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Uwe DÜSTERLOH Professeur, TU Clausthal Rapporteur
Muriel GASC Directrice de recherche, CEREMA Rapporteure
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Abstract

Rock salt exhibits naturally very interesting properties for underground storage and disposal, such
as ductility and very low permeability and porosity in the undisturbed state. The work that I present
in this manuscript aims at improving current engineering practice in the design of underground
structures in rock salt, which comprises three main steps: laboratory characterization, constitutive
modeling and simulations at the facility scale, using well-established design criteria to evaluate
the long-term feasibility of the excavations. The final goal of my research is to address society
and industry challenges, such as the underground disposal of heat-generating nuclear waste and
the underground storage of fluids and energy carriers in salt caverns. As shown through some
applications, these challenges require the coupled study of different processes (thermal, mechanical,
hydraulic).

The experimental work that I supervised has led to several guidelines for a better characteriza-
tion of rock salt behaviour at the laboratory scale. Such guidelines concern various aspects such as
samples preconditioning (e.g., loading conditions, duration), further microscopic characterization
(e.g., brine content, grain size), and testing along different loading paths, covering the stress and
temperature ranges expected in situ (e.g., compression, extension, traction, low and high deviatoric
levels).

Once the characterization is performed, and in order to determine a rheological parameter set
from experimental laboratory data, it is necessary to consider heterogeneity in the analysis of the
results. The first type of heterogeneity is due to the rough contact between the rock sample and
the cell platens, and the second type, material heterogeneity, is due to the presence of impurities
within the samples that have smaller dimensions than the representative volume element of the
rock under investigation. Indeed, as I show in this work, assuming that the sample response is
homogeneous is a simplification that could lead to an erroneous characterization of the material,
and subsequently to an erroneous design of underground structures. This applies particularly to the
dilatancy threshold, which is an important design criterion for excavations in rock salt. Volumetric
strains are very small and very sensitive to the scale of measurement.

Most constitutive laws used in underground engineering are phenomenological, with parameters
calibrated on the basis of laboratory work. Such laws have limited extrapolation capabilities. In
this context, while it is in theory possible to cover at the laboratory scale the stress and temperature
ranges expected in the field, the duration of the experiments is necessarily much shorter than the
lifespan of the targeted underground facilities. This aspect is still unresolved.

Two main perspectives stem from this work. The first is related to the long-term, and to the
need to reduce the uncertainties in the predictions by better understanding the physics underneath
the observed response. The microscopic scale should be included further in standard engineering
practice. The second is related to experimental thermo-hydro-mechanical coupling and to the need
to better characterize flow within low-permeability rocks, such as rock salt.
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Résumé

Le sel gemme est une roche ayant des caractéristiques très favorables pour le stockage souterrain, en
particulier un comportement ductile, et de perméabilité et porosité très faibles dans l’état non en-
dommagé. Le travail que je présente dans ce manuscrit se propose d’améliorer la démarche actuelle
pour le dimensionnement des ouvrages souterrains dans les roches salines, qui comporte trois étapes
principales : une caractérisation en laboratoire, une modélisation constitutive et des simulations
numériques à l’échelle de l’ouvrage pour en évaluer la stabilité à long terme, moyennant l’utilisation
de critères définissant des seuils de stabilité. Le but final de mes recherches est de répondre à des
besoins sociétaux et industriels, tels que le stockage de déchets radioactifs exothermiques et le
stockage souterrain de vecteurs énergétiques en lien avec la transition bas carbone. Comme les
cas d’applications présentés le montrent, pour relever ces défis il est nécessaire de considérer des
processus couplés (thermiques, mécaniques, hydrauliques).

Le travail expérimental que j’ai encadré a permis de proposer des recommandations pour la
réalisation d’essais de caractérisation en laboratoire. Ces recommandations concernent plusieurs as-
pects tels que le préconditionnement des éprouvettes (e.g., chargement, durée), une caractérisation
microscopique plus approfondie (e.g., teneur en saumure, taille des grains) et la réalisation d’essais
selon des chemins de charge variés, couvrant la gamme de contraintes et températures in situ (e.g.,
compression, extension, traction, faibles et fortes contraintes déviatoriques).

Une fois la roche caractérisée, et dans le but de déterminer un jeu de paramètres rhéologique,
il est nécessaire d’analyser les résultats expérimentaux en tenant compte de l’hétérogénéité, qui
peut être de deux types différents. Le premier type est dû au contact frottant entre l’éprouvette
et les pistons qui appliquent la charge. Le deuxième type (hétérogénéité matérielle) est dû à la
présence d’autres composants que le NaCl et doit être pris en compte lorsque les dimensions des
éprouvettes sont plus petites que le volume élémentaire représentatif de la roche étudiée. Je montre
que considérer que la réponse des éprouvettes est homogène est une simplification qui pourrait
mener à une caractérisation erronée de la roche, et par conséquent à un dimensionnement erroné
des ouvrages souterrains. Ceci est d’autant plus vrai pour le seuil dilatant, qui est un critère de
dimensionnement très utilisé actuellement. En effet, les déformations volumiques sont très petites
et très sensibles à l’échelle de la mesure.

La plupart des lois de comportement utilisées en ingénierie sont phénoménologiques, et leurs
paramètres sont ajustés à partir des essais de laboratoire. L’extrapolation de ce type de loi est
délicate. Dans ce contexte, même s’il est théoriquement possible d’étudier à l’échelle du laboratoire
la gamme des contraintes et de température pertinente in situ, la durée des essais est forcément
plus courte que les échelles de temps propres aux ouvrages souterrains. Cet aspect reste encore non
résolu.

Deux perspectives principales découlent des travaux présentés. La première porte sur le com-
portement à long terme et sur la nécessité de réduire les incertitudes liées aux extrapolations
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temporelles moyennant une étude plus approfondie des aspects physiques sous-jacents à la réponse
observée. L’échelle microscopique devrait être davantage prise en compte dans les applications
en ingénierie. La seconde porte sur le couplage thermo-hydro-mécanique expérimental et sur la
nécessité de mieux comprendre l’écoulement dans des roches très peu perméables, telles que le sel
gemme.
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ture with RTL2020 (equations of the volumetric part are detailed in Appendix B.4).
All tests were conducted at Mines Paris (Blanco-Mart́ın et al., 2022a). . . . . . . . . 18

2.12 Salt 1: fitting of multi-stage creep tests at ambient and higher temperatures with
RTL2020 (volumetric strains are not available). All tests were conducted at Mines
Paris (Blanco-Mart́ın et al., 2022a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.13 Multi-scale acquisition to quantify heterogeneity during a laboratory test: (a) sketch
of measuring devices and sample shape during a triaxial compression test —an ini-
tially cylindrical sample (black contours) evolves into a deformed cylinder assuming
a perfectly smooth contact (homogeneous stress and strain fields, blue contour) or
into a barrel-shaped sample assuming a completely rough contact (heterogeneous
stress and strain fields, red contour); (b): exploratory set-up with 1 mm thick Viton
bladder, strain gauges and extensometers; (c): exploratory set-up with 0.1 mm thick
latex bladder, strain gauges and extensometers; (d): selected set-up with 0.1 mm
thick latex bladder, circumferential extensometer and global axial LVDT (LVDT not
visible in the picture). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.14 Results of numerical strain-controlled isothermal tests at P = 10 MPa and ε̇ax =
10−5 s−1, using the parameters in Table 2.3. Dashed lines correspond to a frictionless
contact (all curves overlap), and solid lines to a fully frictional contact. Strains are
shown at local, hybrid and global scales, assuming that the radial strain is equal to
the hoop strain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.15 Experimental data at different scales. The trends observed in Figure 2.14 (fully
frictional contact) are not systematic and reproduced qualitatively in cases (a) and
(b), but not (c). In general, local data show more variability than global data (d). . 24

2.16 Salt 2: results of strain-controlled tests during (a) the initial isotropic phase and (b)
the deviatoric phase. All tests were conducted at Mines Paris (Blanco-Mart́ın et al.,
2022a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.17 Salt 3: analysis of a recent hydrostatic phase (C = 12 MPa, Q − P = 0.2 MPa,
T = 30 ◦C) of some samples. The temperature is increased from ambient (T∞ =
20 ◦C) to 30 ◦C after one day, inducing a fast elongation of the samples (average
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3.8 Test at Varangéville: (a) plan view of the experimental niche, including location of

the experimental chamber and the two slots; (b) view of the experimental chamber
surrounded by the insulation cover (the height of the chamber is 2.23 m and the
width of the walls [HD polyurethane] is 10 cm); (c) inside view of the chamber (floor
fans are visible in the left-hand side, as well as acoustic emission devices on the floor). 42
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3.14 Test at Varangéville: maximum principal stress (MPa) at the surface of the salt block
(a) after excavation (t=0) and (b) before the beginning of the first cycle (t=129 d).
The principal stresses at locations P1-P5 (see Figure 3.10) are displayed (bottom
color table). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
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Chapter 1

Introduction

1.1 Rock salt as a host rock

Rock salt, mainly NaCl, is formed by evaporation of seawater, followed by loading and recrystal-
lization during further sedimentation. Pure rock salt has a polycrystalline structure, formed by a
juxtaposition of halite crystals with limited quantities of fluids (mostly saturated brine). Fluids are
present as intracrystalline inclusions and/or as intercrystalline fluids along the crystal boundaries,
in the form of adsorbed thin films and island-channel networks (Rutter & Elliott, 1976; Boucher
et al., 1979; Raj, 1982). Density of rock salt does not increase with burial, which makes salt layers
less dense than the overlying strata. As a result, salt structures (such as diapirs) can be formed
from initially horizontal layers depending on gravitational instabilities and the regional tectonic
regime.

Rock salt exhibits naturally very low permeability and porosity in the undisturbed state. These
two assets make rock salt very tight to fluid flow. In addition, rock salt has high thermal conduc-
tivity as compared to other shallow-crustal rock types, is a ductile rock and shows a tendency to
sealing-healing when the conditions are propitious (brine availability, stress state, temperature).
These main assets, combined with the large volumes available, make rock salt a potential candidate
for underground storage and disposal. Two main techniques exist: salt caverns and drifts/boreholes.
Solubility in water allows creation of salt caverns by leaching (or solution mining), which is a quite
inexpensive technique. A well connects the ground surface to the cavern; such well is very similar
to a typical well of the oil industry, and has initially two concentric spaces, one for injection of fresh
water and another for withdrawal of the leached, saturated brine. Typically, cavern volumes range
between 104 and 106 m3. Salt caverns have been used around the world since the 1940s to store
liquid and gaseous hydrocarbons, and other substances such as hydrogen, compressed air, helium
and chemical wastes. Today, there are about 2000 storage caverns worldwide, and this figure will
increase rapidly in the next years because salt caverns will play an important role in the transition
towards low-carbon energy; indeed, they offer relatively large volumes and high deliverability rates.
Rock salt is also easy to mine and requires little reinforcement. In the USA, transuranic (low-
level) nuclear waste is being disposed of since 1999 in the rooms of the Waste Isolation Pilot Plant
(WIPP) in the Salado Formation (New Mexico), and, in Germany, low-level and intermediate-level
radioactive wastes were stored in drifts of the Asse mine (1965-1978) and the Morsleben repository
(1972-1998). Research for the disposal of heat-generating nuclear waste in saliniferous formations
is ongoing in these two countries.

The use of rock salt as a disposal or a storage medium is based on extensive research performed
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over the last 50 years, particularly at the laboratory scale but also at the field scale. An exhaustive
literature review is out of the scope of this document. From a mechanical point of view, rock salt
exhibits time-dependent, viscoplastic behaviour (creep) when it is subjected to deviatoric loadings.
High temperatures enhance the creep of the rock. Many models have been developed in the past
decades, including different features and different levels of complexity. They can be put in two main
categories: physically-based (based on deformation mechanisms observed at the microscopic scale)
and phenomenological (based on experiments, often at the macroscopic scale, without accounting
for the physics underneath the observed response). Regardless of the physical or phenomenological
nature of the model used, it should be noted that until the early 1990s, the viscoplastic response
of rock salt was assumed to be purely deviatoric. Later on, non-elastic volumetric strains were
taken into account, with a focus on non-elastic volume increase, or dilatancy. Dilatancy is related
to the formation of micro-cracks and the subsequent development of flow paths (permeability and
porosity increase). At the microscopic scale, dilatancy is thought to be due to plastic strain misfits
between neighbouring crystals, which causes intercrystalline sliding and void opening. Dilatancy is
much smaller than the corresponding deviatoric strains (see Figure 1.1 [note that unless otherwise
specified, compressive strains and stresses are positive in laboratory data]) and does not —at least
for moderate strains— induce softening, which explains why it was initally neglected.
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Figure 1.1. Strain-controlled test performed at ε̇ax = 10−5 s−1, P = 5 MPa and ambient
temperature. Strain hardening is observed beyond the dilatancy threshold, marked with a red dot
on the left-hand side plot. This test was performed within the framework of the Citeph-20-2018

project (Blanco-Mart́ın et al., 2021a).

Owing to the tightness loss that it implies, dilatancy has gained much attention over the last
years, and many laboratory and field investigations have been performed, such as the EU BAMBUS
project, experiments at WIPP, German & US/German joint projects, as well as extensive laboratory
work, see for instance Peach (1991); Stormont & Daemen (1992); Thorel & Ghoreychi (1996);
Cosenza et al. (1997); Stormont (1997); Popp & Kern (1998); Popp et al. (2001); Schulze et al.
(2001); Bechthold et al. (2004); Alkan et al. (2007); Günther & Salzer (2012); Düsterloh et al.
(2015); Roberts et al. (2015); Salzer et al. (2015); Azabou (2021). Likewise, dilatancy criteria have
become very important in the design of underground structures (Hunsche, 1993; Van Sambeek
et al., 1993; Staudtmeister & Rokahr, 1997; Heusermann et al., 2003; Hou, 2003; Labaune et al.,
2018). To counteract dilatancy, healing/sealing processes have been observed under propitious
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conditions (Wolters et al., 2012; Herchen et al., 2018), and several models include a healing/sealing
component (e.g., Lux/Wolters/Lerche, Günther/Salzer, CDM, Lubby-MCDF, see Hampel et al.
(2015)).

Knowledge of salt processes in the context of engineering applications has undoubtedly im-
proved over the years. For the last decade, I have performed research in the context of two main
applications: disposal of heat-generating nuclear waste in drifts and energy storage in salt caverns.
Conducting such research has allowed me to understand aspects that are currently unresolved, and
to orientate my work to improve part of them, as I will introduce in the next section.

1.2 Challenges imposed by the applications

When designing underground facilities (in rock salt or any other formation), it is a common engi-
neering practice to first characterize the rock behaviour at the laboratory scale. Then, constitutive
laws are developed and fitted against the experimental data, and ultimately numerical simula-
tions at the facility scale are conducted using the laws and parameters to evaluate the long-term
feasibility and optimize the design. In this process, there are three important aspects: laboratory
characterization, constitutive modeling and design criteria.

Laboratory characterization, when used to derive constitutive parameters and design criteria,
is complex as heterogeneity needs to be taken into account, but is difficult to quantify. Friction
between the cell pistons and the sample creates non-uniform stress and strain fields within the
sample, and although it is topical in mechanical testing (Brady, 1971; Peng, 1971; Sheng et al.,
1997; Shilko, 2002), it is difficult to quantify experimentally. The analysis of test results assuming a
perfectly smooth or a completely rough contact provides two extreme cases. An example of this type
of heterogeneity, obtained during a strain-controlled test on a salt sample, is displayed in Figure 1.2a
(test under triaxial compression). Material heterogeneity is due to the presence of impurities (such
as second phases or insolubles) within the samples, and can be identified through microscopic
observations, scanning and, in the case of rock salt, dissolution. Material heterogeneity needs to
be taken into account when the samples size —which is fixed by the drilling tools in the field and
the testing devices in the laboratory— is smaller than the representative volume element (RVE) of
the rock mass. Three examples of salt specimens showing different levels of material heterogeneity
are shown in Figure 1.2b. Both types of heterogeneity might hinder a correct characterization of
the rock material, particularly in the case of inelastic volumetric strains, which are very small (see
Figure 1.1) and very sensitive to the scale of measurement; yet, dilatancy is an important design
criterion, and needs to be evaluated accurately. Another aspect is the tensile response of rock
salt, which has been less thoroughly researched than the compressive response, but is important,
for instance, in the context of a fast temperature decrease related to high frequency cycling in
salt caverns (Bérest et al., 2014). Performing direct tensile tests in rocks is technically difficult,
and indirect tensile tests provide non-uniform strain and stress fields that need to be correctly
interpreted for a proper characterization of the material. At the facility scale, decisions based on
an improper laboratory characterization could be either too conservative or too optimistic.
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(a) (b)

Figure 1.2. Examples of heterogeneity during recent laboratory work on rock salt samples at the
Centre for Geosciences and Geoengineering: (a) heterogeneity due to sample-piston friction

(strain-controlled test at ε̇ax = 10−5 s−1 and P = 2 MPa); (b) three samples showing different
levels of material heterogeneity.

Most constitutive laws used in underground engineering are phenomenological. Therefore, labo-
ratory characterization should include different loading paths in the stress, temperature and time
domains, covering the ranges expected in situ. This, of course, can be theoretically achieved for
stresses and temperature, but not for time, as the duration of experiments is limited compared to
the lifespan of the facilities (performance analyses for the disposal of heat-generating nuclear waste
often involve simulations covering 105 − 106 years of post-closure). In addition to the temporal
span, long-term applications usually require extrapolation to strain rates much slower than those
typically investigated at the laboratory scale. Slow strain rates occur at low deviatoric stresses
(and to a lesser extent, low temperatures), which are not only important in the long-term (nuclear
waste post-closure, cavern abandonment), but also at shallow depths and far from the openings.
Creep tests performed at low stress deviators are challenging because the measured strains are
sensitive to small changes in temperature or relative humidity (smaller than typical regulation
accuracy), and separation of the different effects is not straightforward (Bérest et al., 2019). In
fact, the literature review shows that most creep tests have been performed using stress deviators
greater than 5-8 MPa. Some tests at low and intermediate levels are available (e.g. Bérest et al.
(2022); Tijani et al. (2009), see Figure 1.3), and although mostly unconfined, they suggest that
extrapolation could underestimate the creep rate by several orders of magnitude. Therefore, to
avoid extrapolation, creep tests should comprise stages at both low and high deviatoric stresses.
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Figure 1.3. Axial strain (in µm/m) during a unconfined test performed at the Altaussee mine
(Austria) on a Hauterives salt sample (adapted from Bérest et al. (2022), compressive strains are
negative). Small and intermediate loads are applied; such loads require specific settings in which

temperature and relative humidity are extremeley constant.

In constitutive modeling and field-scale simulations, a common workaround to tackle temporal
extrapolation is to recalibrate the laboratory-derived parameters on the basis of field observations
over time. Nevertheless, field data are complex and often contain uncertainties that hinder an
accurate quantification of the parameters (for instance, cavern sonar measurements are performed
every 5-10 years and are accurate to about 4%, and their correct interpretation often requires to
consider 3D effects among neighbouring caverns), and in any case the available time spans (a few
decades) are not enough to avoid long-term extrapolation.

