
slope of yhe critical stress lines, ks is a pa-
rameter describing the increase of cohesion
with suction, p is a parameter describing the
increase of cohesion with temperature, To is
a reference temperature and po is the yield
locus for an isotropic compression at a fixed
suction, given by

M O ) - *

( V

where p0 is the yield locus for an isotropic
compression in saturated conditions, pc is a
reference stress and X(s) is the slope of the
virgin compression line in a e - log(p) dia-
gram at a given suction, whose expression is:

X(s) = M0)(r + ( l-r)e-p s) (4-71)

U The flow rule is non-associated in order to
predict zero lateral strain for Ko saturated
loading. Its expression is given by:

G =aq2-/vl2(p-ksse~p(T-To))(p + po) = O (4-72)

with

3 1-v
r|K

3TI(* . (0)-K)

r\ =
3(1-

+2Kf

J The hardening law reads:

dp'o _ vdsp
v

Po

(4-73)

(4-74)

(4-75)

Po=Pc

Once the constitutive relations are introduced,
the unknown fields are: the pressure of the liquid
phase pi, the temperature T and the displacements
of the solid phase. The boundary conditions used
have been:

IJ Mechanical. On the clay sample contour:
zero normal displacements and frictionless
contact. The displacements at the corners
have been set to zero.

_j Hydraulical. On the clay sample bottom, a
constant water pressure of 1 MPa. On the
rest of the sample surface, zero flow.

j Thermal. On the heater-clay contact: first, a
constant heat power input to the heater until
a temperature of 96°C is reached at the
control thermocouple, later on adjusting the
heat power input to the heater to keep this
temperature constant. Since the heater is in
contact with the steel case, which has con-
ductivity much higher than that of the soil,
the constant heat power to the heater was re-
duced in the proportion (length of heater-
clay contact)/(total heater length), to account
for the heat lost through the heater-cell con-
tact. Therefore, since the total length of the
heater is 13.6 cm and the length of the

(4-70) heater-clay contact is 10.0 cm, a constant
heating power of 40x10.0/13.6 = 29.4 W
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was applied to the sample during the heating
until 9 6 ° C . A uniform heat flow over the
heater-clay contact and normal to it was the
boundary condition used. Once temperature
reaches 9 6 ° C at thermocouple # 1 2 , the pro-
file of temperatures in the heater at that time
(33 min) is fixed until the end of the test. O n
the cell-clay contact: a radiation-convection
condition, being the normal heat flux given by

qn=W-Tea) (4-76)

with

] / h = ] / h s + ] / ( h c + h r ) (4-77)

hs=Xs/Ax (4-78)

where Text is the temperature at the labora-
tory, Ax is the thickness of the steel case, Xs is
the thermal conductivity of the steel, hc is the
convection film coefficient and hr is the radia-
tion coefficient. In the present case, Ax = 3.6
cm and As = 1 5 Js^m^K*1. A typical value of
hc + hr for a cylinder of steel with an exter-
nal radius of 1 1.1 cm is 12 J s ' W 2 ^ 1 (Perry,
1 992). Tex/ is taken equal to 23.75°C.

Results from BM 1.2 have shown that the temper-
ature is sensitive to the values of time steps. Various
simulations with distincts time steps were then tested
in this case. Again, temperature showed an
assimptotic behaviour when time steps are progres-
sively decreased. Convergence of solution is ob-
tained in this case with time steps equal to 1 00 s.

4.2.4.2 Determination of model parameters
Balance of mass of water

Three distinct sets of parameters have to be de-
termined for this particular material: the parame-
ters of the retention curve, the parameters of hy-
draulic conductivity and the parameters of vapour
diffusivity.

The parameters of the retention curve are derived
from the water content - suction curves provided
by CIEMAT (Villar et al., 1 994) and reported in the
specification of the benchmark. The analytical
curve and the experimental data are presented in
Figure 4-2.

The intrinsic permeability is deduced from values
of saturated hydraulic conductivity provided by
CIEMAT (Villar et al., 1994) and reported in the
specifications. A constant intrinsic permeability is
considered and the variation of hydraulic conduc-

tivity with temperature in the range from 0 to
1 00 C is interpreted as due to the variation of wa-
ter viscosity. Intrinsic permeability is then set to fit
values of saturated hydraulic conductivity at the
density of 1.7 kN/m3 , as shown in Figure 4-3. No
data are available for the relative hydraulic con-
ductivity and a typical variation (cubic law) with the
degree of saturation is used with parameters typi-
cal of a bentonite.

Molecular diffusion of vapour is controlled by the
tortuosity coefficient x. Kanno et al. (1995) find a
value of 0.1 for a bentonite at a dry density of 1.6.
This last value is used in the present analysis.

Table 4-12 summarises the values of the parame-
ters used in the balance of mass of water equation.

Balance of energy equation

The bentonite has a bulk density of 2780 kg/m3.
Values of Aj and Xg are, respectively, taken as the
thermal conductivity of water and air. Thermal con-
ductivity of solid grains is then assessed by fitting
the experimental data of X given in the specifica-
tions. Figure 4-4 shows a comparison between the
laboratory measurements and the values of X com-
puted using equation (4-58). Values of the param-
eters for the specific heat or solid grains have been
taken from Villar and Cuevas (1 996).

Table 4-1 3 summarises the values of the parame-
ters used in the balance of mass of water equation.

Balance of momentum equation

Isothermal mechanical parameters are deter-
mined on the basis of the suction controlled
oedometric tests N2 series 1 and N2 series 2 re-
ported in the specifications. To do that, numerical
simulations of initial wetting stage from a suction
of 132 MPa to a suction of 0.1 MPa were per-
formed for vertical stresses equal to 50, 1 00, 300,
500 and 700 kPa. The comparison between exper-
imental and back analysed accumulated swelling
strains is shown in Figure 4-5. The thermal elastic
parameter a0 is estimated on the basis of thermal
expansion tests performed by UPC and given in
the specifications (see Figure 4-6).

Table 4-1 4 summarises the values of the param-
eters used in the balance momentum equation.

4.2.4.3 Computed results
It may be seen that:

Zl The prediction for the water intake evolution
is excellent.
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Figure 4-2. Retention curve considered in the analysis.
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Figure 4-3. Saturated hydraulic conductivity considered in the analysis.
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Figure 4-4. Comparison between measured thermal conductivity and thermal conductivity computed by geometric mean for various
degrees of saturation.
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Figure 4-5. Comparison between experimental and backanalised results of swelling tests.
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Parameter

Table 4-12
Parameters used in the balance of mass of water equation

Parameter

Pi

a

P

Pio

A

B

mo

Y

Value

1002.6 kg-m"3

-3.4-10'4 °C '

4.5-10"4 MPa"1

0.1 MPa

136075 MPa

-5239.7 K

2.1-10"'2MPa-s

1808.5 °K

Parameter

5

so

X

Sr,

Srsal

^0

C

D

Value

2.3

7 MPa

0.3

0%

100%

io-2v

1.0

3.0

5.9-10"'

Table 4-13
Parameters used in the balance of energy equation.

Value Parameter

0.1

Value

/-flO

<-/

rv/0
l5

rivO

X,

x9

1000 J-kg-'-K-'

4184 J-kg-'-K-'

1900 J-kg-'-K-1

2 .5 -10 6 JV

0.57J-s-'-m-'-K-'

9.86-10-2J-s-'-m-'-K-'

Ps0

Cs0

X

Xs

2780 kg-m"3

-7.8-10-6oC

732.52 J-kg-'-K-'

1.38 ° C

2.0J-s-'-m-'-K-'

The pressure evolution is generally over-pre-
dicted.
Temperature distributions follow experimental
data. Computed temperatures near the heater
overpredict the actual measurements. The
maximum discrepancy is found at thermocou-
ple 1, near the top of the sample where the
difference between calculated and natural
temperature reaches more than 2O°C.

The computed gravimetric water content distri-
butions show an excellent agreement with the
experimental data measured at the end of test.

4.2.5

4.2.5.1 Model description
Three phases will be considered:

1 the solid phase,

2 the liquid phase (made of pure water) and

3 the gas phase (made of dry air and water vapour).

The governing equations of the coupled THM
problem are:
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Figure 4-6. Thermal expansion coefficient consiedered in the analysis.

Parameter

Kff

a*

V

P*
I

Ptef

ao

M

Parameters used

Value

0.05

-0.003

0.3

0.3

-0.147

-0.03 MPa"1

0.01 MPa

1.5-10"4 °C

1.5

Table 4-14
in the balance of momentum equation.

Parameter

ks

P

To

Pc

h
A(0)

r

P

Value

0.1

0.2 °C '

20 °C

0.1 MPa

14 MPa

0.15

0.75

0.05 MPa"1

Water species

Conservation of the water mass

The equation of mass conservation includes the
contributions of the liquid phase (liquid water) and
of the gas phase (water vapour):

as..
dt

dt

,)+E=O

•+div[Vv)-E=i

(4-79)

(4-80)
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S v = p v e v = p v n S r , g

with

5W = P W 9 W =PwnSr,w (4-81)

(4-82)

V w = p w l (4-83)

Vv = P v f v + P v f g (4-84)

where pw is the specific mass of liquid water, n is
the porosity of the medium, Sovv is the degree of
saturation in volume, Srg — 1 - Sf/W, fw is the mac-
roscopic velocity of liquid water (Darcy's velocity),
fv is the macroscopic diffusion velocity of the water
vapour, fg is the macroscopic velocity of the gas
phase and E is the evaporation term. The water
vapour velocity Vv includes two terms: one repre-
senting the vapour motion due to the diffusion in
the medium and the other one due to the gas con-
vection.

The two contributions can be written within only
one equation:

w i t h

OT

c/,V(pvfv

Motion of liquid water

k.

(4-85)

(4-86)

Sda = P d a 0
9 =Pdo

Vdo =

(4-89)

(4-90)

where pjo is the specific mass of dry air, n is the
porosity of the medium, Sog is the degree of satura-
tion of the gas given by Sog = 1 - SCWI {Srw is the
degree of saturation of water), f0 is the macro-
scopic diffusion velocity of the dry air and fg is the
macroscopic velocity of the gas phase. As the wa-
ter vapour velocity, the dry air velocity Vj0 includes
two terms: one representing the dry air motion due
to the diffusion in the medium and the other one
due to the gas convection. Since the gas pressure
remains fixed in the model used, the dry air bal-
ance equation is not used. Consequently, the ex-
pression of dry air diffusion velocity fa will not be
developed.

Motion of gas

(4-91

where pg is the gas pressure, jjg is the dynamic
viscosity of the gas, kg is the intrinsic permeability of
the medium, g is the acceleration of gravity and y is
the vertical upwards directed co-ordinate. The dy-
namic viscosity of the gas is asumed to be given by:

where pw is the water pressure, jjw is the dynamic
viscosity of the liquid water, kw is the intrinsic perme-
ability of the medium, g is the acceleration of gravity
and y is the vertical upwards directed co-ordinate.

Diffusion of vapour in a porous medium (Philip and de Vries model)

l = - P o f m v v T v e g / p v ) g r a d ( p v ) (4-87)

where 0g is the water content in volume, Dotm is the
diffusion coefficient, vv is the "mass flow" factor, pv

is the water vapour pressure, xv is the tortuosity and
pv is the specific mass of water vapour.

