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Se presentan los resultados del estudio termo-hidro-

mecánico de la bentonita FEBEX realizado durante

FEBEX II. El programa de laboratorio ha incluido la

continuación de algunos ensayos comenzados du-

rante FEBEX I, en concreto ensayos destinados a la

calibración de modelos, la adquisición de paráme-

tros mediante retroanálisis y la mejora del conoci-

miento del comportamiento de arcillas expansivas.

El programa de ensayos ha explorado también nue-

vas áreas, como la influencia sobre el comporta-

miento de la arcilla de los cambios de microestruc-

tura de la bentonita, de la temperatura y de la

concentración de solutos. Además, hacia el final del

segundo año de proyecto, se propusieron varios en-

sayos con el objeto de comprender la inesperada

tendencia en la hidratación del ensayo en maqueta.

Se ha determinado el efecto de la temperatura en

las curvas de retención obtenidas en condiciones de

confinamiento y de volumen libre; así mismo se han

medido la presión de hinchamiento, la conductivi-

dad hidráulica y las deformaciones de hinchamien-

to y consolidación en función de la temperatura. Se

han desarrollado varias técnicas experimentales y

equipos para el estudio de los cambios originados

por la temperatura en la bentonita no saturada, cu-

briéndose un amplio rango de succiones. En el ran-

go de temperaturas estudiado, la bentonita FEBEX

mantiene su alta capacidad de retención de agua y

de sellado y su baja permeabilidad, lo que prueba

su idoneidad hasta 80 °C como material de sellado

en almacenamientos de residuos radiactivos de alta

actividad desde el punto de vista hidro-mecánico.

La extrapolación de los resultados a temperaturas

mayores parece indicar que estas propiedades se

mantienen dentro de límites aceptables al menos

hasta 100 °C.

La porosimetría por intrusión de mercurio y la mi-

croscopía electrónica de barrido ambiental han

aportado resultados prometedores para la caracte-

rización de la microestructura de la bentonita y para

el estudio de los mecanismos que condicionan los

cambios en la distribución de tamaño de poros en

arcillas expansivas. El uso de técnicas de imagen di-

gital ha permitido verificar que, en el nivel microes-

tructural en el que prevalecen los procesos quími-

cos, las deformaciones son casi reversibles, como

consideran los modelos elasto-plásticos de doble

estructura.

Se han medido las deformaciones por hinchamiento

tras saturación con diferentes tipos de agua (desio-

nizada, granítica y salina) en función de la densidad

seca y la sobrecarga. Se ha investigado también el

efecto de la salinidad en la rigidez y permeabilidad

de la bentonita. La capacidad de hinchamiento de

la arcilla se reduce drásticamente cuando se satura

con agua de elevada concentración salina, llegán-

dose a producir consolidación osmótica. Las defor-

maciones por hinchamiento medidas al saturar la

arcilla con soluciones de diferente concentración

son similares a las medidas en ensayos con succión

controlada en los que la succión aplicada es igual

a la succión osmótica de las soluciones salinas. La

conductividad hidráulica de la bentonita aumenta

con la concentración salina del permeante, sobre

todo para densidad bajas.

Los ensayos de infiltración han mostrado que la

permeabilidad al gas de la bentonita seca es muy

alta. En estos ensayos, la toma de agua es mayor

cuando la infiltración se realiza a temperatura de

laboratorio, puesto que las zonas calientes de las

muestras ensayadas bajo gradiente térmico perma-

necen desecadas durante largos periodos de tiem-

po. La combinación de la información aportada por

ensayos de infiltración y por su análisis numérico

THMQ acoplado ha demostrado gran utilidad para

la comprensión del comportamiento de la bentonita

FEBEX en las condiciones del almacenamiento.

Resumiendo, el comportamiento de la arcilla puede

explicarse en su mayoría si se tiene en cuenta su

doble estructura, puesto que las interacciones entre

los dos niveles estructurales son responsables de los

principales rasgos de su comportamiento mecánico.

La utilización de un marco elasto-plástico que in-

corpora de forma simplificada la interacción entre

los niveles micro y macroestructurales ha permitido

una comprensión más profunda del comportamien-

to de la bentonita compactada y de los mecanismos

básicos que lo controlan. Por otra parte, las transfe-

rencias entre el agua adsorbida en el interior de los

agregados –de densidad mayor que el agua libre–

y el agua libre inter-agregado, podría explicar la

mayoría de los efectos observados como conse-

cuencia de la temperatura.

Es necesario seguir estudiando aspectos como el

flujo de agua bajo pequeños gradientes hidráulicos,

el efecto de los gradientes térmicos y osmóticos en

dicho flujo, y la influencia de las tensiones de corte

en el comportamiento mecánico. Por último, es fun-

damental relacionar el conocimiento sobre aspectos

físico-químicos de la microestructura de la arcilla

con el comportamiento macroscópico de la bento-

nita compactada.
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The results of the thermo-hydro-mechanical (THM)

study of the FEBEX bentonite performed during FEBEX

II are presented. The laboratory test program contin-

ued in part with the works carried out during FEBEX

I, particularly in activities related to tests aimed to

the calibration of the models, the acquisition of pa-

rameters by back-analysis and the improvement of

the knowledge on the behaviour of expansive clays.

But the program has also included tests on new ar-

eas: investigations about the influence of the mi-

crostructure changes in bentonite, of temperature

and of the solute concentration on the behaviour of

clay. Besides, several tests were proposed in order

to understand the unexpected behaviour observed in

the “mock-up” test, towards the end of year 2.

Temperature effects on water retention curves in

confined and unconfined conditions were deter-

mined, and swelling pressure, hydraulic conductivity

and swelling and consolidation strains as a function

of temperature were successfully measured. Differ-

ent experimental techniques and equipments were

developed to study thermal induced changes under

partially saturated states, covering a wide range of

suctions. FEBEX bentonite remains suitable as a

sealing material in HLW repositories (from the hy-

dro-mechanical point of view) for temperatures of

up to 80 °C, as it keeps its high water retention ca-

pacity, low permeability and self-healing ability. The

extrapolation of results points out to the preservation

of properties for at least up to 100 °C.

Mercury intrusion porosimetry and environmental

scanning electron microscopy provided promising

results in order to characterise the bentonite micros-

tructure and to give information about the mecha-

nisms influencing pore size distribution changes on

high active clays. The use of digital imaging tech-

niques allowed verifying that at micro-scale level,

where chemical phenomena prevail, strains are al-

most reversible as it is considered in the two-level

elasto-plastic models.

The swelling strains of clay upon saturation with dif-

ferent kinds of water (deionised, granitic and saline

with different salts and concentrations) were mea-

sured as a function of initial dry density and over-

load. The effects of salinity on bentonite stiffness

and permeability were also investigated. The swell-

ing capacity of clay, saturated with highly saline

water, reduces drastically, osmotic consolidation be-

ing even observed. The swelling strains measured

when the samples were soaked with different saline

concentrations are similar to the strains measured in

suction controlled oedometer tests, in which it is ap-

plied a final suction equal to the osmotic suction of

the saline solutions. The hydraulic conductivity of

bentonite increases with saline concentration of the

permeant, especially in the case of low densities.

The infiltration tests have shown that the gas perme-

ability of dry bentonite is very high. The water intake

is higher for the sample tested under room tempera-

ture, since the hot zones of the sample tested under

thermal gradient remain desiccated for a long time.

It has been proven that the combination of infiltra-

tion tests and coupled THMC numerical analysis

can help to a better understanding of the FEBEX

bentonite behaviour under repository conditions.

In summary, the behaviour of the clay may be mostly

explained taking into account its double structure.

The interactions between the two structural levels

are responsible of the main features of the mechani-

cal aspects of this behaviour. A deeper insight of the

behaviour of compacted bentonite, and of the basic

mechanisms controlling it, has been achieved using

an elasto-plastic framework that incorporates the in-

terplay between microstructural and macrostructural

fabric levels in a simplified manner. On the other

hand, temperature induced transfers between intra-

aggregate adsorbed water –of density higher than

that of free water– and inter-aggregate free water

could explain most of the features related with the

temperature observed.

However, more research effort must be dedicated to

study certain aspects such as the water flow under

low hydraulic gradients, the effect of osmotic and

temperature gradients on this flow and the effects of

deviatoric stresses on the mechanical behaviour,

and, more generally, to relate the actual knowledge

about the physico-chemical aspects of clay micros-

tructure to the macroscopic behaviour of compacted

bentonite.
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The aim of FEBEX (Full-scale Engineered Barriers Ex-

periment) is to study the behaviour of components in

the near-field for a high-level radioactive waste (HLW)

repository in crystalline rock. The experimental work

consists of three main parts:

� an “in situ” test, under natural conditions and

at full scale,

� a “mock-up” test, at almost full scale, and

� a series of laboratory tests to complement the

information from the two large-scale tests.

The project is based on the Spanish reference con-

cept for disposal of radioactive waste in crystalline

rock (AGP Granito): the waste canisters are placed

horizontally in drifts and surrounded by a clay bar-

rier constructed from highly-compacted bentonite

blocks (ENRESA 1995).

The engineered barriers (waste, canister and clay

barrier) are key elements in the final disposal con-

cept for HLW. The clay barrier has the multiple pur-

pose of providing mechanical stability for the canis-

ter, by absorbing stress and deformations, of sealing

discontinuities in the adjacent rock and retarding the

arrival of groundwater at the canister and of retain-

ing/retarding the migration of the radionuclides re-

leased, once failure of the canister and lixiviation of

the spent fuel have occurred.

The behaviour of a HLW repository is determined, to

a large extent, by the characteristics of the design

and construction of the engineered barriers, and es-

pecially by the changes that may occur in the me-

chanical, hydraulic, and geochemical properties, as

a result of the combined effects of heat generated by

the radioactive decay and of the water and solutes

contributed by the surrounding rock. Therefore, in

FEBEX I, it was considered of as a main issue that the

processes taking place in the near-field be under-

stood and quantified, for the evaluation of long-term

behaviour. As a consequence, the program of labo-

ratory tests was designed to study and comprehend

the processes that take place in the clay barrier un-

der simple and controlled conditions and to develop

the governing equations. These laboratory tests en-

abled to isolate the different processes, making their

interpretation easier, and they provided fundamen-

tal data concerning the parameters to be used in

the THM and THG models. The laboratory tests

served also to support the checking of the predictive

capacities of the THM and THG numerical models.

FEBEX I showed that the THM and THG models are

very sensible to small variations in some of the pa-

rameters that represent the properties of the materi-

als. It became also clear that such parameters are

not constant, but they may vary as a result of the

changing conditions in the clay buffer.

For these reasons, the FEBEX II project includes also

a wide laboratory tests programme, which should

focus on those aspects not sufficiently covered dur-

ing FEBEX I, and in the new processes and scenarios

that are being considered in this second phase of

the project. This information will help in the interpre-

tation of the results obtained in the “Mock-up” and

“In situ” tests. Specifically, the objective of the THM

tests to be performed during FEBEX II is to cover

those aspects considered most significant or less

known on the basis of the previous work concerning

the two large-scale experiments. Sensitivity analyses

have underlined the fact that the critical parameters

are those included in the retention curves of the

granite and bentonite, and the permeability to water

of the bentonite for different states of saturation (rel-

ative permeability). Although considerable effort was

made to determine these parameters through the

tests performed within the framework of the FEBEX I

project, the fact is that little information is currently

available on the variation of these parameters with

temperature and with the changes occurring in the

clay microstructure during the swelling process.

Furthermore, it was not possible to complete some

of the activities proposed in the THM experimental

Work Plan within the periods foreseen of the FEBEX I

project. These activities relate fundamentally to tests

aimed to the calibration of the models, the acquisi-

tion of parameters by back-analysis and the improve-

ment of the knowledge on the behaviour of expan-

sive clays. This type of tests requires the improvement

of the available testing techniques and the develop-

ment of prototypes of new equipment, which, due to

their complexity, often leads to delays. As a result,

the FEBEX II tests programme also includes those

tasks not finished within the framework of FEBEX I,

but that might lead to significant progress in the un-

derstanding of the behaviour of the clay or the

knowledge of the most significant parameters.

The design of the tests is based on the experience

gained during FEBEX I, and also completes some

experiments not fully developed during FEBEX I. It is

proposed that in the new tests, emphasis be directed

towards the study of the THM behaviour of the ben-

tonite from the microstructural point of view, and to-

wards the effect of changes in the chemical compo-

sition of the dissolved salts on the mechanical

behaviour of the soil. The specific objectives can be

summarised as:
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� Reduction of the uncertainties revealed by sen-

sitivity analysis in relation to predictions of the

barrier system behaviour, including more accu-

rate investigation of the parameters defining

the retention curves of bentonite and the per-

meability to water of the bentonite under differ-

ent saturation conditions (relative permeability)

and temperatures.

� Knowledge of the THM behaviour of the ben-

tonite from the microstructural point of view

and of the effect of changes in the chemical

composition of dissolved salts.

� Finally, the conclusion of the phase I testing

programme for the following aspects: parame-

ter acquisition by back-analysis, calibration of

models through the performance of ad hoc

tests and improvement of the knowledge on the

behaviour of expansive clays.

Two laboratories participate in this Task, as the tests

proposed are experimentally difficult and time-con-

suming. Most of the work will be shared and repeti-

tion will be avoided, except when the importance of

the parameters to determine or the technical diffi-

culty recommends it.

FEBEX II Project. Final report on thermo-hydro-mechanical laboratory tests
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The tests were performed in a bentonite coming from

the Cortijo de Archidona deposit (Almería, Spain)

which was selected by ENRESA as suitable material

for the backfilling and sealing of HLW repositories.

It is the same clay material used in the FEBEX Pro-

ject to manufacture the blocks of the mock-up (Ma-

drid, Spain) and the “in situ” (Grimsel Test Site,

Switzerland) tests. The processing at the factory con-

sisted in disaggregation and gently grinding, drying

at 60 °C and sieving by 5 mm.

The physico-chemical properties of the FEBEX ben-

tonite, as well as its most relevant thermo-hydro-me-

chanical and geochemical characteristics obtained

during FEBEX I are summarised in the final report of

the project (ENRESA 2000) and are shown in detail

in ENRESA (1998), CIEMAT (1999), UPC (1999),

Villar (2000, 2002), Lloret et al. 2002 and Fernán-

dez (2003). Several laboratories participated in these

characterisation tasks. A summary of the results ob-

tained is gathered below.

The mineralogical composition of the FEBEX ben-

tonite was analysed by X-ray diffraction (XRD). The

montmorillonite content is higher than 90 percent

(92±3 %). The smectitic phases are actually made

up of a smectite-illite mixed layer, with 10-15 per-

cent of illite layers. Besides, the bentonite contains

variable quantities of quartz (2±1 %), plagioclase

(2±1 %), K-felspar, calcite and opal-CT (cristoba-

lite-trydimite, 2±1 %). By weight from dense con-

centrates and SEM observation, the following miner-

als have been identified: mica (biotite, sericite, mus-

covite), chlorite, non-differentiated silicates (Al, K, Fe,

Mg, Mn), augite-diopside, hypersthene, hornblende,

oxides (ilmenite, rutile, magnetite, Fe-oxides), phos-

phates (apatite, xenotime, monacite) and other non

differentiated minerals of titanium and rare earth.

Their contribution to bentonite composition is around

0.8 percent.

The mineralogical composition was also observed

and quantified by optical microscopy study of thin

sections. The textural heterogeneity itself is the main

feature that can be described in the sample. The

FEBEX bentonite is mainly composed of clay aggre-

gates whose aspect ranges between dark isotropic

low crystalline size ones to those presenting pre-

ferred orientation and relatively large (sub-micro-

metric) crystals. The remaining elements of the tex-

ture are glassy materials, volcanic rock fragments

and individual accessory minerals (quartz and fel-

spars). Calcite is usually present as esparitic crystals

replacing felspars, but it has been observed also as

isolated micritic cements.

Table I shows the average content values of the ex-

changeable cations along with the cation exchange

capacity (CEC), as determined by different methods

and laboratories.

The chemical composition of an aqueous extract of

bentonite/water ratio (b/w) of 1/4 is presented in

Table II. The content of chlorides and sulphates is

worthy of mention.

2. Material
Table I
Average values of exchangeable cations and cation exchange complex (CEC) as determined by different methods (meq/100g).

CSIC-Zaidín1 CIEMAT1 CIEMAT2

Ca2+ 43 ± 5 42 ± 3 35 ± 2

Mg2+ 32 ± 3 32 ± 2 31 ± 3

Na+ 24 ± 4 25 ± 2 27 ± 0

K+ 2.1 ± 0.2 2.5 ± 0.3 2.6 ± 0.4

Sum of exchangeable cations 101 ± 4 96 ± 0

CEC3 102 ± 4

1 Determined by displacement by 1M NH4AcO at pH 7 after washing of soluble salts (ENRESA 2000), the values are recalculated to give a sum of
cations equal to CEC;

2 Determined by displacement by 0.5M CsNO3 at pH 7 (Fernández 2003);
3 Determined by NaAcO/NH4AcO pH=8.2 (ENRESA 2000)
15
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Table II
Solubilised elements in the 1/4 bentonite/water aqueous extract as determined by two laboratories. Concentrations are related
to the dry mass of clay (mmol/100 g, dried at 110°C).

pH Cl- SO 4
2� HCO 3

� Na+ K+ Mg2+ Ca2+ Sr2+ Fe3+ SiO2

CIEMAT1 8.73 1.979 0.979 1.184 5.017 0.073 0.055 0.050 0.0004 0.0017 0.145

UAM2 7.93 2.03 1.84 1.56 6.04 0.062 0.146 0.067 0.0006 0.0013

1 Fernández 2003. Sr2+ and Fe3+ were found in concentrations lower than 10-3 mmol/100g.
2 ENRESA 2000. As, V, Br, Sr, Ti, Mn, Fe, Ni, Cu, Zn and Y in concentrations lower than 10-3 mmol/100g.
icles are smaller than 2 �m. The hygroscopic

content in equilibrium with the laboratory at-

ere (relative humidity 50±10 %, temperature

°C, total suction about 100 MPa) is 13.7±1.3

t. The value obtained for the external specific

using nitrogen adsorption technique (BET

) is 32±3 m2/g and the total specific surface

ed using the Keeling hygroscopicity method is

725 m2/g. The analysis of the mercury intru-

ata reveals that the intra-aggregate pores

r than 0.006 �m) represent the 73-78 percent

l pore volume when the bentonite is com-

at a dry density of 1.7 g/cm3 (Villar 2000,

turated permeability to deionised water (kw,

f samples of untreated FEBEX bentonite com-

at different dry densities is exponentially re-

dry density (�d, g/cm3). A distinction may be

between two different empirical fittings de-

g on the density interval (Villar 2000, 2002):

r dry densities of less than 1.47 g/cm3:

log kw = -6.00 �d – 4.09

(r2 = 0.97, 8 points) [1]

r dry densities in excess of 1.47 g/cm3:

log kw = -2.96 �d – 8.57

(r2 = 0.70, 26 points) [2]

terminations were done at room temperature.

riation in the experimental values with respect

e fittings is smaller for low densities than it is

her values, with an average –in absolute val-

f 30 percent.

elling pressure (Ps, MPa) of FEBEX samples

cted with their hygroscopic water content and

d with deionised water up to saturation at

2002):

ln Ps = 6.77 �d – 9.07

(r2 = 0.88, 52 measurements) [3]

In this case, the difference between experimental

values and this fitting is, on average, 25 percent.

This dispersion, which is wider for higher dry densi-

ties, is due both to the natural variability of benton-

ite and to the measurement method used, which

does not allow high degrees of accuracy.

The retention curve of the bentonite (or soil water

characteristic curve, SWCC) was determined in sam-

ples compacted to different dry densities under differ-

ent temperatures (Villar et al. 2002, Villar & Lloret, in

press). The volume of the samples remained constant

during the determinations, since they were confined

in constant volume cells. To impose the different

relatives humidities the cells were placed in desicca-

tors with sulphuric acid solutions of various concen-

trations. The data from these laboratory determina-

tions are shown in Figure 1.

In unconfined conditions, the relationship between

suction (s, MPa) and water content (w, %) changes,

taking into account the initial dry density (�d0,

g/cm3), may be fitted to the following equation:

w = (45.1 �d0-39.2)-(18.8�d0-20.34)log s

On the other hand, the thermal conductivity (�,

W/mK) of the compacted bentonite at laboratory

temperature is related to the degree of saturation

(Sr) through the following expression:

� �
�

�
��

A A

e
ASr x

dx

1 2
2

1
0( ) [5]
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Figure 1: Water retention curves at different temperatures and for different bentonite densities.
here A1 represents the value of � for Sr=0, A2 the

alue of � for Sr=1, x0 the degree of saturation for

hich thermal conductivity is the average of the two

xtreme values and dx is a parameter. This equation

as chosen because it accurately represents the be-

aviour of conductivity versus water content (degree

f saturation), which are directly related but not in a

inear fashion (Villar 2000, 2002). The fitting ob-

ained, with an r2 of 0.923, gives the following val-

es for each parameter:

A1 = 0.57 ± 0.02

A2 = 1.28 ± 0.03

x0 = 0.65 ± 0.01

dx = 0.100 ± 0.016

Some isothermal infiltration tests and heat flow tests

at constant overall water content were performed

during FEBEX I project and they were backanalysed

using CODEBRIGHT (Lloret et al. 2002). It is possi-

ble to fit the experimental data using a cubic law for

the relative permeability (kr = Sr
3) and a value of 0.8

for the tortuosity factor (�).
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3.1 Continuation of the tests
initiated during FEBEX I

This task is a continuation of some of the tests car-

ried out during FEBEX I for the determination of the

THM properties and parameters of the bentonite.

These activities relate mainly to tests aimed to the

calibration of the models, the acquisition of param-

eters by back-analysis and the improvement of the

knowledge on the behaviour of expansive clays. Im-

proved and new testing techniques, and in some

cases different test conditions, are being used.

3.1.1 Analisys of suction controlled
oedometer tests

During FEBEX I an extensive programme of suction

controlled oedometer tests was performed and their

results were taken into account in the numerical

modelling performed during this phase of the pro-

ject (Lloret et al. 2002). Nevertheless, in this Section

some of the most characteristic results will be newly

examined using a new elasto-plastic constitutive model

that incorporates the mechanical effects of the dou-

ble structure of highly compacted expansive clays

(Lloret et al. 2003). This model is described in Sán-

chez et al. (2001) and Sánchez (2004).

3.1.1.1 Summary of suction controlled
odometer tests results

Table III presents the initial conditions and the stress

paths

combination of loading paths at constant suction

and suction change paths at constant load were ap-

plied (Villar 2000, 2002). The various load or suc-

tion changes were applied in stages as shown in

Figure 2. In order to use a logarithmic scale a con-

stant value of 0.1 MPa was added to all suction val-

ues plotted in this Figure. The same convention was

used in the rest of the section. All tests start at an

applied vertical stress of 0.1 MPa and at a compac-

tion suction of about 125 MPa. Then, a variation of

suction is applied under constant load, except for

one specimen in which suction was kept unchanged.

Afterwards the load was increased also under con-

stant suction, which was then followed by wetting

until saturation (zero suction) is reached. Maximum

vertical stresses under saturated conditions were ei-

ther 5 MPa or 9 MPa, depending on the test.

Figure 3a shows the variation of void ratio during

the initial stage of suction modifications and subse-

quent loading. The starting points for the loading

stages are very different because of the large de-

pendence of volumetric strains on suction applied at

low loads. On loading, the stiffness of the bentonite

(i.e. the slope of the void ratio vs. vertical stress line

plotted in semi-logarithmic scale) reduces slightly as

the suction applied during loading increases. How-

ever, the most noticeable effect of suction is the

shifting of the point at which there is a change in the

slope of these lines, indicated by a vertical arrow in

Figure 3a. In the framework of elasto-plasticity this

change is interpreted as the crossing of a yield sur-

face and the load at which it takes place can be

considered as an apparent preconsolidation pres-

pre-
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of five tests performed at CIEMAT in which a sure. Figure 3b shows the dependence of this

Table III
Stress paths of the tests in which a combination of loading paths at constant suction and suction change paths at constant load were
applied. Tests performed at CIEMAT (Villar 2000, 2002).