Laboratory characterization, constitutive modeling and design criteria have been thoroughly
investigated since the 1970s at the Centre for Geosciences and Geoengineering of Mines Paris, see
for instance Tijani et al. (1983); Hamami (1993); Merar (1999); Tijani (2008); Labaune (2018);
Rouabhi (2019); Azabou (2021). The work presented in chapter 2 reflects recent efforts undertaken
to improve those three aspects. The ultimate goal of improving such aspects is to address society
and industry challenges, such as the underground disposal of heat-generating nuclear waste and the
underground storage of fluids and energy carriers in salt caverns. In the first section of chapter 3,
I illustrate the consequences of overlooking those aspects. Then, I present modeling work of a field
test that aims to better understand high frequency cycling in salt caverns in the context of the
transition to low-carbon energy. The last part of chapter 3 summarizes my postdoctoral research,
in which I developed numerical tools and performed two-way coupled thermal-hydraulic-mechanical
modeling in the context of nuclear waste disposal in saliniferous formations. In chapter 4, I present
the main conclusions of my research activities, as well as some perspectives for the next years.
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Chapter 2

Rheology

2.1 Physically-based and phenomenological laws

The research on rock salt not only for storage purposes, but also for salt/brine production and for
the understanding of halokinetic crustal processes, has led to extensive literature on rock salt rheo-
logy. As introduced in the first chapter, there are two main types of models: physically-based and
phenomenological. The former are based on micro-mechanisms that control the creep deformation
under given conditions (stress, temperature, brine availability . . . ). For instance, at high deviatoric
levels mechanisms of flow type, such as dislocation glide, cross-slip and climb dominate (Frost &
Ashby, 1982). At low deviatoric levels and moderate to high temperatures diffusional mechanisms,
such as pressure solution and dynamic rescrystallisation, become important (Urai & Spiers, 2007).
Most parameters involved in this type of model have a physical meaning, which eases their de-
termination. Since the 1970s, deformation-mechanism maps have been developed to represent the
stress and temperature conditions where a single mechanism dominates the (quasi-stationary) creep
rate; the objective of such maps is to guide in the selection of a constitutive model for a particular
application (Ashby, 1972; Munson & Dawson, 1981). Two examples are shown in Figure 2.1. It is
interesting to mention that the dominant mechanisms at relevant conditions for most engineering
applications are not fully understood. In fact, the flow of rock salt in nature tends to occur in the
transition between the dislocation-dominated and the pressure solution-dominated fields (Spiers
et al. (1990) and Figure 2.1).

Physically-based models may combine several micro-mechanisms to describe macroscopic rock
salt behaviour. Examples of these models include Spiers&Carter, Ellis, Urai&Spiers, Wawer-
sik&Zeuch (Wawersik & Zeuch, 1986; van Keken et al., 1993; Spiers & Carter, 1996; Urai & Spiers,
2007). In some cases, upscaling stresses and strains to the RVE in a self-consistent framework has
been performed (micro-macro approach that accounts for the interactions between halite crystals,
see for instance Pouya (2000); Zhu et al. (2015); Xu & Arson (2022)). It should be noted however
that physically-based as well as micro-macro models often comprise phenomenological parameters
that have to be calibrated on the basis of test results. In addition, physically-based models are
often limited to steady state creep (whether a steady state is actually reached is still an open ques-
tion within the salt mechanics community). Accepting this assumption, a complete reproduction
of natural salt behaviour at the RVE scale would require a complex combination of mechanisms,
which would be impractical for numerical simulations at the engineering scale.

In turn, phenomenological models attempt to reproduce the observed experimental response
without examining the underlying physical processes. Their main advantages are that they re-
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(a) (b)

Figure 2.1. Deformation-mechanism maps for natural rock salt: (a) from Munson & Dawson
(1981) and (b) from Spiers & Carter (1996), grain size d = 3 mm. Each labeled domain represents

the conditions where the specified mechanism dominates. In the vertical axes, both σ′II and σ
refer to von Mises equivalent stress, and µ is the shear modulus (Lamé’s second parameter).

produce an overall response at the RVE scale and are best suited for numerical simulations at
the engineering scale; however, owing to the lack of physical basis, extrapolation is delicate. As
explained in Tijani’s habilitation (Tijani, 2008), a unique phenomenological law exists for a given
material; nevertheless, its complete determination would require to perform tests along all expected
loading paths in the field, which is impractical. As a result, approximate laws are sought; this ex-
plains the vast number of phenomenological models developed over the years for rock salt, e.g.,
Munson-Dawson, Cristescu, SUVIC, Günther-Salzer, Lux/Wolters/Lerche, Norton-Hoff, Lemaitre,
RTL, Reedlunn (Tijani et al., 1983; Cristescu, 1993; Munson, 1997; Aubertin et al., 1999; Bérest
et al., 2008; Günther & Salzer, 2012; Lux et al., 2018; Azabou et al., 2021c; Reedlunn, 2022). These
laws include functional forms with various levels of complexity to account for different processes
(e.g., transient and stationary creep, damage, healing), and their parameters are fitted on experi-
mental data, typically at the laboratory scale, with a parameter recalibration on field data when
possible (e.g., cavern volume loss over time, measurements at the WIPP and the Asse mine lasting
several years). In my research, oriented towards engineering applications, I have focused so far on
this type of law.

An example of extrapolation that is currently topical within the salt mechanics community is
creep at low stress deviators. As mentioned in the first chapter, performing tests at low stress levels
is difficult because it is very important to keep the test conditions (temperature, relative humidity,
applied stresses) stable, so that the measured strain is not affected by experimental artefacts that
could make the determination of the viscoplastic strain difficult and subject to hypotheses (for
instance, if the ambient temperature fluctuates slightly, the temperature is not uniform within the
sample, and the corresponding non-uniform thermo-elastic strains can be as high as the viscoplastic
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strains). A few tests have been conducted in very specific settings, such as the Altaussee (Austria)
and Varangéville (France) mines (Bérest et al., 2005, 2019), or a dedicated chamber in which
temperature stability can be controlled to ±0.01 K (Hunsche, 1984). These tests are original, but
have limitatios (uniaxial configuration, availability, feasibility/cost of the facilities). In general,
tests are performed using high stress deviator levels (often in the range 5 ≤ Q − P ≤ 30 MPa1),
corresponding to the conditions close to the excavated openings, and the results are extrapolated
towards low stress deviators when numerical simulations at the facility scale are carried out (in the
far field, the deviatoric stresses are low). Figure 2.2 shows experimental creep rates at the end of
loading stages in the range 0.1 ≤ Q − P ≤ 40 MPa, and suggests that the exponent of the classic
power creep law changes from n ≈ 5 − 7 at high stress levels to n ≈ 1 at low stress levels, with a
transition zone in the range 3 ≤ Q− P ≤ 8 MPa.

Figure 2.2. Creep rates as a function of the deviatoric stress (after Herchen et al. (2018)).
Symbols correspond to experimental data and solid lines to predictions using the Günther-Salzer

(GS) steady state creep law (Günther & Salzer, 2012). Note that σeff = q.

A first interpretation of this graph suggests that, if tests are performed under typical laboratory
conditions and the results are extrapolated towards lower stress deviators, the quasi-stationary
creep rates will be underestimated by several orders of magnitude, with potential impacts to the
prediction of underground structures. Nevertheless, it should be noted that none of the displayed
campaigns covers the whole stress range. Besides, it is not clear whether the rates correspond to

1In this manuscript, Q is the applied axial stress during a test and P is the applied confining pressure. Assuming
that the sample response is homogeneous, C = Q+2P

3
is the mean pressure and D = |Q − P | is the stress deviator.

However, when heterogeneities in the stress and strain fields arise, the local mean pressure and the local von Mises

equivalent deviatoric stress should be computed using p = − 1
3
tr
(
σ
)

and q =
√

3
2

∥∥∥σ′∥∥∥, respectively, where σ is the

Cauchy stress tensor and σ′ = σ − 1
3
tr
(
σ
)

1 is the deviatoric stress tensor. The third invariant is the Lode angle,

defined as θ = 1
3

arccos
(√

6tr
(
J3
))

, with J =
σ′

‖σ′‖ .
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truly stationary or to transient conditions (the data are analyzed with a stationary creep law). As
it will be explained below, in the analysis the effect of the stress deviator can be separated from
the effect of time, making the approach more powerful. From a microscopic point of view, the
different response observed experimentally between high and low stress deviators is attributed to
a change in dominant mechanism, see Figure 2.1: dislocation cross-slip and climb at high stress
levels and pressure solution at low stress levels. Several phenomenological constitutive laws have
been recently developed/adapted to account for this fact, and many modeling exercises have been
performed (the reader is referred to the proceedings of SaltMechX for a wide range of examples).

The need to investigate further low stress deviators was highlighted in Tijani (2008). To avoid
the limitations of uniaxial tests, short after Tijani et al. (2009) performed one confined creep test
at T = 50 ◦C comprising several deviatoric stress levels: Q − P = {0.13, 0.5, 1, 2, 10} MPa. The
results are shown in Figure 2.3 (experimental data in the left-hand side plot and and computed
strain rates in the right-hand side plot). As it can be seen, a stationary state was not reached in
any of the loading stages; nevertheless, this is not a limitation to study the influence of the stress
deviator on the creep response, since it is possible to separate the effect of time from that of other
variables such as the stress deviator or the temperature (details will be given below).
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Figure 2.3. Confined creep test performed at T = 50 ◦C and several deviatoric stress levels (Tijani
et al., 2009): (a) experimental data (the enlarged view shows the three first loading stages); (b)

computed strain rate (values displayed are greater than 10−18 s−1).

Tijani et al. (2009) performed only one test, and there was only one stage performed at high
deviatoric stress. In order to gain more insight into this aspect, we have recently conducted addi-
tional confined creep tests at low and high stress deviator levels (project Citeph-20-2018, see Blanco-
Mart́ın et al. (2021a) and Blanco-Mart́ın et al. (2022a) for details), and four other tests are underway
in collaboration with a cavern operator. Three examples are discussed here, corresponding to two
salt origins (hereafter Salt 1 and Salt 2). The results are shown in Figure 2.4. The three tests
were conducted at T = 50 ◦C and comprised several loading levels, each of a duration of 3-4 weeks:
Q− P = {0.5, 1, 2, 5, 10, 15, 202} MPa. Again, as it can be inferred from the right-hand side plots,
a stationary state was not reached in any of the loading stages, but this is not a limitation.

2The last loading level applies only to the test on the Salt 1 sample.
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Figure 2.4. Recent confined creep tests performed at T = 50 ◦C and several deviatoric stress
levels in the range Q− P ∈ [0.5− 20] MPa: (a) experimental data of three tests (the enlarged

view shows the three first loading stages); (b) computed strain rate (values displayed are greater
than 10−18 s−1). The top row corresponds to Salt 1 and the two other rows correspond to Salt 2.

All tests were conducted at Mines Paris (Blanco-Mart́ın et al., 2021a).
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Results from these tests have been interpreted with the Lemaitre creep law (Tijani et al.,
1983), which is the basis of the research on rock salt rheology at the Centre for Geosciences and
Geoengineering of Mines Paris; nevertheless, other phenomenological laws could have been used,
each having advantages and disadvantages (e.g., assumptions on relevant processes, number of
parameters, robustness of parameter identification, suitability of a parameter set to reproduce data
under different loading paths and time scales . . . )3. In the following, partition of the total strain
rate tensor, ε̇, into elastic, ε̇el, thermal, ε̇th and viscoplastic, ε̇vp, parts is assumed:

ε̇ = ε̇el + ε̇th + ε̇vp (2.1)

where ε̇el = (1+ν)
E σ̇− ν

E tr
(
σ̇
)

1 is the elastic strain rate tensor (E is the Young’s modulus and ν the

Poisson’s ratio), ε̇th = αthṪ 1 is the thermal strain rate tensor (αth is the linear thermal expansion
coefficient), and the viscoplastic strain rate tensor is given by the Lemaitre constitutive law:

ε̇vp =

√
3

2
γ̇vp J (2.2)

where γ̇vp =
√

2/3 ‖ε̇′vp‖ is the equivalent deviatoric viscoplastic strain rate (the deviatoric com-

ponent of a tensor a is denoted by a′ = a − 1
3tr
(
a
)

1) and J = σ′/
∥∥σ′∥∥ is a unit tensor along the

deviatoric flow direction. The evolution law of the hardening variable is defined by

dγ
1/α
vp

dt
=

(
q

K (T )

)β/α
(2.3)

where K(T ) = kr exp (ALα/β (1/T − 1/Tr)), Tr is the reference temperature, 0 < α < 1, and β, kr
and AL are positive material parameters. From Eq.(2.3) it can be deduced that

γ̇vp = ψvp
(
σ, T, γvp

)
= α exp

(
AL

(
1

Tr
− 1

T

))(
q

kr

)β/α
γ

1− 1
α

vp (2.4)

The above equation demonstrates that, under constant q and T , the Lemaitre creep law is purely
transient. The analysis of the three tests with this law is displayed in Figure 2.5. The fitting
procedure, adapted from P. Labaune’s PhD work (Labaune, 2018), does not treat all parameters
equally: a single pair (α,E) is determined for the whole test (α and E are constant throughout

each test), and for each loading stage a value of
˙

γ
1/α
vp is determined, ensuring continuity between

consecutive stages. Note that this procedure can only be applied if
˙

γ
1/α
vp is constant per loading

stage, which is the case here (q and T are constant per stage). One main advantage of this fitting
procedure is that the number of parameters to be fitted in each step is reduced, because two fittings

are nested. Afterwards, an expression for
˙

γ
1/α
vp is sought. Creep tests performed over the years on

salt samples from different origins, in the range 5 ≤ Q− P ≤ 30 MPa, suggest that the expression
in Eq. (2.3) (Lemaitre law) reproduces data satisfactorily. However, and particularly if the number
of loading stages is reduced, other mathematical expressions could also yield satisfactory results.

3During my postdoctoral research at the Energy Geosciences Division of Lawrence Berkeley National Laboratory,
I used other laws, mainly the Lux/Wolters creep law for natural salt developed at TU Clausthal and the cwipp creep
law developed at Sandia National Laboratories to model crushed salt compaction in the context of nuclear waste
disposal. These laws are not explained in this manuscript for brevity, but details can be found in, e.g., Wolters et al.
(2012); Lux et al. (2018); Blanco-Mart́ın et al. (2016b); Itasca (2009); Sjaardema & Krieg (1987).
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Here, the range 0.5 ≤ Q − P ≤ 20 MPa is investigated. As it can be seen, the stress deviator
dependency is different at high and low stress levels, and, as suggested by Tijani et al. (2009), it is
best captured with a double power law:

dγ
1/α
vp

dt
= exp

(
AL

(
1

Tr
− 1

T

))((
q

kr1

)β1
+

(
q

kr2

)β2)1/α

(2.5)
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Figure 2.5. Analysis of the creep tests in Figure 2.4 performed at T = 50 ◦C and several
deviatoric stress levels with the modified Lemaitre creep law, Eq. (2.5): (a) Salt 1 ; (b) Salt 2.

Note that, for now, kr1 and kr2 are different, but the same temperature dependence is used for
K1(T ) and K2(T ) (all tests have been conducted at the same temperature, so for consistency with
Lemaitre creep law, a single function of the temperature is used [as a perspective, in chapter 4
I propose to perform tests at several other temperatures; such tests and supplementary analyses
will shed light on the temperature influence at low and high stress deviators]). Since two tests
are available for Salt 2, a recalibration is performed simultaneously for both tests, taking the
results shown above as the initial guess. The obtained parameters are listed in Table 2.1 and the
comparison between model predictions and experimental data is shown in Figure 2.6. Note that here
t0 corresponds to the end of the isotropic phase —performed at C = 17 MPa and D = 0.2 MPa, with
Q > P— in order to include the initial elastic relaxation in the calculation of E (the isotropic phase
is not illustrated in Figure 2.4, i.e., there is an offset between the two Figures). The comparison is
rather satisfactory both for low and high stress deviators (note that Salt 2 exhibits some scatter).
For low stress levels, the exponent is close to 1. One could therefore infer that the exponent is
about 1 for low stress levels. Notwithstanding, two important facts should be highlighted. First,
if different loading paths are applied, the results cannot be extrapolated. As explained above,
phenomenological models are only approximations of the true model, whose determination would
require to test all relevant loading paths (here, we have only performed creep tests under constant
P and T , and several stages of Q). Second, from a physical viewpoint the near-1 exponent at low
stress levels is related to pressure solution creep, which requires the presence of intergranular brine;
however, these samples have not been characterized at the microscopic scale, and no information
is available on the brine content (recall that we are using a phenomenological approach, so it is not
possible to conclude on the dominant deformation mechanisms).
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Table 2.1. Parameters of the modified Lemaitre creep law (two power laws for the deviatoric stress
dependence, Eq. (2.5)), derived from the creep tests in Figure 2.4 performed at T = Tr = 50 ◦C.

The unit system is such that strain is in µm/m, stress in MPa, temperature in K and time in days.

E ν α kr1 β1 kr2 β2

Salt 1 8938 0.3 0.326 0.704 2.930 0.006 0.764

Salt 2 11739 0.3 0.340 1.216 3.950 0.044 0.951
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Figure 2.6. Comparison between experimental data (Figure 2.4) and model predictions with the
modified Lemaitre creep law (Eq. (2.5)) using the parameters listed in Table 2.1: (a) Salt 1 ; (b)

Salt 2. The model predictions are obtained using the in-house FEM code Phimef, in which I
implemented the modified Lemaitre creep law.

Under these circumstances, the user should make sure that the selected model and parameters
allow to simulate the target field application without extrapolation. For such purpose, consistently
with Tijani (2008), the simulation results should be analyzed at different times and spatial zones
and it should be verified that the computed strains, strain rates, stresses and temperatures lie within
the experimental ranges that were used to infer the model and parameters. Even if this seems self-
evident, it is not uncommon in engineering practice worldwide to extrapolate the material response
beyond the range investigated at the laboratory scale (up to recently, 5 ≤ Q − P ≤ 30 MPa
because more importance was given to the near field). The tests shown above investigate the range
0.5 ≤ Q− P ≤ 20 MPa, and suggest a different deviator dependence for low and high stress levels.
In order to illustrate the consequences of extrapolating results obtained at high stress deviators
towards low stress deviators, we now assume that the creep tests only comprised stages at high
stress deviators (standard procedure up to recently). With only three or four stages, the classic
Lemaitre law can be used, Eq. (2.3). Taking Salt 1 as an example, the fitting yields (note that E

and α are those in Table 2.1): β = 2.571, kr = 0.443 MPajα/β (µm/m)−
1/β. Figure 2.7 compares the

two fittings; as it can be seen, if only high stress deviators are considered, the extrapolation towards

lower deviatoric levels underestimates
˙

γ
1/α
vp by several orders of magnitude. In fact, even if Eq. (2.3)

is used for the whole experimental range, the differences between taking 0.5 ≤ Q−P ≤ 20 MPa or
5 ≤ Q− P ≤ 20 MPa are very large.
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Figure 2.7. Salt 1: fitting considering the range 0.5 ≤ Q− P ≤ 20 MPa with Eqs. (2.5) and (2.3),
or the reduced range 5 ≤ Q− P ≤ 20 MPa with Eq. (2.3).

Both models and parameter sets are now used to perform a 30-year prediction of a creep test
under T = 50 ◦C. In one case, Q−P = 1 MPa, and in the other case, Q−P = 10 MPa. Figure 2.8
shows the results obtained. In fact, since there is only one loading stage, the relative error e between
the two curves in each plot can be calculated as

e = 1−
γvp,single

γvp,double
= 1−

(
q
kr

)β
(

q
kr1

)β1
+
(

q
kr2

)β2 (2.6)

yielding e = −12.3% for Q−P = 10 MPa and e = 85.2% for Q−P = 1 MPa. As it can be seen, the
differences are noteworthy particularly for low stress levels. It should be noted however that the
strains are quite small in that case. As a perspective, specific investigations should be performed for
a particular site (depth, geometrical aspects, loading history, temperature, salt creep characteristics
. . . ) to quantify the impact of each model and parameter set on the simulated response.
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Figure 2.8. Salt 1: thirty-year prediction of a creep test at T = 50 ◦C with a parameter set
obtained for 5 ≤ Q− P ≤ 20 MPa (Eq. (2.3)) and a parameter set obtained for
0.5 ≤ Q− P ≤ 20 MPa (Eq. (2.5)): (a) Q− P = 10 MPa; (b) Q− P = 1 MPa.