Dry air species

Even if there is no degree of freedom relative to
the dry air pressure, we can write a conservation
equation about the dry air. We neglect the motion
of dissolved air in water.

\0.25i2

Conservation of the dry air mass

dSJda

dt
+ div[VJ = (4-88)

1 + -

H-v

1 + -
[Mv I Mda)] (4-92)

where xv = pv/ pg is the molar fraction of the water
vapour and xa = pa /pg is the molar fraction of the
dry air.

Heat

Balance of heat

dt
+ div[-q)-Q=Q (4-93)

where c|) is the enthalpy, q is the heat flow and Q is
the rate of heat production.

Stored heat per unit of volume: enthalpy

(4-94)
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)v = np v S, , 8 c p , v (T -T 0 )

where the contributions to the enthalpy of the sys-
tem of liquid water cj)w, dry air (j)^, soil (J)s and wa-
ter vapour cj)v are given by:

< L = n p A w c p , w ( T - T 0 ) (4-95)

T0) (4-96)

) (4-97)

Sr,BpvL (4-98)

where cPiW is the specific heat of the water, cP/0 is
the specific heat of the dry air, cP/S is the specific
heat of the soil, cP/V is the specific heat of the
vapour, ps is the soil density, T is the temperature
of the medium and To is a reference temperature.
The last term in (f)v corresponds to the heat stored
during the vaporisation of water.

heat flow

9 =9cond +9conv (4-99)

where qc o n d is the heat flow due to conduction and
qconv is the heat flow due to convection, and are
given by:

Dry air

qcond =-rgrad(T)

p, V P v K (T - TQ

with

(4-100)

(4-101)

(4-102)

(4-103)

Soil mechanics model

The clay mechanics will be modelled with the
A lonso e ta l . (1990) model.

Additional constitutive equations used are:

Liquid water

~Pw,0

(4-104)

(4-105)

(4-106)

(4-107)

Pda,0

Water vapour

cp ,d o(T)=cp ,d a 0

Soil

Psychrometric equation

Pv = P 0 ( T ) e X P

with

- T o ) (4-108)

^ (4-109)

) (4-no)

0) (4-111)

(4-112)

(4-113)

(4-114)

r0) (4-115)

(4-116)

(4-117)

Po(T)
= 194.4exp[-0.06374(T -273) +

+0.163410"3(T-273)2] (4-118)

Permeability to water of the medium

with

k - k

krvt = max
Jresl L

*3 ' rw,min
°reslr, field ^ res

(4-119)

(4-120)

(4-121)

The model used included the sample, the porous
plate and the steel case. The heater, however, was
not modelled. The characteristics of the mesh used
are: 179 elements (8-noded with 5 dof, modelling
the soil mechanics, the air and water flows and the
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thermal conduction in a coupled way) distributed in
the sample (102 elements), the steel case (70 ele-
ments) and the porous plate (7 elements), 39 in-
terface elements (3-noded, modelling the heat
transfer between the steel and the atmosphere)
and 629 nodes. The 5 degrees of freedom of the
elements used include two geometric co-ordi-
nates, the liquid water pressure, the gas pressure
(dry air + water vapour) and the temperature. The
action of the heater is modelled by imposing the
temperature on the nodes of the sample in contact
with the heater.

The gas pressure is fixed at the atmospheric pres-
sure (100 kPa). The steel case is impermeable to
gas and water. The mechanic behaviour of the po-
rous plate and of the steel case are not taken into
account: they are assumed to be rigid.

Initial conditions

The initial conditions of the clay sample are sum-
marized in the Table 4-15. The initial value of the
pore water pressure pw has been estimated using
the retention curve.

Boundary conditions

Water

The steel case is impermeable to water: no liquid
water flows and no vapour flows can go out the
sample. The water pressure is the porous plate is
imposed and so water can enter into the sample.
The pore water pressure in the porous plate varies
in a first phase (from 0 to 1 04 s) form its initial
value (pw = -78.5 MPa) to the final one (pw = 1.1
MPa). During the second phase, the water pressure
in the porous plate remains constant.

Dry air

The gas pressure is fixed. This means that dry air
can go in or out the sample.

Thermal

Between the external surface of the steel case
and the outside environment, there are heat ex-
changes due to convection. The convection coeffi-
cient is equal to 8 W/m2 . On the other hand, the
thermal contact between the soil and the other ma-
terials is assumed to be perfect. Since the heating
of the sample is controlled by a sensor in order to
avoid temperatures higher than 100 °C in the
heater, temperatures were imposed on the heater
surface in contact with the clay. The shape of the
imposed temperatures was obtained from a first
simulation with a constant heating power of 40 W.
It should be noted that this hypothesis could be dis-
cussed. During the first phase (from 0 to 104 s),
temperatures are imposed on the heat-clay con-
tact, varying from their initial values to the temper-
ature computed before. During the second phase,
(from 1 04 s to 2401.6 h), the temperature on the
heater remains constant.

Mechanical

A sliding contact is introduced at the contacts of
the soil sample with the steel case, the heater and
the porous plate. The steel case, the heater and
the porous plate are assumed to be rigid.

4.2.5.2 Determination of model parameters
Two series of suction-controlled oedometric tests

were available. The first series includes some
oedometric tests with wetting-drying cycles under
different constant vertical pressures. The second
series were realised following several loading-un-
loading cycles under different constant suctions.

Fundamental parameters for the elasto-plastic model

From the first series of tests, we can get the fol-
lowing parameters: the plastic stiffness parameter
upon changes of suction ks, the elastic stiffness pa-

Table 4-15
Initial conditions in the clay sample

Symbol

a

Sr

Pw

Value

OkPa

0.49

-78.5 MPa

Symbol

Pg

cr' = a -p g

T

Value

lOOkPa

-lOOkPa

293 °K
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rameter upon changes of suction KS and the hard-
ening parameter for the suction increase yield
function. From the second series of tests, we can
get the fol lowing parameters: the plastic stiffness
parameter upon changes of net mean stress X, the
elastic stiffness parameter upon changes of net
mean stress K and the pre-consolidation pressure
for the saturated state p 0 .

We should note that the measurements of the
parameters are not always evident, since the exper-
imental results are not always distinguished. For
example, sometimes the unloading curves are not
linear, sometimes it may be difficult to distinguish
the elastic part and the plastic part on the loading
curve, etc.

The values of the parameters obtained using the
available tests have been plotted in function of
suction and vertical stress. Figure 4-7 shows the
evolution of the elastic stiffness parameter K for
changes in net mean stresses with the imposed
constant suction. We remark that K depends on the
suction imposed to the sample. Figure 4-8 shows
the evolution of the plastic stiffness parameter X for
changes in net mean stresses with the imposed
constant suction. We see clearly that X decreases
with suction. Figure 4-9 shows the evolution of the

elastic stiffness parameter for changes in suction Ks

with the imposed vertical stress. We remark that KS

varies with the vertical stress imposed. It implies
that KS may be dependent on the stresses gener-
ated in the sample.

The elastic limit upon suction s0 during the wet-
ting path seems to be modif ied, based on the ex-
perimental results. It means that the plastic defor-
mations due to the microstructure deformation
have been taken place in some cases during the
wetting path (Volckaert, Bernier and Dardaine,
1996). However, the present model cannot take
into account this part of deformation. Since, in this
model , the parameter s0 refers to the maximum
value of suction experienced by the soil, we choose
this hardening parameter from the water retention
curve, based on the initial saturation value of the
sample before the hydration. The initial suction in
the sample has been chosen in the same way.

As for the plastic stiffness parameter for changes
in suction A,s, since the present benchmark exercise
is essentially a wetting path exercise, we have just
taken an avarage value of 0.25 for it without look-
ing into detail.

After the values obtained from the experimental
results, we can conclude that:

0.18

0.16

0.14 --

0.12 --

0.1 --

0.08 --

0.06 --

0.04 "-

0.02 --

0

o Experimental

- a — Kappa used for simulation

0 20 40 60 100 120 140

s (MPa)

Figure 4-7. Elastic stiffness parameter for changes in net mean stresses in function of suction.
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0.6

0.5

Calibration of the parameters related to the LC curve

lambda(0)=0,4041
kappa=0,015
r=0,3
beta=0,041/MPa

* Experimental

—*— Model

Asymptotic value

20 40 60 100 120 140
s (MPa)

figure 4-8. Plastic stiffness parameters for changes in net mean stresses in function of suction.
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figure 4-9. Eiastic stiffness parameter for changes in suction in function of the vertical load.
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LJ K depends effectively on the suction imposed
to the sample but, in the present model, we
suppose that it is constant. We met the diffi-
culty to choose an average value. Several
values have been adopted for the simulation.
The discussion of the choice of this parame-
ter is opened.

• KS depends on the stresses, so it must be
better if we can get an analytical relation be-
tween KS and the stresses (first invariant of the
stresses, for example). This demands more
experimental results and some hypotheses
must be adopted, for example, the value of
the coefficient of Poisson v, the certitude of
the value of k if the non-linear elasticity is
considered (see the report of BM 2.1 in
Chapter 3.1.2.5). However, they are not al-
ways easy to determine so, for the moment,
an average value which seems to cover a big
part of the tests is adopted (see Table 4-1 6)

As we can deduce that the stresses generated in
the sample are essentially controlled by these two
parameters k and ks, their determination is very im-
portant for the simulation.

The set of parameters used for the simulation is
listed in Table 4-16.

Parameters related to the Loading-Collapse yield criterion

The loading-collapse yield criterion is given by:

Pc
(4-122)

Wlith

• e - p s + r ) (4-123)

The parameters related to the Loading-Collapse
curve are caliibrated based on the experimental re-
sults (see Figure 4-8 and Figure 4-10). They are
listed in Table 4-1 7.

We should note that the yield surface LC is very
sensible, the convexity of the surface is not always
guaranteed. Therefore, the calibration of the LC
curve is not so easy. From Figure 4-1 0, we observe
that, with the parameters listed in Table 4 - 1 7 , the
calculated plastic stiffness parameter X[s) for high
values of suction seems to be too high with respect
to the experimental results.

This is due to two difficulties during the calibra-
t ion: firstly, we should avoid X(s) < K in any case
and, secondly, we should do our best to ensure the
convexity of the LC.

Table 4-16
Fundamental parameters of the model used in the simulation

Symbol

m
K

Po

Ks

Symbol

r

P

Value

0.4041

0.015

0.6 MPa

0.11

Symbol

As

eo

so

Table 4-17
Parameters related to the LC yield surface

Value

0.25

0.667

Depends on the

Water retention curve adopted

Value

0.45 MPa

0.3

0.041 MPa0
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Figure 4-10. Calibration of parameters related to the tC curve.

Uncertain parameters

Some parameters which may influence the results
of the simulation are not certain for us.

Influence of the Poisson's coefficient v

In the model, a non-linear elasticity has been in-
troduced. The cubic module % and the shear
modulus G vary with the stresses generated in the
sample.

The shear modulus G depends on the Poisson's
coefficient, according to:

2(1+ v) 3 K
= cc-

i+e (4-124)

where / is the first invariant of the stress and e is
the void ratio. We note that, for a given value of /,
the shear modulus G decreases in a factor of
more than two when v changes from 0.3 to 0.4.
The shear moulus G plays an important role in
generating deviatoric stresses which, in turn, may
control the hardening or the softening aspect of the
model responses. Actually, the simulation is made
using v = 0.4.