Test

Initial conditions Path (�v (MPa) s (MPa))

�d

(g/cm3

w
(%)

I II III IV V

�v s �v s �v s �v s �v s

S1 1.72 13.0 0.1 138 0.1 550 5.1 460 5.1 0 0.1 0

S2 1.68 13.7 0.1 126 — — 9.1 127 9.1 0 0.1 0

S3 1.69 14.2 0.1 121 0.1 14 9.0 14 9.0 0 0.1 0

S4 1.71 12.9 0.1 119 0.1 3.7 8.4 4.1 8.4 0 0.1 0

S5 1.72 13.2 0.1 138 0.1 520 0.1 0 5.0 0 0.01 0
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Figure 2: Generalized stress paths followed by tests S1 to S5.
consolidation pressure on suction. Large preconso-

lidation pressure reductions are apparent at low

suction values. According to the conceptual model

of Gens & Alonso (1992), the reduction of the yield

point is due to the irreversible macrostructural strains

induced by microstructural deformations that have

occurred during the swelling to low suction values.

Yielding was not reached in tests S1 and S2, and in

the plot of Figure 3b it is assumed that the precon-

solidation stress corresponds approximately to the

vertical stress value reached during static compac-

tion, about 18 MPa.

The variations of void ratio during the stages at which
the vertical stress is maintained constant and suction
is varied are presented in Figure 4a. Large void ratio
changes are observed in the specimens where wet-
ting takes place at 0.1 MPa, whereas in the samples
where wetting takes place at 5.1 MPa and, espe-
cially, at 9 MPa load, the volume changes are quite
small. Figure 4b summarises this information in terms
of the slope of the swelling line (in a semi-logarithmic
plot) with the applied vertical stress during wetting.
The effects of applied load are very noticeable.

One of the samples (S5) was subjected to drying to
500 MPa suction before being wetted to a suction
of 0.1MPa. The measured void ratio changes are

plotted in Figure 5. It can be seen that the drying pro-
duces very small volumetric strains. However, when
wetting is continued towards smaller suction values a
large increase of swelling strains is observed signalling
a significant change of behaviour. The comparison of
the results of this test with those of test S4, which did
not undergo this initial drying/wetting cycle (Figure 5),
suggests that such a suction cycle does not have any
noticeable effects on subsequent behaviour.

An important feature of behaviour concerns the pos-
sible stress path dependency or independency of the
material under generalised stress including suction.
In unsaturated non-expansive soils, it is often found
that the behaviour is stress path independent if the
trajectories only include loading and wetting (suc-
tion reduction) stages (Alonso et al. 1987). How-
ever, Gens & Alonso (1992) argued that, in expan-
sive soils, there would be irreversible macrostruc-
tural rearrangements caused by the swelling of the
microstructure when wetting the samples. This inter-
action would be higher when applied stresses are
low. As a consequence, this macrostructural changes
could result in stress path dependency of volume
changes even in the cases where only wetting paths
are involved. This issue was examined in this experi-
mental programme.
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Figure 3: a) Variation of void ratio during the initial stage of suction variation and subsequent loading. Tests S1 to S5.
b) Relationship between the apparent preconsolidation stress and applied suction identified in the loading stages of tests S3, S4 and S5.

The preconsolidation stress of samples S1 and S2 are assumed to be approximately equal to the static compaction stress.
Figure 6a shows void ratio variation for two speci-

mens that share the initial and final stress points but

have followed different stress paths. It can be noted

that the final state is different, so there is a measure

of stress path dependency. As observed in other cases

(Brackley 1973, Justo et al. 1984), the final void ratio

of the sample wetted under low stresses is higher. The

disruption of the macrostructure would be more se-

vere in this case because of the larger swelling

strains developed during wetting, inducing large

macrostructural volume changes that cannot be re-

covered upon subsequent loading. Figure 6b shows

a similar plot for another three specimens with the

same initial and final points where, again, it can be

noted that the final void ratio values do not coin-

cide. As before, the sample that was wetted at the

lower applied vertical stress (4 MPa) reaches the

highest final void ratio.
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The main features of the swelling pressure tests per-

formed in the UPC laboratory are presented in Ta-

ble IV (Pintado 2002). Initially a suction change is

applied to three of the samples in order to achieve

a range of initial conditions for the next testing stage.

During the swelling pressure phase a condition of

no volume change is prescribed and suction was re-

duced in stages under controlled conditions. In this

way it is possible to follow the stress path, in terms

of suction vs. vertical stress throughout the tests, as

shown in Figure 7.

The examination of these stress paths provides im-

portant information on the stress-strain characteris-

tics of the bentonite in this type of tests (that corre-

sponds to a number of relevant field situations) but,

also, on the underlying causes of the observed be-

haviour. Three zones can be distinguished (Figure

7). The first one corresponds to the stage of high
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Table IV
Main features of the swelling pressure tests performed at the UPC laboratory (Pintado 2002).

Test

Initial conditions
Path before swelling pressure test

(�v (MPa), s (MPa))

Dry density
before swelling

pressure test

�d

(g/cm3)
w

(%)

I II
�d

(g/cm3)
�v s �v s

SP1 1.62 14.6 0.11 128 0.11 424 1.65

SP2 1.63 13.2 0.15 146 1.63

SP3 1.62 14.6 0.16 128 0.16 70 1.57

SP4 1.63 14.2 0.15 128 0.15 39 1.50
lasto-plastic terms, the stress state has not

ed the yield locus) and the stress path is defined

e increase of load required to compensate the

l swelling strains due to suction reduction.

change of slope ensues. If the load is sufficiently

high, collapse of the macrostructure occurs and the

value of vertical stress tends to reduce to compen-

sate the collapse compressive strains. Naturally, the
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structural swelling strains also contribute to the

ensation of collapse deformation but, at this

, they may not be large enough to offset the

tion of vertical stress.

oints indicating the preconsolidation stress iden-

in the suction reduction tests under constant

have been added to Figure 7 for reference. In

a close coincidence of yield points from the

pe of tests should not be expected because of

fferent stress paths followed, wich lead to differ-

agnitudes of irreversible strains and, therefore,

to somewhat different yield surfaces. Generally, in the

constant load tests, the larger swelling strains should

lead to smaller sizes of yield loci.

Finally, zone III corresponds to the region of low

suctions where microstructural swelling strains ex-

hibit their largest magnitude. Now microstructural

strains overcome any possible collapse strains and

the vertical stress must rise again to compensate for

the large swelling strains. It is interesting to note

that, even the rather complex behaviour displayed

by the compacted bentonite during the swelling
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pressure tests can be readily explained in the context

of a conceptual framework that considers the inter-

action between microstructure and macrostructure.

The dependence of swelling pressure with compacted

dry density were examined by a large number of tests

performed in conventional oedometers without suc-

tion control where the wetting is applied in a single

step. The results of the swelling pressure tests per-

formed in suction-controlled equipment have been

added to the Figure 8, where it can be observed

that they agree closely with the independently-deter-

mined trend. It is reassuring that no spurious effects

due to the equipment appear to affect the results of

the swelling pressure tests.

3.1.1.2 Model results

The model used in the analysis of the tests is based

on the conceptual approach contained in Gens &

Alonso (1992) and on the mathematical formulation

presented in Alonso et al. (1999). It is graphically

summarised in Figure 9a. The behaviour of the

macrostructure is defined in terms of the Barcelona

Basic Model, BBM, (Alonso et al. 1990), repre-

sented in the Figure by the LC yield curve. The be-

haviour of the microstructure is considered always

reversible and logarithmically dependent on the

classical effective stress p+s, where p is the mean

net stress and s, the suction (total suction in this

case). When the stress state crosses either the SI

(suction increase) or SD (suction decrease) yield lo-

cus, the microstructural strains induce irreversible

plastic strains on the macrostructure that result in

the movement of the LC yield surface. Important

components of the model are the interaction func-

tions that control the magnitude of the macrostruc-

tural plastic strain caused by microstructural strains.

Figure 9b shows generic interaction functions indi-

cating the physical phenomena underlying each of

the branches. The shape of the fD interaction curve

implies that when the stress point is far from the LC

(i.e. values of p/p0 much less than one) the interac-

tion during wetting is very strong. This corresponds

to the fact that, in that situation, the macrostructure

is in a dense state, far from the collapsible behav-

iour implied by the LC curve. Therefore, the expan-

sion of the microstructure causes large disruptions

and significant irrecoverable strains. As the state of

the soil moves towards the LC, the specimen be-

comes less dense (relative to the applied stress) and

the strength of the interaction reduces accordingly.

Indeed, the interaction may change sign if the ex-
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The swelling pressures measured in the suction-controlled oedometers agree well with the general trend.
ansion of the aggregates leads to an invasion of

he macropores with a consequent reduction of the

acrostructural void ratio. Opposite consideration

pply to the fI interaction curve. Additional informa-

ion on the model is given elsewhere (e.g. Gens &

lonso 1992, Alonso et al. 1999, Sánchez et al.

001). The relevant equations for the model are the

ollowing:

C yield surface:

p p
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d f dvM

p

I vm
e� �� when SI is activated [11]

An important advantage of this model is that it al-

lows taking into account the two levels of structure

actually existing in the material tested, so that the

variables associated with each level can be followed

throughout the test and a more detailed examina-

tion of the patterns of behaviour can be made. It

should be strongly stressed that the aim of this mod-

elling exercise is not to test the predictive capability

of the model. In fact, the parameters have been

chosen specifically to give a good representation of

the experimental observations. The objective is to

use the constitutive model as a consistent tool to

gain a better and more founded understanding of

the behaviour of the soil and of the mechanisms

that underlie it.
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Figure 9: a) Graphical summary of the double structure elasto-plastic model for expansive soils. b) Generic interaction functions
that indicated the intensity of the interaction between the two structural levels.
model is used one-dimensionally, substituting
lied vertical stress for mean net stress. Therefore,
notes, in this case, net vertical stress. SI and SD
ces coincide, so that there is always some de-
of interaction between micro and macro levels.

parameters used in the modelling are shown in
le V. The results of tests S1 and S5 have been

to determine them. Elastic macrostructural pa-
eters have been obtained from the sections of
ests that are inside the LC yield curve. The value

of the slope of the saturated consolidation line, �(0),
was based on the loading stage of S5 test. The pa-
rameters of the interaction curves have been ad-
justed to yield the correct amount of stress path de-
pendency and the parameters for the microstructural
behaviour have been derived from the swelling
stages of tests S1 and S5. Finally the parameters
controlling the shape of the LC yield surface have
been evaluated from the experimental results plotted
in Figure 3b, which shows the variation of the ap-
parent preconsolidation stress with suction.
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tial values of the microstructural and macros- D-E). No yield is apparent during the lo

Table V
Parameters used to define the elasto-plastic constitutive law used in modelling.

Parameters defining the Barcelona Basic Model (BBM) for mackrostructural behaviour

� 0.005 �s 0.001

�0 0.080 pc 0.50 MPa

r 0.90 � 1.0

Parameters defining the law for microstructural behaviour

�m 2.1e-02 MPa-1 �m 2.3e-03 MPa-1

Interaction functions

f p pI � � �1 09 20 0250. tanh ( ( / ) . ) f p pD � � �08 11 20 0250. . tanh ( ( / ) . )
l void ratio are 0.45 and 0.11, respectively,

rdance with the observations on the soil fab-

static compaction stress (18 MPa) gives the

osition of the LC yield surface. With the ex-

n used to define the LC curve (equation), the

ing parameter p0
* has an initial value of 12

del is first applied to the analysis of tests S1

. They share the same initial and final gener-

stress states, but their trajectories are very dif-

Figure 10). In test S1 the specimen is loaded

high 550 MPa suction up to a 5.1 MPa ver-

ad and then is wetted reducing the suction to

ages. In contrast, test S5 is first wetted at a

plied vertical stress value of 0.1 MPa and af-

the sample, already saturated, is loaded to

al stress of 5.0 MPa. These two tests, there-

rovide the opportunity to examine the behav-

er a wide range of stress paths. Figure 10a

the computed variation of void ratio over the

aths followed by the two tests, together with

erimental results. It can be observed that ma-

tures of behaviour are correctly reproduced

ng:

rge swelling strains when the material is wet-

d at low stresses (Path B-D, Test S5)

aller, but still significant, swelling strains when

e soil is wetted under a 5 MPa vertical stress

ath C-E, Test S1)

hange of the slope of the compression line

ring loading indicating yield in test S5 (Path

at high suction of specimen S1 (Path B-C).

� Final void ratio (point E) is different in the two

samples, there is a measure of stress path de-

pendency, at least regarding volumetric strains.

Good reproduction of behaviour is also achieved

when considering the experimental results in terms

of void ratio vs. suction variation (Figure 10b), al-

though some departures are observed at intermedi-

ate stages of the swelling of test S5.

Summarising, the model allows offering a good sim-

ulation of the observed results and, with the set of

parameters adopted, even the quantitative agree-

ment is quite close. Accepting then that the constitu-

tive law is a reasonable representation of the real

behaviour, it is interesting to explore the further in-

formation that can be obtained from the model so

that the behaviour mechanisms underlying the me-

chanical behaviour of the soil can be better under-

stood.

Figure 11a shows the evolution of the microstruc-

tural and macrostructural void ratio computed for

Test S5. During the swelling stage (path B-D), the

microstructural strains are relatively large and they

cause even larger irreversible strains in the macros-

tructure because of the large coupling between the

two structural levels that exist at low stresses. During

the subsequent loading (path D-E) under saturated

conditions the deformation of the macrostructure is

significant, although it is not due to microstructural

strains, which are now quite small. This part of the

test is basically controlled by the behaviour of the
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Figure 10: Computed variation of void ratio for tests S1 and S5. Experimental results are provided for comparison.
a) Load increase paths, b) suction decrease paths.
ostructure. Figure 11b shows the parts of the

ction functions involved in the various stages

test. Some of the positions of the LC yield

during the performance of test S5 are shown

ure 11c . It can be seen that during swelling

B-D) the LC curve moves to the left in response

irreversible swelling strains taking place in the

structure. Subsequent loading (path D-E) takes

again to the right to a final load value of 5.0

Indeed the yield point observed and computed

(Figure 10a) corresponds to the crossing of LC dur-

ing this loading stage. Continuous information on

the evolution of the LC yield curve can be obtained

plotting the evolution of the hardening parameter,

p0
* (Figure 12). The reduction of p0

* during swelling

and its subsequent increase upon loading are readily

apparent.

The behaviour of sample S1 is quite different (Figure

13). During the first stage of drying (path A-B) and
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subsequent loading (path B-C), the microstructural

volumetric strains are very small. The macrostructu-

ral strains are also small, even during loading, be-

cause of the high stiffness imparted to the sample by

the large 500 MPa suction. During the swelling stage

(path C-E) under a 5.1 MPa load, microstructural

strains are significant, although smaller than for test

S5 because of the higher load applied. The most

significant difference is, however, that the macros-

tructural strains that are induced are quite small be-

cause now the stress state is much closer to the LC

(Figure 13c), i.e. the sample is in a comparatively

looser state and the potential for macrostructural

disruption is much lower. The loading stage (path

B-C) takes place inside the LC yield surface, so no

yield is expected and none was observed. The evo-

lution of the hardening parameter for test S1 has

also been plotted in Figure 12. It can be observed

that the changes are very slight (indicating a LC

curve practically stationary) and that the final value

of p0
* is higher than in the case of test S5.

Now the basic reason for the stress path depend-

ency of volumetric strains can be readily identified.

The basic difference is that in test S5 the large swell-

ing strains take place at low stress values and, con-

sequently, the interaction with the macrostructure is

very strong and results in large plastic strains that

are not fully recovered upon subsequent loading. In

test S1, development of plastic strains in the macros-

tructure is quite reduced because, when the swelling

of the microstructure takes place, the interaction be-

tween the two structural levels is small. The different

states of the samples at the end of the test are re-

flected in the different final positions of the LC curves

(and p0
* values). Exactly the same analysis could be

made regarding the results of tests S2, S3 and S4.

As a final test of the adequacy of the model to repre-

sent the behaviour of compacted swelling materials, it

was applied to the modelling of the swelling pressure

tests using the same set of parameters without any at-

tempt of further calibration. Figure 14 shows the re-

sults of the model calculations, together with the ex-

perimental results. Although differences between com-

puted and experimental results can be observed, the

model is capable of producing swelling stress paths

very similar to the observed ones, comprising the

three phases of behaviour identified previously.

3.1.2 Retention curves at constant volume

The exact knowledge of the retention curve is a key

question to predict the hydration process of the bar-
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3. Methods and results
Figure 14: Computed stress paths for swelling pressure tests SP1 to SP4. Experimental results are provided for comparison.
rier. During FEBEX I it was shown that this curve, for

the same initial conditions of the material, differs

significantly depending on the volume restriction im-

posed to the sample during the determination. Wa-

ter content for a given suction is much higher if the

sample is free to swell than if its volume change is

constrained. Only a few curves at constant volume

were determined in FEBEX I, and these, were ob-

tained using mainly suction controlled oedometers,

in which the sample can be subjected to different

suctions while its swelling is restricted by the appli-

cation of the appropriate vertical loads. This meth-

odology presents several technical limitations and is

difficult to carry out without failures. For this reason,

special cells were designed in the last phase of

FEBEX I, what allows to determine the retention

curves for different dry densities in a systematic and

easy way (Figure 15 and Figure 16).

The cell shown in Figure 15 consists of a cylindrical

body measuring 0.5 cm in thickness, with two perfo-

rated covers joined by bolts. The sample is com-

pacted directly inside the cell, from the granulated

clay at hygroscopic water content. The length of the

specimen is 1.20 cm and its cross section 11.34

cm2. The cell is placed in a desiccator with a

sulphuric acid solution and vacuum is created. The

suction control method is, therefore, through the

control of relative humidity. The porous stone and

the perforated covers allow for the exchange of wa-

ter in the vapour phase between the clay and the at-

mosphere of the desiccator. This process is very

slow –slower than when the retention curve under

free volume conditions is determined in the desicca-

tor– not only because not the entire surface of the

sample acts as an exchange surface (but only the

upper and lower parts) but also because the process

is performed at constant volume. Once the water

content of the clay is stable, the cell is weighed and

the solution in the desiccator is changed by a lower

concentration one in order to perform a wetting path.

In the device shown in Figure 16, the specimen’s di-

ameter is 50 mm and its height can vary between

10 and 20 mm. In order to reduce the time needed

to reach the equilibrium after suction changes, a

flow of humid air across the porous plates is in-

duced by means of a peristaltic pump. Air humidity

is controlled by means of saturated salt solutions.

Changes in water content of the soil are measured

by weighing of the entire cell. The use of strain-

gauges on top cap (1/4 bridge configuration) al-

lows measuring the swelling pressure of the material

during the hydration path at constant volume. This
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Sample Porous plate Steel

Figure 15: Non-deformable cell for the determination of the retention curve (CIEMAT).
Soil Porous plate Steel

Figure 16: Schematic representation of the cell designed by CIMNE to determine the retention curves at constant volume.



loading system displays a maximum deformability of

42.5 �m/MPa (middle point of the loading system).

CIEMAT carried out the determination of the reten-

tion curve at constant volume following a wetting

path from 130 to 1 MPa, followed by a drying path

of up to 130 MPa for dry densities of 1.60, 1.65

and 1.70 g/cm3. The determination was performed

at 20 °C. Sulphuric acid solutions were used to con-

trol the suction in the desiccators where the cells are

placed. The initial water content of the samples was

the hygroscopic one (about 14 percent). The results

obtained are shown in Table A.1 (Appendix A) and

plotted in Figure 17. Although there are no major

differences between the water content curves for the

different dry densities –probably due to the fact that

they are very close values– at the beginning of hydra-

tion the water content of the samples with a higher

dry density is greater for the same values of suction.

However, when lower values of suction are reached,

the water content of the denser samples is lower.

This occurs because the volume of small pores is

higher in samples with a higher dry density, due to

the fact that the volume of large pores is reduced

during compaction, as a result of which the sample

takes up more water at the beginning of hydration.

However, as suction decreases and the degree of

saturation increases, the lower total porosity of the

samples of greater density limits their possibility for

water uptake (Villar 2000). Consequently, the reper-

cussion of initial dry density on the value of water con-

tent reached is more obvious as suction decreases.

On the other hand, the difference between wetting

and drying paths is significant, although it must be

taken into account that the density change cannot be

controlled during the drying sequence, and it in-

creases as indicated in the Table A.1 (Appendix A).

CIMNE has used the new cells (Figure 16) and is

determining the water retention curves at 22°C on

specimens compacted at dry densities of 1.55 and

1.65 g/cm3. Suction was controlled by means of

saturated salt solutions. Figure 18 and Table A.2

show the results obtained in terms of suction-water

content relationship. Furthermore some measure-

ments of swelling pressure evolution during suction

changes were performed using instrumented cells;

Figure 19 shows an example of the measurements

carried out during a suction decrease step. One of

the advantages of the system is the reduction in the

time necessary to reach the equilibrium by means of

the forced air flow; in the case presented in the fig-

3. Methods and results
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ure, this equilibrium is reached in only 13 days. In

Figure 20 the evolution of swelling pressure of two

samples, due to all suction changes, is presented.

These values (Table A.3 in Appendix A) are lower

than the swelling pressure values measured in suc-

tion controlled oedometer tests during FEBEX I pro-

ject (Figure 7, UPC 1999). This fact is due to some

swelling pressure release caused by the loading sys-

tem deformability. Figure 21 shows the stress–suc-

tion paths followed by the two samples tested, in

comparison with the results of the swelling pressure

tests carried out in suction controlled oedometers.

Further improvements will be performed in the load-

ing system in order to reduce its deformability.

3.1.3 Suction and temperature controlled
oedometer tests

CIEMAT has performed suction and temperature

controlled tests in suction-controlled oedometers, by

means of sulphuric acid solutions that were already

used during FEBEX I and whose schematic represen-

tation is shown in Figure 22.

The granulated clay is compacted with its hygro-

scopic water content inside the oedometer ring at a

dry density of 1.70 g/cm3 (except for test EDSC_1,

compacted at 1.60 g/cm3). The height of the speci-

mens was 1.2 cm and its diameter 3.8 or 5.0 cm.

Once in the oedometer cell, the samples are initially

heated under a suction of 130 MPa (corresponding

to the relative humidity of the laboratory) and a ver-

tical pressure of 0.1 MPa. Afterwards, two different

stress paths were followed (Figure 23):

� Test type E5: the sample is loaded using steps

up to 5 or 8 MPa and finally, hydrated by reduc-

ing the suction to 4 or 1 MPa. In some cases,

and in order to shorten the total duration of the

tests, the duration of each loading step was

fixed to 7 days and, in the case of suction re-

duction steps, to 20 days.

� Test type E6: Suction is decreased from the ini-

tial value to a minor value (3-6 MPa) maintain-

ing a low vertical load (0.1 MPa). The sample

is then vertically loaded under this value of suc-

tion up to the maximum value permitted by the

equipment (9 MPa). In some tests the sample

was finally unloaded.

A summary of the tests performed can be found in

Table VI. Tests performed at 20 °C following the

same paths have also been included for compari-

3. Methods and results
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Figure 23: Stress paths for the suction and temperature controlled oedometric tests.
Two of them were already presented in Villar

, 2002). It has not been possible to carry out

tests at high temperature foreseen, due to re-

g breakdowns of the equipment. In fact, some

results of the tests performed at high tempera-

ust be considered preliminary. On the other

the possible effect of sulphuric vapour on the

iour of the bentonite is unknown.