2.2 Temporal extrapolation

After focusing on the stress deviator in the previous section, here I focus on time, taking again the
Lemaitre creep law as a reference to illustrate the main ideas. The Lemaitre creep law, originally
developed for metals, is a transient law in which the viscoplastic strain rate reaches zero asympto-
tically if the deviatoric stress and the temperature are held constant (see Eq. (2.4), where α < 1).
Since its first use for rock salt in the 1970s, the Centre for Geosciences and Geoengineering of
Mines Paris has introduced progressive improvements to this law and to the determination of its
parameters4. In particular, because of the transient nature of the law, when laboratory results are
extrapolated to longer periods of time (such as a cavern in operation during 40 or 50 years), the
numerical predictions often underestimate the closure rate, impacting the estimations of, for in-
stance, the volume of stored fluid. To overcome this limitation, in 2020 a second deviatoric transient
component was added to improve the long-term predictions in the framework of M. Azabou’s PhD
work (Azabou, 2021), that I co-supervised. This transient component is inspired from the transient
part of the Munson-Dawson law (Munson, 1997), having a saturation strain and a characteristic
time that are function of the stress deviator. Full details about RTL2020 (including the non-elastic
volumetric component) are provided in Appendix B.4, and here only its mean features as regards
the long-term are recalled. The equivalent deviatoric viscoplastic strain rate is now given by

γ̇vp = γ̇L + γ̇R (2.7)

where γ̇L corresponds to Eq. (2.4), but some parameters have been renamed:

γ̇L = ψL
(
σ, T, γL

)
= α exp

(
AR

(
1

Tr
− 1

T

))(
q

A2

)n2

γ
1− 1

α
L (2.8)

4Although not discussed here, in 2014 non-elastic viscoplastic strains were introduced in the framework of
P. Labaune’s PhD work, and the law was renamed to RTL (Labaune et al., 2018; Labaune, 2018; Rouabhi, 2019).

The viscoplastic strain rate tensor is expressed ε̇vp =
√

3
2
γ̇vpJ − 1√

3
ζ̇vpI, where I =

1
√
3
.
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The evolution law of the added component, γ̇R, is given by

γ̇R = ψR
(
σ, T, γR

)
=


A(1− γR/γ̄R)nR

(
σ, T

)
if γR ≤ γ̄R

−B(γR/γ̄R − 1)mR
(
σ, T

)
if γR ≥ γ̄R

(2.9)

where A and B are positive material parameters, m > 1, n > 1 and γ̄R = (q/A1)
n1 is the transient

saturation strain (A1 and n1 are positive material parameters). As Eq. (2.9) shows, the second
branch of γ̇R allows to model inverse creep. As explained in Azabou et al. (2021c), R

(
σ, T

)
is

taken to be equal to
˙

γ
1/α
L to link the two components and to ensure that they yield contributions

of the same order of magnitude.
Several laboratory campaigns have been successfully analyzed with RTL2020 (Azabou et al.,

2021c). Here, a large campaign (≈ 50 tests) that I defined and oversaw with M. Azabou on Salt 1 is
shown, including constant strain rate tests, constant mean stress tests (under triaxial compression
and triaxial extension) and confined creep tests performed along different loading paths (constant
mean pressure, constant deviatoric stress, constant confining pressure, triaxial compression, triaxial
extension, different temperatures) and lasting up to 1 year. Table 2.2 lists the parameter set that
best fits all tests simultaneously (a single set for all tests shown). Note that in this case, we perform
a simultaneous fitting of short-term and long-term tests, and the elastic constants are deduced from
unloading-reloading cycles during short-term tests. Figures 2.9-2.12 compare experimental results
with model predictions. Overall, the comparison is deemed satisfactory.
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Figure 2.9. Salt 1: fitting of constant strain rate tests at ε̇ax = 10−6 s−1 and ambient temperature
with RTL2020 (equations of the volumetric part are detailed in Appendix B.4). All tests were

conducted at Mines Paris (Blanco-Mart́ın et al., 2022a).
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Figure 2.10. Salt 1: fitting of constant strain rate tests at ε̇ax = 10−5 s−1 and ambient
temperature with RTL2020 (equations of the volumetric part are detailed in Appendix B.4). All

tests were conducted at Mines Paris (Blanco-Mart́ın et al., 2022a).
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Figure 2.11. Salt 1: fitting of constant mean stress tests at Ṗ = −1 MPa/d and ambient
temperature with RTL2020 (equations of the volumetric part are detailed in Appendix B.4). All

tests were conducted at Mines Paris (Blanco-Mart́ın et al., 2022a).
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Figure 2.12. Salt 1: fitting of multi-stage creep tests at ambient and higher temperatures with
RTL2020 (volumetric strains are not available). All tests were conducted at Mines

Paris (Blanco-Mart́ın et al., 2022a).

Using the parameters fitted on laboratory tests, Azabou et al. (2021c) showed that the long-term
predictions (over 30 years) provided by RTL2020 lie between those of well-known purely transient
(such as Lemaitre) and transient-steady state (such as Munson-Dawson) creep models, which are
known to be optimistic and conservative in terms of convergence, respectively (see Figures 3-7 in
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Appendix B.4). In fact, as shown in those figures, the three models can fit laboratory data along ty-
pical loading paths quite satisfactorily, but the long-term extrapolation with the laboratory-deduced
parameter set yields quite different results. As for RTL2020, its capability to yield intermediate
long-term predictions, together with the rather good comparison between laboratory data (along
many different loading paths) and model predictions shown above, are encouraging. Notwithstan-
ding, the long-term extrapolation capacity is not validated, and the considerations highlighted in
the previous section about the limits of extrapolation should be kept in mind. As a perspective,
RTL2020 should be confronted against all data available in a particular site (i.e., depth, conver-
gence, loading history, spatial constraints), covering several decades. Additionally, we are currently
working on a robust parameter identification procedure, accounting for low and high stress deviator
levels. It should be noted that in spite of the limitations of phenomenological laws with regard to
temporal extrapolation, most physically-based models assume a steady state response. However,
available data do not clearly show that, after a long enough period of time, the strain rate is ac-
tually constant. Besides, if the strain rate is constant, the deformation would be in theory active
even at infinite time, which is not physically possible (disregarding damage and failure, a sample
height cannot be reduced to zero, and in fact before that, repulsive forces between Na+ and Cl−

in the crystalline structure would reduce the creep rate). In the next years, I will work on physical
aspects that could help understand the long-term creep of rock salt, see chapter 4.

Table 2.2. Salt 1: RTL2020 parameter set that best fits simultaneously short- and long-term tests.
The unit system is such that strain is in µm/m, stress in MPa, temperature in K and time in days.

E ν αth
22360 0.29 32.7

α A2 n2 AR Tr
0.5 2.63 7.06 7870 289.55

A B n m A1 n1

10 0.5 20.95 1.46 0.148 2.04

z nz Nz mz Mz

0.61 1.12 0.009 2.67 0.79

2.3 Experimental observations

2.3.1 Heterogeneity

As explained in the first chapter (section 1.2), there are two main sources of heterogeneity when
testing rock samples at the laboratory. The first source is due to the contact between the cell
pistons and the sample, which in practice is not frictionless. As a consequence of the end restraint
on the sample, an initially cylindrical specimen evolves into a barrel-shaped one under triaxial
compression, and into an hourglass-shaped one under triaxial extension (these shapes are amplified
as the deformation increases). The second source, material heterogeneity, is due to the presence of
impurities within the samples (or to a too small a number of large crystals), and needs to be taken
into account when the samples size is smaller than the RVE of the rock mass. Indeed, natural
variability leads to a lack of representativity if the samples size does not meet the required RVE of
the studied rock. Heterogeneity results in strain and stress fields within the sample (i.e., different
strain and stress tensors at each material point), rather than in a uniform response (Tijani, 2008;
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Rouabhi, 2019).
Heterogeneity can be quantified by the use of different measurement techniques, capturing the

sample response at different spatial scales (the use of different techniques also helps mitigate possi-
ble malfunctions of part of the devices during an experiment). In addition, dissolution, microscopic
observations and scanning are useful to quantify material heterogeneity (and also grain size dis-
tribution) of salt samples. Over the last years, we have worked on two experimental set-ups that
allow us to measure the strains at three different scales. Local measurements are provided by strain
gauges, typically 1 cm-long and placed at sample mid-height. Axial and circumferential gauges are
used (one pair of each, diametrically opposed). In addition to providing local measurements, strain
gauges are useful to compute the elastic constants during unloading-reloading cycles. Hybrid mea-
surements are provided by the combination of a circumferential extensometer at sample mid-height
with either an axial extensometer (hereafter referred to as hybrid 1 technique) or the global axial
displacement of the sample (hereafter referred to as hybrid 2 technique). It should be noted that,
while the interpretation of strain gauges measurements is straightforward (they are local), hybrid
measurements need the assumption of a particular shape to be interpreted (as an illustration, the
volumetric strain at a non-local scale can be computed using (V−V0)/V0, where V0 is the initial
volume of the cylindrical sample, and V is the sample current volume, which is often assumed to
remain cylindrical with a radius deduced from the measurements of the circumferential extensome-
ter)5. Global measurements are provided by the displaced volume of confining fluid and the global
axial displacement of the sample; in this case, it is in theory possible to quantify the volume of
the real, non-cylindrical sample. Figure 2.13 shows a sketch of the multi-scale acquisition system
as well as some views of the experimental set-ups. Efforts have been made to tune and optimize
these set-ups, and exploratory and selected configurations are shown in the Figure. For instance,
different bladders, having different stiffness and thickness, have been tested in combination with
the extensometers. Ideally, the measuring devices should embrace the sample mouvement without
adding mouvement or perturbations of the non-sample components (pistons, jacket . . . ). It is well
known that circumferential extensometers require flexible and thin bladders for accurate measure-
ments. Notwithstanding, thin bladders might be penetrated by the pins of the axial extensometer,
thereby cancelling the tightness function of the jacket (also, slippage of the axial extensometer is
likely if the confining fluid infiltrates accross the bladder, or if the device is not properly fixed on the
sample). On the other hand, thick jackets could compromise not only the use of the circumferential
extensometer, but also that of the axial extensometer, as a thicker jacket complicates the joint
movement of the sample and the device. After testing several configurations, we have selected very
thin (≈ 0.1 mm) latex membranes to be used with the circumferential extensometer, in combination
with the global axial displacement of the sample, provided by a LVDT sensor (hybrid 2 technique).
Although some tests were successfully performed using the axial extensometer (hybrid 1 technique),
its installation and accurate use proved to introduce significant uncertainty. The simultaneous use
of strain gauges and the hybrid 2 technique was successful in several cases, but some improvements
are required (particularly, tightness of the passage of the electrical wires). Moreover, as the use
of extensometers requires larger cells, it is not possible to simultaneously use hybrid and global
measurement techniques (the error associated with the global volume change is proportional to
the volume of confining fluid [about 8 l in the cell that is big enough to host the extensometers]).
Therefore, one of our experimental set-ups allows for local and global measurements, and the other
set-up allows for local and hybrid measurements.

5Note that in these conditions, the volume of the real, non-cylindrical sample, is smaller than V (we assume that
the non-uniform radius attains its maximum at sample mid-height).
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(a) (b)

(c) (d)

Figure 2.13. Multi-scale acquisition to quantify heterogeneity during a laboratory test: (a) sketch
of measuring devices and sample shape during a triaxial compression test —an initially cylindrical

sample (black contours) evolves into a deformed cylinder assuming a perfectly smooth contact
(homogeneous stress and strain fields, blue contour) or into a barrel-shaped sample assuming a
completely rough contact (heterogeneous stress and strain fields, red contour); (b): exploratory
set-up with 1 mm thick Viton bladder, strain gauges and extensometers; (c): exploratory set-up

with 0.1 mm thick latex bladder, strain gauges and extensometers; (d): selected set-up with
0.1 mm thick latex bladder, circumferential extensometer and global axial LVDT (LVDT not

visible in the picture).
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It should be noted that, in the absence of heterogeneity, all responses are theoretically identical,
as shown in Figure 2.14. On the other hand, if heterogeneity is present, the responses are different
as shown in the same Figure, assuming a fully frictional contact (numerical examples of material
heterogeneity can be found in Azabou (2021), and a real case of such heterogeneity will be illustrated
in section 3.1, chapter 3). These numerical results prove that, for the worst case scenario (the area
of the upper and lower faces of the sample remains constant during the test), the differences among
spatial scales can be quite significant in terms of dilatancy threshold, which is an important criterion
for the design of underground structures in rock salt (Labaune et al., 2018). As for the distortion
component of strain, the Figure shows that the differences among spatial scales are less notorious,
and in fact comparable to sample-to-sample variability. Note that these results are sensitive to the
model and parameters, and for the illustrative purposes sought here, we have used the parameters
listed in Table 2.3.

Table 2.3. RTL2020 parameter set used to investigate heterogeneity numerically. The unit system
is such that strain is in µm/m, stress in MPa, temperature in K and time in days.

E ν
27610 0.32

α n2 A2 AR
0.29 7.59 0.128 0

A
0

z nz Nz mz Mz

0.256 0.972 0.0012 2.378 0.334
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Figure 2.14. Results of numerical strain-controlled isothermal tests at P = 10 MPa and
ε̇ax = 10−5 s−1, using the parameters in Table 2.3. Dashed lines correspond to a frictionless

contact (all curves overlap), and solid lines to a fully frictional contact. Strains are shown at local,
hybrid and global scales, assuming that the radial strain is equal to the hoop strain.

Some recent experimental data are displayed in Figure 2.15 (attention is focused on the vol-
umetric data, which are more sensitive to heterogeneity issues as discussed above). The tested
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salt has average grain size of 5.5 mm (determined with the visual intercept method) and impurity
content of 3.4%; both are rather low. Consistently with the numerical results displayed above,
these data show significant differences among the dilatancy threholds obtained at different spatial
scales. On the other hand, while global data yield the largest dilatancy threshold (this is also
observed in the numerical worst case scenario), a clear trend cannot be identified for local and
hybrid measurements; this could be due to natural variability among samples, or to the difficulty
to repeat a test twice (exact reproduction of the piston-sample contact, exact gauge/extensometer
installation . . . ). Moreover, this Figure shows that, even for a relatively pure, not-too-coarse rock
salt, local measurements can show significant variability among tests conducted under the same
loading conditions. As expected, the more local the deformation, the higher the variability.
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Figure 2.15. Experimental data at different scales. The trends observed in Figure 2.14 (fully
frictional contact) are not systematic and reproduced qualitatively in cases (a) and (b), but not

(c). In general, local data show more variability than global data (d).

When tests are performed at the laboratory scale to infer constitutive laws and parameters,
heterogeneity must be considered. If sample-piston friction is present, the test results have to
be analyzed numerically accounting for the contact between the sample and the cell platens (or,
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in other words, accounting for the boundary conditions on the tested sample). This requires the
combination of a numerical simulator with a software that provides inverse modeling capabilities. To
reduce uncertainty experimentally, two solutions can be contemplated: using Teflon sheets between
the sample and the platens or fixing the sample to the platens, so that the in-plane displacement
on the top and bottom faces of the sample is zero. Our experience shows that the latter is easier to
implement (very often, the sample and the piston have the same diameter, and therefore a perfectly
smooth contact cannot be ensured after deformation starts).

If material heterogeneity is present, a methodology combining experimental and numerical work
could be implemented, as described in detail in M. Azabou’s PhD work (Azabou, 2021) and in Ap-
pendix B.5: starting from tested, real non-representative samples, a virtual laboratory (or numerical
twin) is used to reproduce the measured response and to determine the RVE size, on which the
parameters of a constitutive law can be fitted. The consequences of using non-representative data
on cavern design, as well as some more details on the proposed methodology, will be discussed in
section 3.1.

2.3.2 Initial state of the samples

When rock material is removed from underground and converted into a sample some stress re-
laxation occurs, potentially inducing damage. Such damage should be healed before starting the
intended tests at the laboratory, so that the sample is in a state close to the in situ conditions. In
general, the preconditioning consists in a hydrostatic phase (D ≈ 0.2 MPa, with Q > P ) applied
for several hours or a few days. When possible, the pressure and temperature applied should be
close to those in situ at the coring depth. The analysis of this phase showed some interesting
results, displayed in Figure 2.16 for a recent salt campaign in our laboratory (consistently with the
previous discussions, we focus on the volumetric strains because they are much smaller than the
axial strains, and important in terms of dilatancy). In this case, the isotropic phase is a few hours
long, and consists in increasing the mean stress from 0 to 17 MPa at a rate of Ċ = 5 · 10−3 MPa/s.
Then, the mean stress is reduced to 1 MPa at a rate of −Ċ, and subsequently the mean stress is
increased again at Ċ to the target confining pressure of each test; at this point, the deviatoric phase
starts (strain-controlled tests at ε̇ax = 2 · 10−6 s−1, ambient temperature and constant confining
pressure). For each test shown, it can be seen that the volumetric strains measured during the
hydrostatic phase (left plot) are not negligible compared to the values reached in the deviatoric
phase (right plot, contractive part). The analysis of the unloading-reloading cycles yields similar
elastic constants in both phases of each test, E/(3(1−2ν)) ≈ 25.6 GPa. Moreover, the plots suggest
that, for each pair of repeated tests, the larger the scatter in the hydrostatic phase, the larger the
differences observed in the deviatoric phase.
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Figure 2.16. Salt 2: results of strain-controlled tests during (a) the initial isotropic phase and (b)
the deviatoric phase. All tests were conducted at Mines Paris (Blanco-Mart́ın et al., 2022a).

In terms of constitutive modeling, these results highlight the importance of the initial state of
the samples and the uncertainties that may affect the strains, particularly when they are small;
however, an accurate quantification is difficult. In this situation, some procedures can be defined
to reduce bias. First, all tested samples within an experimental campaign should undergo the same
preconditioning process regardless of the type of test to be conducted (creep, uniaxial, confined
strain-controlled, constant mean pressure, tensile . . . ). Second, before starting the hydrostatic,
preconditioning phase, a thin layer of saturated brine (prepared from the same salt material)
should be applied to the outside of the samples prior to jacketing; the objective of this operation
is to correct possible grain boundary drying during sample preparation, thereby favouring healing
and restauration of the in situ state (Peach, 1991; Allemandou & Dusseault, 1993). Third, the
preconditioning should be long enough to reduce the strain rate to near zero, so that the sample
is brought close to the rock undisturbed state. Figure 2.17 shows results of a preconditioning
phase performed recently on rock salt samples following these guidelines (3 week-long phase). The
mean pressure and temperature are 12 MPa and 30 ◦C, respectively, corresponding to the in situ
conditions at the coring depth. As it can be seen, the strain rate is reduced to near zero.

The samples were photographed before and after the hydrostatic phase, and some of them were
also scanned in a tomograph. The analysis is ongoing within the framework of the ANR RockStorHy
project (2021-2025), which involves partners from the Geosciences Department of Mines Paris, LMS
(École Polytechnique), Navier laboratory (École des Ponts ParisTech), LAMPA laboratory (Angers
Arts et Métiers ParisTech) and Brouard Consulting. Visually, it is clear that at least partially, some
damage has been restored, see Figure 2.18. Propagation time of compressive waves consistently
suggests at least partial compaction.
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Figure 2.17. Salt 3: analysis of a recent hydrostatic phase (C = 12 MPa, Q− P = 0.2 MPa,
T = 30 ◦C) of some samples. The temperature is increased from ambient (T∞ = 20 ◦C) to

30 ◦C after one day, inducing a fast elongation of the samples (average ᾱth = 2.65 · 10−5 K−1). All
tests were conducted at Mines Paris.
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Figure 2.18. Salt 3: view of a salt sample (a) before and (b) after a three week-long hydrostatic
phase at C = 12 MPa and T = 30 ◦C.

27



2.3.3 Reverse creep

Reverse creep is characterized by a transient change in the sign of the viscoplastic deviatoric strain
rate. As noted above (Eq. (2.9)), from the perspective of constitutive modeling it occurs when the
current transient strain is greater than the saturation transient strain, γ̄R, corresponding to the
new loading conditions. In a creep test, it can be observed when, following a sudden decrease in the
deviatoric stress, the height of a sample undergoing compression increases slightly for some time.
However, previous work suggests that, to be observed, an important load drop must be applied: load
drops (defined as (D1−D2)/D1, where D1 and D2 are the initial and final stress deviators, respectively)
between 10 and 29% did not lead to observable reverse creep, either in uniaxial or confined creep
tests, at 25 ◦C or higher temperatures (Senseny, 1981; Senseny & Fossum, 1996; Hunsche & Schulze,
1994; Hampel & Hunsche, 1999). On the other hand, load drops of 30% (Bérest et al., 2005) and
33% (Gharbi et al., 2020) did lead to measurable reverse creep (uniaxial creep tests under very small
fluctuations of temperature and relative humidity). In an attempt to estimate the stress deviator
D2 below which reverse creep is observed, Hunsche (1984) performed an experimental program at
elevated temperatures (100-140 ◦C) and estimated D2 ≈ 0.7D1. The temperature did not seem to
have a significant effect on D2; notwithstanding, the lower the temperature, the longer the period
during which the strain rate remained about zero prior to changing sign again.