The internal friction angle cpc

It is evident that the internal friction angle con-
trols the shape of the yield surface and of the CSL.
The responses of the model will be strongly influ-
enced by these two essential aspects. We have no
idea about this value. The value of (pc adopted in
the simulation is 35°.

The evolution of the cohesion

The cohesion not only determines the resistance
to extension of the soil, it determines also the posi-
tion of the CSL. We know that the Cam-clay type
model can produce softening responses, and the
softening phenomenon is always associated to
strain localisation, often inducing some numerical
problems. The position of the CSL controls the soft-
ening or hardening to a considerable degree. So,
from the point of view of the simulation, the evolu-
tion of cohesion is very important. Unfortunately,
we have any information about it.

Permeabilityy

The intrinsic permeability is assumed to be isotro-
pic and temperature-independent. Thus, we take a
mean value of the permeability.
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The intrinsic permeability of the medium is given
by:

k - k -k

P9

(4-125)

(4-126)

Values at 40 °C and at 90 °C for the parame-
ters involved are given in Table 4-18. The mean
value of the intrinsic permeability is kint = 2.7-1 0"20

m2. However, in order to obtain better results com-
pared to the water intake results, we take a value
of kinf = 4.7-1 0"21 m2. In unsaturated conditions, a
relative permeability kr/W is introduced, according to
(4-121). The values used for the parameters are:

fcrw,mm = 0.07, Sres = 0.7 and Sr,r,eid = 7.0

Retention curve

The water retention curve relates the degree of
saturation to the suction. The benchmark data are
giving the water content as a function of suction.
We assumed that the density of the soil is ps =
2750 kg/m3.

We then compute the porosity and the degree of
saturation using the following relations:

Pd = P ,

Sr =_pdw (4-128)

We found some degrees of saturation higher
than 100%. We decided to bound them to 100%.
The retention curve was then fitted to the inter-
preted results, as shown in Figure 4 -11 . We ob-
tained the following relation:

S, = Sn

CSW3-(S r f f e W -S n

CSW3+{CSW]- \CSW2

with CSW1 = 3.5-
CSVV3 = 1 20.

0"6 Pa"1, CSW2 = 0.90 and

Thermal conductivity of the medium

The multiphase conductivity is given in the
benchmark as a function of the water content. Re-
lating the saturation to the water content, we get
the multiphase thermal conductivity as a function
of saturation. The multiphase conductivity has been
fitted using the following relation:

r=CLl-S r w+CL2 (4-130)

with CL] = 1.0553 and CL2 = 0.3573.

Porosity of the medium

The water content is given by the folowing relation:

v/ = P A n (4-131)

Using w = 0.1 1 8 and Sr — 0.49, we get the ini-
tial porosity n = 0.40.

Parameters of the species

The values of the parameters of the species used
in the calculations are shown in Table 4-19. The
reference state used is defined by:

7 = 273 °K, pw,0 = 100 kPa and pg,0 = 100 kPa.

4.2.5.3 Computed results
It may be seen that:
• The water intake evolution is somewhat

overpredicted.
• Computed radial pressure remains consis-

tently below actual measurements.
• Temperature distributions follow the general

trends observed. However they tend to
overpredict by 4°-7°C actual measurements.
Differences decrease with the radial distance.

(4-129) Maximum deviation is found at thermocouple
1 close to the upper end of heater.

• Computed distributions of water content fol-
low nicely the actual mesurements at the end

Table 4-18
Variation of the intrinsic permeability with the temperature

T(°C)

40

90

K[mls)

2.0-10'13

6.0-1013

MPa-s"1)

0.825-10"04

0.595-10"04

P(kg-m-3)

992.4

973.4

g(mA 2 )

9.81

9.81

k i n t(m2)

1.7-10"20

3.7-1O"20
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Retention curve

Interpreted results
Initial saturation
Retention curves

0
0.0000 100.0000 200.0000 300.0000 400.0000 500.0000 600.0000 700.0000 800.0000

Suction [MPa]

Figure 4-11. Fitting of the water retention curve to the interpreted experimental data.

of the test, and in partiucular the radial gra-
dients observed. The actual values com-
puted remain however below measurements
by 2% to 3%.

4.2.6 UWC (COMPASS)

4.2.6.1 Model description
In the current work the use of a relatively simple,

non-linear elastic, method of linking flow processes
to the mechanical response of the soil is adopted
(Thomas and He, 1 995). The limitations of this ap-
proach are discussed later. It is also known that
more sophisticated stress/strain approaches have
also been developed (Alonso et al, 1 990; Wheeler
and Sivakumar, 1993; Thomas et al, 1995). How-
ever, given the overall complexity of the problem
under consideration, it is desirable to use appropri-
ate technology where possible. A brief description
of the version of COMPASS used for this bench-
mark exercise is provided below.

The principles of conservation of mass and con-
servation of energy are routinely employed to de-
rive the governing equations for moisture, air and

heat transfer. The primary variables to be deter-
mined are: pore water pressure, pore air pressure,
temperature and displacements.

Moisture transfer

The transfer of moisture in an unsaturated soil is
considered to arise from two contributions: liquid
transfer and vapour transfer. The law of conserva-
tion of mass for the moisture then dictates that:

d[nSp,) 3{nSapx

dt dt
•+c//V(v,p,) + c//V(vvp,)

div(v,pv) = (4-132)

where n is the porosity, S/ and Sa are the degree of
saturation of pore liquid and pore air respectively,
p is the density, t is the time, v is the velocity and
the subscripts /, a and v refer to liquid, air and wa-
ter vapour.

The motion of pore liquid is assumed to be de-
fined by a generalised form of Darcy's law, yielding:

v, - -K ,grod\ — + z (4-133)
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Symbol

a

Cp,wO

HL

Table 4-19
Values of the parameters of the species

Liquid water

Value

Pu-,0

P:

1000kg-nr3

3.80-1 O^K"1

3-109 Pa

1.009-103 Pas1

0.01 T 1

Water vapour

Symbol

LP,v

Value

1900 J-

rw,o

Symbol

Pda,0

r

0.623W-mloK-1

0 "K"1

Dry air

Value

1.205 kg-m"3

1.810"5 Pas1

-0.0025 T 1

1000 J-kg'1-^-1

0°K-'

0.025 W-nr ' -T '

0°K-'

L

Symbol

Ps,0

CP.s

Soil

2.5-106J-kg1

Value

2750 kg-m"3

2.312-10-4oK'

1900JV-°K- '

0°K-'

where v/ is the velocity of liquid flow, K; is the un-
saturated hydraulic conductivity, y/ 'S ^ne un'^
weight of the liquid and z is the elevation.

The relationship between hydraulic conductivity
and degree of saturation used here was proposed
by Alonso et al (1 988). The expression is of the fol-
lowing form:

k, =A
1-S,,

1OC (4-134)

where A, n, Siu and a are constants and e is the
void ratio.

Vapour is assumed to flow under a vapour den-
sity gradient as described by Philips and de Vries
(1957), i.e.

v,, =-i
Pi

( 4 _ 1 3 5 )

where vv is the velocity of vapour flow, Dotm is the
molecular diffusivity for vapour through air, vv is
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the mass f low factor, xv is the tortuosity factor, pv is
the density of the water vapour and 90 is the volu-
metric gas content of the soil.

By further appl icat ion of the generalised Darcy's
law for multiphase f low in unsaturated soi l , the ve-
locity of pore air is assumed to be governed by:

= ~Ka (4-136)

where Ka is the air permeability and u0 is the pore
air pressure. Volckaert et al (1992) again provide
an appropriate form of relationship to relate air
conductivity to void ratio e and degree of satura-
tion:

Ko = C^[e( l -
Ho

(4-137)

where ya is the specific weight of air, jj0 is the air
viscosity and C and D are constants.

Making use of equations (4-133), (4-135) and
(4-136), equation (4-132) can be expanded to
give:

dS, dSn c dpv lc c ><9nL + nP + + nS ^ + ( S | P , + S a p v ) — -
dt

"P i
of of of

--div[K,grad{u, + y,z)]-p,div[Kvgrod{pv ) ] -
9

-div[KvPvgmd(uo)] =

where Kv = DQ,mvvxv90 /p (.

Air transfer

(4-138)

The air flow equation includes the bulk flow of
dry air within the air pahse together with the dry air
dissolved in the pore water (described via Henry's
law). Conservation of mass than dictates that:

Hcv,)Pda] = 0 (4-139)
dt

where Hc is the volumetric coefficient of solubility
and rda is the density of the dry air. Further expan-
sion of equation (4-1 39) yields:

8S0

dt

5 ^

~dt~ of

)-^-=div[pdoKograd{uo
dt

-fofiV PdaHc Kigrad[u,+y,z) (4-140)

Heot transfer

From consideration of conservation of energy,
the governing differential equation for heat transfer
can be written in a general form as:

— +aV(Q) =
dt

(4-141]

where Q is the total heat content of the moist soil
and Q is the heat flux per unit area.

In the current model, the heat content of moist
soil per unit volume is obtained from:

Q=H-(T-Tr (4-142)

where T and Tr are the soil temperature and refer-
ence temperature, L is the latent heat of vaporisa-
tion. The heat capacity H comprises the following
components:

H=(\-n)CpsPs +n(Cp/S,p,+CpvSopv +

+CpdaSoPpda) (4-143)

where Cp(, Cpv, Cpja and Cps are the specific heat
capacities of liquid, vapour, air and the solid parti-
cles, respectively.

The heat flux per unit area is determined accord-
ing to:

+ (C p , v ) P , + C p v v v P / + C p d a v o P p d o ) ( r -T r ) (4-144)

where XT is the coefficient of thermal conductivity
of the soil. For moist soils the coefficient of thermal
conductivity is calculated using the expression:

XT =X$otSt+XdiySa (4-145)

where Xsat and X^ are the thermal conductivities of
soil in a fully saturated and completely dry state,
respectively.

Substituting equations (4-142), (4-143) and
(4-144) into equation (4-141) yields the governing
differential equation for heat transfer:

. . dl dH ̂  , dn , dSa
H — + — fj -Tr) + LSapv —+Lnpv —*- +

dt dt ° dt dt

+LnSa - ^ - -div{XTgrad{f)) + Lpldiv[vv) +
dt

iv{vapv) + div[(Cplv,pl +Cp vvvp, +

^ P vV a P,+C p d o v a P p d J ( r -T r ) ] = 0 (4-146)

It can be seen therefore that three modes of heat
transfer are included: i) thermal conduction, ii) sen-
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sible heat transfer associated with l iquid, vapour
and air f low, and iii) latent heat flow with vapour.

Stress-Strain behaviour

In the current work, the mechanical behaviour of
the soil is accommodated by non-linear elasticity
utilising the so called state surface approach. For
the problem under consideration, changes in net
stress, suction and temperature contribute to the to-
tal strain. In general form, this can be expressed as:

ds = d e a . + d e s +dsT (4-147)

where the subscripts a", s and T refer to the net
stress, suction and temperature contributions.