E5 starts by stabilising the sample at the suc-

orresponding to its equilibrium water content

(130 MPa) under a minor load (0.1 MPa). The void

ratio of the tests performed at 50 °C increases dur-

ing this first step, which does not happen in the tests

performed at 20 °C, as seen in Figure 24. There is

not a clear explanation for this observation, which

could be due to the thermal expansion of the soil.

However this expansion is higher than the one mea-

sured previously in FEBEX bentonite (linear thermal

expansion of about 0.5% in unconfined samples

heated from 20°C to 50°C (ENRESA 2000, Romero

et al. in press)) and it could be an experimental arti-
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Figure 24: Evolution of vertical strain in the first step of oedometric tests following path E5 in Table VI
(suction 130 MPa, vertical pressure 0.1 MPa).
Table VI
Summary of the oedometer tests performed with suction and temperature control.

Reference Type of path
Temperature

(°C)
Initial �d

(g/cm3)
Initial w

(%)
Maximum vertical pressure

(MPa)
Minimum suction

(MPa)

EDS1_10* E5 20 1.68 13.7 9 4 / 1

EDS1_13 E5 20 1.70 13.7 8 1

EDS5_8 E5 20 1.70 13.6 5 1

EDSC_6 E5 50 1.72 12.5 8 1

EDSC_8 E5 50 1.70 14.3 8 4

EDS2_9* E6 20 1.71 12.9 8 4 / 1

EDS3_11 E6 20 1.72 13.2 9 3 / 1

EDSC_1 E6 40 1.60 11.0 9 6

EDSC_2 E6 40 1.72 12.3 0.1 51

EDSC_3 E6 60 1.70 13.5 9 4

*Tests already presented in Villar (2000, 2002).
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fact. This initial difference determines the subse-

quent behaviour of the samples during the tests,

which is shown in Figure 25. Although the stiffness

of the soil, when loaded at hygroscopic conditions,

becomes evident for all the temperatures, the com-

pressibility during loading of samples tested at 50

�C is higher than for samples tested at 20 �C. This

could be simply a consequence of the different void

ratio at the beginning of compression. As it has

been observed in saturated materials, temperature

increases the compressibility of bentonite. As in sat-

urated soils, a reduction in the size of the elastic

domain with the temperature can be observed

(Hueckel & Borsetto 1990), in this case the apparent

preconsolidation stress is only about 3 MPa when the

temperature is 50ºC and it is higher than 20 MPa

when the temperature is 20ºC.

The behaviours of the samples during wetting under

a high vertical load were diverse and apparently not

3. Methods and results
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Figure 25: Evolution of void ratio in the different steps of the loading and wetting paths performed in suction controlled oedometers at
different temperatures following path E5 in Table VI (initial nominal dry density 1.70 g/cm3).
43



determined by temperature. Overall the initial void

ratios are recovered, although two tests suffered a

small collapse at the beginning of wetting (EDS1_10

and EDSC_8).

The results of the tests performed following path E6

are plotted in Figure 26. The increase in void ratio

during the initial wetting under a low vertical load is

important in all tests. No different behaviour can be

observed as a consequence of temperature. In the

subsequent loading, the initial void ratio is not recov-

ered in any test, due to the irreversible macrostruc-

tural strains induced by microstructural deformations

that occurred during the previous swelling to low suc-

tion values (Lloret et al. 2003). The comparison of

the curves obtained during loading at different tem-

peratures and constant suction (tests EDS3_11 at 20

°C and EDSC_3 at 60 °C) suggests that temperature

increases the compressibility of bentonite and that

some reduction in the size of the elastic domain with

temperature takes place (Hueckel & Borsetto 1990).
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Figure 26: Evolution of void ratio in the different steps of the wetting and loading paths performed in suction controlled oedometers
at different temperatures following path E6 (initial nominal dry density 1.70 g/cm3, except for EDSC1: 1.60 g/cm3).



The two paths tested have approximately the same

initial and final states with respect to suction and

vertical stresses. In particular, for test EDS1_13 the

path followed consisted in loading up to 8 MPa un-

der a constant suction of 130 MPa and then wetting

under this high vertical load. For test EDS3_11 the

path followed (E6) consisted in wetting under a con-

stant vertical load of 0.1 MPa, and then loading to

9 MPa under a constant suction of 3 MPa. In Figure

27 the final void ratio of each step of the two tests is

plotted against the correspondent suction or vertical

load. As both variables have the same units, they

are represented in the same axis (wetting paths are

indicated with bold symbols). It becomes clear that

when wetting takes place under a low vertical load

(test EDS3_11), the void ratio increases largely and

the external load applied later is not able to counter-

act this swelling. However, if swelling during saturation

is prevented by previous loading (test EDS1_ 11),

the final volume change is smaller.

These tests are an example of the irreversible mac-

roscopic deformation induced by microestructural

swelling, whose magnitude (of the plastic deforma-

tion) is stress-path dependent (Gens & Alonso 1992).

The same remarks could be made when comparing

the results of tests EDSC_8 (path E5) and EDSC_3

(path E6) plotted in Figure 28. These tests were per-

formed under temperatures of 50 and 60 °C, re-

spectively. The behaviour of bentonite at high tem-

perature is similar to that observed at 20 °C (Figure

27), which would suggest that the repercussion of the

stress path on bentonite deformation is higher than

that of temperature. The only significant difference

between the tests performed at laboratory and those

performed at high temperature, is the higher com-

pressibility of quasi-saturated bentonite upon loading

at high temperature (test EDSC_3 with respect to test

EDS3_11), which has already been commented.

3.1.4 Infiltration tests in different
conditions, interpreted by full
modelling analysis

The back-analysis of infiltration tests allows the cali-

bration of numerical models and the adjustment of

parameters that are difficult to obtain by direct mea-

surement. In the infiltration tests, compacted blocks

of clay are introduced in a hermetic cell and satu-
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performed in oedometers with control of suction at 20 °C (see Table VI for detailed stress paths).
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Figure 28: Comparison of void ratios at the end of each step on paths E5 (test EDSC_8, 50 °C) and E6 (test EDSC_3, 60 °C) performed in
oedometers with control of suction at high temperature (see Table VI for detailed stress paths).
ated through the top, while thermal gradients may

e applied. After a pre-fixed time, the cell is disas-

embled and the water content of clay is determined

t different distances from the hydration front. If the

filtration test is performed with thermal gradients,

he tortuosity factor that is involved in vapour flux

odelling may also be obtained or validated.

he FEBEX bentonite response under the small-scale

est conditions is very complex, due to the physical

rocesses and interactions that take place during

he simultaneous heating and hydration of clay un-

er conditions of practically constant volume. Be-

ause of that, a coupled THM analysis becomes

ecessary, in order to simulate this problem. The THM

ormulation proposed by Olivella et al. (1994), was

een adopted as a general framework for the analy-

es, and the finite element code CODE_BRIGHT

Olivella et al. 1996) was used to analyze small-

cale tests as a boundary value problem. The simula-

ions intend to reproduce the evolution of the main

ariables of the tests (water intake and temperature)

nd also the experimental data coming from the

ostmortem study. Regarding these studies, it is im-

ortant to highlight that the most of the constitutive

ws and parameters considered in the analyses are

the same as those adopted for the Operational Base

Case (OBC) model of the “mock-up” test (ENRESA

2000). In that sense, the results obtained in this study

are some kind of model predictions that allow the

increment of confidence in the constitutive equations

and parameters used.

The theoretical framework of numerical modelling is

composed of three main parts: balance equations,

constitutive equations and equilibrium restrictions.

Regarding the mechanical problem, an extension of

the constitutive model known as BBM (Barcelona

Basic Model), which includes thermal effects, was

adopted. A detailed derivation is given in Olivella et

al. (1994), Gens (1995) and UPC (1997), and only

a brief description of the most relevant constitutive

equations and parameters is included in Appendix B.

3.1.4.1 Tests in 60-cm long cells

These tests were performed by CIEMAT during the

phase I of FEBEX project (Villar 2001). Cylindrical

cells with an inner length of 60 cm and a diameter

of 7 cm were constructed (Figure 29). They are made

of Teflon to prevent as much as possible lateral heat

conduction and externally covered with steel semi-

6



3. Methods and results
Figure 29: Experimental set-up for the thermo-hydraulic tests (CIEMAT).
cylindrical pieces to avoid the deformation of the

cell by bentonite swelling. Inside the cells, six com-

pacted blocks of bentonite were piled-up, giving rise

to a total length similar to the thickness of the ben-

tonite barrier of the “mock-up” test of the FEBEX Pro-

ject. To obtain the blocks, the clay with its hygro-

scopic water content (around 14 percent) was uni-

axially compacted at a dry density of 1.65 g/cm3.

The bottom part of the cell is a plane heater whose

temperature is fixed to 100 °C, which is the temper-

ature expected on the surface of the waste container

in the Spanish concept. Over the upper lid of the

cell, there is a deposit in which water circulates at

constant temperature (20-30 °C). In this way, a con-

stant gradient of 1.1-1.3 °C/cm between top and

bottom of the sample is imposed. Granitic water of

a salinity of 0.02 percent is injected through the up-

per lid of the cell at a pressure of 1.2 MPa. This

simulates the water that saturates the barrier in a re-

pository excavated in granitic rock, and it is the

same as that employed to saturate the “mock-up”

test of the FEBEX Project (ENRESA 2000).

The duration of the tests was of 6 (test FQ1/2), 12

(test FQ1) and 24 (test FQ2) months. During the

tests, the temperatures at different positions inside

the clay were measured by means of thermocouples

and recorded, as well as the volume of water intake.

The 5 thermocouples, T1 to T5, were placed at 50,

40, 30, 20 and 10 cm from the heater. At the end

of the thermo-hydraulic treatment, the cell is dis-

mounted and the clay blocks extracted. As the

blocks are extracted, they are cut into cylindrical

sections of 2.5 cm in thickness in which dry density

and water content are determined.

The evolutions of temperature at different locations

inside the clay and of the water intake during the

24-month test are shown in Figure 30. The reper-

cussion of the laboratory temperature on the tem-

peratures inside the clay was noticeable. The aver-

age temperatures recorded by each thermocouple

for the period between 1000 hours after the begin-

ning of the test and the end of the test are plotted in

Figure 31 for three tests of different duration. There

is a sharp temperature gradient in the vicinity of the

heater, the temperature decreasing from 100 °C in

the heater surface to 50 °C at 10 cm from it inside

the clay. On the other hand, a decrease in tempera-

ture with saturation (longer tests) is observed, espe-

cially in the wetter zones, i.e. within the closest 20

cm to the hydration surface. This is due to the higher

heat dissipation of wet clay.
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The final distribution of water content for three tests

is shown in Figure 32. The water content reduction

due to the temperature effect is similar for the three

tests, which means that desiccation takes place

rather quickly and only affects the 18 cm closest to

the heater, where the water contents are lower than

the initial ones, which were around 14 percent. In

the 6-month test, there is a central zone, between

20 and 40 cm, in which the initial water content is

barely modified. The effect of hydration, which is ev-

ident only in the closest 20 cm to the hydration sur-

face in the 6-month test, is noticeable in the 40 up-

per centimetres at 12 months. In the next 12 months,

the water content increases in these 40 upper centi-

metres, but does not change in the 18 cm closest to

the heater, probably because in this zone the ther-

mal effect is still predominant.

The final distribution of bentonite dry density is plot-

ted in Figure 33. Dry density decreases from the

heater towards the hydration surface with an ap-

proximately linear tendency. In the zones affected by

hydration, dry density decreases below the initial

value (1.65 g/cm3), due to the expansion caused by

saturation. On the contrary, near the heater, dry

density increases, due to the shrinkage caused by

desiccation. Despite the dispersion of data –caused

by the initial in-homogeneities and by the determi-

nation method–, it can be observed that the densities

reached near the hydration surface are lower in the

longer tests, due to the fact that their saturation and,

consequently, their swelling deformation, is higher.

Due to this density decrease, the degrees of satura-

tion are lower than what could be expected by the

high water content. In fact, a degree of saturation

higher than 90 percent is only reached in the 3 cm

closest to the hydration surface after 6 months of TH

treatment, in 8 cm after 12 months and in 10 cm

after 24 months.

On the other hand, near the heater (18 cm) the

density remains the same from 6 to 24 months, and

the degrees of saturation decrease from the initial

55-60 percent to values around 25 percent in the

vicinity of the heater. An overall decrease of dry

density was observed, since the average value mea-

sured was 1.57 g/cm3 for the 6 and 12-month tests

and 1.55 for the 24-month tests, whereas the initial

dry density of the blocks was 1.65 g/cm3. This is

due to the fact that the cells are made of Teflon, a

material which slightly deforms because it is not

able to withstand the high swelling pressure devel-

oped by clay as it saturates. This overall decrease of

dry density is linked to the hydration of clay, and for
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this reason, is more important for the longer tests

that have reached a higher degree of saturation.

The model parameters related to thermo-hydraulic

behaviour that were used in the numerical analysis

of the tests are shown in Table VII. The mechanical

model parameters, which are shown in Table VIII,

were identified in the preoperational stage of the

FEBEX project (UPC 1997). All parameters are basi-

cally the same as those adopted for the Operational

Base Case (OBC) model of the “mock-up” test (ENRESA

2000).

50
Table VII
Model parameters related to the thermo-hydraulic problem in the infiltration tests in 60-cm long Teflon cells.
(See definition of parameters in Appendix B).

Intrinsic permeability
ko [m2] b �o

1.9 10-21 30 0.40

Relative permeability
n Slr Sls

3 0 1

Retention curve
Po [MPa] �o Pd [MPa] �d

28 0.18 1100 1.1

Vapour diffusion
�

0.8

Thermal conductivity
�dry [W/mºC] �sat[W/mºC]

0.47 1.15
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Table VIII
Model parameters (BBM model) related to the mechanical problem in the infiltration tests in Teflon cells.
(See definition of parameters in Appendix B)

� 0.04 �s 0.25

� 0.4 �is -0.003

�sp -0.147 �ss 0.00

�o 1.5x10-4 (°C-1) �2 0.00

�0 0.15 pc 0.10 MPa

p 0
* 14 MPa � 0.395

r 0.75 � 0.05

M 1.5 To 20 °C

k 0.1 � 0.2
is-symmetrical models were used in these anal-

mesh of 100 elements was adopted. A sen-

analysis was also carried out to verify that the

results do not depend on the mesh. The initial

undary conditions of the model were imposed

r to be the closest possible to the experiments.

itial water content of the bentonite block is

to 14 %, from the retention curve adopted an

value of suction of 110 MPa was adopted. An

uniform temperature of 22°C is assumed. Ini-

drostatic stresses of 0.15 MPa were adopted.

ing the boundary conditions, a temperature

0 °C was imposed in the contact between

and bentonite (bottom of the cell), while a

nt water pressure of 1.2 MPa was imposed in

er extreme of the cell (upper part). The ther-

oundary condition along the sample was

d in order to adjust the temperature field, in

nse, a temperature of 23°C was fixed with a

on coefficient of 1. Regarding the mechanical

m, a small expansion of the cell was allowed,

er to consider the overall decrease of the dry

observed in the experiments. Finally, a constant

essure (0.1 MPa) was adopted in the analyses.

4-months test was modelled, and two sets of

risons were presented: comparisons between

ions of measured and computed variables,

omparisons corresponding to the analysis of

stmortem study. Figure 34 presents the evolu-

f temperature at different points of the cell.

clic variations of temperature, due to changes

in laboratory temperature, are not taken into account

in the simulations. The model only intends to capture

the whole thermal evolution of the test. In that sense,

the temperature field is quite well reproduced.

The numerical results related to the hydraulic prob-

lem are also good, as it can be seen in Figure 35,

in terms of the cumulative water intake and of the

water intake rate, as well.

Concerning the comparisons related to postmortem

analyses, Figure 36 presents the distribution of tem-

perature along the sample at the end of the test. A

strong reduction of the temperature in zones close

to the heater (twice the imposed temperature at 10

cm) can be observed. A difference in the thermal

problem between cell tests and “mock-up” experi-

ment is that, in the first one, the dissipation of heat

is greater, due to the relatively major amount of ex-

ternal surfaces.

The comparisons related to the distribution of water

content along the cell (Figure 37) show that the re-

sults are not very good, especially in zones close to

the heater. It is important to highlight that the simu-

lation does not take into account the cooling phase,

at which the samples were submitted during the dis-

mantling of the test (before the determination of wa-

ter content values). In any case, the simulations cap-

ture qualitatively well this variable. As in the ‘mock-

up’ test, the effect of wetting can be observed in the

lower part of the sample (approximately 10 cm), due

to the condensation of water vapour coming form

the bottom of the cell (where the heater is located).
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Figure 38 shows the measured values of clay dry

density, together with the model results. A clear den-

sity reduction can be observed in zones close to the

hydration front (due to clay swelling) as well as

higher densities as the distance to the heater dimin-

ishes. The model captures qualitatively the global

trend of the test; but, as for water content, the

agreements between model results and measure-

ments are not good in zones close to the heater.

The omission of the cooling and unload phases in

the analyses could be the main reason for the dis-

crepancies also in this case. On the other hand, it is

important to have in mind that the BBM mechanical

law is not the best one to model the behaviour of

expansive clays, perhaps the adoption of a more

proper mechanical model for FEBEX bentonite (i.e.

the one described in section 3.1.1) could help to

obtain better results.

Once the main variables of the problem are well

captured, it is interesting to analyse its influence on

other relevant variables, such as the permeability

field. Generally, the main thermo-mechanical cou-

plings considered in the permeability models are re-

lated to its dependence on dry density and on tem-

perature (through the liquid viscosity and liquid

density). Figure 39a shows the dependence of intrin-

sic permeability on porosity, in this case, through

the exponential model proposed (Eq. [B.8] in Ap-

pendix B). The highest intrinsic permeability is com-

puted in zones close to the hydration front, due to

the porosity increment in these areas (Figure 38). In

the case of non-saturated flow, the relative perme-

ability law implies also higher values of permeability

as the clay saturation progresses (Eq. [B.9] in Appen-

dix B). Finally, Figure 39b presents the final distribu-

tion of computed permeability, in which the effects of

non-saturation and temperature are included.

3.1.4.2 New tests in ceramic cell

A new device was developed by CIMNE (Figure 40

and Figure 41) in order to run infiltration tests under

a variety of different conditions, which were included

in the initial Test Plan: isothermal conditions (22°C

and 80°C), controlled temperature gradients (25°C

– 80°C) and controlled heat flux (0.2 W/cm2). In or-

der to avoid the volume changes due to defor-

mability of Teflon cells and to reduce the lateral

thermal losses of metallic cells, the sample was con-

fined laterally by a cylinder of ceramic wall. Temper-

atures and swelling stresses (vertical and radial) de-

veloped during the infiltration process could be
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Figure 39: Computed intrinsic permeability (a) and water permeability (b) fields along the cell at the end of the 24-month test.
ured in several positions of the cell by means

ermocouples, a load cell and three total pres-

sensors respectively.

e preliminary test performed, distilled water was

ted from the top of the cell under a hydraulic

ure of 0.1 MPa. The initial dry density of the

men (70 mm in diameter and 140 mm in height)

1.62 g/cm3, and the initial water content was

%. The test was carried out in isothermal condi-

at ambient temperature (22°C).

Figure 42 and Figure 43 show the results of the first

preliminary test performed with this cell. The ce-

ramic cylinder, where the soil sample was located

during the test, was broken after approximately

seven days from the beginning of the infiltration pro-

cess, because the ceramic did not resist the swelling

pressures of bentonite. Two diametrically opposed

cracks were open along the cylinder walls starting,

due to stress concentration, in the holes where the

lateral stress gauges were located. The tendencies

of water content observed in Figure 42 are similar
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Figure 40: Schematic representation of the cell designed by CIMNE to perform infiltration tests at different temperatures.
Figure 41: Cell designed by CIMNE to perform infiltration tests at different temperatures.
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Figure 42: Preliminary results of the infiltration tests (CIMNE).
se observed in the initial stage of the tests per-

d in large cells (Figure 37). On the other hand,

o the little time available, the increase in pore

e is concentrated very near of the water inlet.

ure 43a it is possible to see that the swelling

al stress increased sharply; the stress increases

quickly than in other cases (“mock-up” and

tu” experiments). This was due to the inexist-

of gaps between bentonite blocks or between

entonite and the cell walls since in the current

before beginning the experiment, the top cap

was adjusted on the sample and then was fixed to

the load cell using a screw (Figure 40).

The test was modelled using the same numerical ap-

proach described in the previous section but in this

case, isothermal conditions were considered. Vertical

and lateral mechanical confinement was imposed

until the failure of the ceramic wall, after that, the ra-

dial stresses were reduced in order to simulate the

loss of lateral confinement. Table IX and Table X

show the model parameters used in the analysis; in

general, the parameters are the same as those pre-
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Figure 43: Evolution of swelling pressure and accumulated water intake in an infiltration test performed in the ceramic cell (CIMNE).
ted in the analysis of infiltration in the 60-cm

g cells. Only small differences with the parame-

shown in the Table VII and Table VIII were intro-

ed in order to take into account the effect of the

rent dry density of the bentonite on the retention

e (parameter P0 in Table IX) and the inexistence

aps between blocks on the swelling pressure de-

pment (parameters �, �s and �is in Table X).

evolution of computed vertical swelling stress

water intake is shown in Figure 43, whereas

Figure 44 shows the profiles of water content and

dry unit weight. A reasonable agreement is obtained

between measured and computed values of the dif-

ferent variables. In particular, the decrease in verti-

cal swelling strain after the failure of the confining

cylinder was properly reproduced. Better results

would have been obtained if a process of systematic

curve fitting had been made; nevertheless, in this

case the objective was to validate the model and the

parameters used in the modelling of real scale ex-

periments.
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Table IX
Model parameters related to the thermo-hydraulic problem in the infiltration test in ceramic cell.
(See definition of parameters in Appendix B).

Intrinsic permeability
ko [m2] b �o

1.9 10-21 30 0.40

Relative permeability
N Slr Sls

3 0 1

Retention curve
Po [MPa] �o Pd [MPa] �d

15 0.18 1100 1.1

Vapour diffusion
�

0.8
Table X
Model parameters (BBM model) related to the mechanical problem in the infiltration tests in the ceramic cell.
(See definition of parameters in Appendix B).

� 0.05 �s 0.38

� 0.4 �is -0.008

�sp -0.147 �ss 0.00

�o 1.5x10-4 (°C-1) �2 0.00

�0 0.15 pc 0.10 MPa

p o
* 14 MPa � 0.395

r 0.75 � 0.05

M 1.5 To 20 °C

k 0.1 � 0.2
New T-H-M tests

of the THM tests carried out during FEBEX I

made under “standard conditions” (isothermal,

oratory temperature...). However, it was ob-

that many parameters controlling the THM

iour of the bentonite, which are very critical in

of the sensitivity of the THM models to their

ion, change significantly when the boundary

tions (temperature, swelling strains...) are dif-

. The objective of the new THM tests is the de-

ation of variations in critical parameters of the

buffer caused by changes in temperature, saturation,

microstructure of bentonite, and chemical composi-

tion of porewater. As a result, improved knowledge

of the variations introduced in the THM behaviour

and bentonite parameters will be gained.

3.2.1 Temperature influence
on the hydro-mechanical
properties of the clay

The influence of dry density and water content on

most of the properties of FEBEX bentonite was tested,
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Figure 44: Water content and dry density profiles at the end of the infiltration test performed in the ceramic cell (CIMNE).
ost of the tests were performed at laboratory

erature. It is an objective of the project to make

ffort to identify the influence of temperature on

odification of these properties.

.1 Retention curves

suction/water content relationship was deter-

d both in confined and unconfined samples un-

ifferent temperatures. Although the sealing ma-

will be unconfined only in the outer part of the

barrier, where a void exists between compacted

blocks and host rock, the determination of the suc-

tion/water content relationship in unconfined sam-

ples is justified because, being much easier to deter-

mine, it will still be useful in identifying the influence

of temperature.