We have investigated reverse creep during several recent creep tests. Figs. 2.19-2.21 show some
examples for three different salts. As it can be seen, reverse creep was only clearly observed when
the load drop was significant, which is consistent with the aforementioned laboratory work. Indeed,
Salt 2, for which a significant number of load drops were performed, suggests that the required load
drop to observe reverse creep is about 32%. Additionally, the plots show an important aspect: the
amplitude of reverse creep is much smaller than the corresponding elastic drop. Table 2.4 details
the characteristics of each of the load drops undertaken to investigate reverse creep.
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Figure 2.19. Salt 1: creep tests in which reverse creep was investigated (the enlarged views show
the strain before and after the load drops). All tests were conducted at Mines

Paris (Blanco-Mart́ın et al., 2021a).
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Figure 2.20. Salt 2: creep tests in which reverse creep was investigated (the enlarged views show
the strain before and after the load drops). All tests were conducted at Mines

Paris (Blanco-Mart́ın et al., 2021a).
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Figure 2.21. Salt 4: creep test in which reverse creep was investigated (the enlarged views show
the strain before and after the load drops). All tests were conducted at Mines

Paris (Blanco-Mart́ın et al., 2021a).

Table 2.4. Load drops performed during creep tests to investigate reverse creep.

Salt 1 Salt 2 Salt 4
Test 1 Test 2 Test 1 Test 2 Test 1

t1 = 147 d t2 = 347 d t = 202 d t1 = 146 d t2 = 167 d t3 = 188 d t1 = 146 d t2 = 167 d t3 = 188 d t = 202 d

Q1 (MPa) 23.01 17.80 23.89 19.80 15.03 9.96 19.87 15.07 9.95 19.40
Q2 (MPa) 18 8.08 5.34 15.1 10 5.27 15.16 10 5.29 5.26
P (MPa) 2.98 2.98 5.12 5.13 5.13 5.13 5.11 5.11 5.11 5.07
(D1−D2)

D1
(%) 25 65.6 98.8 32 50.8 95.2 31.9 50.9 96.3 98.7

T ( ◦C) 16.9 16.4 50 50 50 50 50 50 50 50
εexpel (µm/m)a 223.3 569.9 1311.7 167.7 257.9 361.6 169 238.4 392.64 810.9
Observed? Not clearb Not clearb Yes Yes Yes Yes No Yes Yes Yes
Time to ε̇ ≈ 0 - - 31 d 2 h 2 d 28 d - 2.5 d 28 d 21 d

a: maximum instantaneous drop (upper bound for elastic drop); b: important T oscillations
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Unloading-reloading cycles performed during the deviatoric phase of strain-controlled short-
term tests (for the calculation of elastic constants) are characterized by a decrease-increase of the
stress deviator. The analysis of these cycles shows that the path is not the same during unloading
and reloading (slightly open hysteresis loops), something that can be captured with, for instance,
Eq. (2.9). Figure 2.22 shows one example for Salt 1. Note that the hysteresis in the unloading-
reloading cycles performed during the isotropic phase is much smaller (see, for instance, the left
plot in Figure 2.16). Furthermore, as compared to the sudden load drops applied during creep
tests, in this case the load drop is progressive, and thus more representative of field applications
(disregarding failure). The analysis of unloading-reloading cycles with the RTL2020 model is shown
in the Figure with B = 0 and B = 0.5 (the other parameters are listed in Table 2.2). As it can be
seen, when B = 0.5 the prediction of the test is quite satisfactory.
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Figure 2.22. Salt 1: reverse creep in unloading-reloading cycles of a strain-controlled test at
ε̇ax = 10−6 s−1, P = 17 MPa and ambient temperature: experimental data and analysis with

RTL2020 for (a) B = 0 (reverse creep inactive) and (b) B = 0.5 (reverse creep active). The other
parameters are listed in Table 2.2. All tests were conducted at Mines Paris (Blanco-Mart́ın et al.,

2021a).

At the field scale, reverse creep could be active when the stress deviator decreases (for instance,
during the injection phase in a salt cavern). However, an accurate quantification is difficult be-
cause the closure rate is affected by several other phenomena, such as temperature changes, stress
redistributions around the openings or additional dissolution in a brine-filled cavern (Bérest &
Brouard, 2015; Bérest et al., 2017). Nevertheless, as suggested by previous work and the experi-
ments shown above, the impact of reverse creep is expected to be small (smaller than the elastic
strain corresponding to the load drop).

2.3.4 Tensile response

Rocks exhibit lower strength under tensile than under compressive states of stress. Rock salt is no
exception, with typical apparent strength values obtained during indirect Brazilian tests in the range
1-4 MPa. Similarly to the compressive behaviour, tensile behaviour of rock salt is time-dependent.
In the recent years, two scenarios where tensile stresses may be active have been investigated by
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the salt mechanics community: that of a rapid depressurization in a salt cavern (Bérest et al., 2012,
2014; Zapf et al., 2012; Hévin et al., 2017), and that of intergranular (pore) pressure increase above
the least compressive principal stress, also called fluid infiltration (Fokker, 1995; Popp & Minkley,
2010; Wolters et al., 2012). Apart from these scenarios, which are explained in more detail in
sections 3.2 and 3.3 respectively, there might be other cases in which tensile stresses could develop
(e.g., stress redistribution around an opening), and it is important to be able to understand and to
model the behavior of rock salt under such conditions.

Over the last years, we have attempted to better characterize the time-dependent tensile res-
ponse of rock salt. For such purpose, we have conducted Brazilian tests on instrumented salt
samples, and we have analyzed the experimental data through numerical modeling (the analysis
of tensile tests, whether direct or indirect, is not straightforward due to the heterogeneity of the
stress and the strain fields and the influence of the boundary conditions, and therefore numerical
simulations are required). We have selected Brazilian tests because as compared to direct tensile
tests, they are easier to perform, less time-consuming, less prone to invalidity (in direct tests,
failure often occurs at the bonded or clamped ends) and they reduce the likelihood of alignement
problems, which could trigger bending and torsion of the samples. Nevertheless, for the results to
be valid, failure should initiate in the region of tensile stresses, rather than at the platen-sample
contacts (Hudson et al., 1972; Liu et al., 2022). As the literature review shows, it is still a challenging
task to characterize the tensile behaviour of rock samples.

The initial set-up developed consisted of the combination of strain gauges and LVDT sensors,
see Figure 2.23. One horizontal and one vertical 1 cm-long gauges were placed at the center of
the sample, and two additional horizontal gauges were placed along the horizontal and vertical
diameters, at r = R/2 (R is the sample radius, here 65 or 100 mm). Both faces of the sample were
instrumented. Two LVDTs were placed at the limits of the horizontal diameter of the sample to
measure horizontal expansion. A third LVDT, mounted on the loading frame, measured the vertical
compression of the sample. The tests were strain-controlled, some of them at ε̇ax = 5 µm/m/min
and others at ε̇ax = 50 µm/m/min. It was expected that the combination of the LVDTs and the
strain gauges could be used to characterize the strain development within the sample. Nevertheless,
experiments performed on different rock salt samples, of different size and under different axial strain
rates, proved that there was always a discontinuity in the data: the strain gauges failed at an early
stage, before any significant horizontal displacement would be captured by the LVDT sensors, see
right plot in Figure 2.23.
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Figure 2.23. Experimental investigation on the tensile response of rock salt at Mines Paris: (a)
initial experimental set-up with strain gauges and LVDT sensors (in the case shown, the sample

diameter is 65 mm); (b) unsatisfactory results (note that one of the horizontal strain gauges
breaks short after 1 h, while the LVDT response is beyond noise only after 1.5 h [the third

horizontal gauge did not work properly]).

Recently, we have improved the data acquisition system using digital image correlation (DIC) (Pan
et al., 2009; Sutton et al., 2016; Aliabadian et al., 2019a,b). This technique has several advantages,
such as the determination of the strain field all over the sample rather than at discrete locations,
the possibility to identify crack initiation location and failure patterns, its easy implementation, its
reduced cost, its non-destructive nature and its flexibility (frequency of image acquisition, ease of
configuration changes . . . ). In the new experimental set-up, DIC is used on one face of the sample,
and on the other face, several strain gauges are placed, see Figure 2.24. We have first calibrated
the DIC technique (points to track, size of the grid and of the correlation window, algorithm for
flow calculation, termination criteria, method [if any] to interpolate the displacement field), and
we have compared strain gauges and DIC data before failure of the gauges. As the Figure shows,
the comparison is quite satisfactory and provides confidence to use DIC-derived data after failure
of the strain gauges (note that some differences between DIC and strain gauges measurements are
expected, as they are taken on two different faces of the sample). Although DIC proves to be
reliable, it is recommended to use strain gauges on one face of the sample whenever possible, in
order to be able to compare both techniques and to calibrate the DIC parameters. The Brazilian
test shown was performed on a sample having a diameter of 100 mm (thickness of 50 mm) at an
axial strain rate of ε̇ax = 60 µm/m/min. A picture was taken every 2 min, and it was verified
that failure initiated in the central region, where maximum tensile stresses occur. Moreover, as
recommended by previous investigations in the literature, a pair of cushions was used to increase
the contact area between the platens and the sample.
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Figure 2.24. Experimental investigation on the tensile response of rock salt at Mines Paris,
combining DIC and strain gauges: (a) vertical [y] and (b) horizontal [x] displacements (in px)

provided by DIC on one face of the sample, at the moment when the first fracture appeared, after
about 6 h; (c) view of the face where strain gauges are used (note that out of the three vertical
gauges, only the central one is working); (d) comparison between strain gauges and DIC before

suspected start of gauges malfunctioning, short before 4 h (note that some differences are
expected, as the two techniques are used on different faces of the sample).

Following the multi-potential approach on which RTL2020 is based, Labaune (2018) presented
a viscoplastic tensile component for this law, which reads6

ε̇tvp = λ̇t∂σG (2.10)

where G(σ) =

(∑3
i=1

〈
σi

〉d)1/d

(G is the d-norm of σ, and parameter d ≥ 1 controls the shape

of the potential G
(
σ
)
). Note that ε̇tvp has a deviatoric component and a volumetric component

(details are given in Labaune (2018) and Azabou et al. (2021a)). The positive multiplier λ̇ is

6Note that for the compressive part, ε̇cvp = λ̇γ∂σPγ + λ̇ζc∂σPζc + λ̇ζd∂σPζd , where γ stands for distortion, ζc

for contractancy and ζd for dilatancy. The multipliers are respectively γ̇cvp, 〈ζ̇cvp〉 and 〈−ζ̇cvp〉. The potentials are
respectively q, p and −p.
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defined by

λ̇t = Λ

(〈G(σ)−Rt
S

〉
exp (ωλt)

)s
(2.11)

where Λ, Rt, S, s and ω are positive material parameters (Rt is the tensile strength, taken to be
zero for consistency with the compressive component of RTL, in which rock salt is assumed to have
zero cohesion and hence creep for q > 0). We are currently conducting FEM simulations of the tests
performed combining DIC and strain gauges to estimate a parameter set for the tensile component
of RTL2020. The results are encouraging, but we need to analyze further the non-homogeneous
response of the samples and the applied boundary conditions (this is a perspective for the next
years as mentioned in chapter 4).
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Chapter 3

Engineering applications

3.1 Laboratory characterization and design of underground struc-
tures

It has been explained in the previous chapters that material heterogeneity leads to a wide range
of RVEs among different rock origins. Ideally, laboratory work should be performed on samples
that meet the RVE size; however, this is impractical as the drilling equipment in the field and the
experimental devices in the laboratory cannot be adapted easily to different sample sizes. In order to
illustrate the effects of specimen representativity and material heterogeneity on the characterization
of the behavior of rock salt at the laboratory scale, I show results of an experimental campaign
conducted at the Centre for Geosciences and Geoengineering of Mines Paris. The tested samples
have a diameter of 65 mm and a height of 130 mm. They contain impurities visible to the naked
eye, up to cm size. The top image in Figure 3.1 shows three of the tested samples, cored within
7.5 m from each other. Differences could be attributed to the presence of different facies; however,
in the bottom image, three samples cored within 1 m from each other are shown, proving that
material heterogeneity is important. X-ray diffraction of the insoluble part revealed 12% anhydrite,
2.3% calcite, 0.5% illite, 0.3% quartz and 0.3% dolomite (% of total mass).

(a)

Figure 3.1. Samples prepared for laboratory testing at Mines Paris showing important material
heterogeneity: (a) cored within 7.5 m from each other.

35



(b)

Figure 3.1. Samples prepared for laboratory testing at Mines Paris showing important material
heterogeneity: (b) cored within 1 m from each other.

Sixteen strain-controlled compression tests and twelve creep tests were conducted on samples
cored at depths between 1224 and 1472 m. The short-term tests were performed at ambient tem-
perature and under constant axial strain rate (ε̇ax = 2 · 10−6 s−1). The confining pressure was kept
constant during each test; four values were applied to different samples: P = {5, 10, 17, 20} MPa.
When possible, the same loading conditions were applied to samples from the same and different
facies to evaluate repeatability and material heterogeneity. Creep tests were performed at temper-
atures between 50 and 70 ◦C, with stress deviators up to 15 MPa. Several loading stages were
applied to each sample, at increasing and decreasing values of stress deviator. While during strain-
controlled tests the sample response was measured at local and global scales (see section 2.3.1),
only global axial displacements are available for creep tests. Some typical results are shown in
Figures 3.2-3.3. As it can be seen, there is significant scattering among tests that were conducted
under equivalent conditions but using different samples.
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Figure 3.2. Results of constant strain rate tests at ε̇ax = 2 · 10−6 s−1, ambient temperature and
different confining pressures. The samples were cored within 1 m of each other. For each test,

lines with symbols correspond to global measurements and lines without symbols correspond to
local measurements. All tests were conducted at Mines Paris.
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The analysis of Figure 3.2 reveals that, for a given sample, the volumetric response measured
using local and global techniques can be very different (for instance, in one of the tests performed
at P = 10 MPa [sample 4, dashed lines], the local measurements suggest that the sample remained
within the contracting domain throughout the test, whereas the global measurements indicate a
switch to the dilation domain at a stress deviator of about 40 MPa). Disregarding malfunctions of
the measuring devices, these differences exceed the limits of natural variability and are related to
some kind of heterogeneity. The differences in the measurements are particularly important for the
volumetric strains, given their small values as compared to the distortion strains (note that differ-
ences between global and local deviatoric data are within natural variability and/or experimental
error limits); yet, the volumetric strains are particularly important because the dilatancy threshold
is used as a criterion for the design of underground facilities, such as salt caverns (Labaune et al.,
2018).
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Figure 3.3. Results of a multi-stage creep test at P = 10 MPa and T = 50 ◦C. The test started
with a one week-long isotropic phase at C = 10 MPa and Q− P = 0.2 MPa during which

temperature was increased to 50 ◦C (not shown in the plot). The test was conducted at Mines
Paris.

There could be several explanations to the observed anomalies. The first one is related to
heterogeneity induced by the end restraints on the sample. However, as investigated in Rouabhi
et al. (2019), this explanation alone is not sufficient to explain the observed results. Another possible
explanation is material heterogeneity: depending on the placement of the strain gauges with respect
to the heterogeneities, their response could be very different from the global measurements (Azabou
et al., 2021a). This suggests that the samples may not be representative of the salt rock mass under
investigation, as their size seems to be smaller than the RVE.

In the following, we will disregard the anomalies discussed above and we will apply the classic
design methodology, which, as explained in the first chapter (section 1.2), combines laboratory
work, constitutive modeling and design criteria. This situation could correspond to a case where
only one measurement technique is available (i.e., global or local), or to a case where several mea-
surement techniques are available, but the observed anomalies are disregarded for lack of an avail-
able methodology to tackle material heterogeneity. This work was presented in the last Saltmech
conference (Blanco-Mart́ın et al., 2022b).
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Analysis of the experimental results is performed with a phenomenological creep law, here
taken to be RTL2020, which includes dilatancy at the rheological level (details can be found in
Appendix B.4). For the illustrative purposes sought here, we focus on the volumetric part given
that remarkable differences were found experimentally between local and global measurements
(Figure 3.2). We perform two separate calibrations for the volumetric strains: one is based on local
data (disregarding anomalous trends [samples 4 and 5], which one could be tempted to attribute
to malfunctions of the measuring devices), and the other one is based on global data. For the
deviatoric part, as well as for creep tests, we only consider global measurements. A single parameter
set is determined simultaneously for short- and long-term tests, listed in Table 3.1. Figures 3.4-3.6
compare experimental and fitted results for the tests displayed in Figures 3.2-3.3. The use of a
single set for all tests explains the misfit observed individually for some cases; however, overall
the fitting is deemed satisfactory. In particular, it is possible to find two parameter sets for the
volumetric part, one for the local measurements and one for the global measurements.

Table 3.1. RTL2020 parameter set determined from laboratory tests (best fit for short- and
long-term tests simultaneously). The unit system is such that strain is in µm/m, stress in MPa,

temperature in K and time in days.

E ν αth

31200 0.30 29.1
α A2 n2 AR Tr

0.46 0.63 5.88 4809.54 289.55
A B n m A1 n1

146.41 2.13·10−9 2.99 3.48 0.29 2.11
zglo nz,glo Nz,glo mz,glo Mz,glo

0.11 2.34 0.24 4.99 2.80
zloc nz,loc Nz,loc mz,loc Mz,loc

0.50 2.48 2.23 1.23 0.05
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Figure 3.4. Fitting of the constant strain rate tests shown in Figure 3.2 with RTL2020. Global
volumetric strains are considered.
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Figure 3.5. Fitting of the constant strain rate tests shown in Figure 3.2 with RTL2020. Local
volumetric strains are considered.
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Figure 3.6. Fitting of the multi-stage creep test shown in Figure 3.3 with RTL2020.

As the next step, we perform numerical simulations for seasonal storage of CH4 in an isolated
salt cavern. The behaviour of the rock mass is modeled with RTL2020 and the parameters listed
above. The initial cavern volume is 191000 m3. The sump, filled with brine, represents about
43000 m3. The cavern is 145 m high, and its top is at a depth of 1430 m (its profile can be
seen in Figure 3.7). Two FEM axisymmetric simulations are performed including the leaching
(3 years) and debrining (3 months) phases, followed by 40 years of cycling. During these stages,
the boundary condition at the cavern wall changes from geostatic to halmostatic (leaching), then
to the debrining pressure (20 MPa), and during the cycles, it oscillates between Pmax = 24 MPa
and Pmin = 12 MPa. The simulations differ in the parameter set used for the volumetric part: one
simulation uses the local set, and the other uses the global set (both sets are listed in Table 3.1).
For the purposes sought here, an isothermal calculation is sufficient. Figure 3.7 shows the isovalues
of ζ̇vp = 0 (dilatancy threshold) at different times obtained in the two simulations. As it can be
seen, the global parameter set predicts a smaller extent of the dilatancy zone than the local set:
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while the maximum width of such zone is 25 m in the former case, it is 150 m in the latter. In
both cases, during the cycling phase the extent of the dilatancy zone around the cavern increases
rapidly initially and then tends to stabilize over time, which is beneficial from a design perspective.
However, the local parameter set predicts an important extent of the dilatancy zone during the
leaching phase. The differences obtained in these simulations are important for cavern design (e.g.,
feasibility of storage, spacing between caverns), and show the importance of accurate laboratory
measurements and rock characterization to avoid both conservative and optimistic designs.
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Figure 3.7. Isovalues of ζ̇vp = 0 at different times, obtained using the global parameter set (left
plot) and the local parameter set (right plot) for the volumetric part, listed in Table 3.1.