The volumetric response of the soil to changes in
suction or net setress is defined by a state surface
linking void ratio, net stress and soil suction. The
concept of state surface was first suggested by
Bishop and Blight (1963). Mtyas and Radhakishna
(1968) and Barden et al (1969) experimentally ver-
ifies the uniqueness of these surfaces for the case
of monotonic changes in net stress and suction.
However, experimental investigations indicate that
this uniqueness is lost when the soil is subject to
loading-unloading and wetting-drying cycles,
which give rise to hysteretic effects. The state sur-
face approach essentially assumes a non-linear
elastic form of behaviour and its use, therefore, is
strictly only applicable to monotonic changes in net
stress and suction. A further limitation of the ap-
proach is that the effect of deviatoric stress on vol-
umetric deformation is not isolated and identified.

Notwithstanding the limitations of the state sur-
face approach outlined above, the method also
has some advantages. The first is that relatively few
mechanical properties of the soil need to be deter-
mined. Furthermore, the technique has proved suc-
cessful when applied to the simulation of moder-
ately expansive soil behaviour, particularly when
the above constraints are adhered to (Thomas et
al , 1996). Thus, for certain classes of unsaturated
soil and for a certain range of practical problems,
the state surface approach may prove to be eco-
nomic, relatively simple to implement and reason-
ably accurate. A considerable effort has been
given to the assessment of the suitability of various
forms of state surface to represent real behaviour
(Lloret and Alonso, 1985). A logarithmic form of
relationship is chosen here.

The volumetric strain increment due to net mean
stress and suction changes can be obtained d i -
rectly by differentiating the state surface of void ra-
tio i.e.:

, 1 5e , a '+c ' ( s ) r , „ IA •, An\
dsn = m dp = m — m da 4 - l 4 o

Xo,. dp Xo ;

, 1 5e dsr , b'+c'[p) ,
de = m -mds= — mds=:

Xo,. dsr ds Xo (

= ^D;]ds (4-149)
ds

where o,- is the initial specific volume Ds is the suc-
tion matrix and sr is the suction at reference tem-
perature. For plain-strain and plane-stress analysis
X = 2 and mT = ( 1 , 1 ,0 ) while for axisymmetric
geometry X = 3 and mT = ( 1 , 1 ,0 , 1).

The influence of temperature change on the vol-
umetric strain includes contributions from thermal
strain and suction changes due to temperature
change. The total thermal strain component is
therefore given as:

, (aT 1 de dsA ,TdeT =\ —L + \mdT =
o, Xo,. dsr dT

u, Xo, 57
A p.^i (4.150)

dT 5 )

where a T is the thermal expansion coefficient and
DT is the thermal matrix.

Suction is assumed to be proportional to the sur-
face energy which is a function of temperature.
Therefore, the suction at any moisture content and
temperature can be converted to that at the refer-
ence temperature (Thomas and He, 1995).

The elastic deviatoric strain deq induced by the
deviatoric stress change dq is evaluated through a
shear modulus G :

ds = ^ _
q 3G

(4-1511

Combining the above two equations, the stress-
strain relationship may therefore be expressed as
follows:

da"=D(ds-dss-dsr) =

(4-152)

where CT" is the net stress and D is the elastic matrix.

The total strain increment can be calculated from

ds = 8 du (4-153)
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where 6 is the strain matrix and u is the displace-
ment vector. The stress equi l ibr ium dictates that:

(4-154)
dx,

where a^ is the total stress, ua is the pore gas pres-
sure, b, are body forces, x(- is the co-ordinate sys-
tem and 5jj is the Kronecker delta. Substituting
(4-152) into (4-154) and expressing the resulting
equation in terms of primary variables yields:

~-[D {Bdu -D-'du, -D^dJ -D'Jdua)} +

+dbt=0 (4-155)

where

dl

(4-156)

(4-157)

D-J=D? (4-158)

Thus the basic formulation for coupled heat,
moisture and air transfer in a deformable unsatu-
rated soil is defined. Further details of the formula-
tion are provided elsewhere (Volckaert et al, 1996;
Thomas and He, 1995).

A numerical formulation of the governing differ-
ential equations has been acomplished by use of
the finite element method to describe spatial
discretisation. A Galerkin weighted residual ap-
proach has been adopted leading to a coupled set
of semidiscretised equations. The time varying na-
ture of the problem is solved via the use of the fi-
nite difference method. The resulting algorithm has
been validated against a series of analytical and
numerical solution of subsets of the fully coupled
model. Additionally, the results from this approach
have been compared with another independent
computer program (Thomas et al, 1995). Exactly
the same results were achieved, verifying the accu-
racy of the presented algorithm. A detailed de-
scription of the numerical solution can be found
elsewhere (Volckaert et al, 1 996).

The symmetric nature of the experimental appa-
ratus allows a half-domain to be considered via an
axisymmetric analysis. The mesh covered only the
clay sample and used a total of 435 quadrilateral
elements and 1418 nodes. A variable timestep size
was employed in the analysis with an initial value
of 60 seconds which was allowed to increase to a
maximum of 14400 seconds depending on the

convergence rate of the solution. A series of nu-
merical investigations have been carried out to
ensure that the level of discretisation employed
(both in time and space) is satisfactory.

Initial conditions

The initial conditions employed in the analysis
were as prescribed in the benchmark specification
(see Table 4-20). Uniform conditions with respect
to each variable were employed.

Boundary conditions

Thermal

There are two types of temperature boundary
conditions used in the analysis. The first is a con-
vective heat flux boundary wich is applied to the
outer vertical and top surfaces of the cell. The con-
vective heat flux Qh is defined as:

Q^^-TJhc (4-159)

where To is the external ambient temperature T, is
the temperature inside the cell and h0 is the overall
heat transfer coefficient defined by the following
equation:

Ax 1-160)

where ac is the average free convection cefficient
and XJS is the thermal conductivity of the steel wall
of the cell. Assuming laminar free convection:

a . = 1.42|
T.-T.

1/4

(4-161)

where d is the diameter of the cylinder.

The second thermal boundary condition repre-
sents the power input from the heater in the centre
of the cell. According to the specification, the input
power from the heater was 40 W if the tempera-
ture was lower than 100 °C and 0 W if the tem-
perature was higher than 97 °C. This pattern of
behaviour was simulated for the first heating cool-
ing cycle. The temperature at the heater/soil inter-
face was thus prescribed for the duration of the
simulation. This effectivily translates to the temper-
ature at the heater/soil nodes being held at 1 00
°C for the majority of the simulation.

Hydroukal

At the base of the cell the pore water pressure
was maintained at 1.1 MPa throughout the experi-
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Table 4-20
Initial conditions

Parameter

Temperature

Pore water pressure

Pore air pressure

Horizontal displacement

Vertical displacement

Degree of saturation

Water content by weight

Dry density

Void ratio

Value

25

-1.123-106

1.0-105

0

0

49%

11.8%

1.66

0.67

Units

°C

Pa

Pa

m

m

—

—

g/cm3

—

ment. In the analysis per fo rmed here, this value
was not employed due to difficulties encountered
in the code with regard to the saturated/unsatu-
rated t ransi t ion. A small negative pore water pres-
sure boundary condi t ion was therefore employed.
A l though this assumpt ion deviates f rom the specif i-
cat ions somewhat , the overal l hydraul ic grad ient
across the sample remains simi lar to that occurr ing
in the exper iment.

Mechanical

Displacement boundary conditions were zero ver-
tical displacements at the horizontal boundaries
and zero horizontal displacements at vertical
boundaries. This combination of constraints effec-
tively means that corner points are rigid and the
soil at the boundary interface is allowed only to
displace parallel to the inner surfaces of the
thermohydraulic cell. All other locations with the
soil sample itsfel were completely free to displace.

4.2.6.2 Determination of model parameters
Application of the version of COMPASS de-

scribed above requires a considerable number of
material properties. However, many are standard
constants (see Table 4-21) or have been previously
determined for this material, others have been de-
rived directly from the data supplied in the
specifiacion of this benchmark exercise.

Considering the mechanical response of the soil
to changes in suction or net stress. The form of
the state surface for the Almerfa montmorillonote
was determined from the data supplied in the
specification. The following logarithmic relation-
ship was used:

e =2.7145-0.1 04 ln(p)-0.025 ln(s) (4-162)

where e is the void ratio, p is the net mean stress
and s is the soil suction.

Next considering the hydrualic properties re-
quired in the model. It is now well established that
in the solution of unsaturated flow problems the
variation of hydraulic conductivity with soil mois-
ture content needs to be included. Furthermore a
storage coefficient such as the specific moisture ca-
pacity is also required. This can be determined di-
rectly from the relation between soil suction and
soil moisture content (or degree of saturation).

The following water retention relationship was
derived from the information provided by CIMNE:

w =1.0634-0.051 ln(s) (4-163)

where w is the water content (by weight) of the soil.

Turning next to consider the relationship between
hydraulic conductivity and degree of saturation.
The specification only provided information re-
garding the saturated conductivity of the clay. As a
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Parameter

Poisson's ratio

Specific heat capacity of vapour

Table 4-21
Material properties

Symbol Value

0.35

LP,v 1870

Units

Density of water

Density of air

Volumetric coefficient of solubility

Viscosity of air

Thermal conductivity saturated state

Thermal conductivity dry state

Density of solids

Reference temperature

Tortuosity factor

Specific gas constant for air

Latent heat of vaporisation

Specific heat capacity of solids

Specific heat capacity of liquid

Specific heat capacity of dry air

Pw

Po

Hc

Ma

Asot

^d ry

P*

T,

Ra

L

Cp.s

CP,i

Cp.da

1000

10

0.02

1.846-10"5

1.3

0.3

2.78

25

1.34

287.1

2.4-106

800

4180

1000

kg/m3

kg/m3

—

N-S/m2

W-nVK

W-m/K

g/cm3

°C

—

J/kg-K

JAg

J/kg-K

J/kg-K

J/kg-K

J/kg-i

first approximation the following equation was
used to define the variation of hydraulic conductiv-
ity with degree of saturation:

(4-164)
1-0 .05

4.2.6.3 Computed results
It may be seen that:

j The prediction for the water intake evolution
is excellent.

j The prediction for the pressure evolution is
also extremely good.

j Temperature distributions match well with ex-
perimental data. As it was the case also for
most of the partners, the temperature com-
puted near the upper part of heater is larger
(by an amount close to 15°C) than actual
measurements.

The computed gravimetric water content distribu-
tions, follow the trend observed in the test at the
end of the experiment: lower values near the
heater and higher values near the outer boundary.
However, the gradient computed by UWC is larger
than the actual measurements and this results in
calculated lower water contents near the heater
and larger values at the other extreme. Predictions
are good at an intermediate radius (see in particu-
lar Figures 4.44 to 4.47).
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Water Intake Evolution

figure 4-12. Small Scale Wetting-Heating Jest on Compacted Bentonite. Evolution in time of woter intake.

Pressure Evolution

Figure 4-13. Small Scale Wetting-Heating Jest on Compacted Bentonite. Evolution in time of radial stress at the cell bottom.
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Figure 4-14. Lay out of the points where temperature is required.
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Figure 4-75. ( 0 / out of the points where gravimetric water content is required.
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Figure 4-16. Small Scale Wetting-Heating Jest on Compacted Bentonite.
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Figure 4-17. Small Scale Wetting-Heating Jest on Compacted Bentonite.
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Temperature Distribution at t = 2380.6.h
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Figure 4-18. Small Scale Wetting-Heating Jest on Compacted Bentonite.

Temperature Distribution at t = 2401.6 h
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Figure 4-19. Small Scale Wetting-Heating Jest on Compacted Bentonite.
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Gravimetric Water Content Distribution ot t = 25.6 h
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Figure 4-20. Small Scale Wetting-Heoting Jest on Compacted Bentonite.