Besides, since the control of volume change in dry-

ing paths of the retention curve is difficult, the drying

paths at different temperatures are being performed

following the standard procedure (free volume).



The retention curve at constant volume, following a

wetting/drying path, was determined by CIEMAT for

two different dry densities (1.65 and 1.70 g/cm3)

and a temperature of 40 °C, at 60 °C for dry den-

sity 1.65 g/cm3, and at 80 °C for dry densities 1.60

and 1.70 g/cm3. The curves follow a wetting path,

from suction 130 MPa to 0.1 MPa, and afterwards,

a drying path to 130 MPa. The initial water content

of the samples was the hygroscopic one (about 14

percent). To hinder the swelling of clay during the

determination, the samples were compacted in the

cells shown in Figure 15. These cells were intro-

duced in a vacuum dessiccator with a sulphuric acid

solution, which was, in turn, placed into an oven at

controlled temperature (Figure 45).

The results obtained are shown in Table A.4 (Ap-

pendix A) for a temperature of 40 °C, in Table A.5

for a temperature of 60 °C and in Table A. 6 for a

temperature of 80 °C, and are plotted in Figure 46.

The degrees of saturation obtained are higher than

100 percent because they were calculated consider-

ing the density of the water as 1.00 g/cm3, which

was shown to be untrue for high plasticity materials

(Villar 2000, Marcial 2003). The results shown the

hysteretic behaviour of clay, being the water con-

tents reached during drying higher than those ob-

tained during previous wetting. On the other hand,

the retention capacity at higher temperature seems

to be slightly lower. This is clearly seen in Figure 47,

where only the wetting curves referring to a single

dry density have been plotted.

The retention curve following a drying/wetting path

was determined by CIEMAT in unconfined samples

for temperatures of 80 and 60 °C. The results ob-

tained are shown in Table A. 7 and Table A. 8, in

Appendix A. In terms of water content, there are no

differences regarding initial dry density; however

there are differences in terms of the degree of satu-

ration (Figure 48): for a given temperature and suc-

tion, the higher the initial dry density, the higher the

degree of saturation. The curves obtained show hys-

teresis, being the water contents in the wetting paths

lower than those reached for the same suction in

previous drying. Figure 49 shows the results ob-

tained for a dry density of 1.65 g/cm3, compared

with those obtained at 20 °C during FEBEX I for a

similar dry density. As in the tests performed in con-

fined samples, the retention capacity is higher for

the samples tested at laboratory temperature, al-

though no difference can be appreciated in the dry-

ing path between the samples tested at 60 and 80

3. Methods and results
Figure 45: Experimental set-up for the determination of retention curves at constant volume and different temperatures (CIEMAT).
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Figure 46: Retention curves at constant volume and at different temperatures in a wetting/drying path (CIEMAT).
°C. The lower retention capacity at higher tempera-

ture is clearer in the wetting after drying path.

Figure 50 shows the changes in dry density experi-

enced by specimens with an initial dry density 1.65

g/cm3 during the determination of retention curves

under unconfined conditions. For suctions higher than

100 MPa, volume changes are small and do not de-

pend on temperature. However, for suctions lower

than 100 MPa, the decrease in dry density in the wet-

ting path becomes increasingly important and differ-

ent for each temperature. Swelling is greater for

specimens tested at room temperature, in accordance

with the results presented in section 3.2.1.2.

Following the same paths CIMNE performed similar

tests on samples compacted at dry densities of 1.55

and 1.65 g/cm3, at a temperature of 80°C. Two

small cells similar to the one shown in Figure 16 are

introduced into an oven at controlled temperature

with a system to circulate through them the vapour

coming from salt or sulphuric acid solutions (Figure

51). Preliminary results of water retention curve de-

termination at 80°C are shown in Figure 52 and Ta-

ble A. 9 (Appendix A). Water content at 8.3 MPa

should have been higher than the value indicated in

the figure since hermetic conditions were not reached

in the salt container during the application of this

suction. A new system of vapour circulation must be

implemented in order to avoid vapour losses (closed

system to vapour). Nevertheless, the lower retention

capacity at high temperature becomes clear again.

3.2.1.2 Swelling capacity

The influence of temperature on the swelling capac-

ity of clay is being checked by tests of swelling under

vertical load. They were performed by CIEMAT in an

oedometer whose cell is placed in a thermostatic

bath with controlled temperature. Granulated ben-

tonite, with its hygroscopic water content (about 14

percent), was compacted inside the cell ring, at

room temperature, using static uniaxial compaction

until it reached nominal dry densities of 1.60 g/cm3.

Vertical stresses between 22 and 30 MPa were ap-

plied to obtain specimens of 5.0 cm in diameter

and 1.2 cm in height. The stabilisation of tempera-

ture is reached in less than 24 hours, and it gives

place to a vertical strain of the sample around -0.6

percent. After having reached the stabilisation of the

target temperature in the oedometer, vertical pres-

sures of 0.1, 0.5, 1.5 and 3.0 MPa were applied to

the samples. Immediately afterwards, they were

soaked with deionised water at atmospheric pressure
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Figure 47: Retention curves at constant volume for different temperatures and dry densities.
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Figure 50: Evolution of dry density in the retention curves in unconfined specimens of bentonite compacted at an initial dry density
of 1.65 g/cm3; A: drying/wetting paths, B: enlargement of drying paths.
the bottom porous plate. The swelling strain ex-

nced by the specimens upon saturation was re-

ed as a function of time until stabilisation. On

pletion of the tests the water content of the

imens was determined and full saturation was

ed. The swelling strain experienced by the spec-

s upon saturation was determined for tempera-

ranging from 30 to 80 °C.

results are shown in Table A. 10 to Table A. 13,

e the strain percentage is calculated as the in-

crease of height with respect to the initial height of

the sample, the negative values indicating swelling

strains.

The evolution of strain as a function of time in the

tests performed under 0.5 and 1.5 MPa is shown in

Figure 53. The final strains reached are plotted as a

function of the temperature and overload of the test

in Figure 54. As shown in the Figure, the swelling

capacity decreases with temperature and linear fit-

tings can be drawn between swelling strain and pres-
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Figure 51: Isochoric cells and salt container to determine the retention curve at constant volume and different temperatures (CIMNE).
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Figure 52: Preliminary results for two retention curves measured at 80 °C (CIMNE).
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Figure 53: Evolution of strain of samples compacted to dry density 1.60 g/cm3 saturated with deionised water under a vertical pressure
of 0.5 MPa (a) and 1.5 MPa (b) at different temperatures.
Although the fittings come from tests per-

ed at temperatures ranging from 30 to 80 °C,

xtrapolation of lines towards higher tempera-

seems to indicate that the swelling capacity

d stand for temperatures around 100 °C.

.3 Swelling pressure and permeability

etermination of the swelling pressure and per-

ility as a function of temperature is being per-

formed by CIEMAT in new high pressure oedometer

equipments (Figure 55 and Figure 56). Granulated

clay was compacted uniaxially and statically at room

temperature in the oedometer ring, which had an in-

ner diameter of 5.0 cm, the length of the resulting

specimen being 1.2 cm. Nominal dry densities of

1.60 and 1.50 g/cm3 were reached by applying

vertical stresses of 15±1 and 11 MPa, respectively.

The oedometer assemblage is placed inside a sili-

cone oil thermostatic bath that keeps target temper-
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3. Methods and results
Figure 56: Twin set of high pressure oedometers with one of them placed in the thermostatic bath (left).
ature. Once the temperature stabilises, the sample,

confined between porous stainless steel sinters, is hy-

drated at constant volume through the bottom face

with deionised water injected at a pressure of 0.6

MPa, while the upper outlet remains open to atmo-

sphere. At the same time, a load cell installed in the

loading frame measures the swelling pressure exerted

by the clay. The small vertical deformation of the

specimen, due mainly to load cell and frame de-

formability, is measured by two LVDTs. An automatic

volume change apparatus measures the water ex-

change of the specimen. The values of load, strain

and water exchange are automatically recorded.

Once the sample is completely saturated (which is

assumed by the stabilisation of water intake and

swelling pressure development), the injection of wa-

ter is stopped, and the pressure registered is consid-

ered the swelling pressure value for the dry density

attained. The actual density may differ slightly from

the nominal one due to the small displacement al-

lowed by the equipment (about 10 �m when a verti-

cal stress of 2.2 MPa is applied).

Afterwards, hydraulic conductivity is determined in

the same equipment and on the same samples,

which were kept at constant volume. In order to per-

form this determination, the water pressure at the

bottom of the samples is increased, while a back-

pressure of 0.6 MPa is applied on top, resulting in

hydraulic gradients between 11700 and 20000. The

water outflow is measured and the hydraulic con-

ductivity is calculated applying Darcy’s law. Tests

performed with different hydraulic gradients have

confirmed that there is no effect of the gradient

magnitude (in the interval tested) on the hydraulic

conductivity value (Villar 2000, 2002).

The results are shown in Table A. 14 (Appendix A),

in which the values of swelling pressure (Ps) and hy-

draulic conductivity (kw) are indicated. The swelling

pressure results are plotted in Figure 57, were the

dispersion of data can be mostly attributed to the

variations in dry density (whose average value was

in fact 1.58 g/cm3). This is caused by the small dis-

placement allowed by the equipment, as the swell-

ing pressure value is very sensitive to little density

changes (see Equation [3]). The error bars shown in

the figure were obtained from values measured in

tests performed at laboratory temperature to obtain

Equation [3]. A decrease of swelling pressure, as a

function of temperature, is observed. However, the

extrapolation of the logarithmic correlation towards

higher temperatures would indicate that swelling
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Figure 57: Swelling pressure as a function of temperature for saturated FEBEX clay compacted to different nominal dry densities (the error
bars correspond to samples of dry density 1.58 g/cm3 and 1.49 g/cm3 tested at laboratory temperature, Equation [3]).
ressures higher than 1 MPa would be developed

ven for temperatures of 100 °C. This would be in

ccordance with the results obtained in soaking un-

er load tests, which predict a decrease in swelling

apacity with temperature. Lingnau et al. (1996) also

bserved a reduction in swelling pressure with tem-

erature for a sand/bentonite mixture, although it did

ot show any loss in the self-healing capability of the

aterial, even for temperatures of up to 100 °C.

he hydraulic conductivity results are plotted in Fig-

re 58. The error bars shown were obtained from

alues measured in tests performed at laboratory

emperature to obtain Equation [2]. The effect of

emperature on permeability is less evident than on

welling pressure, although it slightly increases in a

ogarithmic way with temperature, as expected from

he decrease in water kinematic viscosity. The ex-

remely high values of permeability measured for

ominal dry density 1.49 g/cm3 have to be con-

irmed.

.2.1.4 Oedometric tests

he two oedometers described in the previous sec-

ion, in which vertical pressures of up to 20 MPa

can be applied, are being used by CIEMAT to per-

form oedometric tests at different temperatures. The

initial dry density of the samples was of 1.70 g/cm3,

and clay was compacted uniaxially with its hygro-

scopic water content inside the oedometer ring (di-

ameter of 5.0 cm, length of the specimen of 1.2

cm). A vertical pressure between 22 and 26 MPa

was applied to manufacture the specimens.

Two kind of tests were designed. In both of them the

stress path is similar, but in one of them the sample

is previously saturated (type 1) while in the other

one it is not (type 2).

� Type 1: the sample is heated up to the desired

temperature under a low vertical load and then

loaded to 1 MPa. Afterwards, the sample is

saturated under this load until it reaches stabili-

sation and later, loaded progressively up to 2,

4, 6, 12 and 20 MPa.

� Type 2: the sample is heated up to the desired

temperature under a low vertical load (0.4

MPa). Afterwards, the sample is loaded pro-

gressively up to 1, 2, 4, 6, 12 and 20 MPa.

During all the process the sample keeps its ini-

tial water content, i.e. it remains unsaturated.

0



After some preliminary tests, tests at 25, 60 and 80

°C were performed satisfactorily. Their characteris-

tics are shown in Table XI. Saturation of type 1 tests

took place by injecting deionised water through the

bottom inlet of the cell at the pressure given by a

1-m column.

Durin

the ce

the tw

water exchange with the environment. The duration

of each loading step was fixed to 7 days.

Figure 59 shows the evolution of swelling during sa-

turation under a vertical load of 1 MPa, at two dif-

ferent temperatures, for samples of initial dry density

1.70 g/cm3 (type 1 tests EAP2_10 and EAP2_11).

rease

pera-

3. Methods and results
g saturation and loading, the upper outlet of

ll was open to atmosphere. In the type 2 tests

o inlets of the cell were closed, to avoid any

The increase of water permeability and the dec

of the swelling capacity of bentonite with tem

ture can be observed.

Table XI
Summary of oedometric tests performed.

Reference
Temperature

(°C)
Initial �d

(g/cm3)
Initial w

(%)
Initial Sr*

(%)
Final �d

(g/cm3)
Final w

(%)
Final Sr*

(%)

EAP1_10 25 1.70 14.5 67 1.76 13.9 71

EAP1_11 80 1.72 13.0 62 1.81 11.6 63

EAP1_12 60 1.70 14.0 64 1.78 13.4 71

EAP2_10 25 1.71 13.7 64 1.71 26.6 123

EAP2_11 80 1.69 14.4 65 1.58 28.7 109

*calculated considering the density of water 1.00 g/cm3 .
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Figure 58: Hydraulic conductivity as a function of temperature for saturated FEBEX clay compacted to different nominal dry densities
(the error bars correspond to samples of dry density 1.58 g/cm3 and 1.49 g/cm3 tested at laboratory temperature, Equation [2]).
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Figure 59: Swelling during saturation of bentonite under a vertical stress of 1 MPa.
he volume changes measured during loading are
lotted in Figure 60 in the form of oedometric
urves. Logically, the void ratios at the beginning of
oading are higher in the tests in which the sample
as previously saturated (type 1). Hydration induces
significant increase of pore volume in both sam-

les, but this swelling is greater in the sample tested
t 25 °C (Figure 59), following the same trend of
oaking under load tests. This increase of volume is
ssociated to irreversible changes in the macrostruc-

ure of the material and reduces the apparent pre-
onsolidation stress of bentonite (Gens & Alonso
992, Alonso et al. 1999). These structural changes
revail over the increase of compressibility of ben-

onite with temperature, and the cold sample pres-
nts the smallest preconsolidation pressure and the
iggest volume change under load application. On

he other hand, the comparison of the curves ob-
ained during loading at different temperatures and
onstant water content (type 2 tests) suggests that
he temperature increases the compressibility of
entonite, as it was observed in saturated materials.
s in the suction controlled test (Figure 25), a cer-

ain reduction in the size of the elastic domain with
emperature can be observed (Hueckel & Borsetto
990), despite the fact that the vertical stresses ap-
lied are smaller than the compaction load.

3.2.2 Study of the microstructure

The hydration of bentonite generates microstructural

changes that modify both its hydraulic and mechani-

cal properties. As a consequence, the evolution of

porosity and microstructure influence greatly the

hydration transient state. From a fundamental point

of view, measurements and observations at this

microstructural level, involving clay units and their

aggregations, are very important, since they should

help in further understanding of higher structural

levels and their consequences on material proper-

ties and behaviour, under various hydro-mechanical

stress state conditions. As the microstructural studies

are a complex matter, several techniques would be

applied. Some of them are, in fact, indirect methods

of determining the evolution of microstructure with

hydration.

3.2.2.1 Mercury intrusion porosimetry

The quantitative examination of the microstructural

level has been usually focused on the distribution of

the sizes of soil voids. Pore size distribution is an es-

sential fabric element, which is related to some soil

properties and behavioural characteristics, such as

water, air and heat conductivity properties, absorp-
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Figure 60: Oedometric curves of the type 1 and type 2 tests performed at different temperatures (initial void ratio 0.59).
nd desorption properties, and skeleton defor-

ity (rearrangement of fabric units). A very use-

chnique for the quantitative study at this mi-

le is mercury intrusion porosimetry (MIP), which

sed in this research to describe the micros-

re of bentonite and to provide information

factors influencing its microstructural changes.

ide range of pore diameters that can be ex-

d (around 6 nm to 400 �m) allows MIP to be

uitable for the study of the microstructure of

MIP tests were performed on a “Micromeritics-

Autopore IV” equipment, attaining maximum intru-

sion pressures of 220 MPa. To avoid excessive

shrinkage, a freeze drying process was used to pre-

pare the dehydrated samples required by MIP tests.

Details of the procedure can be found in Delage et

al. (1982) and Delage et al. (1996).

The influence of various mechanical (loading) and

hydraulic (wetting / drying) stress paths on the pore

size distribution of compacted bentonite was ana-

lysed. The mechanical paths involved loading paths
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at hygroscopic water content (about 13%, total suc-

tion of around 120 MPa). Maximum vertical com-

paction stresses varied between 8 and 38 MPa to

achieve target dry densities of 1.40 to 1.80 g/cm3.

Figure 61 and Table XII show the stress paths fol-

lowed on loading (L-U), which also includes an un-

loading stage prior to the performance of the MIP

test. It is assumed that irreversible loading mecha-

nisms predominate over the reversible mechanisms

of the unloading stage. The stress path does not in-

clude the freeze-drying stage, in which it is assumed

that suction is increased without appreciable change

of soil volume.

A series of hydraulic stress paths included wetting

under isochoric (constant volume) or constant verti-

cal stress conditions. The wetting paths performed

under isochoric conditions, started from the as-com-

pacted state reaching in a single-stage procedure a

final state with a prefixed suction or saturated condi-

tions (path WIC-U in Figure 61 and Table XII). The

wetting paths were performed under constant stress

states: under unconfined conditions (path W-L-U)

and under a constant vertical net stress (L-W-U).

Under unconfined conditions, the sample was satu-

rated in a single stage tending to slurry, which was

then loaded to a maximum vertical net stress of

1.5 MPa. A series of hydraulic stress paths on the

naturally-aggregated material also included drying

paths under unconfined conditions (D-W) starting

from the as-compacted state at a dry density of

1.65 g/cm3. The maximum total suction applied

was 310 MPa, before going back to 100 MPa. All

the hydraulic paths include an unloading stage prior

to the performance of the MIP test.

In compacted clays, three different types of pore

spaces within the microstructure of clays are usually

considered. The pore size ranging between 0.2 and

2 nm can be identified as the intra-particle (inter-

platelet) pore space. On the other hand, the inter-

particle (intra-aggregate) pore space and the inter-

aggregate pore domain can be distinguished.

The conditioning of FEBEX bentonite in the quarry,

and later in the factory, was strictly mechanical and

included the crumbling of clods. Finally, the clay

was sieved by a 5-mm square mesh to obtain the

bentonite grains to be compacted in the laboratory.

Due to this physical treatment, the pore size distribu-

tion of FEBEX bentonite, resulting after the compac-

tion, presents a new type of pore between the grains

that can be denominated inter-granular pore do-

main.

FEBEX II Project. Final report on thermo-hydro-mechanical laboratory tests
Vertical stress

Su
cti

on

D-W

W-L-U

L-W-L-U

WIC-U

L-U

sM

sO

sm

0

0 �W3 �M2 �M4 �M1 �M3

Figure 61: Stress paths followed before MIP tests.
74



3. Methods and results
Table XII
Initial conditions, stress paths and final conditions followed before MIP tests

Test
Initial conditions

Path
Final conditions

�d (g/cm3) w (%) �d (g/cm3) w(%)

1 0.62 125.0 WLU; �M4= 1.5 MPa 1.15 49.9

2

1.40 13.0

LU; �M4=8 MPa 1.40 13.0

3 WICU; sm= 0 1.29 37.5

4 LWLU; �W3=�M3= 0.2 MPa 1.15 49.9

5

1.65 12.6

LU; �M4= 22 MPa 1.65 12.6

6 DW; sM= 310 MPa 1.73 8.7

7 WICU; sm= 39 MPa 1.55 20.3

8 WICU; sm= 4 MPa 1.46 23.3

9 WICU; sm= 0 MPa 1.43 29.6

10 LWLU; �W3=0.5MPa; �M3=2 MPa 1.37 36.0

11
1.68 13.0

LU; �M4= 24 MPa 1.68 13.0

12 LWLU; �W3=�M3= 0.2 MPa 1.41 33.9

13 1.50 �3 LU; �M4� 10 MPa 1.50 �3

14 1.80 �3 LU; �M4= 36 MPa 1.80 �3

15 1.95 �4 LU; �M4� 200 MPa 1.95 �4
Usually, the pore size distribution is represented in

terms of incremental intruded pore volume vs. en-

trance pore diameter. This differential plot takes the

incremental increase in intrusion between the pore

diameters, associated to the different pressures used

in the test, and consequently, the appearance of the

pore size histogram depends largely on the number

and size of the pressure intervals. An alternative

possibility to show the pore size distribution is to use

the derivative of the accumulative pore volume, in

terms of void ratio, with respect to the decimal loga-

rithm of the pore diameter. This derivative is com-

puted using a finite differences approach, and the

resulting pore size distribution plot is less dependent

on the pressure intervals used in the test. Figure 62

shows the pore size distribution of samples of ben-

tonite compacted at a dry density of 1.68 g/cm3,

using the two approaches indicated. The influence

of the number of pressure steps in the mercury intru-

sion process is notorious when the incremental

representation is used; consequently the derivative

of intruded volume was adopted to illustrate the

pore size distribution of bentonite.

On the other hand, it must be pointed out that the

mercury intrusion process is divided into two parts

that correspond to two pressure intervals (between

2.4 kPa and 150 kPa (low pressure range) and be-

tween 150 kPa and 220 MPa (high pressure range)).

In order to change the pressure range in the test, it

is necessary to stop the intrusion process and disas-

semble the equipment. These operations usually

produce a distortion and a false peak in the pore

size distribution curve, which corresponds to a diam-

eter of about 6000 nm (shaded area indicated in

Figure 62). This distortion was manually filtered in

the results that will be presented in this section.
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Figure 62: Pore size distribution of samples compacted at a dry density of 1.68 g/cm3. In terms of incremental pore volume (a);
and slope of void ratio - pore diameter logarithm relationship (b). The shaded zone corresponds to the change of mercury intrusion system.
63 shows the pore size distribution (PSD) ob-

in samples compacted to very different values

density (from 1.4 g/cm3 to 1.68 g/cm3) and

scopic water content (paths L-U in Figure 61),

ms of logarithmical increment of void ratio

log10(pore diameter)). It can be observed that

re size distribution is clearly bi-modal, wich is

haracteristic of this type of materials (Alonso et

87). The dominant values are 10 nm, which

correspond to the pores inside clay aggre-

, and a larger pore size, which depends on

the compaction dry density and ranges from 20 �m

(for �d =1.68 g/cm3) to 30 �m (for �d = 1.4 g/cm3).

These larger voids would correspond to the inter-

granular pores. The boundary between the two pore

size families can be situated around 150-200 nm,

as pores smaller than this size do not appear to be

affected by the magnitude of the compaction load.

Clearly the samples differ only in the proportion of

macropores having a diameter bigger than 2 �m.

As Figure 63 clearly shows, compaction affects mainly

the pore structure of the inter-granular pores.
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Figure 63: Porosimetry of samples compacted to different dry densities with a water content of about 13%.
As it is shown in Figure 64, similar conclusions con-

cerning macroporosity can be achieved considering

the samples compacted at low water content (tests

13, 14 and 15 in Table XII).

As observed, the PSD curves of the as-compacted

states at dry densities, varying between 1.4 and

1.95 g/cm3, only display two modes. It appears that

the dominant inter-granular pore mode overlaps the

inter-aggregate porosity that cannot be distinguished.

Following this hypothesis, it is admitted that the as-

compacted states present three pore modes; even

so only two are distinguished.