In order to overcome representativity issues if the RVE cannot be tested in the laboratory,
Azabou (2021) proposed a methodology that combines experimental and numerical work. The
main steps of such methodology are as follows:

1. Perform laboratory tests on non-representative specimens, such as those shown in Figure 3.1;

2. Numerically model the structure (size and insolubles distribution) of a non representative
specimen as a two-phase material (pure halite and insolubles);

3. Fit the parameters for each phase on the experimental results. For this step, it is necessary
to use a constitutive law in which dilatancy results from the activation of a tensile mechanism
(due to the presence of heterogeneities, which have different properties than the halite phase),
such as RTL2020 (see Appendix B.5);

4. Increase sample size in a virtual laboratory (or numerical twin) until the RVE is found. Two
alternatives exist, discussed in Azabou et al. (2021a) and Azabou et al. (2021b): either the
insolubles are accounted for explicitly or implicitly, using leveled Gaussian random fields.
Both approaches are equivalent, and the latter is less computational intensive;

5. Once the RVE is found, fit a phenomenological law (such as RTL2020) on the numerical results
obtained, assuming that the sample response is homogeneous; therefore, the tensile mechanism
of the law should not be active, as dilatancy should be accounted for at the constitutive level,
resulting from non-elastic volume increase under uniform, compressive stresses;
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6. Use this law and fitted parameters in the previous step to investigate structures of size �
RVE.

Further details about this methodology can be found in Appendix B.5, together with one illus-
trative, academic example (particularly, Figures 13 and 14). We hope to have some funding and
access to field data in the next years to test and verifiy the approach. M. Azabou presented this
work in the SMRI 2022 Fall Technical Meeting (Azabou et al., 2022), and some preliminary results
using the explicit method in the ARMA 2020 symposium (Azabou et al., 2020).

3.2 Salt cavern storage and energy transition

Leached salt caverns have been used since the 1940s to store (or dispose of) fluids underground (Bays,
1962; Hoather & Challinor, 1994; Thoms & Gehle, 2000; Gillhaus, 2007). Among the stored fluids,
hydrocarbons (oil, natural gas) have dominated in the storage facilities worldwide. Apart from
strategic storage, these fluids are typically injected when the demand is low (summer) and with-
drawn when the demand is high (winter); in such scenario, caverns undergo yearly cycles during
which the stress state and the temperature change at the cavern wall and the surrounding rock.
The mechanical stability and hydraulic tightness of salt caverns for hydrocarbon storage have been
widely investigated, e.g., Staudtmeister & Rokahr (1997); Staudtmesiter & Schmidt (2000); Sobolik
& Ehgartner (2007); Wolters et al. (2012); Costa et al. (2015); Minkley et al. (2015); Serbin et al.
(2015). Since temperature changes are small for low injection/withdrawal rates, thermal effects do
not propagate far from the cavern wall and are often neglected (Heusermann et al., 2003).

In the recent years, the liberalization of energy markets and the use of the underground to
foster renewable energy penetration in the energy matrix have brought about new scenarios in
which new fluids and operating conditions are encountered (Khaledi et al., 2016)1. A move to-
wards high-frequency cycles (i.e., weeks, days or even less) has been observed for natural gas and
hydrogen (Brouard et al., 2012; Ozarslan, 2012). These operating conditions need to be thoroughly
investigated because in the case of a rapid depressurization, the gas cools down quickly and heat
transfer with the surrounding host rock is limited. Thermal contraction of the rock occurs, which
can lead to the onset of tensile stresses. Since the apparent tensile strength of rock salt is quite
small (see section 2.3.4), tensile stresses must be managed (better avoided) to preserve the barrier
integrity of the salt rock mass. Some numerical studies suggest that tensile stresses induced by
rapid cooling are transient by nature, and also that the depth of penetration of possible thermally-
induced fractures is small; consequently, cavern integrity is unlikely to be threatened (Karimi-Jafari
et al., 2011; Brouard et al., 2012; Djizanne et al., 2012; Pellizzaro et al., 2012; Bérest et al., 2014;
Sicsic & Bérest, 2014). Since salt caverns are not accessible, experimental evidence that could
support or contradict the numerical predictions is limited (Bérest et al., 2012; Zapf et al., 2012),
and as a result a sound conclusion has not yet been reached. In order to gain more insight, the
Solution Mining Research Institute (SMRI) launched a research program to further investigate the
effects of high frequency cycling on the integrity of rock salt.

1Although not discussed in this manuscript, in the context of the transition to low-carbon energy I investigated
storage of O2 and CO2 in salt caverns (Blanco-Mart́ın et al., 2021b). Such storage would be needed in processes
such as electrolysis-methanation-oxyfuel (EMO, or Power-to-Gas–Oxyfuel), which could work in a closed loop for the
fluids supply. Storage of O2 and CO2 in salt caverns has not been implemented to date, and it was necessary to
perform a preliminary assessment of cavern stability accounting for the thermodynamics of the fluids involved, and
to investigate different storage configurations (in particular, independent vs. combined storage of O2 and CO2).
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In the context of the SMRI research program, a thermo-mechanical test was performed in the
Varangéville salt mine in North-Eastern France. This unique test consisted of three cooling-warming
cycles followed by two cooling stages applied to a salt surface of 10 m2. The cooling was applied
rapidly (∆T=-20 ◦C in about 8 h), and monitoring of the test was extensive to allow investigating
the thermo-mechanical response of the rock, including possible fracture creation and propagation.
An international team was reunited to conduct the test: researchers from Armines/Mines Paris,
IUB-Leibniz Universität Hanover, Ineris, Storengy and Compagnie des Salins du Midi et des Salines
de l’Est took part in the effort. A complete description of the experiment can be found in Hévin
et al. (2016). Here, I will present my contribution, which consisted in thermo-mechanical modeling
of the experiment performed after the test to help interpret the experimental data and to evaluate
the capabilities of the numerical tools commonly used in cavern design to reproduce the test results,
and in particular, the location, orientation and timing of the first fracture. Full details can be found
in Blanco-Mart́ın et al. (2018a).

At Varangéville, the salt layer sits above a marl layer and underneath a sandstone-marl layer.
For the purposes of the experiment, a dead-end gallery (niche) was excavated at a depth of about
120 m, with dimensions 17.5x12x4.5 m3 (length, width, height). To perform the test, a 13x12x1.3 m3

salt slab was left unexcavated at the floor of the niche. The distance from the top surface of the
salt block to the salt-marl contact is about 1.5 m.

In order to isolate the effects of rapid cooling on the stress state, the influence of the in situ
stress field was minimized. For this purpose, two vertical slots were cut parallel to the niche axis,
at a distance of 1.1 m and 0.7 m from the West and East walls, respectively. The slots were 0.1 m
wide and 1.5 m high, and were backfilled prior to the test to prevent heat convection. Thanks to
the slots, the salt block is free at four surfaces: top, front and two sides. Figure 3.8a shows a plan
view of the experimental niche.

(a) (b) (c)

Figure 3.8. Test at Varangéville: (a) plan view of the experimental niche, including location of
the experimental chamber and the two slots; (b) view of the experimental chamber surrounded by

the insulation cover (the height of the chamber is 2.23 m and the width of the walls [HD
polyurethane] is 10 cm); (c) inside view of the chamber (floor fans are visible in the left-hand side,

as well as acoustic emission devices on the floor).
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After excavation, the block was analyzed to identify possible cracks caused by the niche excava-
tion or related to the salt structure (desiccation cracks, etc). Based on this analysis, it was decided
to conduct the experiment in the rear part of the slab, close to the niche end. A square surface of
10 m2 was conditioned on top of the salt block to perform the test. The experimental surface can
be seen in Figure 3.8a. On this surface, an experimental chamber was built; it allowed cooling the
salt surface and the underlying salt rock mass. Figure 3.8b shows an outside view of the chamber
and Figure 3.8c shows a view of the inside with some equipment (details will be given below). The
chamber was designed so that a temperature drop of 40 ◦C could be applied to the salt surface
(from the ambient temperature to about -25 ◦C). The cooling device consists of a 7.5 kW refriger-
ation unit that cools down the air inside the chamber. In order to keep the niche temperature as
constant as possible, the compressor was placed in the access gallery, next to the niche entrance.
The mine is ventilated, and temperature is about constant in the drifts (14.5 ◦C approximately at
a depth of 120 m, corresponding to the geothermal gradient).

To ensure a uniform cold production inside the chamber, the cold air was blown through an
evaporating system placed in the ceiling along the right (East) wall of the room. To reduce heat
losses below the walls and through the rock mass outside the chamber, a 20 cm thick rockwool
insulation cover was placed on the salt floor around the chamber during the cooling stages. The
insulation cover is displayed in Figure 3.8b. The optimal distance from the chamber that should be
insulated was estimated numerically to be about 2.5 m (Hévin et al., 2017). This way, the energy
required to cool down the salt surface is reduced by 30%, yielding 150 W/m2.

In order to enhance the convective flux inside the chamber (and therefore, the transfer of thermal
energy with the rock), eight fans were placed on the floor next to the left wall (nominal range of
9.5 m/s); they can be seen in Figure 3.8c. The air speed is thereby increased, which increases the
heat transfer coefficent between the air and the salt surface.

During the experiment, three cooling-warming cycles were performed, followed by two additional
cooling phases. For each of the cycles, the cold air flow was applied for 28 days and the average
temperature of the salt surface decreased to about -6 ◦C. Then, the air flow was stopped for at
least six weeks so that temperature inside the chamber and in the salt block could equilibrate with
the mine temperature (to facilitate warming, the insulation cover was removed during the warming
periods). The last two stages consisted in cooling the salt surface down to temperatures of -6 ◦C and
-25 ◦C for a time period of 14 and 21 days, respectively. They were conducted to investigate the
effects of a further decrease in temperature on the stress state and on the onset and propagation of
possible cracks. Figure 3.9 displays the loading history (measured air temperature in the chamber
over time). As the Figure shows, during each cycle the air temperature reached -8.5 ◦C (-27 ◦C for
the last stage) in a very short time (about 8 h). Likewise, the temperature rise was very fast during
the warming phases, although about three times slower than the cooling rate. At the end of the
first four cooling stages, the air temperature reached -9 ◦C (-27.6 ◦C for the fifth stage).
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Figure 3.9. Test at Varangéville: air temperature inside the chamber. The maximum value during
cycles 1 and 3 is due to the use of an electric heater during the first week of warming.

An extensive measurement program was defined to get as much insight as possible (Hévin et al.,
2016). Temperature sensors (Pt100 and thermocouples) were installed at different locations inside
the chamber and outside the chamber below the insulation cover. Inside the chamber, they were
placed at the salt surface, at 1 cm depth and in a vertical borehole drilled at the center of the room,
allowing to sample temperature as deep as 80 cm. Outside the chamber, the sensors were placed at
a depth of 1 cm. The heat flux between the air and the salt surface was also measured, using a flux
sensor placed on the floor, in the central part of the chamber. Strain gauges were placed on the salt
surface and in the central borehole. An ultrasonic network was also set up, comprising 5 emitters
and 12 receivers (see Figure 3.8c). To get three-dimensional gridding, the receivers were placed on
the salt surface and underneath; for this purpose, 4 inclined boreholes were drilled from outside the
chamber to a depth of 60 cm below the test surface. An imaging system was also set up; it allowed
tracking the formation and propagation of possible fractures. Four digital cameras (resolution of
3 px/mm) attached to the ceiling of the room covered the entire floor of the chamber. A rotating
infrared camera was also placed at the ceiling to track the room surface temperature. All these
techniques allowed for a full characterization of possible fractures: time of creation, location and
orientation, size, number, etc.

During the first cycle, a macro-fracture was visible after about six hours of cooling. It was
located perpendicular to the air flow, about one meter from the fans (area with coldest temperature),
and extended rapidly along more than one meter. At the end of the first cycle, the crack aperture
was less than 1 mm (measured with dial gauges). In addition to this macro-crack, many micro-
cracks (imperceptible to the naked eye) were present over the entire surface at that time. They were
closed and shallow in appearance. In subsequent cycles, pre-existing fractures reopened and spread.
Additionally, new cracks were created. Therefore, a fracture network developed progressively during
the cycles; however, it should be noted that the extension of the cracks decreased with the number of
cycles. Measurements from acoustic emission are consistent with the images interpretation (Balland
et al., 2018): the number of events reduced from one cycle to the next, with the first cycle producing
2-3 more events than the rest. Figure 3.10 shows the visible fractures developed throughout the
experiment. It can be seen how these fractures tend to join over time. At the end of the test,
the maximum crack width was 1-1.2 mm. The analysis of the last cooling stage shows that a
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further temperature decrease increases the width of crack opening and enhances the creation of
new fractures.

Modeling was performed after the test. In order to ensure cavern integrity, fractures should be
avoided, so we focus on the conditions under which fractures could appear (rather than fracture
propagation), for which a continuum modeling approach is justified (knowledge about the critical
zones is sufficient at the design stage). It should be noted that in those cases in which fracture
propagation is important, a continuum modeling approach should be coupled with a numerical
method that allows fracture evolution, such as the extendend finite element method (XFEM) (Moës
et al., 1999). Proper modeling of the experiment requires coupling between different processes,
particularly thermal and mechanical. Indeed, hydraulic processes are less important in the current
case because the intercrystalline space of rock salt, although very small, is filled with saturated
brine, whose freezing point is about -21 ◦C. The governing equations of the thermo-mechanical
problem are the balance laws of momentum and thermal energy.

Figure 3.10. Test at Varangéville: visible fractures developed during the different cooling stages.

In a first step, the temperature field is computed in space and time, and then thermo-mechanical
modeling is performed (one-way coupling from heat flow to geomechanics, justified here because the
strains measured during the test are small). Both simulations model the same domain, displayed in
Figure 3.11. It extends 200 m along each axis, and it starts at the ground surface. Three horizontal
layers are defined from the top: a 40 m thick sandstone-marl layer, a 80 m thick salt layer and a
80 m thick marl layer. The access drift and the experimental niche are at a depth of 119.8 m, 20 cm
above the salt-marl contact. Note that in agreement with the experiment, the two slots created
parallel to the niche axis reach the salt-marl contact in the model.

In the thermal simulation, temperature is held constant at all outer planes (x=0, x=200 m,
y=0, y=200 m, z=-200 m, z=0). It has been verified that the thermal perturbation induced by the
experiment does not reach these planes. The initial temperature is 14.5 ◦C in the whole domain
(this simplification is justified due to the limited extent of the thermal perturbation as will be
shown below), and the evolution of the air temperature, Ta, is given in Figure 3.9. Heat transfer
between the air and the salt surface is taken into account using Newton’s law of cooling, defined as
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~ψ · ~n = h (T − Ta) (3.1)

where ~n is the outward-pointing unit normal vector and h is the heat transfer coefficient. The heat
transfer coefficients have been determined inside and outside the chamber, during the cooling and
the warming periods (Hévin et al., 2016). They are function of the air speed, independent of temper-
ature, and their values have been confirmed by measurements of the heat flux and the temperature
difference between the air and the salt surface. The regular value is h=10 W/m2/K, but heat trans-
fer is modified at some locations and periods. In particular, during cooling h=22 W/m2/K below
the fans, and h = 3.8x2−21.96x+50.56 W/m2/K elsewhere in the chamber (x is a local coordinate
system with origin at the chamber lower left corner, see Figure 3.12). Below the insulation cover,
h=0.2 W/m2/K and in the backfilled slots, h=2 W/m2/K.

Figure 3.11. Test at Varangéville: view of the 3D model used in the simulations (left) and
enlarged views of the niche (top right) and the salt block (bottom right). The domain is

discretized into 202,990 tetrahedral elements, having minimum and maximum sizes of respectively
0.05 m (test zone) and 72 m (far from the niche).

As for geomechanics, the displacement normal to the vertical and bottom planes is blocked, and
the z=0 plane is not constrained. Similarly to the thermal problem, it has been verified that the
constrained boundaries are far enough and not affected by the processes induced by the experiment.
The initial stress field is isotropic, equal to the lithostatic stress magnitude (hereafter, compressive
strains are stresses are negative).

Table 3.2 lists thermo-mechanical properties of each layer. The marl and sandstone-marl layers
are assumed to behave elastically, and the time-dependent behavior of rock salt is described by
the Lemaitre creep law (Eq. 2.3), with parameters obtained from creep tests performed at ambient
temperature (Tr=27 ◦C) at Mines Paris on salt samples from the Varangéville mine.
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Table 3.2. Test at Varangéville: material constants of the rock layers included in the model (ρ is
mass density, Cp is heat capacity and λ is thermal conductivity).

Parameter (unit) Sandstone-marl layer Salt layer Marl layer

Thermo-physical parameters

ρ (kg/m3) 2500 2200 2300
Cp (J/kg/K) 850 850 900
λ (W/m/K) 2.5 6.8 2.9

Thermo-elastic parameters

αth (K−1) 1.5·10−5 3·10−5 1.5·10−5

E (GPa) 15 25 15
ν (-) 0.25 0.25 0.2

Viscoplastic parameters (unit system is MPa, K, days, µm/m )

α - 0.303 -
β - 3.4 -
k - 1.5 -
AL - 8250.78 -

The thermal simulation covers the test duration, that in total was 322 days (three cycles and
two subsequent cooling periods, see Figure 3.9). This simulation is performed using the FEM
code COMSOL Multiphysics (COMSOL AB, 2013). The geomechanical simulation, performed
with the FEM code VIPLEF3D (Tijani, 1996), starts with the excavation of the drift, the niche
and the two slots, assumed instantaneous and isothermal. This step is necessary to recalculate
the stress field around the openings, and particularly in the salt block. Then, the elapsed time
between the excavation and the beginning of the test is modeled (129 days), also in isothermal
conditions. Finally, the test itself is modeled (thermo-mechanical coupling). The total modeled
time in geomechanics is therefore 451 days.

The temperature field computed over time compares well with experimental data. Figure 3.12
shows the location of the temperature sensors inside and outside the chamber, and Figure 3.13
compares experimental and numerical temperatures for some sensors. Note that after the first
cooling stage, values of surface thermocouples appeared to be very noisy and it was decided to place
them at a depth of 1 cm (except for sensor S31, which was located under the ventilation box). As
it can be seen, the surface temperature inside the chamber is not uniform, but increases at further
distances from the fans. Moreover, the length of the cooling phases allows temperature changes
well below the salt surface and also beyond the chamber (this was actually a design requirement
of the experiment). As Figure 3.13 shows, negative temperatures are reached 80 cm below the salt
surface in the second and subsequent cycles (sensor T5). Outside the chamber, the temperature
of the salt surface is clearly affected by the experiment, and as expected the temperature gradient
decreases at greater distances from the walls of the chamber.
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Figure 3.12. Test at Varangéville: location of temperature sensors in a local reference system.
Note that the thermocouples define two main orthogonal profiles, which extend outside the

chamber. Air temperature is measured by sensors identified A52−A54. Pt100 sensors T2-T5 are
placed at different depths in a vertical borehole. Sensor TF13 is a heat flux sensor.

Overall, temperature measurements inside the chamber show similar distributions for the first
four cooling periods, and more particularly for periods 2-4. This suggests that the thermal loading
on the rock salt was about the same during the cycles, and that the fractures created did not affect
significantly the temperature field (note however that fracture aperture remained small, around
1-1.2 mm).
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Figure 3.13. Test at Varangéville: comparison between experimental data (symbols) and
numerical results (lines) for temperature at several locations indicated in Figure 3.12.

Regarding thermo-mechanical modeling, we first highlight that, owing to the use of a continuum
modeling approach, the following analysis focuses on the first cycle, and particularly, the condi-
tions that lead to the creation of the first fracture. Figure 3.14a shows the maximum (i.e., least
compressive) principal stress σ1 at the surface of the salt block (z=-118.5 m) after excavation. As
it can be seen, the maximum principal stress is 2.76 MPa. This value is reached in the two small
blocks left at both sides of the experimental block after cutting the slots, and is due to local effects
induced by the free surfaces (some damage was observed in these zones before the test). On the
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surface of the experimental block, the stresses do not exceed 1.5 MPa. The maximum principal
stress at t=129 d (i.e., before the beginning of the test) is shown in Figure 3.14b. The comparison
between the two Figures shows that there has been some relaxation due to the creep of the rock
salt. On the test surface, after 129 days the maximum principal stress peaks at 1.3 MPa.

(a) (b)

Figure 3.14. Test at Varangéville: maximum principal stress (MPa) at the surface of the salt
block (a) after excavation (t=0) and (b) before the beginning of the first cycle (t=129 d). The

principal stresses at locations P1-P5 (see Figure 3.10) are displayed (bottom color table).