Gravimetric Water Content Distribution at t = 1420.6 h
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Figure 4-21. Small Scale Wetting-Heating Jest on Compacted Bentonite.
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Gravimetric Water Content Distribution at t = 2380.6 h

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Point

Figure 4-22. Small Scale Wetting-Heating Jest on Compacted Bentonite.
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Figure 4-23. Small Scale Wetting-Heating Test on Compacted Bentonite.
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Figure 4-24. Lay out of the points where temperature is required (radial profiles).
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Figure 4-25. Lay out of the points where gravimetric water content is required (radial profiles).
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Temperature Distribution
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Figure 4-26. Small Scale Wetting-Heating Jest on Compacted Bentonite (radial profiles).
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Figure 4-27. Small Scale Wetting-Heating Jest on Compacted Bentonite (radial profiles).
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Figure 4-28. Small Scale Wetting-Heating Test on Compacted Bentonite (radialprofiles).
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Figure 4-29. Small Scale Wetting-Heating Test on Compacted Bentonite (radial profiles).
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Figure 4-30. Small Scale Wetting-Heating Jest on Compacted Bentonite (radial profiles).
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Figure 4-31. Small Scale Wetting-Heating Jest on Compacted Bentonite (radial profiles).
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Figure 4-32. Small Scale Wetting-Heating Test on Compacted Bentonite (radial profiles).
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Figure 4-33. Small Scale Wetting-Heating Test on Compacted Bentonite (radial profiles).

131



CATSIUS CLAY Project. Stage 2: Validation exercises at laboratory scale
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Figure 4-34. Small Scale Wetting-Heating Jest on Compacted Bentonite (radial profiles).

Gravimetric Water Content Distribution

(z = 11.60 cm and t = 25.6 h)

Gravimetric Water Content Distribution

(z = 13.60 cm and t = 25.6 h)

3 4 5 6

Radial distance (cm)

0 1 2 3 4 5 6 7

Radial distance (cm)

Figure 4-35. Small Scale Wetting-Heating Jest on Compacted Bentonite (radial profiles).
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Figure 4-36. Small Scale Wetting-Heating Test on Compacted Bentonite (radial profiles).
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Figure 4-31. Small Scale Wetting-Heating Test on Compacted Bentonite (radial profiles).
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Figure 4-38. Small Scale Wetting-Heating Jest on Compacted Bentonite (radial profiles).
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4.3 Discussion
The small scale experiments carried out by

CIEMAT offer an excellent set of results to check
thermal, hydraulic and mechanical interactions in a
material which has been extensively tested. In fact
the compacted Almeria bentonite enjoys probably
the most complete set of experiment available any-
where in order to characterise its THM properties.

Although the experimental data on the bentonite
is comprehensive, it is not complete. In particular
no direct estimations of variation of permeability
with degree of saturation and temperature was
available. The stress strain tests performed are prob-
ably insufficient to fully determine all the parameters
involved in the constitutive models used by partners.
As a result partners enjoy some freedom to select
some parameters which may prove relevant to per-
form the simulation. Most of the partners derived
the material constants for their models from the
available laboratory experiments. Some partners
used also to some extent the actual cell measure-
ments to perform the calibration of their model.

Although important couplings exist between the
thermal, hydraulic and mechanical response of the
bentonite, the discussion may consider these three
aspects independently for the sake of clarity.

The measured hydraulic response (total water in-
take and water content distribution at the end of
the test) is specially relevant in this experiment. The
main reason is the strong effect that temperature

gradients have in water content transfers when the
soil is unsaturated. This transfer takes place in
vapour phase and therefore partners which do not
include this phenomenon in the model formulation
may find some difficulties to reproduced the mea-
sured water content distributions. AND and ISM
did not include vapour transfer in their formula-
tions, at least in a direct way. Examination of their
predictions for water content distributions reveal dis-
crepancies with respect to measured values which
may be explained by this reason. In fact, the radial
gradients of water content, at the end of the test,
predicted by AND and ISM are very small when
confined with actual measurements. The remaining
partners (CIA, UPC, UOL and UWC) include a
vapour transfer mechanism and their calculations
reproduce nicely the observed radial gradients.

Concerning the mechanical response of the ex-
periment, widely different mechanical models have
been introduced by the partners. Their approach is
summarised in Table 4-22.

The normal stress evolution at the base of the
cell was the measured response included in the
benchmark. Prediction of stresses is a difficult task,
very much influenced by relatively minor changes
in constitutive parameters. It is difficult to establish
the influence of selecting a particular model on the
prediction. The comparison of measurements and
predictions indicate that some partners (AND,
UWC) achieved good results despite the difficulties
of this part of the benchmark; others (UPC, UOL,
ISM) remained between acceptable limits.

Table 4-22
Summary of mechanical approach used by partners on Benchmark 2.2

Partner

AND

CLA

ISM

UPC

UOL

Mechanical constitutive law

Eiasto-plastic

Eiasto-plastic

Elasto-plastic

Thermo-elasto-plastic

Elasto-plastic

Thermal effects

No

Volumetric dilation

Volumetric dilation

Volumetric dilation

Temperature effects on constitutive model

No

State surface

Volumetric dilation

Effect of temperature on S, and,

indirectly, on constitutive model
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Water intake through the bot tom of the cell is
very well predicted by most of the partners. Since
water f low is essentially contro l led by permeabi l i ty
and the var iat ion of this coeff icient with degree of
retention or suction was not specif ied, there was a
g o o d opportuni ty to match precisely the measured
results.

Prediction of temperature fields are in general
thought to be a relatively simple exercise, since
temperature is mainly control led by conduct ion ef-
fects. Cross effects with the simultaneous hydrat ion
and mechanica l phenomena , in the sense of
chang ing temperature distr ibut ion, tend to be
weak. Therefore, a g o o d representation of the con-
duct ion coeff icient should lead to a satisfactory
predict ion of the temperature f ie ld . This is general ly
the case for the six predict ions reported. Some
coup l ing effects may, however, lead to d iscrepan-
cies. For instance, the thermal conduct ion coeff i -
cient is contro l led by the water content of the soi l .
Errors in water content calculat ion may thus p ropa-
gate to the thermal p rob lem. It is however diff icult
to isolate this effect in the results provided by differ-
ent calculat ions. The major discrepancy found in
predict ions is c o m m o n to all partners (except CLA)
and refers to the temperature measured near the
upper end of the heater which is a few degrees

(10° to 22°C) lower than calculat ions. This result
reflects perhaps an improper model representation
of the actual connect ion between heater and outer
steel case. As one cou ld expect temperature dis-
crepancy is translated in some partners (UPC,
UWC) to the computed values of gravimetris water
contents near the upper part of the heater.

A more precise account of the effects of vapour
transfer and its coupl ing with the temperature f ield
may be obta ined if analyses with and wi thout
vapour transfer mechanisms are compared . This
compar ison was per formed by U O L and some rel-
evant results are included in Figures 4 . 4 8 , 4 . 4 9
and 4 . 5 0 . If vapour transfer is not considered a
negl igable water content var iat ion with radial dis-
tance is predicted (Figures 4 . 4 9 and 4 .50 ) . At the
mid plane (Z = 7 .60 cm) the calculated water
content remains higher than the actual measure-
ments (Figure 4 -50 ) . Since higher water content
imply larger conduct ion coefficients, the tempera-
ture across the bentonite remains also higher than
actual measurements.

It is bel ieved that this exercise has largely fulf i l led
its role to highl ight the difficulties of coup led T H M
calculat ions and to prepare the g round for large
scale model l ing which will be the subject of stage
3 of CATSIUS CLAY.
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5. Conclusions

Conclusions of a fairly general character are in-
cluded here. More specific comments about the
performance of different codes and models are
given in Chapters 3.1.3 and 3.2.3 for Benchmark
2.1 and in Chapter 4 .3 for Benchmark 2 .2 .

Stage 2 of CATSIUS CLAY had two distinct parts:
constitutive model l ing of expansive- col lapsable
unsaturated compacted clay (Benchmark 2.1) and
coupled thermo-hydro-mechanical model l ing of a
small scale experiment (Benchmark 2.2) .

Benchmark 2.1 was particularly interesting be-
cause it included both a demanding cal ibrat ion ex-
ercise (prediction of swell ing-collapse strains in
wetting drying cycles at different conf ining pres-
sures) and a bl ind prediction of a swelling pressure
test conducted on the same mater ial .

Avai lable models to describe the behaviour of
unsaturated clays, even if they are relatively simple,
require the specification of many material parame-
ters. In general , a given feature of the physical re-
sponse of the soil is control led simultaneously by
several parameters. Models , therefore, may be
forced to react in a given way by adequately ad -
justing the constitutive parameters even if they be-
come unrealistic or they violate some underlying
more general thermodynamic principles. There are
no well established rules to derive model parame-
ters f rom complex constitutive models.

O n e lesson derived f rom the first part of Bench-
mark 2.1 is that similar models (for instance, those
proposed by UOL , UPC and UWC) cal ibrated
against the same set of experiments result in differ-
ent material parameters. This comment was illus-
trated by the different LC yield curves proposed by
the three mentioned partners. The particular em-
phasis placed by the model users on different as-
pects of soil behaviour and , eventually, their back-
ground and previous experience may dictate one
choice or another. In some sense, therefore, a
" m o d e l " may be defined as a sum of the mathe-
matical description and its user.

It was also found that models conceived for a
particular class of soils (saturated soils, in part icu-
lar) are difficult to adapt in a straightforward way
to deal with the very compl icated response of a
swell ing-col lapsable compacted clay f i l l . This ex-
plains the difficulties of some partners (CLA, ISM),
which selected the general computat ional program
ABAQUS as their main tool to carry out the bench-
mark. Partners which relied in models specifically
developed to reproduce unsaturated soil behaviour
(AND, U O L , UPC, UWC) had a better overall per-
formance.

The value of bl ind tests (such as the swelling
pressure test of benchmark 2.1) to val idate models
should be stressed in view of the difficulties to eval-
uate models on the basis of known testing data.
Some partners performed quite satisfactorily in this
exercise (UOL, UPC) but it should be recognised
that it was an isolated case and much more work
(different stress paths) is required to val idate consti-
tutive models.

Unlike Benchmark 2 . 1 , Benchmark 2.2 is a
boundary value problem and requires the solution
of field equat ions, together with constitutive equa-
tions and boundary and initial condit ions. Partners
were asked to f ind their constitutive parameters on
the basis of an extensive set of laboratory data ex-
isting for the compacted Almer ia bentonite tested
in the heat ing-hydrat ion small scale cells. A l -
though fairly comprehensive, the set of laboratory
data does not cover all the relevant physical phe-
nomena involved in a coupled T H M analysis.
Partners, therefore, could adjust some properties
to match observed behaviour (which is mainly re-
lated to the hydraul ic response of the experiment).
Despite this shor tcoming, the evaluat ion of the
performance of different codes revealed some in-
teresting features:

• Inclusion of vapour transfer is fundamental to
model correctly the water content migrations
in partially saturated clay subjected to tem-
perature gradients. Partners which have not
included this mechanism in their models had
difficulties to match the measured changes in
water content.