Figure 65 shows the relationship of pore diameter

with intruded pore volume for two samples com-

pacted at dry densities, 1.40 g/cm3 and 1.68 g/cm3.

It can be noted that there exists a significant pore

volume into which the mercury could not penetrate

or that has a diameter larger than the resolution of

the equipment. In the case of the sample with a dry

density of 1.68 g/cm3, this pore volume practically

only corresponds to pores smaller than 6 nm, (e=

0.26), but in the case of the sample with a dry den-

sity of 1.40 g/cm3, part of this volume corresponds

also to pores bigger than 480 �m. Assuming that

the magnitude of the pore volume associated to

pores of diameter smaller than 6 nm (not intruded

by mercury) is the same for the two specimens, the

volume, with diameter bigger than 480 �m in the

less dense specimen, which is not considered is

about 0.16. Indeed the intra-aggregate and intra-

particle pore volumes are very similar for the two

samples with void ratio values around 0.41. The re-

maining of the pore space corresponds, therefore,

to inter-aggregate and inter-granular pores, ac-

counting for about 56% of the voids (e = 0.52), in

the sample with a dry density of 1.4 g/cm3, and

about 33% (e = 0.20), in the sample with a dry

density of 1.68 g/cm3.

Additional information on the soil fabric can be in-

ferred from the examination of retention curves ob-

tained under free swelling and constant volume

conditions (Figure 17). It can be observed that the

water retained at suctions higher than about 15

MPa is independent from the total void ratio (or dry

density). It seems plausible that the water retained at

those high suctions belongs to the intra-aggregate

pores, where total porosity plays no relevant role

(Romero et al. 1999). The fact that the water con-

tent corresponding to intra-aggregate pores ap-

pears to be somewhat higher than their pore vol-

ume (as measured in MIP tests) may be due to the

77



FEBEX II Project. Final report on thermo-hydro-mechanical laboratory tests
0.00

0.10

0.20

0.30

0.40

0.50

0.60

1 10 100 1000 10000 100000 1000000

Pore diameter, D (nm)

�
�

e/
lo

g
(D

)
10

1.5

1.8

1.95

Figure 64. Porosimetry of samples compacted to different dry densities with a water content of about 3-4(%).
7

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1 10 100 1000 10000 100000 1000000

Ac
cu

m
ul

at
ed

vo
id

ra
tio

( =1.4 g/cm , e =0.93)�d

3

total

e =0.41intra-agg.-part

e =0.41intra-agg.-part

e = 0.16D>480 m�

Pore diameter, D (nm)

( =1.68 g/cm , e =0.61)�d total
3

Figure 65: Relationship between pore diameter and intruded pore volume for two samples compacted at different dry densities.
8



fact that the density of the water tightly bound to

clay particles is higher than that of free water (Mar-

tin 1962, Villar 2000). It is also likely that part of

the water is retained on the surface of the aggre-

gates. Summarising, all observational data concern-

ing the fabric of compacted bentonite at hygro-

scopic water content indicates a clear presence of

two structural levels in the material: a microstructure

inside the aggregates and a macrostructure, consti-

tuted by the ensemble of aggregates and inter-ag-

gregates pores. Microstructure features appear to

be largely independent from compaction effort. Fig-

ure 66 presents a summary of the inter-granular

pore sizes as a function of the dry density in the as-

compacted state.

Figure 67 shows the porosimetry of a bentonite spec-

imen, which was obtained remoulding the clay in

saturated condition, in order to obtain a slurry, which

was subsequently loaded to 1.5 MPa (path W-L-U in

Figure 61). The state after the loading path pre-

sented a dry density of around 1.15 g/cm3. The

PSD function displays a clear dominant pore size

mode at 430 nm, which corresponds to the inter-

aggregate pore space. It can be observed that inter-

granular pores disappear due to the slurry condition

of the sample. Important differences are observed

between the PSD functions of the as-compacted states

presented in Figure 63 and this saturated material.

Figure 68 presents the results of the drying path car-

ried out (path D-W). As observed, the as-compacted

microstructure is still preserved after the drying path,

in which a dominant inter-granular pore size mode

is identified. The inter-aggregate porosity remains

hidden.

The evolution of the PSD function on wetting speci-

mens initially compacted to 1.65 and 1.4 g/cm3 are

presented in Figure 69 and Figure 70 respectively.

The different dry densities of the materials, before

the performance of the freeze-drying process, are

indicated in these figures. It can be seen that the

hindered and latent inter-aggregate pore size mode

emerges. Simultaneously, and as a consequence of

the constant volume condition during wetting (Test

9), inter-granular porosity is reduced, tending to its

occlusion. Due to limitations of the method, the evo-

lution of the intra-aggregate pore size mode cannot

be registered, which is expected to increase on wet-

ting. The emerging inter-aggregate pore mode dis-

plays values between 350 and 1100 nm. It appears

that wetting induces the progressive splitting of the

original structure of the pseudomorphs, which are
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Figure 69: Evolution of PSD functions on wetting at constant vertical net stress (L-W-L-U, test 10) and on wetting at constant volume
(WIC-U, test 9). Initial dry density: 1.65 g/cm3.
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purely smectitic piles (Villar 2000). The progressive

subdivision originates the increase in the number of

reactive surfaces and the emerging inter-aggregate

porosity.

Figure 71 compares the PSD functions of bentonite

under saturated conditions, after the wetting paths

under constant vertical load (path LWU in Figure

61), and under isochoric conditions (path WICU in

Figure 61). It can be observed that the inter-aggre-

gate mode that emerges due to saturation reaches

systematic higher peaks on wetting under constant

load paths, in which the swelling strains are higher

than the small strains imposed in isochoric condi-

tions. The changes due to wetting are more evident

in samples with lower density.

Finally, Figure 72 shows the PSD curves of bentonite

equilibrated at different suctions under isochoric

conditions. Suctions were applied using the vapour

transfer technique. The initial conditions of the sam-

ples were the same dry density (1.65 g/cm3) and hy-

groscopic water content (about 13%). The dry densi-

ties indicated in the figure correspond to conditions

before the freeze-drying process and the different

densities are due to the different swelling strains expe-

rienced during unloading after the isochoric hydra-

tion. The initial as-compacted microstructure with do-

minant inter-granular and intra-aggregate pore size

modes is nearly preserved and the inter-aggregate

mode is still latent. It appears that the predominant

changes occur due to the transfer of liquid water.

The effect of a heating cycle in the pore size distri-

bution was studied observing the PSD curves of two

samples. Both specimens were initially compacted at

22°C to a dry density of 1.65 g/cm3 at hygroscopic

water content. The first sample (path LUT, test 16)

was heated to 150°C under unconfined conditions,

then was cooled at ambient temperature (water con-

tent of 0.54%; dry density of 1.6 g/cm3) and sub-

jected to the freeze-drying process. The second sam-

ple (path WICTU test 17) was saturated under iso-

choric conditions at a temperature of 80°C and later

heated to 150°C. After cooling and unload at ambi-

ent conditions the resulting water content and dry

density were 0.49 % and 1.58 g/cm3 respectively.

Finally it was subjected to the usual freeze drying pro-

cess. Figure 73 indicates a certain decrease in the

size of intra-aggregate pores and small changes in

the inter-aggregate and inter-platelet pore domains,

as a consequence of these thermal treatments.
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Figure 73: Effect of a heating cycle in the PSD of compacted bentonite (initial dry density 1.65 g/cm3).
83



3.2.2.2 Observations in the environmental
scanning electron microscope (ESEM)

A systematic observation of some specimens that

were used in the mercury intrusion porosimetry (Ta-

ble XII) were performed by means of an environ-

mental scanning electron microscope (ESEM). In the

microscope used, (Electroscan 2020 ESEM of the

Department of Materials Science and Metallurgy of

Technical University of Catalonia), a specific environ-

ment can be maintained for the purpose of experi-

mentation. An important capability of the equipment

is the observation of samples during controlled wet-

ting and drying by regulating separately the temper-

ature and vapour pressure around them. On the

other hand, in order to visualize thermal effects, the

temperature of the sample can be easily increased

over one hundred degrees. Although the observa-

tions mainly provide qualitative information, the use

of this technique is of interest to enhance the knowl-

edge of the structure changes due to wetting and

drying paths. In addition, some samples were ob-

served using the classical scanning electron micro-

scope (SEM) after a process of freeze-drying.

Using the capabilities of the equipment, the micro-

photographs were made under different environ-

mental conditions of temperature and relative humi-

dity. The used magnification varies generally between

300 and 6000, although in some samples values of

150 or 12000 were used. Table XIII summarises the

observations performed, indicating the initial condi-

tions, the path followed by the sample (according to

Figure 61) and the environmental conditions in the

microscope chamber during the observations. All

the microphotographs obtained on the observed

samples are shown in Appendix C.

The effect of the type of sample origin can be ob-

served in Figure 74, where the differences between

consolidated slurry (test 1 in Table XII) and a com-

pacted sample (test 2 in Table XII) are presented

with the same magnification. The consolidated slurry

possesses a more uniform and homogeneous struc-

ture (matrix structure), in which peds are not clearly

distinguished, according to the mercury porosimetry,

and the pore size distribution presents a clear mode

in a diameter of 0.4 �m. The compacted sample,

displaying an aggregated structure, shows denser

peds separated by pores of greater dimensions (inter-

granular pores).

The effect of compaction intensity can be observed

in Figure 75, where the microphotographs of sam-
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Figure 74: Fabric of bentonite samples (x 700). a) Consolidated slurry (�d=1.15 g/cm3). b) Compacted bentonite with hygroscopic water
content (�d=1.40 g/cm3).
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Table XIII
Initial conditions, stress paths (Figure 61) and final conditions before microscope observations, environmental conditions
during observations and numbering of microphotographs in Appendix C.

Test

Initial
conditions

Path (Figure 61)

Conditions before
observations

Environmental
conditions in ESEM

Microphotographs
in Appendix C

�d

(g/cm3)
w

(%)
�d

(g/cm3)
w

(%)
T

(°C)
RH
(%)

1 0.62 125 WLU; �M4= 1.5 MPa 1.15 49.9 5 75 C.1

2a

1.40

13

LU; �M4=8 MPa 1.40 13.0

15 41 C.2, C.3

2b 15 75 C.2

2c SEM C.2, C.10

3a
WICU; sm= 0 1.29 37.5

16 100 C.3

3b 17.5 27 C.3

5a

1.65

LU; �M4= 22 MPa 1.65 12.6

16 41 C.4, C.5, C.6, C.11

5b 16 75 C.4

5c 16 100 C.4

6 DW; sM= 310 MPa 1.73 8.7 22 15 C.5

7a

WICU; sm= 39 MPa 1.55 20.3

23 67 C.5, C.7

7b,c,d
53
108
151

— C.7

8a

WICU; sm= 10 MPa 1.46 23.3

15 75 C.6, C.8

8b 150 — C.8

8c SEM C.8, C.10

9a

WICU; sm= 0 MPa 1.43 29.6

15 75 C.6, C.9

9b 150 — C.9

9c SEM C.9, C.10

16a
LUT;�M4=22 Mpa;
T: 22�150�22 °C

1.60 0.5
16 41 C.11

16b 150 — C.11
compacted to 1.40 and 1.65 g/cm3 with hy-

scopic water content are presented. The size of

r-granular pores is clearly bigger in the sample

smaller dry density. At larger magnification, the

rences between the two samples are less evident.

structure changes, originated by the progressive

ting of compacted bentonite with an initial dry

density of 1.65 g/cm3, can be observed in Figure

76. Suction changes in isochoric conditions were

applied to samples before the observation in the

ESEM (tests 5a, 8a and 9a in Table XIII). The differ-

ences in final dry density are due to the rebound ex-

perienced by the bentonite after unloading. The

progressive occlusion of inter-granular pores due to

particle swelling is qualitatively appreciable. The same
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8

a

b

Figure 75: Micrographs of bentonite compacted with hygroscopic water content (x300). a) �d = 1.40 g/cm3; b) �d = 1.65 g/cm3.
ffect can be observed at larger magnification in

igure 77, using the SEM equipment on samples

orresponding to tests 2c, 8c and 9c, in Table XIII.

he changes in the structure of compacted benton-
te, due to a heating/cooling cycle from 22°C to
50°C before the ESEM observation (test 16a), are
ifficult to appreciate in the microphotographs, due

o original differences between the samples (see fig-
res in Table C.11 of the Appendix C). On the other
and, the effect of temperature was also studied
arying the temperature of the microscope chamber
uring some ESEM observations. Figure 78 shows
he effects of heating to 150 °C in the microscope
hamber on a sample of bentonite that was satu-
ated under isochoric conditions (test 9b in Table
III; �d final=1.43 g/cm3). It is difficult to separate, in
he small changes observed, the effect of direct ther-
al effects on mineral particles from the effect of

hrinkage due to the loss of water, which seems that
ould have to be predominant.

n the context of the study of swelling clay behaviour

he most relevant feature of the ESEM devices is the

ossibility of changing the relative humidity of the

icroscope chamber in order to change the total

uction of clay. This possibility allows visualizing the

structural changes in bentonite associated to the

changes of water content. Nevertheless, it is neces-

sary to take into account that during the observa-

tion, the samples are not confined, which makes dif-

ficult to observe the occlusion of inter-granular

pores due to the expansion of clay aggregates.

Shrinkage due to drying to ambient conditions from a

relative humidity of 100% to 27 % for a sample that

was previously saturated under isochoric conditions

(tests 3a and 3b in Table XIII) can be observed in

Figure 79. On the other hand, swelling experienced

by a sample compacted at hygroscopic water con-

tent in the microscope chamber, when the relative

humidity was increased from 41% to 75 %, is pre-

sented in Figure 80 (tests 2a, and 2b in Table XIII).

These relative humidity changes in the microscope

chamber were previously performed in the same de-

vice by CIEMAT. Figure 81 shows the aspect of clay

aggregates in a sample compacted at a dry density

of 1.70 g/cm3 and observed under a relative hu-

midity of 50 percent. This sample was progressively

hydrated during 5 hours in the microscope cham-

ber, by increasing the relative humidity, while keep-

ing the temperature constant. Figure 81 also shows

the final aspect of the same sample under a relative

6



humidi

some v

Additio

were c

mation

ting/dr

ume ch

culated

results
3. Methods and

ca b

Figure 76: Micrographs (x 700) of bentonite initially compacted with hygroscopic water content, to �d = 1.65 g/cm3: a) as compacted;
b) after application of a suction of 10 MPa under isochoric conditions (�d final = 1.46 g/cm3); and c) after saturation

under isochoric conditions (�d final = 1.43 g/cm3).
ca b

Figure 77: Micrographs (SEM, x 6000): a) compacted with hygroscopic water content to �d = 1.40 g/cm3;
b) after application of a suction of 10 MPa under isochoric conditions (�d final = 1.46 g/cm3)

on bentonite initially compacted under hygroscopic conditions to �d = 1.65 g/cm3; and c) after saturation
under isochoric conditions (�d final = 1.43 g/cm3) on bentonite initially compacted with hygroscopic

water content to �d = 1.65 g/cm3.
ty of 100 percent. A decrease of the size of

oids can be observed.

nal photomicrographs of high-density fabrics

arried out in order to complement the infor-

of aggregate swelling/shrinkage in a wet-

ying path (Figure 82). Measurements of vol-

anges in ESEM photomicrographs were cal-

using digital imaging techniques, as indi-

cated in Figure 83. Swelling/shrinkage results were

complemented with wetting and drying paths, per-

formed at macro-scale using vapour equilibrium

technique. Reversible and irreversible features of both

micro and macroscales are clearly observed in Fig-

ure 83 for the same high-density fabric. At micros-

cale strains are almost reversible, due to the revers-

ibility of the physical and chemical phenomena that

take place at particle level.

87



FEBEX II Project. Final report on thermo-hydro-mechanical laboratory tests
a

b

Figure 78: Micrographs of bentonite compacted with hygroscopic water content and subjected to saturation under isochoric conditions
(x3000). a) Temperature in the ESEM chamber: 15°C; b) temperature in the ESEM chamber: 150°C.
a

b

Figure 79: Micrographs of bentonite compacted with hygroscopic water content and subjected to saturation under isochoric conditions
(x1500). a) Relative humidity in the ESEM chamber: 100%; b) Relative humidity in the ESEM chamber: 27%.
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a

b

Figure 80: Micrographs of bentonite compacted with hygroscopic water content (x6000). a) Relative humidity in the ESEM chamber: 41%;
b) Relative humidity in the ESEM chamber: 75%.
RH = 50 %

RH = 100 %

Figure 81: Image analysis evolution of volume change behaviour referring to a compacted bentonite sample at �d = 1.7 g/cm3 (CIEMAT).
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Figure 82: Relative humidity paths followed in the ESEM. Photomicrographs of high-density fabrics at different relative humidity values
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3.2.3 Influence of solutes in the THM
behaviour of the clay

In order to evaluate the influence of solutes in the

mechanical behaviour of bentonite, some simple

mechanical and hydraulic tests were performed. The

work can be divided into two parts. In the first part,

performed by CIMNE, the influence of solutes was

studied using mainly solutions including variable

concentrations of NaCl and CaCl2. In the second

part, performed by CIEMAT, the solutions that were

used are a granitic water and a saline water, similar

respectively to the water existing in a Spanish granite

and to FEBEX bentonite interstitial water.

3.2.3.1 Preliminary oedometric tests
with high salinity solutions

CIMNE performed preliminary tests in which the

bentonite, initially compacted at a dry density of

1.63 g/cm3 with its hygroscopic water content, was

hydrated under a vertical pressure of 0.05 MPa us-

ing different solutions. Distilled water and saturated

solutions of K2SO4, CaCl2 and MgCl2 were used.

The results obtained are shown in Figure 84.

In addition, the mechanical effect of solutes in com-

pacted bentonite (dry density 1.68 g/cm3 and hy-

groscopic water content) was studied by CIMNE un-

der oedometric conditions. Figure 85 shows the

evolution of volumetric strains induced by the fol-

lowing stages:

a) saturation by a saline solution (NaCl 5.5M),

b) replacement of saline water by distilled water,

and

c) replacement of distilled water by a saline solu-

tion (NaCl 5.5M).

An unloading-reloading stage was performed, before

the imbibition stage with distilled water, in order to

clean the bottom coarse porous stone. Another un-

loading-reloading cycle was performed during the

transient phase of the distilled water imbibition stage

in order to replace the distilled water. An important

irreversibility was detected in these loading cycles. A

clear shrinkage is induced in the last stage, when

the distilled water is replaced by the saline solution.

Further improvements in the experimental procedure

will be carried out to minimise the mechanical dis-

turbances due to unloading processes.

3. Methods and results
0.00

0.10

0.20

0.30

0.40

Distilled K SO2 4

Sw
ell

in
g

str
ai

n

Ca Cl2 Mg Cl2

Figure 84: Preliminary results by CIMNE on the influence of the saturating solution on swelling capacity (bentonite compacted
at a dry density of 1.63 g/cm3 and saturated under a vertical pressure of 0.05 MPa).
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Figure 85: Effect of the substitution of the water composition in saturated compacted bentonite under oedometric conditions (CIMNE).
3.2.3.2 Tests using NaCl and CaCl2 solutions

The experimental programme includes the determi-

nation of the effect of salt concentration on Atterberg

liquid limit, retention curve, swelling pressure, swell-

ing under load, stiffness, permeability and fabric.

The liquid limit was obtained mixing the FEBEX ben-

tonite powder with distilled water, as well as with so-

lutions of NaCl and CaCl2, whose concentration

varied in a range of 0.1 up to 5.5 M. Figure 86

shows that the liquid limit diminishes considerably

when the concentration of the saturation solution is

increased. It can be appreciated that for the same

molar concentration the values of liquid limit ob-

tained from samples saturated with solutions of

CaCl2 are smaller than those obtained with samples

saturated with solutions of NaCl.

The retention curves of compacted bentonite sam-

ples were obtained following wetting paths. The wa-

ter content of the samples was increased progres-

sively adding three types of fluid: distilled water and

NaCl solutions with concentrations of 2.5 and 5.5

M. In each step the total suction was measured using

a SMI transistor psychrometer (approximate measure-

ment range between 100 MPa and 0.5 MPa). The

samples (14.6 mm in diameter and 10 mm high)

were initially compacted with hygroscopic water

content to a dry density of 1.65 g/cm³. During the

wetting process, the samples were confined only lat-

erally in the psychrometric chamber and the volume

changes were not measured. Two types of paths were

performed; in the first one (Figure 87), the samples

were wetted starting from the hygroscopic water

content and in the second one (Figure 88), the sam-

ples were dried after compaction, in order to start

the wetting process from almost null water content.

In the samples wetted with saline solutions, at satu-

ration, the measured total suction tends to the os-

motic pressure induced by each solution (33 MPa in

the case of 5.5 M NaCl and 12.2 MPa in the case

of 2.5 M NaCl). Assuming that the osmotic suction,

due to the salinity of natural bentonite water (see

Table XV), is small, it is possible to estimate the ma-

trix suction in the tests. The retention curve com-

puted using this matrix suction tends to the retention

curve obtained in the sample wetted with distilled

water. In the Figures the empirical expression obtained

in FEBEX I (eq. [4]) to describe the retention curves in

unconfined conditions is also included. It must be

noted that at low suctions, the water content is af-

fected by the important volume increment of the
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Figure 86: Influence of solutes in liquid limit.
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Figure 87: Retention curves of bentonite in wetting paths using water with different salinity (starting from hygroscopic state).
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Figure 88: Retention curves of bentonite in wetting paths using water with different salinity (starting from dried state).
Table XIV
Summary of swelling pressure tests using NaCl and CaCl2 solutions for bentonite compacted at �d = 1.65 g/cm3.

Test Cell Solution
Liquid injection

pressure
(MPa)

Time to reach
swelling pressure

(days)

Swelling pressure
(MPa)

1 Conventional oedometer Distilled water 0.0 15 4.49

2 Isochoric cell Distilled water 0.2 7 4.43

3 Isochoric cell Distilled water 0.2 8 4.42

4 Conventional oedometer
0.1 M

NaCl
0.0 13 3.99

5 Conventional oedometer
2.5 M

NaCl
0.0 3.8 2.88

6 Conventional oedometer
5.5 M

NaCl
0.0 2.3 2.64

7 Isochoric cell
6.3 M

NaCl
0.2 2.4 2.42

8 Isochoric cell
4.2 M

CaCl2
0.2 4.8 2.75
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samples that were not measured in the tests; these

volume changes and the measurement errors of the

equipment in the low range of suctions may explain

the discrepancies observed between the retention

curve obtained using the estimated matrix suction

and the retention curve measured with distilled water.

The effect of water salinity in swelling pressure was

investigated measuring the swelling pressure of ben-

tonite that was saturated under isochoric conditions

using solutions of NaCl and CaCl2 at different con-

centrations. Initially, the bentonite was compacted at

a dry density of 1.65 g/cm3 at hygroscopic condi-

tions. Some tests were performed in a conventional

oedometer, in which the lever arm was fixed to pre-

vent the swelling of the soil. Other tests were per-

formed in the small isochoric cells shown in Figure

16, in this last case an overpressure of 0.2 MPa was

applied on the water input to reduce the duration of

the tests. In all tests, the thickness of the specimens

was 10.5 mm and the diameter was 50 mm. Table

XIV shows a summary of the tests performed and re-

sults obtained.