Figures 3.15 and 3.16 show the maximum principal stress and the temperature at different
moments of the first cooling stage. Note that the temperature profile at t=129+28 d (cooler
temperatures close to the rear door of the chamber) is due to the fact that the fans in the front
area stopped working at t=129+12 d, and were not repaired until the first warming period. From
the plots shown, it can be seen that as temperature decreases the stress state becomes more tensile.
Since these modeling results have been obtained with a continuum approach, they are less accurate
after the onset of fracturing; nevertheless, the computed stresses suggest that the emplacement
and orientation of fracture initialization are fairly well reproduced numerically. Indeed, the first
fracture was observed during the experiment at location P3 in Figure 3.10, and the computed
results displayed in Figures 3.15 and 3.16 show maximum stress values in this zone. Likewise, the
orientation of the least compressive stress shown in these Figures is consistent with the orientation
of the main fracture in Figure 3.10.
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(a) t=129 d+30 min

(b) t=129 d+40 min

(c) t=129 d+2 h

Figure 3.15. Test at Varangéville: numerical results at the surface of the salt block during the
first cooling stage. Left: maximum principal stress (MPa) (the bottom color table corresponds to

the principal stresses at locations P1-P5). Right: temperature ( ◦C).
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(a) t=129 d+6 h

(b) t=129 d+12 h

(c) t=129 d+28 d (end of cooling stage)

Figure 3.16. Test at Varangéville: numerical results at the surface of the salt block during the
first cooling stage. Left: maximum principal stress (MPa) (the bottom color table corresponds to

the principal stresses at locations P1-P5). Right: temperature ( ◦C).

We highlight that the main factor affecting the thermal stress is the linear thermal expansion
coefficient, αth. Indeed, given the short time in which fractures develop, time-dependent processes
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play a secondary role in this case. As Figure 3.15 shows, after 30 minutes of cooling the temperature
in the area where the first fracture was observed is about 9 ◦C, and the least compressive stress is
about 8 MPa; this value is consistent with the stress change estimated using −αthE∆T/(1− 2ν).

The results at the end of the first cycle are shown in Figure 3.17. As it can be seen, the
temperature has come back to the initial value (14.5 ◦C), but a slight difference is observed in the
stresses, due to the non-elastic response of the rock salt.

Figure 3.17. Test at Varangéville: numerical results at the surface of the salt block at the end of
the first cycle (t=129+62=191 d). Left: maximum principal stress (MPa) (the bottom color table

corresponds to the principal stresses at locations P1-P5). Right: temperature ( ◦C).

Figure 3.18 displays the maximum principal stress at three locations during the first 12 hours
of cooling: P3 (surface of block), a point 50 cm below P3 and a point 1 m below P3. The air
temperature inside the chamber is also plotted. Note that below the salt surface, the maximum
principal stress decreases initially due to the stress redistribution imposed by the compatibility re-
quirement. Assuming that the apparent tensile strength of the rock salt is 1.5 MPa, these numerical
results suggest that such strength at location P3 was reached after about 8 minutes of cooling, and
after about 10 hours 50 cm below P3. During the experiment, the first fracture was visible at P3
after about 6 hours, which suggests its creation started at an earlier time. Taking into account the
sensitivity of the results to parameters such as the thermal expansion coefficient of the rock salt or
the Young’s modulus of the underlying marl layer, the predicted timing of fracture creation can be
considered satisfactory.

Finally, Figure 3.19 displays the maximum principal stress on a vertical plane across the cham-
ber (plane x=101.17 m, which intersects the fracture visible during the first cycle), at the times
displayed in Figures 3.14b-3.17. Although during the first hours large tensile stresses concentrate in
the upper part of the block (first 80 cm), at the end of the first cooling phase large tensile stresses
are predicted deeper than 1 m from the top of the salt block (due to propagation of cooling), which
is in agreement with the observed depth of penetration of the main fracture. Overall, from Fig-
ures 3.14-3.19, it can be concluded that the modeling results reproduce the location, orientation,
timing and depth of penetration of the first fracture quite satisfactorily.
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Figure 3.18. Test at Varangéville: evolution of the maximum principal stress during the first 12 h
of cooling at three locations.

Figure 3.19. Test at Varangéville: maximum principal stress (MPa) on a vertical plane accross
the chamber (plane x=101.17 m, between y=17.3 m and y=20.9 m), in the area where fractures

were first observed. (a) t=129 d; (b) t=129 d+30 min; (c) t=129 d+40 min; (d) t=129 d+2 h; (e)
t=129 d+6 h; (f) t=129 d+12 h; (g) t=129 d+28 d; (h) t=129 d+62 d.

It should be noted that the test was conducted under particular conditions that did not aim
at reproducing a salt storage cavern, but rather, at verifying whether a rapid temperature drop
could lead to fracturing. In this context, the test specifications required that fracturing be favored
as much as possible. To comply with these specifications, the initial stress state in the salt block
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was minimized by additionally cutting the two slots. This way, any thermally-induced tensile stress
would only be balanced by the very low in situ stresses, thereby facilitating fracturing (i.e., this is
a conservative scenario). Moreover, the applied cooling rate was high enough to favor the onset of
fractures. Indeed, as the cooling rate increases heat transfer with the surrounding rock is much more
limited, and large temperature changes concentrate close to the cooled surface, thereby favoring
the creation of fractures.

Similarly, the test specifications required that temperature changes extend well beyond the test
surface. To meet this requirement, cooling was maintained for 28 days during each cycle, whereas
in a salt cavern undergoing high frequency cycling, the withdrawal phase is much shorter. This
leads to a conservative scenario as well.

The test demonstrated that tensile fracturing induced by rapid cooling is possible. However,
despite the rather extreme scenario tested (very low initial stresses, agressive cooling rate, long
cooling periods), the depth of penetration of the fractures remained limited (<2 m) through the
cooling stages, which, given the size of a storage cavern, suggests that the effects of thermally-
induced fractures are quite restricted (areas likely to be more sensitive are around the well or
those with irregular shapes). Nevertheless, to stay on the safe side the existing design criteria and
operational conditions should be adapted to minimize the effects of rapid depressurizations.

Finally, during this test, the rock salt was subjected to low (and negative) temperatures —a
domain that is rarely investigated, but that is important in the context of high frequency cycling.
In the modeling presented, temperature effects are extrapolated from the domain usually studied
in laboratory tests (T ≥20 ◦C). There is currently no sound evidence that the viscoplastic behavior
of rock salt is the same for high and low (even negative) temperatures. As a perspective, research
should be conducted on this matter to gain more insight, see chapter 4.

3.3 Disposal of heat-generating nuclear waste

Rock salt is being considered in the United States and Germany as a disposal medium for heat-
generating nuclear waste. In a generic scenario with in-drift emplacement of the waste packages, the
backfill consists of crushed (run-of-mine) salt, which gets progressively compacted as the natural
salt creeps. Once the reconsolidation process is over, it is expected that the backfill will provide
a geotechnical barrier, thereby reinforcing the natural (or geological) barrier function of the host
rock. In this context, the ultimate goal of a research about disposal of heat-generating nuclear
waste in salt is to evaluate the long-term integrity of the geological (host rock) barrier, as well
as the development and long-term integrity of the geotechnical (backfill) barrier. Indeed, in the
unfavorable event of a radionuclide release from the waste packages, these barriers are essential to
prevent the escape and the transport of undesired fluids into the biosphere.

As for the natural salt, it is well known that its initial tightness (very low permeability and
porosity) could be affected by processes that take place at different stages during the lifetime
of a repository (Stormont & Daemen, 1992; Peach & Spiers, 1996; Hunsche & Hampel, 1999;
Schulze et al., 2001; Hou, 2003). First, the development of an excavation damaged zone (EDZ)
around the mined openings represents a potential risk because preferential flow pathways could be
created; such development is related to the dilatancy threshold, and is sometimes referred to as
thermo-mechanical damage (Minkley & Popp, 2010; Wolters et al., 2012). Second, a pore pressure-
driven percolation process (fluid infiltration) can take place if the pore pressure locally exceeds
the least compressive principal stress. Several factors can result in fluid infiltration: thermal
pressurization within the rock (due to thermal expansion of pore fluids that cannot escape in a very
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low permeability medium —this is particularly true when the pore space is mostly occupied by
low compressibility fluids, such as water or brine), convergence-induced pore pressure increase (for
instance, within the backfill), and gas generation from the waste packages, among others. Should
thermo-mechanical damage or fluid infiltration occur, the initial, near-zero permeability of the host
rock would be superseded by an increased, secondary permeability (Wieczorek et al., 2012; Wolters
et al., 2012). These perturbations, however, are generally not persistent in a plastic medium such
as rock salt. Once the thermal and stress regime become favorable, and with sufficient amounts of
brine, it is expected that healing processes will operate, helping bond fracture surfaces and close
micro-fractures (Hansen, 2008; Popp et al., 2012; Wolters et al., 2012). Additionally, local widening
of grain boundaries caused by percolation of pore fluids is expected to cease as the pore pressure
decreases below the least compressive principal stress (Wolters et al., 2012). Damage, healing and
percolation processes within natural salt have been studied at the laboratory scale and have been
included in phenomenological constitutive relationships, e.g., Wolters et al. (2012); Hampel et al.
(2013). They have also been observed in various field studies (Wieczorek & Schwarzianeck, 2001;
Hou, 2003; Bechthold et al., 2004; Popp & Minkley, 2010).

The reconsolidation process of the crushed salt used for backfilling has also been studied in the
past years, and several time-dependent compaction models have been proposed, e.g., Sjaardema &
Krieg (1987); Callahan et al. (1991); Olivella & Gens (2002). The initial porosity of the backfill is
about 30-40%, and values smaller than 10% are expected in the long-term. As compaction takes
place, triggered by the closure of the excavations due to the creep of the host rock, the mechanical
and flow properties of the crushed salt evolve towards those of the natural salt, helping encapsulate
the waste. In particular, permeability decreases several orders of magnitude, the thermal conduc-
tivity increases and so do the elastic moduli (Callahan et al., 1991; Bechthold et al., 1999, 2004;
Hurtado et al., 1997; Wieczorek et al., 2012). Experimental studies have shown that the compaction
rate increases with the moisture content (Popp & Salzer, 2012). On the other hand, the reconso-
lidation process at the high temperatures associated with exothermic nuclear waste would benefit
from further investigation (Carter et al., 2011). Moreover, the compaction behavior at porosities
lower than 5–10% is not currently well understood, and data in this range are scarce (Kröhn et al.,
2012).

Overall, in order to evaluate the safety of the geological and geotechnical barriers, thermal,
hydraulic and mechanical (and chemical) processes need to be considered. These processes interact
and influence each other in a complex manner. In addition, they do not necessarily have the same
spatial and temporal scales; therefore, numerical modeling based on suitable tools as well as on state-
of-the-art and physically-based knowledge is needed (Tsang et al., 2009). Several modeling studies
on the disposal of heat-generating nuclear waste in saliniferous formations have been reported
in the literature, e.g., Lowe & Knowles (1989); Munson et al. (1990); Pudewills et al. (1995);
Bechthold et al. (2004); Javeri & Baltes (2008); Stone et al. (2010); Clayton et al. (2012); Lerch
et al. (2012); Argüello & Rath (2013); Hampel et al. (2013); Kock et al. (2013). Nevertheless,
the majority of these studies do not consider simultaneously important thermal, hydraulic and
mechanical processes in the different barriers. As a postdoc, I sought to improve the understanding
of the long-term integrity of the natural salt and the crushed salt backfill by considering coupled
thermal–hydraulic–mechanical (THM) processes. For such purpose, I used the TOUGH-FLAC
sequential simulator for flow and geomechanics (Rutqvist & Tsang, 2003). In this sequential simu-
lator, the multiphase, multicomponent and non-isothermal sub-problem is solved by the integral
finite difference software TOUGH2 (Pruess et al., 2012) and the geomechanics sub-problem is solved
by the finite difference software FLAC3D (Itasca, 2009). TOUGH2 includes several equation-of-
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state (EOS) modules for different pure substances and mixtures, and FLAC3D includes several
viscoplastic rheological models. TOUGH-FLAC is based on the fixed-stress split sequential method
to couple flow and geomechanics (Kim et al., 2011b) and in order to use it to investigate the long-
term integrity of the barriers, I adapted it to deal with finite strains and with time-dependent
mechanical response. The details of the modifications that I introduced, as well as some verifications
cases, are presented in Blanco-Mart́ın et al. (2017) (Appendix B.1). While FLAC3D provides a
capability for large strains, TOUGH2 does not. Therefore, in order to extend TOUGH-FLAC into
the finite strain framework and into viscoplasticity, I had to (i) adapt TOUGH2 to account for
finite strains from the geomechanics sub-problem, and (ii) adapt the coupling between the two
codes. TOUGH-FLAC is two-way coupled, but one-way coupling is possible as well. Note that
as compared to the case investigated in section 3.2, here two-way coupling is required to avoid
overlooking important processes (some examples are shown in Appendix B.2), and obviously there
are additional equations for the mass balances (one equation per component; such equations are
Eqs. (3-4) and (6) in Appendix B.1). In the context of disposal of heat-generating nuclear waste
in salt, some particularities were needed in the simulator (material-specific evolution of flow and
mechanical properties, based on experimental evidence as well as on theoretical considerations),
detailed in Appendix B.2 and illustrated through the long-term performance of a generic repository
covering 100,000 years of post-closure. Over the years, I introduced additional improvements to
the simulator, such as the use of an updated version of an EOS, EWASG, that considers halite
solubility constraints (in the initial version I used EOS3, which considers air and water but not
salt), see Blanco-Mart́ın et al. (2018b)2. As an illustration, such improvements allowed to model the
effects of diffusion and capillary forces gradients within the crushed salt. In addition, I benchmarked
the augmented simulator against a sequential THM simulator developed at TU Clausthal, based
on the same software, but using the undrained split sequential method (Kim et al., 2011a). We
performed several simulations of a generic salt repository with in-drift emplacement of the waste
packages and obtained quite satisfactory results (Blanco-Mart́ın et al., 2014, 2015c).

Here, I will focus on the modeling of the Thermal Simulation for Drift Emplacement (TSDE)
test. Full details can be found in Blanco-Mart́ın et al. (2016b), and here only some features
are discussed. This test benefited from extensive monitoring and allows for additional validation
of the developed numerical tools. In addition to confrontation against experimental data, the
numerical results were benchmarked against TU Clausthal results (benchmark and code-to-code
verification). This way, the capabilities of the two simulators to predict relevant processes and
phenomena can be evaluated, provided that the measurements are correct. This is a fundamental
(although preliminary) step to evaluate the suitability of the simulators to study the long-term
performance of an underground repository for nuclear waste in rock salt geological formations.
Modeling of this test was also an opportunity to calibrate creep parameters of the natural salt host
rock and of the backfill that were either unavailable or difficult to study at laboratory-scale (Blanco-
Mart́ın et al., 2016b).

The TSDE experiment was a large-scale underground heater test designed to represent reference
repository conditions for heat-generating nuclear waste in salt-based systems. It was conducted in

2I also implemented the coupling between iTOUGH2 and FLAC3D to perform numerical inversions using a
coupled THM forward model (Blanco-Mart́ın et al., 2016a) (iTOUGH2, developed at LBNL as well, provides inverse
modeling capabilities for TOUGH2 and other code suites (Finsterle, 2007)). I also worked on the coupling between
Pylith and TOUGH2, which is presented in Appendix B.3 (Blanco-Mart́ın et al., 2022c), motivated by the need to
yield more accurate estimations of possible induced seismicity. Furthermore, in the context of an application related to
the production of non-conventional oil, I introduced three-phase relationships for relative permeability and capillary
pressure into an EOS8, allowing to compute better flow estimates (Blanco-Mart́ın et al., 2015b).
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the Asse salt mine in Germany in the 1990s to support the development of the in-drift emplace-
ment concept with multiple barriers (Bechthold et al., 1999, 2004). According to this concept,
waste packages containing fuel assemblies are placed on the floor of horizontal drifts, which are
subsequently backfilled with crushed salt. The natural salt host rock is the most important bar-
rier, and secondary barriers are provided by the waste packages and the reconsolidated crushed
salt backfill. One significant aspect of the TSDE experiment is that it was extensively monitored,
using several observation and access drifts, as well as more than 200 boreholes for instrumentation,
with sensors scanned every 12 h. The extensive measurement program included temperature, drift
closure, rock deformation, stress evolution and gas generation and transport, among others. Some
measuring devices were specially designed for this experiment. Therefore, in addition to evaluating
the feasibility of the in-drift emplacement concept, the TSDE experiment provided a vast database
on relevant phenomena and processes regarding the host rock, the backfill and also the waste pack-
ages. Subsequent analysis of the observations led to an improved understanding of the behavior
of the host rock and the backfill under reference repository conditions for heat-generating nuclear
waste, as well as to the development and improvement of constitutive models and computer codes
required to predict the aforementioned relevant phenomena and processes.

In the TSDE experiment, six electrical heaters were placed in two parallel drifts excavated for
the purposes of the experiment in the 800 m level of the Asse mine, in the North-Eastern part of
the salt dome. The drifts were excavated in a relatively undisturbed area (Staßfurt Halite of the
Zechstein series), and three heaters were emplaced in the central part of each drift. Figure 3.20
shows a cross-section of the Asse salt mine marking the location of the TSDE experiment as well
as a view of the two test drifts. Some observation drifts (750 m level) and boreholes can also be
seen in the Figure.

(a) (b)

Figure 3.20. TSDE: (a) cross-section of the Asse salt mine, indicating the location of the
experiment; (b) schematic representation of the test area.
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The dimensions of the drifts, as well as the heat capacity of the electrical heaters, were selected
to match the preliminary layout of the in-drift emplacement concept; therefore, the test represented
a portion of a typical repository emplacement panel. The heaters were 5.5 m long, had a diameter
of 1.6 m and were separated by 3 m along the drift axis. They weighted about 65 t and were
designed to host 8 pressurized water reactor (PWR) assemblies. The drifts were about 4.5 m wide
and 3.5 m high, and had a length of 77 m. A 10 m wide pillar lay between them. The heaters were
emplaced 1.4 years after excavation. Immediately after the emplacement of the heaters, the drifts
were backfilled using crushed salt, sieved to retain grain sizes smaller than 45 mm. The heaters
were switched on in September 1990, and a constant heat load of 6.4 kW was applied to each heater
until February 1999, when the heaters were switched off. The measuring instruments were installed
in twenty monitoring cross-sections, not only in the heated area, but also in the non-heated area of
the two drifts, see Figure 3.21.

Figure 3.21. TSDE: plan view of the test drifts and monitoring cross-sections.

According to the geometry of the experiment, a 3D model of half of one drift was prepared
with two symmetry planes: one at X = 0 (across the pillar between the two test drifts) and one
at Y = 0 (across the central cross-section of the drifts). A 3D configuration is necessary for the
computation of the temperature field; moreover, local effects between heaters cannot be captured in
a 2D plane strain approximation. The model is 100 m wide, 200 m high and 38.5 m deep. Figure 3.22
shows some views of the initial (i.e., non-deformed) discretization used in geomechanics (a Voronoi
partition was used in the flow sub-problem). The mesh has 85870 elements. All external planes are
no-flow boundaries (an exception exists, see comment below regarding the drift). Additionally, the
displacement is blocked in the normal direction to those planes.
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Figure 3.22. TSDE: views of the initial (non-deformed) mesh used in the geomechanics
sub-problem. The main dimensions of the model are also shown.

Based on available information (Bechthold et al., 1999), we assign an initial (isotropic) stress
field of -12 MPa to the host rock. The initial pore pressure within the host rock is lithostatic,
and the initial temperature is 36.4 ◦C. The flow and mechanical parameters used for the heaters,
the crushed salt and the natural salt are detailed in Blanco-Mart́ın et al. (2016b), section 2.2.
From the flow point of view, two-phase flow of water and air, as well as heat flow, are modeled
using EOS3 of TOUGH2 (advective and diffusive mass transport and conductive and convective
heat transport). The mechanical response of the natural salt is described using the Lux/Wolters
constitutive model (Wolters et al., 2012), and for the crushed salt a modified version of the cwipp
model implemented in FLAC3D has been used, in which density honors the volumetric strain
evolution (Itasca, 2009; Blanco-Mart́ın et al., 2015a).