• Since water content changes affect thermal
and mechanical properties in a significant
way, it is concluded that vapour transfer is
also very relevant to achieve correct predic-
tions of the thermal as well as the mechani -
cal response of an unsaturated clay exposed
to thermal load ing.

• Despite the preceding comment , temperature
distributions tend to be less affected by differ-
ent formulat ions of model l ing details of the
parallel mechanical and hydraulic phenom-
ena. This is a well known result which is also
conf irmed by the evaluation carried out.
However, if precision is sought in the range
of a few degrees, then cross effects must be
correctly formulated.

Overa l l , Benchmark 2.2 will hopefully help some
of the partners to improve their computat ional
tools in order to confront the full scale tests in-
volved in stage 3 of CATSIUS CLAY.
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Appendix 1. Figures and tables for BENCHMARK 2.1

Al .1 Suction controlled tests under constant vertical stress

Sample A
nvs = 19.62

S

98100.00

490.50

294.30

196.20

98.10

49.05

9.81

49.05

98.10

196.20

294.30

490.50

294.30

196.20

98.10

49.05

9.81

49.05

98.10

196.20

490.50

196.20

98.10

9.81

Ev

0.00000

8.33490

8.97460

9.54845

10.18820

10.64910

10.84670

10.35750

9.66133

8.46660

7.33773

6.05832

6.45343

6.79210

7.42239

7.93038

8.67356

8.43838

8.01505

7.32832

5.75729

6.49106

7.10254

8.41016

Sample B
nvs = 49.05

S

98100.00

686.70

392.40

196.20

98.10

49.05

9.81

49.05

98.10

196.20

392.40

676.89

294.30

98.10

9.81

98.10

294.30

676.89

294.30

98.10

9.81

Ev

0.00000

6.62393

7.19658

7.82052

8.60684

8.93162

9.38461

9.11111

8.82051

8.02564

6.70940

5.23932

6.17949

7.32479

8.30769

7.81196

6.87180

5.14530

5.93162

6.99145

8.18803

Sample C
nvs = 98.01

S

98100.00

679.34

392.40

196.20

98.10

49.05

9.81

49.05

98.10

196.20

392.40

676.89

294.30

98.10

9.81

98.10

294.30

676.89

294.30

98.10

9.81

Ev

0.00000

2.84615

3.08547

3.24786

3.35897

3.31624

2.29060

2.15385

1.86325

0.81197

-0.48718

-1.76923

-1.41025

-0.92308

-0.37607

-0.70940

-1.29060

-2.54701

-2.15385

-1.60684

-1.15385

InitialOry Unit Weight = 14 kN/m3; nvs = Net Vertical Stress (kPa); S=suction (kPa);

i , . _ . .

Sample D
nvs = 206.01

S

98100.00

441.45

196.20

98.10

49.05

9.81

49.05

98.10

196.20

441.45

480.69

Ev

0.00000

0.60748

0.34580

0.04673

-0.71963

-3.24299

-4.08411

-4.49533

-5.59813

-7.30841

-7.49533

Ev= Vertical Strain (%)

Sample E
nvs = 392.40

S

98100.00

686.70

392.40

196.20

98.10

49.05

9.81

49.05

98.10

196.20

392.40

686.70

294.30

98.10

9.81

98.10

294.30

686.70

294.30

98.10

9.81

9.81

Ev

0.00000

-1.47360

-1.89949

-2.83646

-3.70528

-4.66781

-6.52470

-6.96763

-7.29131

-7.90460

-9.17377

-10.97100

-10.70700

-10.41740

-10.25550

-10.33220

-10.63030

-11.87390

-11.63540

-11.35430

-11.19250

-7.71721
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Net Vertical Stress (a,-u.) = 19.62 kPa
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Oedometer Suction Controlled Jests on Samples of Compacted Boom Clay. Case A.
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Net Vertical Stress (a,-uj = 49.05 kPa
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Suction u,-uY (kPa)

Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Cose B.
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Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case C.

Net Vertical Stress {a,-uj = 206.01 kPa

c /

__o^-°

\

\

— • ,
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Oedometer Suction Controlled Tests on Samples of Compacted Boom Clay. Case D.
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Net Vertical Stress (a,-u.) = 392.40 kPa
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Oedometef Suction Controlled Jests on Somples of Compacted Boom Clay. Case E.
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A1.2 Retention curves for boom clay (Wetting-drying paths)

Suction Total
(MPa)

236

196

119

102

77

55

32

10

8

6

3

6

8

10

32

102

Void ratio 0.932
Dry density 13.7 kN/m3

Matric
(MPa)

0.45

0.2

0.06

0.01

0.06

0.2

Water Content
%

1.3

1.46

2.74

2.76

3.94

5.24

6.11

9.87

10.42

11.56

14.75

12.94

12

11.21

7.66

3.01

20.62

23.99

28.94

33.87

32.24

29.54

Suction Total
(MPa)

236

196

119

102

77

55

32

10

8

6

3

6

8

10

32

102

Void ratio 0.591
Dry density 16.7 kN/m3

Matric
(MPa)

0.45

0.2

0.06

0.01

Water Content
%

1.1

1.3

2.6

2.66

3.8

5

6.1

9.85

10.42

11.7

14.34

12.9

12.19

11.34

7.92

3.25

19.1

21.09

22.94

24.29

For values of suction > 0.45 MPa a relative air humidity technique was used
For values of suction <, 0.45 MPa an axis translation technique was used
The density of the clay particles is 27 kU/rr?
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Al .3 Net stress path during sample preparation for the blind swelling pressure test

Step

1

2

3

4

5

6

CTv-Ua

7

55

61

112

155

214

CTh-Ua

0

13

15

27

43

65

Step

7

8

9

10

11

12

CT,-Ua

273

364

429

527

632

723

CTh-Ufl

84

121

151

191

229

261

Net vertical stresses (ov • ua) (in kPa) and net horizontal stresses (ai, • ua)
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5

6
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1799

1759

1657

1542

1441

1348

CTh-Ua

638
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552

529

Step

7

8

9

10
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av-u0

1232

1100

933

827

728

600

CTh-U0

502

466

426

402

385

362

Step
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14
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816

941

1084

1281

1373

1492

CTh-U,

295

325

389

461

491

531

Step

19
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CT,-U0

1591

1716

1779

1799

(in kPa) during the loading phase of the sample preparation.

Step

13
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16

17

18

CT,-UD

429

289

157

94

25

7

CTh-U0

326

292

248

215

174

157

Step

19

20

21

22

CT»-Ua

0

0

0

0

CTh-Ua

551

599

622

638

CTK-Ua

154

137

107

85

Net vertical stresses (ov • ua) (in kPa) and net horizontal stresses (ah • ua) (in kPa) during the unloading phase of the sample preparation.
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Net horizontal stress (av-un) (MPa)

Net stress path during sample preparation for the blind swelling pressure test.
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Al .4 Assembly used to perform the blind swelling pressure test

WATER PRESSURE
(WATER VOLUME CHANGE)

HIGH AIR ENTRY CERAMIC DISC (1.5 MPa)

NEXT PAQE{SS
isf t SLANSC
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Appendix 2. Figures and tables for BENCHMARK 2.2

A2.1 Scheme of the thermohydrau ic cell (CIEMAT)

3.60 7.50
- i 1

heater

3.60

14.60

1.00

3.60

10.00

steel case

o o o

o o o

T control

o f o o

coordinate origin

thermocouple

sample

pressure
transducer

hydration port

porous plate

Section through the symmetry oxis of the thermohydraulic cell. (Distances in cm).
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A2.2 Wafer intake during the experience (CiEAAAT)
The water intake during the experience (measured by the automatic volume change apparatus) was 382

cm3. The following data were derived from a graphic, and shows the water intake evolution.

WATER INTAKE EVOLUTION

2500

Time (h)

Time
(h)

388.8

Section through the symmetry axis of the thermohydraulk cell, (distances in cm).

Volume Time
(h)

Volume

163.2 1166.4 271.9

Time
(h)

2390.6

Volume
(cm3)

0.0

24.8

41.4

57.9

74.4

91.0

157.2

223.3

306.1

0.0

40.4

50.9

61.4

68.4

78.9

100.0

121.1

142.1

438.4

504.6

554.2

686.6

752.8

818.9

901.7

984.4

1067.1

170.2

180.7

191.2

212.3

219.3

229.8

240.4

250.9

261.4

1249.1

1447.6

1580.0

1662.7

1761.9

1861.2

2092.8

2192.1

2307.9

278.9

300.0

310.5

321.1

331.6

338.6

356.1

366.7

373.7

380.7
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A2.3 Pressure evolution during the experience (CIEMAl)
The following data were derived from a graphic and summarise the pressure evolution at the pressure trans-

ducer located at a point with co-ordinates r = 7.50 cm (on the wall of the cell) and z = 1.25 cm.

PRESSURE EVOLUTION

1000 1500

Time (fi)

2500

Time
(h)

0.0

63.2

74.7

86.2

97.7

201.1

293.1

Section through the symmetry axis of the thermohydraulic cell. (Distances in cm).

Pressure
(MPa)

0.00

0.00

0.13

0.47

0.47

0.65

0.85

Time
(h)

396.6

500.0

592.0

695.4

798.9

890.8

994.3

Pressure
(MPa)

0.96

1.11

1.19

1.31

1.34

1.42

1.48

Time
(h)

1189.7

1396.6

1592.0

1787.4

1982.8

2189.7

2385.1

Pressure
(MPa)

1.57

1.71

1.86

2.35

2.52

3.04

3.44
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A2.4 Temperatures measured during the experience (C1EMAT)
The following table summarises the temperatures measured during the experience in the laboratory, at

the 9 thermocouples and at a point over the heater surface.

P ° i n t (cm) (cm) (4) (4) (4) (4)
24.0 23.5 22.5 25.0

fel

tc2

tc3

tc4

tc5

tc6

tc7

tc8

tc9

2.00

4.10

6.50

2.00

4.10

6.50

2.00

4.10

6.50

12.50

7.50

1.00

1.00

12.50

7.50

7.50

1.00

12.50

57

55

42

48

54

46

72

43

47

56

53

41

46

52

45

70

42

46

58

55

43

49

55

47

73

45

48

57

54

42

47

53

46

71

43

47

heater 1.00 4.60 88 88 90

h = temperatures at 25.6 h; 7j? = temperatures at 1420.6 h; Ts = temperatures at 2380.6 h; h = average of temperatures from 100.0 h on.
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A2.5 Final physical properties of the clay (CIEMAT)
The following table summarises average final physical properties of the clay.

Variable

Dry density

Gravimetric water content

Saturation

Symbol

Pd

w

s,

Value

1.65

20.0

82

Units

g/cm3

%

%

The final dry density was calculated according to the final dry density distribution throughout hie sample (supposing constant cell volume).