The values of swelling pressure obtained with distilled

water are significantly lower than those obtained pre-

viously using other devices (eq. [3]). This fact may be

explained taking into account the small swelling strains

experienced by the soil in both types of cells. How-

ever, the values obtained in this series of tests are

comparable and repeatable (see results of tests 1, 2

and 3) and therefore they may be used to study

qualitatively the role of salinity in the swelling pres-

sure of bentonite. Figure 89 and Figure 90 show the

evolution in time of swelling pressure, when the

bentonite is saturated using solutions with different

salinity. It can be observed that an increase of salt

concentration reduces the swelling pressure (see

Figure 91). This reduction could be related to an in-

crease of osmotic suction, however, it must be no-

ted that the osmotic suction associated to the solu-

tion 6.3 M of NaCl and to the solution 4.2 M of

CaCl2 is equal to 40 MPa in both cases, but the re-

duction of swelling pressure is bigger when the

NaCl is used as a solute (see Figure 91). On the

other hand, the reduction of the time necessary to

reach the final swelling pressure that was observed

in the tests (see Table XIV), when concentration of

NaCl is increased, may be attributed to an increase

of the permeability with salinity.

In order to evaluate the effect of salinity on swelling

strains, tests were performed in conventional oedo-

meters (sample thickness 10.5 mm and diameter 50

3. Methods and results
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Figure 89: Evolution of swelling pressures measured using water at different concentrations of NaCl ,(�d = 1.65 g/cm3 ).
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mm). In these tests bentonite compacted to a dry

density of 1.65 g/cm3 was soaked under a load of

0.5MPa using different solutions. After soaking, the

bentonite was loaded under oedometric conditions

up to 2 MPa, in order to evaluate the bentonite stiff-

ness and permeability. The first loading up to 0.5

MPa was performed in two days using small steps

(0.02, 0.05, 0.1 and 0.5 MPa) and maintaining the

hygroscopic water content. During this loading stage

the volume changes were very small, since the ap-

plied load was lower than the compaction stress

(about 23 MPa). In the wetting stages the time nec-

essary to reach the stabilisation of vertical displa-

cements was about 5 days, but this stage was ex-

tended to two weeks. After the saturation stage, the

vertical load was increased following the ordinary

oedometric procedure up to 1 and 2 MPa. The un-

loading stage was performed in two steps.

Figure 92 shows the results of soaking under load

tests in terms of changes in void ratio. The evolution

of volumetric strains during wetting is presented in

3. Methods and results
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Figure 92: Changes in void ratio during soaking under load tests using different solutions (initial �d = 1.65 g/cm3).
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Figure 93, and Figure 94 shows the values of the fi-

nal swelling strains. It can be observed that the swell-

ing capacity decreases significantly with salinity. On

the other hand, samples wetted with CaCl2 solutions

swell slightly more than those wetted with NaCl. If

the osmotic pressure of the solution is considered,

the effect of changes in salt concentration can be

compared with the changes measured in suction

controlled oedometers. Figure 95 shows that the vo-

lume changes, measured in a suction controlled

oedometer test (Figure 4) during suction reduction

stages, are comparable with the volume changes

measured in soaking tests using salt solutions.

The evolution in time of vertical settlements measured

after the application of a vertical load on saturated

samples is shown in Figure 96, for the case of sam-

ples saturated with NaCl solutions, and in Figure

97, for the case of CaCl2 solutions. In these Fig-

ures, despite the dispersion of the results, it is possi-

ble to observe that the samples saturated with

solutions containing high concentrations are less de-
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Figure 94: Variation of swelling strains due to wetting with different solutions under a vertical stress of 0.5 MPa,
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ble and consolidate more rapidly than the

les saturated with low salinity solutions. Using

rzaghi’s 1D consolidation theory it is possible

tain the consolidation coefficient (cv), the con-

elastic modulus (Em) and the water permeability

addition, from the same curves, the secondary

lidation coefficient (C�) can be measured. The

obtained for these parameters are summa-

in Table A.15 and Figure 98. The increase with

y of the consolidation coefficient, water perme-

ability and stiffness (Em and C�) can not be attributed

only to solute effects; in fact, the different structure

(void ratio) of the samples after saturation plays a

significant role in the value of these parameters.

In order to eliminate the effect of dry density in the

comparison of the values of water permeability us-

ing different solutions, the permeability obtained

from these oedometric tests can be compared with

the values of deionised water permeability at the
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Figure 97: Evolution of vertical settlements due to loading under oedometric conditions of samples saturated with solutions of CaCl2
at different concentrations a) loading from 0.5 to 1.0 MPa; b) loading from 1.0 to 2.0 MPa.
void ratio that can be obtained using the re-

ion of equation [2]. Figure 99 shows that the

nce of salinity on saturated permeability is sig-

nt. On the other hand, from the tests performed

not possible to clearly obtain conclusions about

ffect of the solute type on the variation of per-

ility due to salinity.

ly, in order to evaluate the effect of salinity on

size distribution, a mercury intrusion porosimetry

(MIP) test was performed on a sample after a swell-

ing under load test. The sample compacted initially

to a dry density of 1.65 g/cm3 was wetted with a

solution NaCl 0.5 M under a vertical load of 0.5

MPa, later the sample was loaded up to 2 MPa and

finally unloaded and subjected to the conventional

freeze drying process. Figure 100 shows the com-

parison of the pore size distribution curve of this

sample with the sample soaked with distilled water

and with the as compacted state. The structure of
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Figure 98: Variation with salinity of parameters obtained from oedometric tests on samples saturated with different solutions.
the sample soaked with the NaCl solution is similar

to that of the sample saturated with distilled water.

In the saline sample, the smaller volume associated

to the inter-aggregate pores may be attributed to

the value of the swelling strains experienced during

the saturation process that were smaller than those

measured when the sample was soaked with dis-

tilled water.

3.2.3.3 Tests with low concentration solutions

The swelling capacity of bentonite was determined

by CIEMAT on samples compacted at a dry density

of 1.60 g/cm3 with its hygroscopic water content

(around 14 percent), saturated in oedometers under

different vertical loads. Deionised, saline and gra-

nitic waters were used as saturation liquid. Granitic

water simulates the conditions of the outer part of

the barrier, and saline water simulates the situation

in the internal part of the barrier, where water is

loaded with ionic species dissolved during its inward

movement (Table XV). The latter has a chemical

composition similar to that bentonite interstitial wa-

ter (Fernández & Cuevas 1998), but simplified to in-

clude only the major elements.

The results obtained are gathered in Table A. 16, for

deionised water, Table A. 17, for saline water and

Table A. 18, for granitic water, where the strain per-
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e is calculated as the increase of height with the water uptake rate (FEBEX Meeting 28-29 M

Table XV
Chemical composition of the water used in the tests by CIEMAT.

Element (mmol/l) Granitic Saline

Cl- 0.37 100

SO4
2� 0.15 15

HCO 3
� 2.36

Mg2+ 0.39 15

Ca2+ 1.12 10

Na+ 0.48 80

K+ 0.026

pH 8.3 7
t to the initial height of the sample, and the

ve values indicate swelling strains.

strains as a function of vertical pressure are

ented in Figure 101, for the nominal dry den-

1.50 g/cm3, in Figure 102, for the nominal

nsity of 1.60 g/cm3 and in Figure 103, for the

al dry density of 1.70 g/cm3. The fittings ob-

for the different types of water are also shown

se figures. Taking into account all the results,

llowing fittings between final swelling strain (�,

d vertical pressure (�, MPa), as a function of

tial dry density (�d, g/cm3), were found:

ionised water:

.40 �d - 1.32) ln � + (-48.25 �d + 63.69) [12]

line water:

� = 6.47 ln � + (-48.71 �d + 66.13) [13]

anitic water:

6.49 �d + 16.53) ln � + (-43.59 �d + 58.14) [14]

er swelling capacity was observed in samples

ted with deionised water, although this differ-

ecomes less apparent for higher vertical pres-

ew test performed up
o the dismantling

er to understand the unexpected behaviour

ed in the “mock-up” test, i.e. the reduction in

2002), several specific tests were proposed, whose

aim is to ascertain if the causes proposed to explain

this behaviour were confirmed. Among the aspects

considered as possible explanations to the phenom-

ena observed were:

� Misfunction of the geotextile, by filling-up of its

pores, which would reduce its permeability and

the amount of water entering the system.

� Long term variations of the permeability of

clay, by changes in its microstructure.

� Unexpected variation of the hydro-mechanical

properties of clay as a consequence of the high

temperature.

� Overestimated permeability of the clay: the val-

ues of permeability were obtained under high

hydraulic gradients –not representative of the

actual conditions in the “mock-up”–, which,

besides, has hindered the observation of the

existence of a critical gradient.

Taking into account these hypotheses, discussed in

the meeting of the Spanish participants held in ENRESA

(meeting minutes 70-ST-C-0-57, June 15th 2001)

the following laboratory tests were proposed to be

performed by CIEMAT: permeability tests and infiltra-

tion tests with and without thermal gradient. Besides,

a study of the repercussion of the high hydraulic gra-

dients applied for the determination of hydraulic con-

ductivity on the values obtained was proposed.

On the other hand, in the same context and in or-

der to gain insight into the knowledge of the effect

of the temperature on the hydromechanical behav-
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Figure 101: Final strain of samples of dry density 1.50 g/cm3 saturated under different vertical pressures with different waters (CIEMAT).
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Figure 102: Final strain of samples of dry density 1.60 g/cm3 saturated under different vertical pressures with different waters (CIEMAT).
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Figure 103: Final strain of samples of dry density 1.70 g/cm3 saturated under different vertical pressures with different waters (CIEMAT).
iour of the bentonite, CIMNE performed suction

controlled oedometer tests in non isothermal condi-

tions, which complement the results presented in

section 3.1.3.

In designing the tests, two main objectives were

borne in mind: the adequacy of the tests to the as-

pects that need to be explored, and the short timing

allocated for its performance. The results obtained

are given bellow.

3.3.1 Permeability tests

In order to check the variation of permeability with

time, two long term tests were performed by CIEMAT.

In both of them the FEBEX clay was compacted at a

dry density of 1.70 g/cm3 inside a stainless steel cell

and saturated with granitic water by both ends under

a pressure of 0.6 MPa. Once saturated, the hydraulic

conductivity was determined every two months by in-

creasing the injection pressure at the bottom to 1.8

MPa, while measuring water outflow at the top of

the sample. The experimental set-up, which was al-

ready used during FEBEX I, is shown in Figure 104.

A porous stone was placed on top of the sample,

and at the bottom of the sample a stainless steel

sinter and 4 layers of geotextile, in contact with the

clay, were placed instead of the porous stone, in or-

der to check if the geotextile clogs with time. The

geotextile was of the same kind than the one used in

the “mock-up” test (TERRAM 4000). Formaldehyde

was added to the saturation water, in order to avoid

the multiplication of microorganisms.

The characteristics of the tests performed are sum-

marised in Table XVI, in which the average value of

hydraulic conductivity measured (kw) is included.

Test F2 was dismounted by mistake and a new sam-

ple was compacted in the same cell (F3), keeping

the same discs of geotextile as a porous interface.

Due to the fact that the geotextile is compressible

and allows some expansion of the bentonite, its dry

density decreased to 1.45 g/cm3. The hydraulic

conductivity values obtained are plotted in Figure

105, as a function of the time elapsed since the be-

ginning of saturation. The expected permeability for

a sample of dry density 1.45 g/cm3, as calculated

from Equation [1], is plotted in the figure as an error

bar. The temperature of the laboratory during the

determinations is also indicated, as it may have an

influence on the value of permeability, due to its re-

percussion on the viscosity of water.
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Figure 104: Schematic representation of permeability measuring assembly for expansive soils.
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end of the tests, the geotextile was analysed

nning electron microscopy (Figure 106). It was

ed that smectite fills the voids between fibres

lso some circular voids, originally present in

res.

ducing bacteria (Posgate-B and Posgate-E me

The number of bacteria was estimated by the

Probable Number method, the following value

ing obtained:

� Sample F1: 2300 bacteria/g

Project. Final report on thermo-hydro-mechanical laboratory tests

Table XVI
Characteristics of the long term permeability tests.

Reference
�d

(g/cm3)
Initial w

(%)
Average kw

(m/s)
Final w

(%)
Final Sr

(%)
Duration

(days)

F1 1.45 13.9 2.1·10-13 32.4 101 627

F2 1.44 15.4 3.1·10-13 33.4 103 136

F3 1.45 14.1 2.2·10-13 32.3 101 527
otextile was also dyed and observed with an

l microscope, with the aim of checking the ex-

of bacteria. Only a few were found and no

or microbial mat was detected. On the other

the clay samples in contact with the geo-tex-

e geotextile and a stainless steel sinter, which

ted black stains, were subjected to cultivation

ia appropriate for the growth of sulphate-re-

� Sample F3: 2000 bacteria/g

� Geotextile in contact with the sinter: >12000

bacteria/cm2

� Geotextile in contact with the clay: 5000 bac-

teria/cm2

The quantity of sulphate-reducing bacteria in un-

treated FEBEX bentonite, estimated by the same me-
Figure 106: Scanning electron microscope image of the untreated geotextile (left) and of the geotextile used in test F1 (right).



thod, is 48 bacteria/g (Mingarro et al. 2000). De-

spite the increase in the amount of bacteria found in

saturated clay after the tests, the number of bacteria

is still low and is not considered responsible for the

decrease of permeability.

In addition to these tests, the results of a long term

test performed with a different purpose were evalu-

ated (A.M. Fernández, unpub. data 2002). The test

was performed with FEBEX bentonite compacted at

a nominal dry density of 1.70 g/cm3, in the same

permeability cell described above, but using porous

stones at the top and bottom surfaces. Granitic wa-

ter was injected through the bottom porous stone at

a pressure of 4 MPa for more than 1000 days. The

water outflow was periodically measured, which al-

lowed the computation of the permeability corre-

sponding to different time intervals. The results ob-

tained are shown in Figure 107. Hydraulic conduc-

tivity remains rather constant and it becomes clear

that it has not decreased after more than 4 years.

3.3.2 Infiltration tests

These tests are being performed by CIEMAT in the

cylindrical teflon cells, already used during FEBEX I

(Villar 2001; see section 3.1.4.1), whose internal

diameter is 7 cm (Figure 108). The cells were modi-

fied in order to give them a final internal length of

40 cm. Five blocks of FEBEX clay compacted with its

hygroscopic water content at an initial nominal dry

density of 1.65 g/cm3 were piled up inside each

cell. Three of the blocks have a length of 10 cm,

while the two placed at the ends of the cells have a

length of 5 cm. An average compaction pressure of

30 MPa was applied to manufacture the blocks.

Hydration with granitic water takes place through

the upper surface under an injection pressure of 1.2

MPa. In one of the tests the clay is being heated

through the bottom surface at a temperature of 100

°C, while the other test is being carried out at iso-

thermal conditions (laboratory temperature). The

cells are instrumented with relative humidity sensors

(VAISALA HMP3) at three different levels. The water

intake and the relative humidity and temperature

evolution at different levels inside the clay are being

measured as a function of time. The two cells in op-

eration are shown in Figure 109.

In the case of the test performed under thermal gra-

dient (GT40), infiltration begun after the stabilisation

of the temperature registered by the sensors. The

phase of temperature stabilisation in this test took

3. Methods and results
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Figure 107: Evolution of saturated permeability under high injection pressure.
109



FEBEX II Project. Final report on thermo-hydro-mechanical laboratory tests
Cooling system

Data adquisitionMeasurement
Of volume change

SteelTeflonCoolingHydration circuitBentonite

Piston pump: granitic water

11 bar

40 cm

Heater

Control thermocouple

Electric supply

Temperature control

RH sensors

PC

Figure 108: Experimental set-up for the infiltration tests.
1

Figure 109: Infiltration cells in operation: isothermal (left) and with thermal gradient (right).
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three days (Figure 110). During this time, an in-

crease in relative humidity was registered by the

sensor placed 10 cm from the bottom (RH3) and, to

a lesser extent, by sensors placed 20 (RH2) and 30

cm (RH1), which revels the quick migration of water

in the vapour phase, from the bentonite in contact

with the heater towards cooler zones.

The evolution of temperature and relative humidity

in the test performed under thermal gradient (GT40)

is shown in Figure 111. The values shown are those

measured during infiltration, which begun after sta-

bilisation of the temperature registered by the sen-

sors, as explained above. For this reason, an initial

difference in the relative humidity measured at differ-

ent levels is observed in Figure 111. This tendency is

reversed when hydration starts, a clear increase of

relative humidity being registered by the two upper

sensors (RH1 and RH2), while desiccation starts to

affect the zone in which sensor RH3 is placed: at

least the 10 cm closest to the heater reduce its rela-

tive humidity after 300 hours of heating. This de-

crease of relative humidity goes down to values

around 35 percent, which keep approximately con-

stant during more than 10000 hours of hydration.

Afterwards, a slight increase of relative humidity in

this zone was observed.

The evolution of relative humidity in the test performed

under isothermal conditions (I40) is shown in Figure

112. The sensor placed 10 cm from the hydration sur-

face (RH1) shows a steady increase of relative humid-

ity, which was noticeable after 250 hours of hydra-

tion. The sensor placed 20 cm from the hydration

surface (RH2) started to register an increase of rela-

tive humidity after 1200 hours of hydration, and the

sensor placed towards the bottom (RH3), after 2500

hours of hydration. After 5000 hours of hydration,

sensor RH3 records the sharpest increase, while rela-

tive humidity in the upper parts of the bentonite col-

umn (sensors RH1 and RH2) increases in a softer way.

The comparison of Figure 111 and Figure 112 seems

to reveal a quicker initial hydration in the test per-

formed under thermal gradient, as the increase in

humidity registered by the first sensor (RH1) is higher

in test GT40 and the sensor placed further (RH2)

starts to perceive the humidity increase much earlier

in the case of infiltration under thermal gradient

than in the case of infiltration at laboratory tempera-

ture. In the latter case the humidity recorded by sen-

sor RH2 could come in the form of water vapour

from the lower part of the column. Otherwise, the

increase of hydraulic conductivity with temperature

would account for this initial quicker hydration of

3. Methods and results
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Figure 111: Evolution of temperature and relative humidity in the test performed under thermal gradient (GT40) during infiltration
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the test under thermal gradient. However this be-

haviour is reversed as saturation proceeds and at

the present moment, after 19000 hours (more than

2 years) of hydration, the average relative humidity

recorded by the three sensors in test GT40 is 68

percent, and in test I40 is 82 percent. This is con-

firmed by the water intake measured by the volume

change apparatus, which is higher for the isother-

mal test (Figure 113).

3.3.3 Study of the repercussion
of the hydraulic gradient

The application of Darcy’s law for the calculation of

the coefficient of permeability requires that the ve-

locity of the flow be proportional to the hydraulic

gradient, that is to say, that the value of the coeffi-

cient obtained be independent of the hydraulic gra-

dient applied during determination. This means that

the relationship between flow and hydraulic gradient

is linear, and that this linear relationship crosses the

origin. For different reasons, this condition may not

be fulfilled, thus invalidating the use of Darcy’s ex-

pression. By the other hand, the values of bentonite

permeability used in the modelling of FEBEX experi-

ments were obtained by CIEMAT under high hy-

draulic gradients, necessary to induce a measurable

flow in such low permeability materials.

Specifically, the values of applied hydraulic head in

the tests ranged between 7000 cm, for dry densities

of 1.30 g/cm3, and 66000 cm, for dry densities of

1.84 g/cm3. Taking into account that the length of

the specimen is 2.5 cm, the average hydraulic gra-

dient was 15200 m/m. All the samples were tested

with at least two different hydraulic gradients suit-

able for their dry density, in other words, sufficiently

high so as to provide a measurable flow. The values

of hydraulic conductivity obtained during FEBEX I for

the two hydraulic gradients applied in each test are

represented in Figure 114 (Villar 2000). The points

joined by lines correspond to the same test; i.e. to

the measurements performed on a specific sample

of a given dry density. It may be observed that, al-

though there may be some difference between the

value of conductivity obtained with the different gra-

dients for the same sample, such variations are

probably the result of the experimental method,

since there is no trend for one variable with respect

to the other. This would confirm the independence

of the flow observed from the hydraulic gradient ap-

plied, and therefore the validity of Darcy’s law for

3. Methods and results
0

50

100

150

200

250

300

350

400

0 5000 10000 15000 20000

Time (hours)

Thermal gradient

Isothermal

W
at

er
in

ta
ke

(c
m

)3

Figure 113: Water intake in the two infiltration tests (preliminary curves, to be adjusted at the end of the tests).
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of the kind of sample preparation (points joined by lines correspond to the same sample).
the calculation of the coefficient of permeability, at

least in the range of gradients that was considered.

It may also be appreciated in Figure 114 that, as

the permeability of the sample decreases, in other

words, as its dry density increases, the value of the

hydraulic gradients applied for performance of the

measurement increases, this being necessary in or-

der to be able to measure very low flows. However,

it was not possible to determine whether no flow oc-

curs in the case of lower hydraulic gradients, or

whether it is simply not possible to measure it with

the available technique. Consequently, it has not

been established whether or not the threshold hy-

draulic gradient pointed to by several authors exists,

below which the relation between flow and gradient

in clays deviates from linearity. If a threshold gradi-

ent exists, it would be lower for samples of lower dry

density. This would appear to be confirmed by the

fact that lower hydraulic gradients need to be ap-

plied in samples with lower dry densities, although

as explained above, this might be due simply to the

fact that for these densities flows are larger and eas-

ier to measure.

In order to deepen in the investigation on the exis-

tence of a threshold gradient, the values of flow rate

for the two hydraulic gradients applied in each of

the tests mentioned above were plotted in Figure

115 and Figure 116, the latter being an enlarge-

ment of the former. Again, the points joined by lines

correspond to the same test; i.e. to the measure-

ments performed on a specific sample of a given dry

density. If we assume that the relationship between

gradient and flow is linear, and we extrapolate these

lines towards flow 0, despite the variation found

among the different tests, we would observe a ten-

dency to find gradients higher than 0 to have a

measurable flow, around 5000 cm/cm, and even

higher in the case of the highest densities (Figure

116). However, this aspect should be confirmed

with more refined and specific tests.

To clarify the effect of hydraulic gradient on the value

of hydraulic conductivity, it was tried to measure the

hydraulic conductivity of a FEBEX clay sample under

low hydraulic gradients and injection pressures. For

that, the same cell and methodology described

above (Figure 104) was used. The granulated clay

with its hygroscopic water content was compacted

inside the cell to a nominal dry density of 1.50

g/cm3, the dimensions of the specimen being 5.0

cm in diameter and 2.5 cm in height. The sample
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was saturated with deionised water injected at a

pressure of 0.6 MPa by the upper and lower sur-

faces through porous stones. The water intake was

measured and, after approximately 100 hours, it was

ceased. An automatic pressure/volume controller by

GDS was used to saturate the sample. Afterwards,

the bottom inlet was connected to an injection

pump, while the upper outlet remained connected

to the GDS apparatus. A combination of different

pressures was applied in order to obtain different

hydraulic gradients, the pressure at the bottom of

the sample being always higher than at the top. In

all the cases the water outflow was measured in the

upper outlet by the GDS automatic pressure/volume

controller. For the lowest injection pressures, a GDS

controller was also used at the bottom inlet, to allow

for a higher accuracy in the pressure applied. The

results obtained are plotted in Figure 117. The hy-

draulic gradients applied ranged from 200 to 2400

and the injection pressures, between 0.45 and 1.20

MPa. These hydraulic gradients are much lower

than the ones used to determine Equation [2], which,

for dry densities around 1.50 g/cm3, were in the or-

der of 14000. The expected hydraulic conductivity

value for the same dry density, obtained with Equa-

tion [2], is also indicated in the figure. It can be

seen that overall the values obtained are higher (up

to an order of magnitude) than those obtained with

higher hydraulic gradients. There is not a tendency

of the values as a function of the hydraulic gradients

applied in the measurement. The test went on for

more than 400 days, but no steady evolution of per-

meability with time was either found (Figure 118).

The results are thus not conclusive and must be con-

sidered as preliminary. A new series of similar tests

has started.

3.3.4 Suction and temperature
oedometric tests

Two bentonite samples at hygroscopic water content

(laboratory air relative humidity about 52% and esti-

mated initial suction about 90 MPa) were statically

compacted at a dry density of 1.7 g/cm3 and at a

temperature of 22°C. The tests were performed in

controlled-suction oedometer cells specifically desig-

ned for accurate temperature control (Figure 119).