The modeling sequence is as follows. First, initial equilibrium and drift excavation are modeled.
The excavation is assumed instantaneous, and flow during this stage is disregarded. The coupled
THM simulations include two parts: (1) the open drift phase, before the emplacement of the
electrical heaters and subsequent backfilling of the drifts (1.4 year), and (2) the experiment itself
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(heating), which lasted 8 years and 5 months. During the open drift phase, the heaters and backfill
are deactivated and the pore pressure is kept constant within the drift at 0.1 MPa. During this
phase, the temperature remains approximately constant. The main purpose of modeling this phase
is to investigate the mechanical response of the natural salt host rock, including the EDZ. After
1.4 years, the heaters and backfill are activated. The initial porosity of the backfill is 35%, and
the initial pore pressure and temperature within the drift are 0.1 MPa and 36.4 ◦C, respectively.
In accordance to the situation sketched in Figure 3.21, the extremity of the drift at Y = 38.5 m
is kept hydraulically open at the atmospheric pressure as a boundary condition during the heating
phase. This leads to the effect that the pore pressure increase within the crushed salt induced by its
compaction as well as by the heating of the included pore fluid is accompanied by a pore pressure
decrease induced by an outflow of fluid at the open drift end. Therefore, pore pressure cannot
increase very much within the drift. Additionally, the drift temperature at this extremity is held
at 36.4 ◦C. Both during the open drift and heating phases, the mesh used in the flow sub-problem
is progressively updated as the mesh used in the geomechanics sub-problem deforms. Depending
on the criterion chosen to update the mesh, this operation is performed up to 50 times during the
simulation.

The temperature evolution within the backfill (section B) and at the heater surface is displayed
in Figure 3.23a. At the heater cask surface, the temperature reached 210 ◦C five months after the
beginning of heating, and it decreased thereafter as the thermal conductivity of the backfill increased
(due to compaction, cf. Eqs. (2-3) and (7) in Blanco-Mart́ın et al. (2016b)), which facilitated
the heat flow. The temperature increase was more gradual within the backfill, and significant
temperature gradients were measured due to non-uniform compaction, which yields non-uniform
thermal conductivity. After about 5 years, temperatures in the heater cask area approached a
constant value (160–180 ◦C at the heater surface), while they continued to increase within the
backfill at farther distances from the heater. The temperature within the rock in the heated area
(section A) is displayed in Figure 3.23b. Heat transfer towards the salt rock mass occurs both by
direct contact between the heater cask and the drift floor (heated area only), and also through the
backfill. As expected, temperature decreases with the increase in depth. Temperatures approach
a constant value after about 5 years (equilibrium between heat generation and propagation). As
both Figures show, numerical results from the two simulators are in very good agreement with each
other and they reproduce the measurements closely, with highest error at the heater cask surface.
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Figure 3.23. TSDE: temperature evolution within the backfill and at the heater surface
(section B) (a), and (b) within the host rock beneath the drift floor (section A).

The drift closure over time is displayed in Figure 3.24a, for the heated (section G1) and non-
heated (section E2) areas. Drift closure is calculated from horizontal and vertical convergence data.
Both the open drift and heating phases of the experiment are included in the plot. As the Figure
shows, the absolute value of the closure rate in the heated area increased significantly (factor of
about 12) once heating started. High rates lasted about three months. On the other hand, the
closure rate did not change noticeably in the non-heated area when the heaters were turned on. In
the heated area, the absolute value of the closure rate decreased progressively over time due to the
compaction of the backfill. Indeed, as compaction moves forward, the backfill densifies, stiffens and
provides increased mechanical support against the drift walls, thereby reducing the drift closure
rate. On the other hand, in the non-heated area the drift closure rate changed smoothly, and
during the last five years of heating the vertical and horizontal closure rates were (in absolute
value), respectively, 0.26–0.50% per year and 0.26–0.30% per year (values close to those of the
open drift phase). In the heated area, they stabilized at 0.5% per year (vertical) and 0.4% per
year (horizontal). As the Figure shows, results obtained by the two simulators are very similar.
Moreover, they fall within the range of experimental measurements. We note that in agreement
with experimental evidence from the post-test dismantling phase (Bechthold et al., 1999), drift
closure rates (in absolute value) are higher at the pillar side of the drift due to higher temperatures
at this sidewall. Also, due to the flat floor and the arch-shaped roof, vertical displacement is higher
at the floor (uplift).

62



(a) (b)

Figure 3.24. TSDE: (a) drift closure in the heated area (section G1) and in the non-heated area
(section E2); (b) backfill porosity in the same sections. The start of the heating phase is set as a

reference time (t = 0), and also as a reference for drift closure.

The evolution of backfill porosity in the same sections is displayed in Figure 3.24b. In fact, since
backfill porosity was not directly measured during the test, the experimental values displayed were
recalculated from experimental drift closure measurements, yielding an average porosity within a
cross-section. For this reason, the comparison between data and numerical results for porosity is
only approximate. Since high temperature gradients develop within the backfill (see Figure 3.23a),
drift closure rates are not uniform; as a result, significant porosity gradients within the backfill
are likely, even within a cross-section (heterogeneous compaction). As the Figure shows, during
the heating period the average porosity reduced from 35% to 24–25.5% in the heated area, and
from 35% to 30–32% in the non-heated area. Therefore, the compaction of the backfill was partial
during the test. Using the porosities displayed, maximum values of thermal conductivity reached
after 8 years were around 1.5 W/m/K (the initial thermal conductivity was 0.8 W/m/K).

Figure 3.25 shows the computed porosity profile within the host rock at the drift contour, at
three different times: at the end of the open drift phase, after 4 years of heating, and at the end
of the heating phase. As the contours show, porosity increases during heating, particularly in the
heated area, and decreases over time as compaction takes place (development of mechanical support
against the drift wall). Since compaction is faster in the heated area, in this zone host rock porosity
at the end of the test has decreased more than in the non-heated area.
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Figure 3.25. TSDE: host rock porosity around the drift area at three different moments of the
THM run.

Overall, the numerical results obtained by the two simulators are in very good agreement with
each other, which leads to a code-to-code verification and to a successful benchmark exercise.
The accuracy of the numerical tools is tested by direct comparison between measurements and
simulation results. In terms of temperature, rock deformation and drift closure, our results are in
quite good agreement with available experimental data from the test. Regarding backfill compaction
and associated setting (i.e., stress increase), drift closure data from the experiment have been
used to calibrate parameters of the cwipp model (compaction part). For this purpose, we have
used a reduced model derived from the full 3D one, consisting only of the crushed salt and the
electrical heaters, and we have applied the measured drift closure rate during the heating period
as a boundary condition (different rates along the heated and non-heated areas, see Figure 3.26
and details in Blanco-Mart́ın et al. (2016b)). Through inverse modeling, we have estimated a
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parameter set. This preliminary approach has been selected due to the limited amount of available
data regarding crushed salt compaction, in particular at high temperatures. The parameter set
obtained has been subsequently used to model the TSDE experiment, and the results are more
satisfactory than before the inversion. In order to test the suitability of the current parameter set
for other scenarios, we have modeled an oedometer test conducted on crushed salt from one of the
TSDE drifts. The results show some discrepancies, which should be investigated further (validity
of the reduced order model, need to further develop the cwipp model . . . ).

Figure 3.26. TSDE: reduced model used in the inversion (left) and results (right).

Further investigation of certains aspects is necessary, such as backfill compaction and long-term
response of the natural and geotechical barriers. The results shown in this section are promising, and
the simulators presented should be updated as the understanding of such aspects moves forward.
In the case of TOUGH-FLAC, H. Tounsi, a former PhD student at the geomechanics team of
the Centre for Geosciences and Geoengineering, is currently a postdoc at the Energy Geosciences
Division of LBNL, further developing and testing the simulator (Tounsi et al., 2022).
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Chapter 4

Conclusions and perspectives

This document shows an overview of my research activities on rock salt. My research work aims
at improving current knowledge on the behaviour of salt-based materials to tackle challenges that
affect both society and industry, such as the underground disposal of heat-generating nuclear waste
and the underground storage of fluids and energy carriers in salt caverns. Over the last ten years,
I have acquired experimental, numerical and theoretical skills; such skills are interdependent, and
since they allow for a broader perception of the problem to solve, I plan to develop and combine
them further in the years to come. Moreover, they fit perfectly into the research and teaching
activities within the geomechanics team of the Centre for Geosciences and Geoengineering of Mines
Paris. In addition, the balance between public and private projects to which I contribute, combined
with the academic collaborations that I seek to develop and preserve over time, are consistent with
the teaching and research roadmap at Mines Paris, whose motto is “theory and practice”.

The experimental work has shown that, in order to characterize rock salt behavior for en-
gineering applications following standard practice (i.e., tests on decimetric-scale samples, use of
phenomenological laws), heterogeneity must be considered. For that purpose, several measurement
techniques, capturing the sample response at different scales, are necessary. If the heterogeneity
induced by the end restraints on the sample is important, numerical inversions taking into account
the contact between the sample and the pistons should be performed to determine a rheological
parameter set, instead of assuming that the sample response is homogeneous. If material hetero-
geneity is important, the methodology proposed could be applied, which combines experimental
work and simulations in a numerical twin, allowing to determine the RVE of the tested rock, and
subsequently a rheological parameter set. Both cases of heterogeneity are in fact combined, as in
general the sample response is affected by the characteristics of the contact between sample and
platens, and rock salt often contains impurities of different nature. In both cases, intensive nu-
merical computations are required, the computational cost being significant in the case of material
heterogeneity. Assuming that the sample response is homogeneous is a simplification that could
lead to an erroneous characterization of the material, and subsequently to an erroneous design of
underground structures.

In addition, the experimental work performed leads to some guidelines for the characterization of
rock salt. First, the same preconditioning should be applied to all rock samples within a campaign.
Such preconditioning consists in a hydrostatic phase performed (when possible) under the relevant
stress and temperature conditions at the coring depth, with sufficient duration to allow for a (quasi-
)restauration of the in situ state. For such purpose, a thin layer of saturated brine, prepared from
the same rock salt, should be applied to the surfaces of the samples prior to the hydrostatic phase
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(to correct possible drying), and the evolution of the strain over time should be monitored.
Second, it is important to characterize the rock salt under investigation in a way that helps

interpret experimental results. For instance, in addition to common petrophysical measurements,
an estimation of the intercrystalline brine would be beneficial, and so would be an estimation of
the grain size. Such estimations would help examine the importance of fluid-assisted deformation
mechanisms. The best way to quantify these features is through microscopic observations (e.g.,
SEM/EDS and reflected light), but these techniques are not always available; in that case, an
estimation can be obtained as follows. The water content can be evaluated by drying a small amount
of material at high temperature, and by performing several mass balances over time. Afterwards,
the sample could be ground finely and dried again, to determine whether intracrystalline brine is
also present. The grain size can be roughly estimated using the intercept method. Likewise, in order
to examine the weight of other deformation mechanisms, it would be beneficial to investigate the
presence and size of subgrains, as well as the density of dislocations; for such purposes, microscopic
observations are required.

Third, it is important to characterize the mechanical behaviour of rock salt both under low
and high stress deviators. It has been shown that extrapolation of results obtained at stress
deviators larger than 5 MPa to smaller values underestimates the creep rate by several orders of
magnitude. In the last years, we have performed several confined creep tests covering the range
0.13 ≤ Q − P ≤ 20 MPa in salt samples from different geographical origins, and new tests will
be launched soon (ANR project RockStorHy). In addition, some samples have been or are being
tested in the Altaussee and Varangéville salt mines under low and intermediate stress deviators,
and a cross-check creep test in the laboratory is about to start under conditions similar to those
at Altaussee (T = 8 ◦C, 68%RH, P = 0.1 MPa [confined]). The target of this test is to make sure
that the results at our laboratory and at the mines are comparable, so that all test results can be
combined to infer a constitutive law covering the relevant stress range for field applications. The
conditions in the mines are ideal to test low stress levels (very constant temperature and humidity,
and reduced cost as compared to a laboratory test), but it is important to ensure that the test
conditions reproduce the field situation (in particular, it would be more suitable if the samples were
undrained and confined).

Fourth, from a phenomenological point of view, it is important to characterize the behaviour
of rock salt along different loading paths, covering the ranges expected in situ. This guideline
embraces number 3, but is broader: in addition to several temperatures (at low and high stress
levels), compressive as well as tensile states of stress should be investigated further, and also true
triaxial conditions. It has been shown that digital image correlation is a promising technique to
characterize the tensile response during Brazilian tests, and I plan to examine this technique more
deeply, combined with numerical modeling. Besides, although not shown in this manuscript, we
have recently performed creep tests under triaxial extension, and modeling of different loading
paths is underway to validate the rheological developments.

These guidelines, combined with improved experimental procedures (for instance, we are cur-
rently working on the use of tighter membranes and long-lasting strain gauges), should lead to a
better characterization of the material. However, the temporal extrapolation is still unresolved.
This aspect, and some perspectives on THM coupling, are presented in the next two sections.
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4.1 Towards more physics

Rock salt is a viscoplastic material and as a result, even if laboratory characterization includes
different loading paths in the stress and temperature domains —covering the ranges expected in
situ— temporal extrapolation is unavoidable. The long-term performance assessment of a nuclear
waste repository or an abandoned cavern relies on temporal extrapolation of the observed, short-
term response, reflecting the importance of this aspect. It should be noted that the effect of time has
to be separated from the effect of other variables (stress, temperature, internal variables). Whether
steady state is truly reached is still an open question within the salt mechanics community. Field
data, putting uncertainties aside, are not availabe over long enough periods of time to solve this
important concern. In my opinion, the long-term extrapolation should be performed on the basis of
the dominant deformation mechanisms, or, in other words, on the basis of the physics underneath
the observed response. The microscopic scale should be included further in the standard engineering
practice (mostly phenomenological), and in the next years I would like to explore this field, first
through national and international collaborations with well-known experts, and then, possibly,
through skills development within our laboratory. The ANR project RockStorHy as well as some
informal international collaborations are valuable starting points. I will also explore available data
on natural laboratories —such as salt domes and salt glaciers— as they could provide additional
information on long-term creep.

4.2 THM coupling with experimental support

THM coupled processes in rock salt are relevant in many scenarios involving nuclear waste disposal
and cavern storage, even if the pressure and temperature ranges are not the same. Throughout
this manuscript, the characterization of the material has been mainly approached from the thermo-
mechanical perspective. Rock salt permeability is near zero in the undisturbed state, and accurate
permeability measurements are scarce. Over the years, two main techniques for permeability mea-
surements have raised attention: transient pulse decay on cylindrical samples (Zhang, 2021), and
flow between two concentric spaces at different pressures in a spherical sample (Bérest et al., 2001).
The latter was developed to avoid well-known boundary effects of the former (lateral leakage be-
tween the sample and the jacket that could lead to misinterpretation of the results); however, while
it worked satisfactorily with brine (the fluid pressure was increased purposely beyond the least
compressive principal stress [the target was to evaluate well closure and cavern abandonment]), gas
measurements proved to be difficult (in this case the fluid pressure was smaller than the infiltration
threshold, and the flow rates were exceedingly small). A new experimental set-up has been recently
designed by our geomechanics team to characterize the gas flow within a low-permeability sample.
Flow tests will be coupled with thermo-mechanical tests at different levels of damage. The interest
both from academic and industrial partners is evident, as this set-up will be soon be used in a
ANR project, a InterCarnot project, and a new Citeph project. I am involved in the tuning and
future use of this set-up, and attention will be focused on hydrogen (having high mobility), which
is relevant both in salt cavern storage within the framework of the energy transition, and in nuclear
waste disposal (H2 is released in case of corrosion of the waste packages). Different salt origins,
containing different amounts of impurities, will be investigated, and the experimental results will
support numerical modeling at the sample scale, and simulations of different storage scenarios at
the facility scale.
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Kröhn, K., Zhang, C., Wolf, J., Stührenberg, D., Jobmann, M., von Borstel, L., & Lerch, C. (2012).
The compaction behaviour of salt backfill at low porosities. In 7th Conference Mechanical
Behavior of Salt (Saltmech VII) (pp. 155–162). Paris, France.
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from an experimental campaign on rock salt and implications at the cavern scale. In 10th

Conference Mechanical Behavior of Salt, Saltmech X (pp. 1–12). Utrecht, The Netherlands.

[ConfPR6] Blanco-Mart́ın, L., Hadj-Hassen, F., Tijani, M., & Armand, G. (2010). New Numerical
Modelling of the Mechanical Long-term Behaviour of the GMR gallery in ANDRA’s Under-
ground Research Laboratory. In Clays in Natural & Engineered Barriers for Radioactive Waste
Confinement, 4th International Meeting (pp. 1–14). Nantes, France.

[ConfPR7] Blanco-Mart́ın, L., Hadj-Hassen, F., Tijani, M., & Noiret, A. (2011). A new experimental
and analytical study of fully grouted rockbolts. In 45th US Rock Mechanics/Geomechanics
Symposium (ARMA 11-242). San Francisco, CA, United States.

[ConfPR8] Blanco-Mart́ın, L., Herchen, K., Rouabhi, A., Labaune, P., & Lux, K.-H. (2018). Use
of laboratory tests in constitutive models for rock salt: a focus on volumetric strains. In
S. Fahland, J. Hammer, F. D. Hansen, S. Heusermann, K.-H. Lux, & W. Minkley (Eds.),
Mechanical Behavior of Salt IX (pp. 413–426). Hanover, Germany.

[ConfPR9] Blanco-Mart́ın, L., Rutqvist, J., & Birkholzer, J. T. (2014a). Long-Term Analysis of
Thermal-Hydraulic-Mechanical Processes in a Generic Salt Repository for High-Level Nuclear
Waste. In 48th US Rock Mechanics/Geomechanics Symposium (ARMA 14-7206). Minneapolis,
MN, United States.

[ConfPR10] Blanco-Mart́ın, L., Rutqvist, J., & Birkholzer, J. T. (2015a). Extension of the TOUGH-
FLAC simulator to account for finite strains. In TOUGH Symposium 2015 . Berkeley, CA,
United States.

[ConfPR11] Blanco-Mart́ın, L., Rutqvist, J., Birkholzer, J. T., & Battistelli, A. (2015b). Long-term
modeling of coupled processes in a generic salt repository for heat-generating nuclear waste:
preliminary analysis of the impacts of halite dissolution and precipitation. In 49th US Rock
Mechanics/Geomechanics Symposium (ARMA 15-440). San Francisco, CA, United States.

[ConfPR12] Blanco-Mart́ın, L., Rutqvist, J., Birkholzer, J. T., & Houseworth, J. E. (2013a). Thermal-
Hydraulic-Mechanical Processes Modeling to Evaluate Salt-based Repositories in the Long-
Term. In 47th US Rock Mechanics/Geomechanics Symposium (ARMA 13-621). San Francisco,
CA, United States.

[ConfPR13] Blanco-Mart́ın, L., Rutqvist, J., Birkholzer, J. T., Wolters, R., & Lux, K.-H. (2015c).
Coupled modelling of the Thermal Simulation for Drift Emplacement underground test. In
L. A. Roberts, K. D. Mellegard, & F. D. Hansen (Eds.), Mechanical Behavior of Salt VIII .
Rapid City, SD, United States.

[ConfPR14] Blanco-Mart́ın, L., Rutqvist, J., Birkholzer, J. T., Wolters, R., Lux, K.-H., Rutenberg, M.,
& Zhao, J. (2015d). Three-Dimensional Modeling of a Heater Test to Investigate Crushed
Salt Reconsolidation and Rock Salt Creep for the Underground Disposal of High-Level Nuclear
Waste. In 13th ISRM International Congress of Rock Mechanics. Montreal, Canada.

[ConfPR15] Blanco-Mart́ın, L., Rutqvist, J., Birkholzer, J. T., Wolters, R., Rutenberg, M., Zhao, J., &
Lux, K.-H. (2014b). Comparison of two modeling procedures to evaluate thermal-hydraulic-
mechanical processes in a generic salt repository for high-level nuclear waste. In 48th US Rock
Mechanics/Geomechanics Symposium (ARMA 14-7411). Minneapolis, MN, United States.

93



[ConfPR16] Blanco-Mart́ın, L., Rutqvist, J., Doughty, C., Zhang, Y., Finsterle, S., & Oldenburg,
C. M. (2015e). iTOUGH2-FLAC modeling of thermal-hydraulic-mechanical processes related
to steam-assisted heavy oil recovery from diatomite. In TOUGH Symposium 2015 . Berkeley,
CA, United States.