The following table summarises the final characteristics at different levels.

r

6.25

3.75

1.75

6.25

3.75

1.75

6.25

3.75

1.75

6.25

3.75

1.75

(cm)

13.60

13.60

13.60

11.60

11.60

11.60

9.60

9.60

9.60

7.60

7.60

7.60

b/4o>
1.69

1.66

1.64

1.67

1.65

1.68

1.66

1.65

1.70

1.65

1.64

1.70

(%HD
18.6

17.2

14.6

19.1

16.8

12.3

19.7

17.0

11.4

20.8

18.2

11.8

(cm)

6.25

3.75

1.75

6.25

3.75

1.25

6.25

3.75

1.25

6.25

3.75

1.25

(cm)

5.60

5.60

5.60

3.85

3.85

3.85

2.35

2.35

2.35

0.80

0.80

0.80

<8/Ai)
1.63

1.65

1.67

1.63

1.63

1.67

1.60

1.60

1.62

1.50

1.51

1.52

22.0

20.1

14.0

23.4

22.1

18.0

25.0

24.6

23.3

28.4

28.7

28.0

(1) Average of 2 symmetric points
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A2.6 Hydraulic saturated conductivity (CIEMAT)
lu

ct
ivi

ty
ilic

 co
ne

i

l.OE-11 -x

--

l.OE-12 v-

--

--

l.OE-13 y._

1.0E-14--
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1 1 1 1 1 1 1 1 1 1

*•' _ _ — — °

1 1 1 1 1

50 100

Temperature (T) (°C)

150

(g/cm3)

1.60

1.60

1.60

1.60

1.60

1.60

T
(°C)

19.6

49.8

74.5

99.2

123.9

150.0

KT
(m/s)

2.43E-13

3.57E-13

5.49E-13

6.04E-13

1.58E-12

2.10E-12

(9/cm3)

1.70

1.70

1.70

1.70

1.70

T
(°Q
19.6

49.8

74.5

99.2

123.9

KT
(m/s)

8.06E-14

2.10E-13

2.43E-13

1.02E-12

2.43E-12
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A.2.7 Water retention curves (CIEMAT)
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CATSIUS CLAY Project. Stage 2: Validation exercises at laboratory scale

Equilibrium water content. Membrane cells

wo = 0 % wo = natural w0 = 15% w0 = 20%

S pdO W S pdo W S pdO W S pdo W

(MPa) (g/cm3) (%) (MPa) (g/cm3) (%) (MPa) (g/cm3) (%) (MPa) (g/cm3) (%)

2 1.65 37.3 2 1.65 31.8 14 1.65 24.2

2

4

6

6

8

8

10

10

10

12

12

12

12

14

14

1.65

1.65

1.65

1.65

1.65

1.65

1.65

1.65

1.75

1.65

1.65

1.65

1.75

1.65

1.65

32.3

31.7

33.4

29.2

31.5

27.3

23.3

25.9

24.5

22.8

23.8

23.0

23.5

23.3

22.7

4 ••

6

6

8

10

10

12

12

14

1.65

1.65

1.65

1.65

1.65

1.65

1.65

1.65

1.65

28.2

' 23.9 w

26.0

33.8

25.6

22.5

24.9

22.3

20.9

14 1.75 23.5
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wo = 0 %

Equilibrium water content. Sulphuric acid atmosphere. (1 of 2)

wo = natural wo = 15% wo = 20%

s
(MPa)

10.2

10.2

10.2
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Equilibrium water content. Sulphuric acid atmosphere. (2 of 2)

wo = 0 % wo = natural w0 = 15% w0 = 20%
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A2.8 Water retention curves (UPC)
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WATER RETENTION CURVE
Initial dry density pd0 = 16.0 kN/m3
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WATER RETENTION CURVE
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A2.9 iherma! conductivity (Cl'= /
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A2.10 Thermal expansion (UPC)
Two cylindrical shaped (38 mm of diameter, 78 mm of height) samples of compacted bentonite were tested

following the ASTM standard test D435- 85. The samples had different initial unit weight (y0) and water con-
tent (w). The data below show the thermal strains (s) as a function of the applied temperature (T).
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A2.11 Suction controlled oedometric tests fCIEMAT)
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Suction controlled oedometers. Nitrogen. Series 1.
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SUCTION CONTROLLED OEDOMETERS. (SO,H, series 1)
Dessication-hydration cycles. Constant vertical pressure
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Suction controlled oedometers. Sulphuric acid. Series 1.
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Suction controlled oedometers. Nitrogen. Series 2.
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Suction controlled oedometers. Sulphuric acid. Series 2.
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Appendix 3. Description of the programs used by partners

A summary of significant features of the programs
involved in the project is given below. The intention
is to provide a general description of the different
programs. Details may be found directly from the
partners involved. Some of the summaries given be-
low have been extracted by the co-ordinator on the
basis of a more extensive information provided by
the partners.

A3.1 CLEO (AND)

General program information

CLEO is an achronym for CalcuL par Elements fi-
nis d'Ouvrages (Computation of Structures using
Finite Elements). It was developed since 1990. The
code is written using FORTRAN 11 and is available
on UNIX-SUN.

Program status

The code CLEO is a research tool and new de-
velopments are continuously in progress. The vali-
dation of the code is performed by comparison
with analytical solutions, computed data and
measured data (laboratory tests, in situ tests or
real systems).

Processes modelled - Governing equations solved

The program models the behaviour of soil, rock
and concrete. The program solves 1D and 2D
(plane strain and axisymmetric) problems. The pro-
cesses modeled include the flow in porous materials
(Darcy's law) and the heat conduction. Constitutive
models incorporated deal with the elastoplastic be-
haviour of expansive and non-expansive materials
in saturated (Drucker-Prager, Cam-clay) and un-
saturated (CASUS Clay model) states.

Method of solution

The finite element method is used, in most cases
with isoparametric elements. Picard's method is
used to solve non-linear equations. The Gauss's in-
tegration scheme is used in numerical integrations.

Processor needed for input/output

At the present time, no specific processor is
needed.

Typical applications in the waste disposal field
Initially, the code CLEO was developed to simu-

late tunnelling in saturated states. It was later ex-
tended to deal with unsaturated states to take into
account the ventilation of galeries in groundworks.
Further developments were incorporated to simu-
late the THM behaviour of engineered clay barriers
and the hydraulic consolidation.

A3.2 ABAQUS (CIA, ISM)

Genera! program information
ABAQUS is a general purpose finite element pro-

gram designed specifically for advanced structural
and heat transfer analysis. It is written in FORTRAN
and C, and versions are maintained and supported
on most standard engineering computers.

Program status
The program performs efficiently on a wide

range of computers, and is particularly effective for
large problems running on advanced computer ar-
chitectures. The documentation includes the fol-
lowing manual set: User's Manual, Theory Man-
ual, the Example Problems Manual, the Verification
Manual (with over 3000 basic test cases, providing
verification of each individual program feature
against exact calculations and other published re-
sults) and Quality Assurance Plan.

Processes modelled - Governing equations solved
The following element libraries are available (with

ID, 2D and 3D elements): stress, heat transfer,
acoustic medium, piezoelectric, coupled problem
and user-defined elements. The material definitions
include temperature dependence, elasticity, visco-
elasticity, metal plasticity, creep, volumetric swelling,
cam-clay model, extended Drucker-Prager model,
capped Drucker-Prager model, crushable foam
model, jointed material model, strain rate depend-
ent plasticity, no tension, no compression, concrete,
permeability, piezoelectric properties, acoustic me-
dium properties, thermal conductivity, specific heat,
emissivity, latent heat, gap conductance, gap radia-
tion, user materials. The following analysis proce-
dures are available and can be mixed in any rea-
sonable fashion: linear static stress-displacement
analysis, non-linear static stress-displacement anal-
ysis, dynamic stress-displacement analysis for lin-
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ear problems, dynamic stress-displacement analy-
sis for non-l inear problems, creep and swelling
analysis, transient and steady-state heat transfer
analysis, natural frequency extraction, eigenvalue
buckling estimates, sequentially coupled tempera-
ture and thermal stress analysis, fully coupled, tran-
sient or steady-state, temperature-displacement
analysis, fully coupled acoustic-structural vibration
analysis, fully coupled thermal-electric analysis, con-
solidation, partially saturated f low, mass diffusion
analysis.

Method of solution
The Finite Element Method is used. The following

solution techniques are incorporated: wawefront
solution algorithm (automatic, internal, wawefront
minimisation), elastic re-analysis (based on original
stiffness matrix), geometric non-linearities (lagran-
gian and updated Lagrange formulations for finite
strain cases), solution of non-linear equations (full
Newton method), constitutive integration (for mate-
rials models written in rate form, fully implicit inte-
gration is used).

Processor needed for input/output
ABAQUS/Pre and ABAQUS/Post or other pre- and

postprocessors may be used.

A3.3 CODE BRIGHT (UPC)

General program information
CODE BRIGHT is an acronym for COupled DE-

formation, BRIne and Heat Transport. It has been
developed by the Geotechnical Department in the
Technical University of Catalonia. Although the
program was originally developed for saline me-
dia, at present, has become more general and ap-
plicable to other geological media.

Program status
The program is a research tool and new deve-

opments are continuously in progress. Usually, the
last version with verified capabilities is available at
any moment. A user guide has been written and it
is updated with new developments as soon as they
are verified. Validation of the code is performed by
comparison with analytical solutions, with com-
puted data and measured data (laboratory tests, in
situ tests or real systems).

Processes modelled - Governing equations solved
The program handles coupled flow temperature

and deformation problems in geologic materials. It
solves simultaneously the following set of govern-
ing equations: mechanical equilibrium (ID, 2D,
3D), water mass balance, air mass balance, en-
ergy balance and mass of mineral balance. Un-
known variables are: solid displacements, liquid
pressure, gas pressure, temperature and porosity.

The following constitutive relations are consid-
ered: Darcy's law for liquid and gas advective flux,
Fourier's law for heat conduction, retention curve
for variation of degree of saturation of liquid phase
and state equations for liquid and gas. Henry's law
and psychrometric law are used to describe the
mass fraction of dissolved air and the fraction of
vapour mass, respectively. Mechanical behaviour
is dealt with using non-linear elasticity, elastoplas-
ticity (model of Alonso et al., 1990), viscoelasticity,
viscoplasticity and thermoelastoplasticity (model of
Gens et al., 1995). Additionally, the elastic part
may follow a state surface approach.

Method of solution
The Finite Element Method is used to solve the

equations. It has the following features: analytical
or numerical integration depending on element type
(ID: segments, 2D: triangles, quadrilaterals, 3D:
tetrahedrons, triangular prisms); generalised
mid-point scheme time integration (with a value of 6
between 0 and 1 specified by the user) and New-
ton-Raphson method for solution of the non-linear
system of equations; automatic time step (depend-
ing on convergence conditions or output require-
ments); convergence criteria in forces, fluxes, dis-
placements, temperatures and pressures.

Processor needed for input/output
There are no pre- and postprocessors specifically

developed for the program.

Typical applications in the waste disposal field
Thermo-hydro-mechanical processes taking

place around waste deposits and, particularly, in
the zone of engineered barrier. In seals, especially
near heat sources, the coupled behaviour induced
by temperature and brine contents (influence the
creep deformation of saline materials) and the hy-
groscopic and dissolution/precipitation processes
may be analysed. In clay and rock deposits, the
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flux of species in the medium in presence of tem-
perature may be analysed, being particularly inter-
esting the cases where gas generation and migra-
tion takes place.

A3.4 LAGAMINE (UOL)
General program information

LAGAMINE is a program that has been developed
by the MSM Department of University of Liege since
1 982. It has been developed to model large strain
inelastic metal forming processes. Since 1 984 it has
then also been developed for the modelling of
geomechanics problems. It was written in FOR-
TRAN, the executable has 5 Mb, the source code
has 675 routines and 250 000 lines and is avail-
able on VMS, UNIX, DOS and AIX environments.