Figure 120 shows the layout of the oedometer cell,

the system for control of temperature and suction,

and a number of auxiliary devices necessary to per-

form the tests. The oedometer ring was placed inside
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Figure 119: Equipment to perform the suction and temperature oedometric tests.
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1) Silicone oil bath and heater; 2) Soil sample; 3) and 4) Coarse porous disc

Figure 120: Schematic layout of the experimental system with simultaneous control of suction and temperature.
on oil bath containing the heater, in order to

ain thermal stability (heater and silicone oil bath

dicated by number 1 in Figure 120). The soil

e (50 mm diameter and 20 mm thickness, num-

in Figure 120) is located between two coarse

s stones (numbers 3 and 4 in Figure 120). Soil

ratures were measured with a thermocouple

d close to the sample, which was used as a

ack signal acting on a programmable thermo-

at controlled the heater. Another thermocouple

ed the temperature in the silicon oil bath.

ction was applied by prescribing a value of the

e humidity of the atmosphere in contact with

mple (Villar 2000). Suction and relative hu-

are related by the psychrometric (Kelvin’s)

In turn, relative humidity is controlled by the

f solutions of sulphuric acid at various concen-

s or of saturated solutions of various salts.

erature must be strictly controlled, as the activ-

the solution is very sensitive to thermal fluctua-

The efficiency of the system is increased using

p to force the flow of humid air between the

oir and the cell. A balance that controls con-

sly the weight of solution in the reservoir al-

he measurement of water changes in the sam-

owever, due to humid air losses in the circuit

measurements have not been used.

121 shows the generalised stress paths fol-

in the experimental programme in a three-

dimensional stress-suction-temperature space. Initially,

in the two tests performed, the soil is loaded at 22

°C up to 0.1 MPa, maintaining constant its water

content (closed system), (path AB in Figure 121). In

the first test, the soil was heated with a rate of 40°C/h

up to reach a temperature of 70 °C with the same

conditions (constant water content); during this stage

(path BB’’ in Figure 121) probably the suction of the

soil decreased due to a change in temperature (Figure

47). The second sample was maintained at 22°C.

Both samples were equalised at a suction of 110

MPa using the vapour control technique with a satu-

rated solution of K2CO3·2H2O. Once suction equi-

librium was reached, a loading path was followed at

constant suction and temperature (path B’C in Fig-

ure 121) using the following vertical stress steps:

0.1, 1.2, 2.2, 3.3, 5.5 and 8.6 MPa. In the load-

ing process, equalisation stages lasted 1 minute for

the loads up to 3.3 MPa at 22°C, 1 hour for loads

up to 1.2 MPa at 70°C and 24 h in the rest of load-

ing stages. Once the target net stress was reached,

the samples were wetted at constant stress following

these suction steps: 110, 4 and 0 MPa (path CDE in

Figure 121). The suction of 4 MPa was applied with

an unsaturated solution of NaCl. The null suction

was applied by soaking the soil sample. Equalisa-

tion stages lasted about 21 days.

Finally, the sample that was loaded and saturated at

22°C was heated up to 78°C (path EF in Figure

121).
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Figure 121: Generalised stress paths used in the testing programme.
Figure 122 shows the evolution of vertical strains

and temperature during the heating stage at con-

stant water content. From this stage and if the vol-

ume changes due to suction variation are not taken

into account, a value of the linear coefficient of ther-

mal expansion � = 4·10-4 is obtained. This value is

similar to those obtained in the unconfined tests per-

formed during the first phase of the FEBEX project

(ENRESA, 2000). During the equalisation of suction

at 110 MPa negligible vertical strains were mea-

sured in the sample tested at 22°C. However in the

sample tested at 70°C, an important shrinkage was

observed (vertical strain of 3.5%). This shrinkage

compensates the initial thermal swelling and the re-

sulting dry density is higher than the dry density of

the sample tested at 22°C.

The vertical strains measured in the isothermal load-

ing paths (B’C in Figure 121) are shown in Figure

123. It can be observed than the compressibility of

the bentonite is similar at both temperatures. How-

ever it must be pointed out that the sample loaded

at 70°C has an initial dry density of 1.724 g/cm3,

whereas the sample tested at 22°C has a dry density

of 1.70 g/cm3.

Therefore, the increase of compressibility due to

temperature that was observed in other tests (see

sections 3.1.3 and 3.2.1.4) is compensated by the

reduction due to the increase in dry density.

Swelling strains due to suction reduction were higher

in the sample wetted at low temperature. Figure

124 shows the vertical strains measured during suc-

tion reduction stages from 110 MPa to 4 MPa and

from 4 MPa to null suction. During the suction equa-

lisation to 4 MPa after an initial swelling, the sample

began to undergo shrinkage due to losses of water

vapour under humid air conductions; when this

shrinkage was observed the sample was soaked in

order to reach null suction. The observed influence

of temperature on the swelling strains experienced

during hydration agrees with the results obtained in

the tests presented in section 3.2.1.2.

In Figure 125 the evolution with temperature of the

vertical strains observed during the heating up to 78

°C, of the sample that was loaded and saturated at

22°C, is included. In this case, due to the higher

vertical stress applied (8.6 MPa), the thermal expan-

sion is smaller than that observed under a vertical

stress of 0.1 MPa. In the present case, the linear

thermal expansion coefficient is only about 0.4·10-4.

Finally, the volume changes experienced by the two

samples during the different stages of the tests are

summarised in Figure 126.
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The FEBEX II project included a wide laboratory tests

programme that focused on those aspects not suffi-

ciently covered during FEBEX I and on the new pro-

cesses and scenarios considered in the second

phase of the project. Hence, the laboratory test

programme of FEBEX II continued in part with the

works carried out during FEBEX I in those areas

where more data about material properties were re-

quired. These activities relate mainly to tests aimed

to the calibration of the models, the acquisition of

parameters by back-analysis and the improvement

of the knowledge on the behaviour of expansive

clays. But the programme also included tests on

new areas. Specifically, the new tests centred on in-

vestigations about the influence of the microstruc-

ture changes in bentonite, of temperature and of the

solute concentration on the behaviour of clay. Be-

sides, several tests were proposed in order to under-

stand the unexpected behaviour observed in the

“mock-up” test, towards the end of year 2. The in-

formation obtained and described below will help in

the interpretation of the results obtained in the

“mock-up” and the “in situ” tests.

The mechanical behaviour of compacted bentonite

was investigated during FEBEX I by the performance

of a testing programme, carried out in suction- con-

trolled oedometers, capable of applying high suc-

tions and large vertical loads. The analysis of the re-

sults revealed significant features of behaviour, such

as yield phenomena, dependency of swelling strains

on applied stresses, stress path dependency of strains,

and compound stress paths in swelling pressure

tests. In spite of the complexity of the behaviour, a

good understanding of the behaviour is possible by

considering explicitly the fabric of the soil that was

independently studied revealing a dual arrangement

with microstructural and macrostructural components.

A deeper insight of the behaviour of compacted

bentonite, and of the basic mechanisms controlling

it, was achieved during FEBEX II using an elasto-

plastic framework that incorporates the interplay be-

tween microstructural and macrostructural fabric

levels in a simplified manner. Most of the main fea-

tures of behaviour are correctly reproduced by the

model, allowing a more detailed examination of the

role that the different variables play on the explana-

tion of the overall behaviour of the soil.

In order to study the thermo-hydro-mechanical

processes during water infiltration, the results of in-

filtration tests performed by CIEMAT during FEBEX I

and by CIMNE during FEBEX II were backanalysed

as a boundary value problem using the code

CODEBRIGHT. The numerical model can reproduce

the global tendencies observed in the small- scale

tests; both, the results related to the evolution of the

main variables of the test and those related to the

postmortem study. One important point is that the

constitutive model and most of the parameters as-

sumed in the analysis are the same as those

adopted for the Operation Base Case of the mock-

up test model (OBC, ENRESA 2000). Tests like those

presented in this work, in which the expansive clay

and the THMC conditions are very similar to the

ones expected in a large-scale test, are very useful

to study the response of bentonite. But, due to rele-

vant processes taking place at a high saturation

level (Sánchez & Gens 2002), it is necessary to ex-

tend the duration of the tests for a very long period

of time. It can be concluded that the combinations

of this kind of tests and coupled THMC numerical

analysis can help to a better understanding of the

FEBEX bentonite behaviour under repository condi-

tions.

Temperature effects on water retention curves in con-

fined and unconfined conditions were determined

and swelling pressure, hydraulic conductivity and

swelling and consolidation strains as a function of

temperature were successfully measured. Different

experimental techniques and equipments were de-

veloped to study thermal induced changes under

partially saturated states, covering a wide range of

suctions.

In the retention curves at constant volume it was ob-

served that, at the beginning of hydration, the water

content of the samples with a higher dry density is

slightly greater for the same values of suction, but

when lower values of suction are reached, the water

content of the densest samples is lower. The reper-

cussion of initial dry density on the value of water

content reached is more obvious as suction de-

creases. It became also patent the hysteretic behav-

iour of the clay, being the water contents reached

during drying higher than those obtained during the

previous wetting (in confined samples), and the wa-

ter contents in the wetting paths lower than those

reached for the same suction in the previous drying

(in unconfined samples). The degrees of saturation

obtained in the wetting paths at constant volume,

for suctions lower than around 10 MPa, are higher

than 100 percent because they were calculated

considering the density of the water as 1.00 g/cm3,

which was shown to be untrue for high plasticity ma-

terials. On the other hand, both in confined and un-

confined conditions, the retention capacity at higher
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temperature seems to be slightly lower: at a con-

stant degree of saturation, the higher the tempera-

ture of the sample the lower its suction.

Bentonite swelling strains are a function of tempera-

ture. In particular, at high temperatures the swelling

capacity of clay decreases. In the same way, a clear

decrease of swelling pressure as a function of tem-

perature (down to 2.5 MPa at 80 °C) was observed.

Oedometric tests have shown that saturation seems

to induce a decrease in the apparent preconsolida-

tion pressure regardless the temperature of the tests.

Samples with hygroscopic water content (suctions

around 100 MPa) are very stiffen for vertical pres-

sures of up to 8 MPa. This phenomenon does not

seem to depend on temperature, which indicates

that the effect of temperature on the elastic behav-

iour of bentonite is small. On the other hand, tem-

perature increases the compressibility of bentonite,

both saturated and unsaturated, which would imply

that a certain reduction in the size of the elastic do-

main takes place with temperature. Nevertheless, it

seems that the deformation of bentonite is more de-

pendent on the stress and suction path than on tem-

perature. In tests with suction reduction, structure

changes due to hydration are more relevant in the

subsequent mechanical behaviour of bentonite,

than the effects of temperature. It was measured

how the temperature increases the water saturated

permeability of FEBEX bentonite, although this mea-

sured increase is slightly lower than what would be

expected on the basis of the thermal changes in wa-

ter kinematic viscosity. Thermo-chemical effects al-

tering clay fabric (flocculation or dispersion), poros-

ity redistribution (creating preferential pathways or

blocking macropores) and pore fluid chemistry (af-

fecting viscosity) could be relevant issues regarding

the effect of temperature on permeability.

FEBEX bentonite remains suitable as a sealing mate-

rial in HLW repositories (from the hydro-mechanical

point of view) for temperatures of up to 80 °C, as it

keeps its high water retention capacity, low perme-

ability and self-healing ability. No data are still

available for higher temperatures, although the ex-

trapolation of results points out to the preservation

of properties for at least up to 100 °C.

Mercury intrusion porosimetry and environmental

scanning electron microscopy provided promising

results in order to characterise the bentonite micros-

tructure. A series of mercury intrusion porosimetry

tests were performed to characterise the microstruc-

tural changes observed on compacted bentonite

subjected to different hydro-mechanical paths. Hy-

dro-mechanical paths included loading at constant

water content, wetting under constant volume or

constant vertical stress, unloading and, finally,

freeze-drying at zero confining stress. Loading paths

reduce larger pores (i.e. inter-granular pores). In the

as-compacted state, the dominant inter-granular

pore mode hides the inter-aggregate porosity, which

cannot be distinguished. Suction reduction influ-

enced the inter-aggregate pore size mode. On pro-

gressive wetting, the hidden and latent inter-aggre-

gate pore size mode systematically emerged, proba-

bly due to the progressive splitting of the original

structure of the pseudomorphs. The emerging inter-

aggregate porosity was only detected when liquid

water was transferred. Due to limitations of the

equipment, the evolution of the active intra-aggre-

gate pore size mode during wetting could not be

followed. Further studies may be necessary to com-

plement and provide more information about the

mechanisms influencing pore size distribution changes

on high active clays.

The environmental scanning electron microscopy al-

lows observing the volumetric strains of a clay sam-

ple induced by humidity and temperature changes,

however it is difficult to extract general and quantita-

tive conclusions from these observations. In gen-

eral, the changes induced by hydration under iso-

choric conditions tend to favour the existence of

structures similar to that observed in compacted

slurry samples, which present a structure more uni-

form than the one observed in unsaturated samples.

The use of digital imaging techniques allowed veri-

fying that at micro-scale level, where chemical phe-

nomena prevail, strains are almost reversible as it is

considered in the two-level elasto-plastic models.

The swelling capacity of clay, saturated with highly

saline water, reduces drastically, osmotic consolida-

tion being even observed. The swelling strains of clay

upon saturation with different kinds of water (deioni-

sed, granitic and saline with different salts and con-

centrations) were measured as a function of initial

dry density and overload. The effects of salinity on

bentonite stiffness and permeability were also inves-

tigated. Fittings between final swelling strain and

vertical pressure as a function of initial dry density

were found for each kind of water. A higher swelling

capacity was observed in samples saturated with

deionised water, although this difference becomes

less patent for higher vertical loads. The swelling

strains measured when the samples were soaked

with different saline concentrations are similar to the

strains measured in suction controlled oedometer
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tests, in which it is applied a final suction equal to

the osmotic suction of the saline solutions. The hy-

draulic conductivity of bentonite increases depend-

ing on saline concentration, when saline water is

used instead of deionised water as the permeating

agent, especially in the case of low densities.

New tests were proposed in order to understand the

unexpected reduction in water uptake rate observed

in the “mock-up” test. Specifically, permeability tests,

infiltration tests with and without thermal gradient, a

study of the repercussion of the high hydraulic gra-

dients applied for the determination of hydraulic

conductivity, on the values obtained, and two new

suction and temperature controlled oedometer tests

were undertaken. The main conclusions from these

new activities reached up to now are:

� The correct performance of the geotextile used

as hydration interface in the “mock-up” test

was checked at laboratory temperature during

about 700 days. No important development of

microbes was observed either in it or in the ad-

jacent clay.

� The permeability of compacted bentonite seemed

to remain constant for 700 days.

� The infiltration tests have shown that the per-

meability to water vapour of dry bentonite is

very high. On the other hand, the initial satura-

tion of compacted bentonite takes place quicker

under thermal gradient than at laboratory tem-

perature. The increase of hydraulic conductivity

with temperature would account for this. After-

wards, the water intake is higher for the sample

tested under room temperature, since the hot

zones of the sample tested under thermal gra-

dient remain desiccated for a long time.

� An analysis of the bentonite permeability tests

performed during FEBEX I allowed proving the

independence between the hydraulic gradient

applied and the hydraulic conductivity ob-

tained. However, there seems to be a tendency

to find gradients higher than 0 to have a mea-

surable flow, around 5000 cm/cm, and even

higher, in the case of the highest densities, which

would point out the existence of a threshold

gradient. This aspect should be confirmed with

more refined and specific tests.

� The measurement of hydraulic conductivity un-

der low hydraulic gradients was undertaken.

The preliminary results indicate that there is not

a dependence of the hydraulic gradient on the

value of hydraulic conductivity.

� The results of the new non isothermal oedo-

metric tests confirm the tendencies obtained in

the previous tests performed, in order to char-

acterise the effect of temperature on the me-

chanical behaviour of bentonite.

In summary, most of the thermo-hydro-mechanical

features of compacted bentonite were experimen-

tally studied during the two phases of the project. In

general, the behaviour of the clay may be explained

taking into account its double structure. The interac-

tions between the two structural levels are responsi-

ble of the main features of the mechanical aspects

of this behaviour. On the other hand, temperature

induced transfers between intra-aggregate adsorbed

water –of density higher than that of free water– and

inter-aggregate free water could explain most of the

features related with the temperature observed.

However, more research effort must be dedicated to

study certain punctual aspects such as the water

flow under low hydraulic gradients, the effect of os-

motic and temperature gradients on this flow and

the effects of deviatoric stresses on the mechanical

behaviour, and, more generally, to relate the actual

knowledge about the physico-chemical aspects of

clay microstructure to the macroscopic behaviour of

compacted bentonite.
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Table A.1
Results of the retention curve at constant volume for different dry densities at 20 °C (CIEMAT).

1.60 g/cm3 1.65 g/cm3 1.70 g/cm3

Suction (MPa) w (%) �d (g/cm3) Suction (MPa) w (%) �d (g/cm3) Suction (MPa) w (%) �d (g/cm3)

100 15.3 1.60 105 15.4 1.65 110 15.5 1.70

76 16.7 1.60 76 17.0 1.65 76 17.3 1.70

32 20.6 1.60 31 20.9 1.65 31 21.2 1.70

13 23.7 1.60 14 23.7 1.65 14 23.6 1.70

5 26.9 1.60 5 26.0 1.65 5 27.1 1.70

1 28.8 1.60 1 27.3 1.65 1 27.3 1.70

4 28.1 1.60 4 26.6 1.65 4 26.0 1.70

13 25.4 1.60 13 25.7 1.65 14 22.9 1.70

32 21.8 1.60 32 22.5 1.65 31 19.7 1.70

71 18.2 1.60 69 19.1 1.65 67 27.1 1.70

124 14.5 1.71 126 15.2 1.74 128 15.5 1.73

223 10.8 1.74 223 11.5 1.76 223 11.9 1.75

276 9.2 1.73 276 9.9 1.77 276 10.1 1.77

377 6.9 1.76 377 7.8 1.78 377 7.9 1.77
Table A.2
Results of the retention curve at constant volume for different dry densities at 22 °C (CIMNE).

�d = 1.55 g/cm3 �d = 1.65 g/cm3

Suction (MPa) w (%) Suction (MPa) w (%)

120 13.3 120 13.3

87 15.2 87 14.9

75 15.8 75 15.4

57 17.3 57 16.5

29 20.4 29 19.2

11 26.7 11 23.9

3.8 32.0 3.8 27.1

11 30.2 11 26.4

29 22.0 29 21.2

39 20.8 39 20.0

57 18.9 57 18.2

75 17.8 75 17.1

87 16.7 87 16.1

100 16.3 100 15.9
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Table A.3
Results of the retention curve at constant volume with measurement of swelling pressure, for different dry densities at 22 °C
(CIMNE).

�d = 1.55 g/cm3 �d = 1.65 g/cm3

Suction (MPa) w (%) Ps (MPa) Suction (MPa) w (%) Ps (MPa)

120 13.3 0 120 13.3 0

57 17.2 1.00 57 17.5 1.26

3.8 25.6 2.24 3.8 24.3 3.00

0 30.1 3.08 0 27.9 4.38

3.8 26.9 0.90 3.8 25.3 2.25

Table A.4

Results of the retention curve at constant volume and at 40 °C for different dry densities (CIEMAT).

1.65 g/cm3 1.70 g/cm3

Suction (MPa) Water content (%) Sr (%) Suction (MPa) Water content (%) Sr (%)

149.4 13.6 58 151.3 13.9 64

71.0 16.8 71 58.1 17.8 82

31.6 20.2 86 32.2 20.4 94

12.0 22.9 97 12.3 22.7 104

3.2 24.9 106 5.2 23.9 110

2.3 26.1 110 2.3 25.3 116

3.6 25.9 110 3.8 25.7 118

18.1 23.7 101 12.7 23.2 106

33.1 21.3 90 32.8 21.6 99

59.5 19.0 81 76.4 17.9 82

107.1 15.7 67 115.3 15.4 71
Table A.5
Results of the retention curve at constant volume and at 60 °C for dry density 1.65 g/cm3 in two series of tests (CIEMAT).

Suction (MPa) Water content (%) Sr (%) Suction (MPa) Water content (%) Sr (%)

126 13.3 57 111 13.8 58

64 16.6 70 73 15.7 66

34 19.3 82 38 18.6 79

15 21.1 90 20 20.3 86

6 23.8 101 8 22.6 96

7 24.3 103 3 24.1 102

15 23.0 98 7 23.3 99

38 18.8 80 74 16.0 68

77 16.4 70 136 12.4 53
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Table A.6
Results of the retention curve at constant volume and at 80 °C for different dry densities (CIEMAT).

1.60 g/cm3 1.70 g/cm3

Suction (MPa) Water content (%) Sr (%) Suction (MPa) Water content (%) Sr (%)

128.3 13.2 52 128.3 13.0 60

74.7 16.0 63 74.7 15.9 73

41.2 18.3 72 41.2 18.2 83

16.1 22.5 88 16.1 22.4 103

6.1 25.6 100 6.1 24.1 111
Table A.7
Results of the retention curves in unconfined samples for different initial dry densities at 80 °C (CIEMAT).

Suction
(MPa)

1.54 g/cm3 1.59 g/cm3 1.65 g/cm3

�d (g/cm3) w (%) Sr (%) �d (g/cm3) w (%) Sr (%) �d (g/cm3) w (%) Sr (%)

101 1.50 13.5 46 1.57 12.9 48 1.62 12.9 52

172 1.54 10.4 37 1.59 10.4 40 1.64 10.4 44

246 1.56 8.2 30 1.61 8.2 33 1.67 8.1 36

349 1.59 5.1 20 1.64 5.1 21 1.70 5.0 23

251 1.57 7.1 27 1.62 7.1 29 1.68 7.1 31

204 1.56 8.5 32 1.61 8.5 34 1.68 8.4 37

121 1.53 11.2 40 1.57 11.2 42 1.63 11.2 46

65 1.47 14.3 46 1.51 14.3 49 1.57 14.3 54

41 1.44 16.2 50 1.46 16.2 51 1.51 16.2 56

23 1.37 18.7 52 1.39 18.3 53 1.44 18.3 57

6 1.25 24.0 56 1.28 24.1 58 1.31 25.0 63

0.05 50.2 0.98 43.5 61 1.00 55.5 88
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Table A. 8
Results of the retention curves in unconfined samples for different initial dry densities at 60 °C (CIEMAT).

Suction
(MPa)

1.56 g/cm3 1.61 g/cm3 1.66 g/cm3

�d (g/cm3) w (%) Sr (%) �d (g/cm3) w (%) Sr (%) �d (g/cm3) w (%) Sr (%)

110 1.55 13.1 48 1.60 13.1 51 1.64 13.2 55

218 1.58 9.0 34 1.64 9.0 38 1.67 8.9 39

262 1.58 7.7 29 1.64 7.7 32 1.69 7.7 35

347 1.62 5.2 21 1.67 5.2 23 1.72 5.1 24

266 1.60 7.0 28 1.66 6.9 29 1.70 6.9 32

212 1.58 8.4 32 1.63 8.4 35 1.67 8.5 37

121 1.55 11.8 43 1.59 11.8 46 1.64 11.8 49

82 1.50 14.2 48 1.54 14.0 50 1.59 14.3 55

49 1.45 16.2 50 1.49 16.3 54 1.52 16.6 58

20 1.40 18.9 55 1.42 19.1 57 1.46 19.3 61

8 1.31 22.2 57 1.33 22.7 60 1.35 23.3 63

0.3 1.09 30.5 56 1.08 34.8 62 1.16 31.9 65
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Table A.9
Results of the retention curves in confined samples for different initial dry densities at 80 °C (CIMNE).

�d = 1.55 g/cm3 �d = 1.65 g/cm3

w (%) Suction (MPa) w (%) Suction (MPa)

12.4 106 13.0 106

13.0 84 13.6 84

15.5 67 15.4 67

16.6 47 16.7 47

17.1 32 17.2 32

18.2 8.3
Table A.10
Results of the swelling under vertical pressure (0.1 MPa) tests for different temperatures (CIEMAT).

Themperature (�C) Initial �d (g/cm3) Initial w (%) Final strain (%) Duration (days) Final w (%) Final �d (g/cm3)

40 1.62 12.2 -31.8 110 45.6 1.23

50 1.64 11.3 -32.2 71 43.0 1.24

80 1.62 13.4 -35.9 77 46.3 1.19
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Table A.11
Results of the swelling under vertical pressure (0.5 MPa) tests for different temperatures (CIEMAT).

Temperature (�C) Initial �d (g/cm3) Initial w (%) Final strain (%) Duration (days) Final w (%) Final �d (g/cm3)

30 1.61 13.0 -23.0 49 39.7 1.31

40 1.59 15.5 -20.1 55 44.8 1.32

50 1.63 11.5 -18.7 57 39.5 1.37

60 1.61 12.8 -12.5 37 37.9 1.43

60 1.61 13.1 -21.8 43 37.3 1.32

70 1.60 12.8 -9.8 35 36.5 1.39

80 1.62 12.1 -6.3 40 40.3 1.36

80 1.64 10.4 -17.4 26 35.2 1.40
Table A.12
Results of the swelling under vertical pressure (1.5 MPa) tests for different temperatures (CIEMAT).

Temperature (°C) Initial �d (g/cm3) Initial w (%) Final strain (%) Duration (days) Final w (%) Final �d (g/cm3)

30 1.62 13.1 -15.7 51 35.3 1.40

40 1.60 12.8 -12.5 39 35.7 1.43

50 1.58 14.6 -12.2 36 34.0 1.41

60 1.62 12.8 -11.3 23 32.7 1.46

70 1.61 12.5 -12.3 29 30.8 1.44

80 1.60 13.1 -5.0 26 34.0 1.52

80 1.62 12.4 -9.8 28 31.2 1.48
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Table A.13
Results of the swelling under vertical pressure (3.0 MPa) tests for different temperatures (CIEMAT).

Temperature (°C) Initial �d (g/cm3) Initial w (%) Final strain (%) Duration (days) Final w (%) Final �d (g/cm3)

30 1.61 13.0 -8.9 44 31.0 1.48

40 1.60 14.1 -9.4 44 31.7 1.46

50 1.61 12.9 -5.5 30 31.0 1.53

60 1.61 13.0 -8.7 37 29.3 1.48

70 1.62 12.9 -7.4 35 28.9 1.51

80 1.61 13.2 -5.1 30 28.8 1.53
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Table A.14
Results of the swelling pressure and hydraulic conductivity test at different temperatures for nominal dry densities
1.60 and 1.50 g/cm3 (CIEMAT).

Temperature (°C) �d (g/cm3) Ps (MPa) Final w (%) kw (m/s)

25 1.50 3.9 33.5 4.4·10-14

25 1.55 3.9 4.1·10-14

30 1.58 2.6 1.1·10-13

30 1.59 4.5 31.5

30 1.59 4.8 31.4

40 1.55 3.8 35.1

40 1.55 2.7

50 1.57 2.4 1.2·10-13

60 1.58 1.5 25.5

80 1.57 1.7 29.0 1.1·10-13

80 1.60 2.0 34.8 7.9·10-14

40 1.49 2.1 35.9 6.8·10-12

80 1.49 1.4 36.4 5.3·10-11
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Table A.15
Parameters obtained from oedometric tests on samples saturated with different solutions (CIMNE)

Solute
Vertical Load

Increment
(MPa)

Concentration
(M)

Void
Ratio

Oedometric
modulus Em

(MPa)

Consolidation
coefficient cv

(m2/s)

Saturated
permeability k

(m/s)

Secondary consolidation
coefficient

C�

Distilled
Water

0.5-1.0
0

0.946 47 1.9 10-09 4.0 10-13 1.510-03

1.0-2.0 0.889 34.3 1.5 10-09 4.4 10-13 5.5 10-03

NaCl

0.5-1.0

0.1 0.821 26 1.8 10-09 6.9 10-13 3.0 10-03

0.5 0.808 55 3.0 10-09 5.5 10-13 8.0 10-04

1 0.702 58 3.7 10-09 6.4 10-13 3.0 10-03

2 0.698 60.5 1.2 10-08 2.0 10-12 3.5 10-03

3.5 0.642 90 8.0 10-08 8.9 10-12 2.0 10-03

5.5 0.691 110 2.5 10-08 2.3 10-12 2.2 10-03

1.0-2.0

0.1 0.889 35.9 1.5 10-09 5.3 10-13 7.8 10-03

0.5 0.729 35 1.9 10-09 4.3 10-13 5.0 10-03

1 0.740 35 1.5 10-09 4.3 10-13 6.0 10-03

2 0.634 45 1.5 10-09 8.9 10-13 4.5 10-03

3.5 0.634 58 4.0 10-09 8.6 10-13 4.0 10-03

5.5 0.583 70 5.0 10-09 1.1 10-12 4.0 10-03

CaCl2

0.5-1.0

0.1 0.868 50.6 6.1 10-09 1.2 10-12 2.3 10-03

0.5 0.819 58 1.5 10-08 2.6 10-12 1.6 10-03

1 0.756 100 1.0 10-08 1.0 10-12 1.5 10-03

1.0-2.0

0.1 0.817 46.2 3.4 10-09 7.4 10-13 7.1 10-03

0.5 0.745 49 2.5 10-09 5.1 10-13 3.5 10-03

1 0.721 55 4.0 10-09 7.3 10-13 2.5 10-03

2 0.684 70 5.0 10-09 7.1 10-13 1.7 10-03

3.5 0.699 90 8.5 10-09 9.4 10-13 2.5 10-03
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Table A.16
Results of the swelling under load tests performed with deionised water (CIEMAT).

Initial �d (g/cm3) Initial w (%) Vertical pressure (MPa) Final strain (%) Duration (days) Final w (%) Final �d (g/cm3)

1.37 14.3 1.0 -3.1 13 36.6 1.33

1.50 13.0 0.1 -23.9 23 49.0 1.21

1.51 13.5 0.1 -21.3 15 44.7 1.24

1.50 14.5 0.1 -23.5 19 47.2 1.21

1.49 14.2 0.5 -13.9 16 41.7 1.30

1.49 14.2 0.5 -13.3 17 37.5 1.32

1.50 13.9 1.0 -8.8 16 40.7 1.38

1.50 14.4 1.0 -7.6 15 36.5 1.39

1.48 15.1 1.5 -5.9 14 33.3 1.39

1.49 14.1 3.0 0.0 14 31.2 1.49

1.51 14.0 3.0 -1.9 28 30.4 1.48

1.46 14.6 3.0 -1.5 13 31.5 1.44

1.71 13.3 0.1 -33.4 17 45.9 1.28

1.61 13.5 0.1 -28.5 14 46.9 1.25

1.60 14.3 0.1 -30.5 14 46.7 1.23

1.60 13.7 0.5 -17.3 18 35.7 1.36

1.60 14.2 0.5 -16.8 16 37.1 1.37

1.60 13.9 1.0 -14.1 18 33.5 1.40

1.60 14.3 1.0 -14.6 12 38.4 1.39

1.61 14.2 1.3 -14.3 32 37.1 1.41

1.60 13.5 3.0 -3.7 20 28.5 1.54

1.60 14.5 3.0 -6.5 15 32.6 1.50

1.69 14.0 0.1 -32.6 15 44.0 1.27

1.71 14.0 0.1 -36.3 32 44.9 1.25

1.68 14.5 0.5 -24.1 15 38.5 1.36

1.70 14.4 0.5 -23.5 28 35.5 1.38

1.68 14.3 1.0 -18.3 15 34.0 1.42

1.70 13.8 1.0 -16.1 18 32.8 1.47

1.69 13.8 3.0 -9.4 14 27.3 1.55

1.69 14.4 3.0 -10.9 14 30.4 1.52
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Table A.17
Results of the swelling under load tests performed with saline water (CIEMAT).

Initial �d (g/cm3) Initial w (%) Vertical pressure (MPa) Final strain (%) Duration (days) Final w (%) Final �d (g/cm3)

1.71 13.0 0.1 -29.0 9 43.8 1.33

1.70 13.4 0.1 -33.1 14 43.7 1.28

1.72 12.7 0.5 -19.0 11 35.2 1.45

1.69 14.2 0.5 -23.0 14 39.3 1.38

1.70 14.1 1.0 -18.2 10 36.6 1.44

1.71 13.0 1.0 -16.3 17 31.9 1.47

1.68 15.0 3.0 -9.7 10 31.9 1.53

1.71 13.0 3.0 -9.5 17 28.5 1.56

1.60 13.6 0.1 -25.9 15 43.2 1.27

1.58 15.4 0.1 -25.8 11 36.8 1.25

1.61 12.9 0.5 -16.7 15 33.6 1.39

1.63 11.6 0.5 -15.7 8 40.4 1.41

1.60 13.4 1.0 -9.9 8 35.1 1.46

1.61 13.3 1.0 -10.6 9 37.1 1.45

1.59 14.5 2.0 -7.2 10 29.5 1.48

1.60 14.1 2.0 -5.7 7 34 1.51

1.59 14.6 3.0 -6.1 8 29.2 1.50

1.59 14.1 3.0 -5.1 8 29.3 1.52

1.50 13.3 0.1 -21.1 14 45.3 1.24

1.50 13.3 0.6 -11.9 13 39.4 1.34

1.51 13.1 1.0 -8.2 13 33.4 1.39

1.50 13.9 3.0 1.6 11 32.4 1.52
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Table A.18
Results of the swelling under load tests performed with granitic water (CIEMAT).

Initial �d (g/cm3) Initial w (%) Vertical pressure (MPa) Final strain (%) Duration (days) Final w (%) Final �d (g/cm3)

1.72 14.0 0.1 -28.6 7 35.1 1.34

1.72 13.9 0.5 -20.6 7 32.5 1.43

1.72 13.1 1.0 -18.3 21 32.1 1.46

1.72 13.0 3.0 -10.6 13 28.8 1.55

1.62 13.1 0.1 -25.1 7 41.0 1.29

1.61 13.1 0.1 -24.5 15 38.7 1.29

1.62 13.4 0.5 -14.4 7 38.3 1.41

1.54 18.4 0.5 -13.7 9 39.5 1.35

1.61 13.6 1.0 -10.6 7 36.6 1.46

1.61 13.0 1.0 -8.8 16 34.0 1.48

1.60 13.7 2.0 -3.3 9 32.2 1.54

1.62 12.5 2.0 -6.4 11 29.5 1.52

1.60 13.3 3.0 -1.5 8 30.5 1.57

1.60 13.3 3.0 -1.2 7 30.0 1.58

1.52 12.7 0.1 -22.9 10 46.3 1.23

1.51 13.5 0.5 -12.1 10 40.4 1.34

1.50 14.2 1.0 -8.5 13 34.2 1.38

1.49 15.0 3.0 -1.5 13 32.0 1.46

1.62 13.2 0.5 -17.8 15 39.3 1.37

1.60 14.6 0.5 -17.2 21 40.1 1.37

1.61 13.3 0.5 -12.1 14 38.4 1.44

1.62 13.0 0.5 -17.8 14 38.3 1.37

1.62 12.8 0.5 -17.2 15 39.1 1.39

1.59 14.2 0.9 -15.8 20 36.7 1.39

1.61 13.7 0.9 -14.7 19 36.6 1.40

1.59 15.0 0.9 -13.4 20 37.2 1.40
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B.1 Balance equations

Equations for mass balance were established follow-

ing the compositional approach, which consists of

balancing the species rather than the phases. The

mass balance of solid present in the medium is writ-

ten as:

�

�
�

t
ns s( ( )) ( )1 0	 
�� j

[B.1]

where �s is the mass of solid per unit volume of

solid, js is the flux of solid, t is time and � is the di-

vergence operator.

Water is present in liquid and gas phases. The total

mass balance of water is expressed as:

�

�
� �

t
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w
l g

w
g l

w
g
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�� 
 j j [B.2]

where � l
w and �g

w are the masses of water per unit

volume of liquid an gas respectively. Sl, is the volu-

metric fraction of pore volume, occupied by the al-

pha phase (� = l, g). jl
w and jg

w denote the total mass

fluxes of water in the liquid and gas phases (water

vapour), with respect to a fixed reference system. fw
is an external supply of water.

Dry air is present in liquid and gas phases. The total

mass balance of dry air is expressed as:
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where � l
a and �g

a are the masses of dry air per unit

volume of liquid an gas respectively. S�, is the volu-

metric fraction of pore volume, occupied by the al-

pha phase (� = 1, g). j l
a and jg

a denote the total

mass fluxes of dry air in the liquid and gas phases,

with respect to a fixed reference system. fa is an ex-

ternal supply of dry air.

Regarding the thermal problem, equilibrium between

the phases is assumed. Therefore, the temperature is

the same for all the phases. Consequently, only one

equation is needed for the energy balance. If either

the complexity of the problem or the experimental

evidence justifies the necessity of a more detailed

treatment of this equation, different temperatures

can easily be considered. The total internal energy,

per unit volume of porous media, is obtained add-

ing the internal energy of each phase corresponding

to each medium. Applying the balance equation to

this quantity, the following equation is obtained:

�

�
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where Es is the solid specific internal energy; El and

Eg are specific internal energies corresponding to

liquid and gas phase, respectively, �s is the solid

density; �l and �g are the liquid and gas phase den-

sities; ic is the conductive heat flux; jEs is the advec-

tive energy flux of solid phase respect to a fixed ref-

erence system; jEl and jEg are the advective energy

flux of liquid and gas phases, respectively, with re-

spect to a fixed reference system; fE are the energies

supply per unit volume of medium.

Finally, the balance of momentum for the porous

medium reduces to the equilibrium equation in total

stresses:

�� 
 � b 0 [B.5]

where � is the stress tensor and b is the vector of

body forces.

B.2 Constitutive equations:
Thermo-hydraulic model

Concerning the hydraulic problem it is assumed that

the liquid and gas flows follow Darcy’s law:

q K g� � � �� �	 � 	 ( ); ,P l g [B.6]

where Pl and Pg are liquid and gas pressures respec-

tively, �l is the liquid density, �g is the gas density, g

is the gravity vector and K� is the permeability tensor

of the alpha phase (�=l,g), which is given by:

K k�
�

��
� 

k
l gr ; , [B.7]

The intrinsic permeability tensor (k) depends on the

pore structure of the porous medium. kr� is the value

of relative permeability that controls the variation of

permeability in the unsaturated regime and �� de-

notes the dynamic viscosity. � may stand for either l

or g depending on whether liquid or gas flow is con-

sidered. The variation of intrinsic permeability with

porosity is given by:

k k 	
o

be( ( ))� �0 [B.8]

where ko is the intrinsic permeability corresponding

to �o (a reference porosity), and b is a material pa-
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rameter. The relative permeability of liquid (krl) phases

is made dependent on Se (effective degree of satu-

ration) according to:

k S S
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e
l lr

ls lr
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where Sl is degree of saturation, Slr and Sls are resid-

ual and maximum degree of saturation, respectively,

and n is a material parameter.

Another relevant law related to the hydraulic problem

is the retention curve. A modified van Genuchten law

was adopted to model the dependence of the de-

gree of saturation on suction:
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where s (s=Pg-Pl), is the suction, Po is a parameter

related to the capillary pressure (the air entry value)

and �� is a parameter that controls the shape of the

curve. The function fd is included to obtain more

suitable values at high suctions, Pd is related with

the suction at 0 degree of saturation and �d is a

model parameter (when is null the original model is

recovered).

The molecular diffusion of vapour water in gas phase

is governed by Fick’s law, through:

i D I Dg
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g
w

g
w

g g m
w

g g g
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where ig
w is the non advective mass flux of water in

gas, Dg
w is the dispersion tensor, �g

w is the mass frac-

tion of water in gas,  is the tortuosity factor and �Dg

the mechanical dispersion tensor. Dm
w is the molecu-

lar diffusion coefficient of vapour in gas.

Regarding the thermal problem the Fourier´s law

was adopted for the conductive flux of heat:

i Tc 	 �� [B.12]

Thermal conductivity depends on the hydration state

of the clay and is expressed by a variant of the geo-

metric mean:

� � � 	
sat
s

dry

sl l( )1 [B.13]

where � is the global thermal conductivity; and �dry

and �sat are the thermal conductivity of bentonite in

dry and saturated conditions respectively.

B.3 Constitutive equations:
Mechanical model

The mechanical law adopted is the Barcelona Basic

Model (BBM). This model extends the concept of

critical state for saturated soils to the unsaturated

conditions, including the dependence of yield sur-

face on suction. Two stress variables are consid-

ered: the net stresses (� - Pg m) and capillary suc-

tion. Net stress is the excess of total stress over gas

pressure. If full saturation is achieved, net mean

stress becomes effective stress. For simplicity net

stress will also be denoted by �.

A thermoplastic constitutive law (Alonso et al., 1990;

Gens 1995) was selected based on a generalised

yield surface that depends not only on stresses but

on temperature and suction as well:

f f s Tv

p ( , , , )� � � [B.14]

�T T T( ) 	 0 is the temperature difference with re-

spect to an arbitrary reference temperature, To. In

terms of invariants:

f f p J s Tv
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where:
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I is the identity tensor. For simplicity, a form of the

classical Modified Cam-clay model is taken as the

reference isothermal saturated constitutive law:
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Volumetric strain is defined as:

� � � �v x y z 
 
 [B.21]

and �v

p is the plastic volumetric strain.

The basic assumption is that the pre-consolidation

pressure, Po, is made dependent on both suction and

temperature:
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In addition:

P k T ss  	exp( )�� [B.26]

In common with other critical state models, it is as-

sumed that hardening depends on plastic volumetric

strain only according to:
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and the plastic potential:

G
J

g
L p P P p

p

p s o 	 
 	
3 2

2
2� ( )( ) [B.28]

L
M

g
p

p


	( )� !

6

[B.29]

If � = 1, an associated plastic model results.

The variation of stress-stiffness with suction and, es-

pecially, the variation of swelling potential with stress

and suction have been carefully considered. The re-

sulting elastic model is as follows:
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Appendix C. Observations in environmental scanning electron microscope
× 700

× 1500

�d=1.65 g/cm

s = 0 MPa

3

P = 5 Tor T= 5ºC RH= 75 %g P =5 Tor T= 5ºC RH= 75 %g

Table C.1: Compacted slurry.
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�d=1.40 g/cm

s = 120 MPa

3

P =5.5 Tor T=15ºC RH= 41 %g P =10.1 Tor T=15ºC RH= 75 %g
P =0 Tor SEMg

× 300

× 700

× 1500

× 3000

× 6000

Table C.2: Sample compacted at 1.40 g/cm3 and hygroscopic water content observed in SEM and ESEM at different relative humidity.
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�d

g

=1.40 g/cm s = 120 MPa

P =5.5 Tor T=15ºC RH= 41 %

3
�d

g

=1.29 g/cm s = 0 MPa

P =12 Tor T=16ºC RH= 100 %

3
�d

g

=1.29 g/cm s = 0 MPa

P =4 Tor T=17.5ºC RH= 27 %

3

× 150

× 300

× 700

× 1500

× 3000

× 6000

Table C.3: Samples initially compacted at 1.40 g/cm3 and hygroscopic conditions (s=120 MPa) and saturated under isochoric conditions
(final �d = 1.29 g/cm3).
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1

�d=1.65 g/cm

s = 120 MPa

3

P =5.5 Tor T=16ºC RH= 41 %g P =10.1 Tor T=16ºC RH= 75 %g P =14 Tor T=16ºC RH= 100 %g

× 300

× 700

× 1500

× 3000

× 6000

Table C.4: Sample compacted at 1.65 g/cm3 and hygroscopic water content observed in ESEM at different relative humidity.
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× 300

× 700

× 1500

× 3000

× 6000

�d

g

=1.65 g/cm s = 120 MPa

P =5.5 Tor T=16ºC RH= 41 %

3 �d

g

=1.73 g/cm s = 310 MPa

P =3.0 Tor T=22ºC RH= 15 %

3 �d

g

=1.55 g/cm s = 39 MPa

P =14.0 Tor T=23ºC RH= 67%

3

Table C.5: Samples compacted at 1.65 g/cm3 and hygroscopic water content (s=120 MPa) subjected to suction increase (to s=310 MPa)
and decrease (to s= 39 MPa) in isochoric conditions.
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1

× 300

× 700

× 1500

× 3000

�d

g

=1.65 g/cm s = 120 MPa

P =5.5 Tor T=16ºC RH= 41 %

3 �d

g

=1.46 g/cm s = 10 MPa

P =10.1 Tor T=15ºC RH= 75 %

3
�d

g

=1.43 g/cm s = 0 MPa

P =10.1 Tor T=15ºC RH= 75%

3

Table C.6: Samples compacted at 1.65 g/cm3 and hygroscopic water content (s=120 MPa) subjected to suction decrease
(to s= 10 MPa and s=0) in isochoric conditions.
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�d=1.55 g/cm

s = 39 MPa

3

× 300 × 700 × 1500

P =14.0 Tor

T=23ºC
RH= 67%

g

P =14.0Tor

T=53ºC
g

P =14.0 Tor

T=108ºC
g

P =14.0 Tor

T=151ºC
g

Table C.7: Sample compacted at 1.65 g/cm3 and hygroscopic water content (s=120 MPa) subjected to suction decrease (to s= 39 MPa) in
isochoric conditions observed in ESEM at different temperature conditions.
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× 300

× 700

× 1500

× 3000

× 6000

�d=1.46 g/cm

s = 10 MPa

3

P =10.1 Tor T=15ºC RH= 75%g P =10.1 Tor T=150ºCg P =0 Tor T= 22ºC SEMg

Table C.8: Sample compacted at 1.65 g/cm3 and hygroscopic water content subjected to suction decrease (to s= 10 MPa) in isochoric
conditions observed in SEM and ESEM at different temperature conditions.



Appendix C. Observations in environmental scanning electron microscope
× 300

× 700

× 1500

× 3000

× 6000

�d=1.43 g/cm

s = 0 MPa

3
P =10.1 Tor T=15ºC

HR= 75%
g P =10.1 Tor

T=150ºC
g P =0 T= 22ºC SEMg

Table C.9: Sample compacted at 1.65 g/cm3 and hygroscopic water content subjected to saturation (s= 0 MPa) in isochoric conditions
observed in SEM and ESEM at different temperature conditions.
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�d=1.40 g/cm s = 120 MPa

SEM

3
�d=1.46 g/cm s = 10 MPa

SEM

3
�d=1.43 g/cm s = 0 MPa

SEM

3

× 300

× 700

× 1500

× 3000

× 6000

× 12000

Table C.10: Sample compacted at 1.4 g/cm3 and hygroscopic water content and samples compacted to 1.65 g/cm3 subjected to suction
decrease (s= 10 and s= 0 MPa) in isochoric conditions observed in SEM.



Appendix C. Observations in environmental scanning electron microscope
�d

g

=1.65 g/cm s = 120 MPa

T=22ºC
P =5.5 Tor T=16ºC RH= 41 %

3 �

# #
d

g

=1.60 g/cm w = 0.51%

T=22 150 22ºC

P =5 Tor T=17ºC RH= 41 %

3 �

# #
d

g

=1.60 g/cm w = 0.51%

T=22 150 22ºC

P =5 Tor T=148ºC

3

× 150

× 300

× 700

× 1500

Table C.11: Sample compacted at 1.65 g/cm3 and hygroscopic water content at 22°C, subjected to a temperature increase up to 150°C
and observed in ESEM at different temperatures.
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