Program status
The program is a research tool, continuously de-

veloped by a research team. A partial documenta-
tion is achieved through doctoral thesisses and re-
search reports. The validation is done by
comparison with analytical solutions when avail-
able and with benchmarks or published solutions.

Processes modelled - Governing equations solved
The problems may be 2D, axisymmetric or 3D.

The processes modelled are of various types: solid
mechanics (large strain and large rotations,
elastoplasticity and elastoviscoplasticity, unilateral
contact with friction), soil and rock mechanics
(elastoplastic models Drucker-Prager, Van Eekelen,
Dafalias-Kaliakin, Cam Clay, Alonso-Gens, CLoE,
Pande, ...), seepage (Darcy law), thermal conduc-
tion (Fourier law), diffusion (transient and steady
states, thermal dependence of the conductivity and
heat capacity, free surface seepage, unsaturated
flow,...), advection-diffusion (full upwind Petrov-
Galerkin model, transport of pollutant, transport of
heat), strain localisation (non associated plasticity,
softening, damage models). Coupling schemes:
thermomechanics, hydromechanics, ther-
mal-hydraulic flow, thermo-mechanical-hydraulic
(under development). Monolithical and staggered
schemes have been implemented.

Method of solution
The Finite Element Method is used. The time evo-

lution is supposed to be linear on each time step.

The generalised mid point scheme is used. For non
linear problems, the Newton-Raphson method is
used. The finite elements are mostly isoparametric.
The internal power is integrated thanks to the
Gauss numerical integration scheme. An auto-
matic time stepping is available. The convergence
criteria are based on the L2 norm of the out of bal-
ance forces and of the velocity corrections.

Processor needed for input/output

No processor is needed, but several pre- and
postprocessors have been developed by the MSM
Department.

Typical applications in the waste disposal field

Stability of slopes and of the clay-geomembrane
system, tunnelling, stability of underground open-
ings, seepage and transport in porous media, tran-
sient thermal conduction, subsidence modelling.

A3.5 COMPASS (UWC)

General program information

COMPASS is an acronym for COde for
Modelling PArtly Saturated Soil. It was developed
at the University of Wales College of Cardiff. It has
been developed for application to unsaturated soil
problems. It is written in FORTRAN and has 7300
iines. It runs on a VMS environment.

Program status

The program has been validated against a series
of analytical and numerical solution of subsets of
the fully coupled model. Additionally, it has been
compared with another independent computer
program. A user manual is available.

Processes modelled - Governing equations solved

The code is 2D and currently is extended to 3D.
The program handles coupled thermo-mechanical-
hydraulic problems in unsaturated soil. It solves si-
multaneously the following set of governing equa-
tions: energy balance (heat conduction; convection
in the liquid, vapour and air phases; latent heat of
vaporisation transfer the movement of vapour),
moisture mass balance (liquid flow due to Darcy's
law and vapour flow due to both diffusion and bulk
flow of air), air mass balance (bulk flow of air due
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to a generalised Darcy law and flow of dissolved air
in water) and mechanical equi l ibr ium condit ions
(based on finite strain theory, there are 3 versions:
non-l inear elasticity (non-l inear state surface for vol -
umetric deformat ion, shear behaviour via deforma-
tion modulus and state surface for the variations of
degree of saturation with both appl ied stress and
suction), elastoplasticity (Alonso et al . model) and
thermo-plasticity (Gens model)). Unknown variables
are: temperature, negative pore water pressure (soil
suction), pore air pressure and displacements.

Method of solution

The Finite Element Method is used to solve the
governing differential equations spatially with the

time variation accommodated via a finite differ-
ence technique. It has the following features: 5 ver-
sions (HM: heat and moisture transfer, HMA: heat,
moisture and air transfer, HMAE: heat, moisture
and air transfer with non-linear elastic deforma-
tion, HMAEP: heat moisture and air transfer with
elastoplastic deformation and HMATP: heat, mois-
ture and air transfer with thermo-plastic deforma-
tion), 8-noded isoparametric elements based on
"serendipity" shape functions, numerical integra-
tion, implicit time integration with evaluation of the
non-linear matrices weighted at the mid time step,
automatic time step sizing (depending on conver-
gence conditions or output requirements), conver-
gence criteria for all equations, output options, di-
rect solution of the resulting simultaneous
equations via a Gauss elimination technique.
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PUBLICACIONES TÉCNICAS

1991

0 / REVISION SOBRE LOS MODELOS HOMÉRICOS
RELACIONADOS CON EL ALMACENAMIENTO DE RESIDUOS
RADIACTIVOS.

02 REVISION SOBRE LOS MODELOS NUMÉRICOS
RELACIONADO CON EL ALMACENAMIENTO DE RESIDUOS
RADIACTIVOS. ANEXO 1. Guía de códigos aplicables.

03 PRELIMINARY SOLUBILITY STUDIES OE URANIUM DIOXIDE
UNDER THE CONDITIONS EXPECTED INA SALINE
REPOSITORY.

04 6E0ESTADISTICA PARA EL ANÁLISIS DE RIES60S.
Una ¡nttoducción a la Geoestadistica no paramétrico.

05 SITUACIONES SINÓPTICAS Y CAMPOS DE VIENTOS
ASOCIADOS EN "EL CABRIL".

06 PARAMETERS, METHODOLOGIES ANO PRIORITIES OESITE
SELECTION EOR RADIOACTIVE WASTE DISPOSAL IN ROCK
SALT FORMATIONS.

1992

01 STATE OE THE ART REPORT: DISPOSAL OF RADIACTIVE
WASTE IN DEEP ARGILLACEOUS FORMATIONS.

02 ESTUDIO DE ¡A INFILTRACIÓN A TRAVÉS DE LA COBERTERA
DELÂFUA.

03 SPANISH PARTICIPATION IN THE INTERNATIONAL INTRAVAL
PROJECT.

04 CARACTERIIACION DE ESMECTITAS MAGNÉSICAS DE IÁ
CUENCA DE MADRID COMO MATERIALES DE SELLADO.
Ensayos de alteración hidrotermal.

05 SOLUBILITY STUDIES OF URANIUM DIOXIDE UNDER THE
CONDITIONS EXPECTED INA SALINE REPOSITORY. Phase II

06 REVISION DE MÉTODOS GEOFÍSICOS APLICABLES AL
ESTUDIO Y CARACTERITACION DE EMPIAIAMIENTOS PARA
AIMACENAMIENTO DE RESIDUOS RADIACTIVOS DE ALTA
ACTIVIDAD EN GRANITOS, SALES Y ARCILLAS.

07 COEFICIENTES DE DISTRIBUCIÓN ENTRE RADIONUCLEIDOS.

08 CONTRIBUTION BY CTN-UPM TO THE PSACOIN LEVELS
EXERCISE.

09 DESARROLLO DE UN MODELO DE RESUSPENSION DE
SUELOS CONTAMINADOS. APLICACIÓN AL AREA DE
PALOMARES.

10 ESTUDIO DEL CÓDIGO FFSM PARA CAMPO LE1AN0.
IMPLANTACIÓN EN VAX.

11 LA EVALUACIÓN DE LA SEGURIDAD DE LOS SISTEMAS DE
ALMACENAMIENTO DE RESIDUOS RADIACTIVOS.
UTILIZACIÓN DE MÉTODOS PROBABIUSTAS.

12 METODOLOGÍA CANADIENSE DE EVALUACIÓN DE LA
SEGURIDAD DE LOS ALMACENAMIENTOS DE RESIDUOS
RADIACTIVOS.

13 DESCRIPCIÓN DE LA BASE DE DATOS WALKER.

1993

01 INVESTIGACIÓN DE BENTONITAS COMO MATERIALES DE
SELIADO PARA ALMACENAMIENTO DE RESIDUOS
RADIACTIVOS DE ALTA ACTIVIDAD. I0NA DE CABO DE
GATA, ALMERÍA.

02 TEMPERATURA DISTRIBUTION IN A HYPOTHETICAL SPENT
NUCLEAR FUEL REPOSITORY IN A SALT DOME.

03 ANALISIS DEL CONTENIDO EN AGUA EN FORMACIONES
SALINAS. Su aplicación al almacenamiento de residuos
radiactivos

04 SPANISH PARTICIPATION IN THE HAW PROM.
Laboratory Investigations on Gamma Irradiation Effects in
Rock Salt.

05 CARACTERIIACION Y VALIDACIÓN INDUSTRIAL DE
MATERIALES ARCILLOSOS COMO BARRERA DE INGENIERIA.

06 CHEMISTRY OF URANIUM IN BRINES RELATED TO THE
SPENT FUEL DISPOSAI INA SALT REPOSITORY (I).

07 SIMULACIÓN TÉRMICA DEL ALMACENAMIENTO EN
GALERIA-TSS.

08 PROGRAMAS COMPLEMENTARIOS PARA EL ANALISIS
EST0CAST1C0 DEL TRANSPORTE DE RADIONUCLEIDOS.

09 PROGRAMAS PARA EL CALCULO DE PERMEABILIDADES DE
BLOQUE.

10 METHODS AND RESULTS OF THE INVESTIGATION OF THE
THERMOMECHANICALBEAVIOUR OF ROCK SALT WITH
REGARD TO THE FINAL DISPOSAL OF HIGH-LEVEL
RADIOACTIVE WASTES.

1994

0 / MODELO CONCEPTUAL DE FUNCIONAMIENTO DE LOS
ECOSISTEMAS EN EL ENTORNO DE LA FABRICA DE URANIO
DEANDU1AR.

02 CORROSION OF CANDIDATE MATERIALS FOR CANISTER
APPLICATIONS IN ROCK SALT FORMATIONS.

03 STOCHASTIC MODELING OF GROUNDWATER TRAVEL TIMES

04 THE DISPOSU OF HIGH LEVEL RADIOACTIVE WASTE IN
AR6ILIAŒ0US HOST ROCKS. Identification of parameters,
constraints and geological assessment priorities.

05 EL OESTE DE EUROPA Y LA PENINSULA IBÉRICA DESDE
HACE-120.000 AÑOS HASTA EL PRESENTE. Isostasia
glaciar, paleogeografías y paleotemperatuias.

06 ECOLOGÍA EN LOS SISTEMAS ACUÁTICOS EN EL ENTORNO
OE EL CABRIL

07 ALMACENAMIENTO GEOLÓGICO PROFUNDO DE RESIDUOS
RADIACTIVOS DE ALTA ACTIVIDAD (AGP). Conceptos
preliminares de referencia.

08 UNIDADES MÓVILES PARA CARACTERIZACIÓN

1995

09 EXPERIENCIAS PRELIMINARES DE MIGRACIÓN DE
RADIONUCLEIDOS CON MATERIALES GRANÍTICOS. EL
BERROCAL, ESPAÑA.

10 ESTUDIOS DE DESEQUILIBRIOS ISOTÓPICOS DE SERIES
RADIACTIVAS NATURALES EN UN AMBIENTE GRANÍTICO:
PLUTON DE EL BERROCAL (TOLEDO).

11 RELACIÓN ENTRE PARÁMETROS GEOFÍSICOS E
HIDROGEOLOGICOS. Una revisión de literatura.

12 DISEÑO Y CONSTRUCCIÓN DE LA COBERTURA MULTICAPA
DEL DIQUE DE ESTÉRILES DE LA FABRICA DE URANIO DE
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