[ConfPR17] Blanco-Mart́ın, L., Rutqvist, J., Houseworth, J. E., & Birkholzer, J. T. (2013b). THM
processes modeling to evaluate salt-based repositories in the long-term. In 14th International
High-Level Radioactive Waste Management Conference, IHLRWMC 2013 . Albuquerque, NM,
United States.

[ConfPR18] Doughty, C., Blanco-Mart́ın, L., Zhang, Y., & Oldenburg, C. M. (2015). Modeling steam,
water, and oil flow overlying a heavy oil reservoir undergoing cyclic steaming. In TOUGH
Symposium 2015 . Berkeley, CA, United States.

[ConfPR19] Labaune, P., Rouabhi, A., Tijani, M., Blanco-Mart́ın, L., & You, T. (2017). Comparison
between stress- and strain-based dilatancy criteria for salt cavern design. In SMRI Fall Technical
Conference (pp. 1–12). Münster, Germany.

[ConfPR20] Laigle, F. et al. (2011). Conception et justification du boulonnage, Réflexions et Avancées
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A B S T R A C T

The TOUGH-FLAC simulator for coupled thermal-hydraulic-mechanical processes modeling has been extended
to the finite strain framework. In the approach selected, this extension has required modifications to the flow
simulator (TOUGH2) and to the coupling scheme between the geomechanics and the flow sub-problems. In
TOUGH2, the mass and energy balance equations have been extended to account for volume changes.
Additionally, as large deformations are computed by FLAC3D, the geometry is updated in the flow sub-problem.
The Voronoi partition needed in TOUGH2 is computed using an external open source library (Voro++) that uses
the centroids of the deformed geomechanics mesh as generators of the Voronoi diagram. TOUGH-FLAC in
infinitesimal and finite strain frameworks is verified against analytical solutions and other approaches to couple
flow and geomechanics. Within the finite strain framework, TOUGH-FLAC is also successfully applied to a
large-scale case. The extension of TOUGH-FLAC to the finite strain framework has little impact to the user as
only one additional executable is needed (for Voro++), and the input files and the workflow of a simulation are
the same as in standard TOUGH-FLAC. With this new provision for finite strains, TOUGH-FLAC can be used in
the analysis of a wider range of engineering problems, and the areas of application of this simulator are
therefore broadened.

1. Introduction

Geoenergy and geoengineering applications in the subsurface often
require that the coupling between different processes be considered.
Typical examples of such applications are geological carbon sequestra-
tion, enhanced geothermal systems, oil/gas production, compressed air
energy storage and underground disposal of nuclear waste. While in
some cases coupling between hydraulic and mechanical processes may
be sufficient to capture the main features of the coupled system
(changes in effective stresses due to pore pressure changes and porosity
changes due to volumetric deformation), in many cases the interactions
need to be extended to thermal, chemical and possibly other (biologi-
cal, etc.) processes.

In this study, we focus on coupled thermal-hydraulic-mechanical
(THM) processes, for which two main solution approaches exist in the
literature: fully coupled and sequentially coupled (Dean et al., 2006;
Kim et al., 2009). In fully coupled methods, the governing equations of
each sub-problem (i.e., mass and heat flows, and geomechanics) are
solved simultaneously in a single system of equations. In sequential
methods, the governing equations for flow and geomechanics are
solved one-by-one within a time step, and relevant information (pore
pressure, volumetric deformation, temperature, etc.) is passed from
one sub-problem to the other using an intermediate solution informa-

tion technique (Settari and Mourits, 1998). The main advantage of fully
coupled approaches is that they are unconditionally stable and
converge if the coupled problem is well-posed; on the other hand, they
require a unified flow-geomechanics simulator and are computationally
expensive due to the size of the system of equations to be solved. In
turn, sequentially coupled methods are less computationally intensive,
provide more flexible code management, offer the possibility to use
existing codes for flow and geomechanics, and can use different spatial
domains for each sub-problem. Additionally, the converged solution is
identical to that obtained using the fully coupled approach (Kim et al.,
2009).

The sequential simulator TOUGH-FLAC was presented in the
TOUGH Symposium 2003 as a new tool to solve coupled flow and
geomechanics processes (Rutqvist et al., 2002; Rutqvist and Tsang,
2003). Since then, the capabilities of this simulator have been
augmented considerably, and at present it can be successfully applied
to a wide range of applications (Rutqvist, 2011, 2015). As the name
suggests, in TOUGH-FLAC the multiphase, multicomponent and non-
isothermal flow sub-problem is computed by TOUGH2 (Transport of
Unsaturated Groundwater and Heat, v2, Pruess et al. (2012)), and the
geomechanics sub-problem is computed by FLAC3D (Fast Lagrangian
Analysis of Continua in 3D, Itasca (2012)). TOUGH2 is an integral
finite difference code and FLAC3D is a finite difference code. In addition
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to its flexibility to be used in a broad variety of applications, one main
advantage of TOUGH-FLAC is that both TOUGH2 and FLAC3D are
used in both academia and industry, and are under constant develop-
ment.

Recently, TOUGH-FLAC was extended to the finite strain frame-
work (Blanco-Martín et al., 2015a, 2015b). This extension was
motivated by the distortions and deformations observed in some
applications, which exceed the limits of validity of the infinitesimal
strain theory. For instance, the disposal of heat-generating nuclear
waste in rock salt is expected to entail significant configuration
changes: salt creeps and distorts under the effect of temperature and
deviatoric stresses, and if damage and/or sealing occur(s), significant
volume changes may take place (Hunsche and Hampel, 1999).
Furthermore, compaction and dilation of geo-materials also involve
large deformations. Still in the context of nuclear waste disposal in rock
salt, the backfill material (crushed salt) is expected to undergo a
reconsolidation process, in which its initial porosity (30–40%) reduces
progressively to low residual values ( < 10%), thereby triggering
significant geometrical changes (Kröhn et al., 2015). Additionally,
finite strains are common in oceanic gas hydrate reservoirs (Moridis
et al., 2013).

In this paper, we summarize the architecture of TOUGH-FLAC and
the modifications performed to extend this simulator to the finite strain
framework. Then, we present some validation tests, first in infinitesi-
mal mode, and later in large strain mode. Finally, we present a large-
scale application in which TOUGH-FLAC in finite strains is successfully
applied. The extension of TOUGH-FLAC to the finite strain framework
widens the range of engineering problems that can be studied with this
simulator and therefore broadens its areas of application.

2. Materials and methods

2.1. Architecture of TOUGH-FLAC

TOUGH-FLAC is based on the fixed-stress split sequential method
to couple flow and geomechanics (Kim et al., 2009). In this method, the
flow sub-problem is solved first within a time step. Once convergence
has been reached in TOUGH2 (Newton-Raphson iteration process to
solve mass and heat balances), relevant information (pore pressure,
temperature and fluid mass) is sent to FLAC3D to compute geomecha-
nical equilibrium under drained conditions. Fluid mass is used to
update the total mass of the system. The total stress tensor is updated
using (direct coupling)

σ σ αΔPδ α KΔTδ= − −3ij
corr

ij ij th ij (1)

where σij
corr [MPa] is the updated total stress tensor, σij [MPa] is the

total stress tensor at the end of the previous FLAC3D run, α [-] is the
Biot coefficient, ΔP [MPa] is the pore pressure change between two
consecutive TOUGH2 runs, αth [K−1] is the linear thermal expansion
coefficient, K [MPa] is the drained bulk modulus, ΔT [K] is the
temperature change between two consecutive TOUGH2 runs, and δij
[-] is the Kronecker delta. Here, we consider that compressive stresses
are negative. From Eq. (1), it can be inferred that the flow only affects
the volumetric component of the stress tensor.

Pressure, temperature and fluid mass are transferred through text
files handled by means of a THM interface, written both in Fortran
(TOUGH2) and FISH (programming language embedded within
FLAC3D). Although less efficient, this approach has been selected
because the source code of FLAC3D is not available to users.

Within the framework of viscoelasticity or viscoplasticity, the time
modeled in each FLAC3D call is equal to the time step size of the last
converged TOUGH2 time step (in elasticity, the physical time does not
take part in the mechanical response). In this case, FLAC3D splits the
time to be modeled into smaller time steps, controlled internally to
avoid exceedingly large out-of-balance forces. Once the system is in
mechanical equilibrium, volumetric stresses of each zone are trans-

ferred to TOUGH2 by means of a text file; they will be used to compute
a mechanically induced correction term in the porosity increment in
the next flow time step (explicit evaluation). This increment reads

dϕ A α ϕ K dP B α dT Δϕ= ( , , ) + ( ) +th (2)

where Δϕ [-] is the porosity correction from geomechanics (details can
be found in Kim et al. [2012]). Additionally, other variables can be
transferred to compute mechanically induced changes in permeability
and capillary pressure (indirect coupling, see Rutqvist (2011) for
details). A new flow time step is then taken, and the procedure
described is repeated until the end of the simulation.

2.2. Extension of TOUGH-FLAC to the finite strain framework

Strain changes are computed within the geomechanics sub-pro-
blem, and, if they are large enough, it is necessary to ensure that the
flow sub-problem is consistently updated. While FLAC3D provides a
capability for large strains, TOUGH2 does not. Therefore, in order to
extend TOUGH-FLAC into the finite strain framework, it has been
necessary to (i) adapt TOUGH2 to finite strains, and (ii) adapt the
coupling between the two codes to the new framework.

Two main modifications have been necessary in TOUGH2. First, all
geometrical data are updated as the geomechanics mesh deforms:
volume of grid-blocks, interface area between two connected grid-
blocks, distance from centers of two connected grid-blocks to common
interface, and angle between the line linking two connected grid-blocks
and the gravitational acceleration vector. Second, the heat and mass
balance equations have been extended to include volume changes, and
now read, for a grid-block n,

⎛
⎝
⎜⎜

⎞
⎠
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(3)

for κ=1, NK+1 (NK is the total number of fluid components [air, water,
etc.], and NK+1 represents the heat equation). In Eq. (3), Mn

κ is the
accumulation term of component κ in grid-block n, Vn [m3] is the
volume of the grid block (new volume after each FLAC3D call), qn

κ [kg/s
or J/s] denotes sink/sources rates, and Fnm

κ is the flow of component κ
across surface Anm [m2] (new value after each FLAC3D call). Eq. (3)
reduces to the standard balance equations by setting dVn =0. The mass
accumulation terms, Mn

κ [kg/m3], read

∑M ϕ S ρ χ=n
κ

β
β β β

κ

(4)

In Eq. (4), Sβ [-] is the saturation of phase β, ρβ [kg/m3] is the
density of phase β, and χβ

κ [-] is the mass fraction of component κ in

phase β. The heat accumulation term, Mn
NK+1 [J/m3], reads

∑M ϕ ρ C T ϕ S ρ u= (1 − ) +n
NK

gr p
β

β β β
+1

(5)

where ρgr [kg/m3] is the rock grain density, Cp [J/kg/K] is the rock
grain specific heat and uβ [J/kg] is the specific internal energy in phase
β.

Mass transport occurs by advection and diffusion, so that the mass
flux of component κ, Fnm

κ [kg/m2/s], reads

∑ ∑F k
k ρ

μ
P ρ g χ ρ χ= − (∇ − ) − D ∇nm

κ

β

rβ β

β
β β β

κ

β
β β

κ
β
κ

(6)

where k [m2] is the absolute permeability of the porous medium, krβ
[-] is the relative permeability to phase β, μβ [Pa·s] is viscosity of phase
β, Pβ [Pa] is phase pressure and g [m/s2] is the gravity acceleration
vector. Regarding the diffusive term, Dβ

κ [m2/s] is the hydrodynamic
dispersion tensor of component κ in phase β, (see Pruess et al. (2012)
for further details).
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Finally, heat transport occurs by conduction and convection, and
the heat flux term, Fnm

NK+1 [J/m2/s], reads

∑F λ T k
k ρ

μ
P ρ g h= − ∇ − (∇ − )nm

NK

β

rβ β

β
β β β

+1
(7)

where λ [W/m/K] is the thermal conductivity and hβ [J/kg] is the
specific enthalpy in phase β.

Regarding the coupling between the two codes, the new geometrical
data is transferred to TOUGH2 through a text file; this file is
subsequently read by a new Fortran subroutine to update the corre-
sponding geometrical arrays. We note that the main drawback of the
approach selected to extend TOUGH-FLAC to the finite strain frame-
work is an increase of computational time due to geometry update. An
alternative approach would consist in keeping the geometry un-
changed, and mapping relevant properties (such as permeability) onto
the reference configuration; however, this approach requires full tensor
(i.e., non-diagonal) permeability, and this is not supported in the
current version of TOUGH2. For this reason, we selected an approach
in which geometry is updated.

Fig. 1 shows the numerical scheme used in TOUGH-FLAC, includ-
ing transfer of geometrical data. This scheme is also valid in creep
mode (time-dependent geomechanical behavior). It should be noted
that the general workflow of TOUGH-FLAC (Rutqvist, 2011) is not
noticeably modified when finite strains are considered. Additionally,
the impact for the user is minimal, as all modifications are taken care of
internally. Only one additional executable is needed to properly update
the flow mesh (see next sub-section).

2.3. Mesh update in the flow sub-problem

The resolution method used in TOUGH2 is based on the Voronoi
partition (Pruess et al., 2012). As large deformations occur, the
updated flow mesh should still be of Voronoi type for an accurate
solution of the flow sub-problem. For this reason, we have linked the
software library Voro++ (Rycroft, 2009) to TOUGH-FLAC. Voro++ is
open source, and can compute 3D Voronoi partitions on a cell-based
fashion. Moreover, customizing its output for a particular application is
not time-consuming.

The new workflow to update the mesh in the flow sub-problem is as
follows. First, the centroids of the deformed geomechanics mesh are
transferred using a FISH routine to Voro++, which computes the
corresponding Voronoi diagram. Then, data of the new partition
relevant to TOUGH2 (volumes, distances, areas, etc.) are written into
a text file. This file is finally read by TOUGH2, and the corresponding
arrays are updated. In general, this operation is performed every time
maximum volumetric strain changes are greater than 2–3%. We note
however that this condition can be easily changed in the FISH routine
written to transfer data to Voro++. For instance, in cases where the
mesh distorts without significant volume changes, the flow mesh
should be updated, as the interface areas, distances and angle between
the line linking two connected grid-blocks and the gravity vector may

change noticeably. Fig. 2 shows an example of a geomechanics mesh
and the corresponding Voronoi partition, both in the non-deformed
and deformed configurations.

3. Verification cases

In this section, TOUGH-FLAC is verified against classic analytical
solutions of coupled problems, and it is also benchmarked against
other simulators that can handle finite strains. The first three cases
presented are related to well-known benchmark problems in small
strains, which demonstrate the correct coupling between TOUGH2 and
FLAC3D prior to addressing finite strains.

3.1. Mandel's problem (small strains)

Mandel's problem is commonly used to test the validity of
numerical codes of poroelasticity. The original problem is described
in Mandel (1953). Later, this problem was extended to account for
non-isotropic materials as well as compressible fluids (Abousleiman
et al., 1996).

In Mandel's problem, a specimen with rectangular cross-section
and infinite length along the out-of-plane direction is sandwiched at

Fig. 1. TOUGH-FLAC numerical scheme in finite strains. The gray area corresponds to a
time step between tn and tn+1.
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Fig. 2. Example of mesh used in the geomechanics sub-problem (a) and corresponding
Voronoi partition for the flow sub-problem (b). Initial (thick lines) and deformed (thin
lines) configurations are displayed.
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the top and the bottom by two stiff, frictionless plates. The pore space is
in single-phase conditions. Laterally, the specimen is not mechanically
constrained, and drainage is possible (no drainage at the top and
bottom). The specimen is initially in equilibrium. At t=0, a compressive
force is applied normal to the plates, and we seek to determine the
evolution of pore pressure, as well as relevant displacements, strains
and stresses within the sample. Fig. 3 shows a schematic representation
of Mandel's problem.

Mandel's problem is a two-dimensional, plane strain problem.
Because the plates are perfectly stiff, the vertical displacement is
uniform along the top and bottom boundaries (but it changes with
time). When the load is applied, an excess of pore pressure is generated
(Skempton effect). Over time, drainage occurs at the open boundaries,
which makes the laterals of the sample more compliant than its core.
However, since the vertical displacement must be equal along the top
and bottom boundaries, there is an increase of pore pressure in the
central region. This yields a non-monotonic pore pressure evolution,
known as the Mandel-Cryer effect (Schiffman et al., 1969). At a later

time, the excess of pore pressure dissipates completely throughout the
sample. We note that the Mandel-Cryer effect has been observed
experimentally (Verruijt, 1969).

Mandel's problem has been modeled with TOUGH-FLAC. We have
assumed a sample with a =5 m, b =1.25 m, E =450 MPa, and ν=0. The
initial stress field is 0.1 MPa (compressive), and we apply 10 MPa
normal to the plates. The initial porosity is ϕ0 =42.5% and the
permeability of the sample is k=6.51 10–15 m2. The sample is saturated

Fig. 3. Schematic representation of Mandel's problem. Monitoring points (M1 and M2)
for Fig. 4 are displayed.
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with water, having T=25 °C (constant) and p0 =0.1 MPa. Gravity is
neglected. Given that TOUGH2 accounts for fluid compressibility
changes, we have compared our modeling results with the analytical
solution proposed by Abousleiman et al. (1996). Furthermore, in order
to model frictionless plates, an interface is used between the sample
and the plates.

The plots in Fig. 4 compare analytical and modeling results at the
locations displayed in Fig. 3. As the figure shows, the comparisons are
very satisfactory (note that the differences observed at the beginning
are due to different initial states: in the analytical solution, the load is
already applied and borne by the fluid, and the corresponding excess is
calculated; on the other hand, in TOUGH-FLAC the initial state
corresponds to a previous state of equilibrium, and at t=0 the load is
applied to the sample). These results help verify the validity of
TOUGH-FLAC to solve coupled flow and geomechanics problems.

3.2. Booker and Savvidou's problem (small strains)

Booker and Savvidou (1985) proposed an analytical solution for a
problem involving a point heat source buried in a saturated medium.
This configuration is characteristic of the underground disposal of
heat-generating nuclear waste. The analytical solution was developed

assuming a poro-thermo elastic medium, and has been used to test the
validity of THM codes (Nguyen and Selvadurai, 1995).

In Booker and Savvidou's problem, a saturated, infinite medium is
initially in equilibrium. At t=0, a heat load is applied in the center of
the medium. Over time, as temperature increases both the pore water
and the solid skeleton expand. Since in general the thermal expansion
of water is greater than that of the solid medium, the pore pressure
increases, which leads to a reduction in effective stresses (THM
coupling). The pore pressure increase gradually dissipates as the
medium is allowed to consolidate. Booker and Savvidou (1985)
proposed analytical solutions for pore pressure, temperature, stresses
and displacements for a constant point heat source embedded in an
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Fig. 7. Schematic representation of Terzaghi's problem. The monitoring point (M) for
Figs. 8, 9 and 11 is displayed.
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infinite medium. An approximate solution for a cylindrical source was
also given. It should be noted that this problem is three-dimensional,
but can be reduced to axisymmetric conditions assuming an isotropic
elastic material.

Fig. 5 shows the model prepared to benchmark TOUGH-FLAC
against the analytical solutions in Booker and Savvidou (1985). We
note that, in order to reproduce an infinite medium, Dirichlet boundary
conditions (i.e., constant pore pressure and temperature) are imposed
at the outer boundaries of the model (R = Z =200 m in Fig. 5). The heat
source is applied in a small element at r = z=0. The medium is linear
elastic with E =650 MPa and ν=0.24. The initial stress field is 0.1 MPa
(compressive), equal to the initial pore pressure. The sample is
saturated with water. The initial temperature is T0 =25 °C, and we

apply a heat source of 15.6 W. The initial porosity of the sample is ϕ0
=45%, its permeability is k=6.51 10–18 m2, its thermal conductivity is
λ=1.2 W/m/K, and the coefficient of linear thermal expansion is αth =7
10−6 K−1. Solid density is ρ=2500 kg/m3 and the specific heat of the
solid skeleton is Cp =1000 J/kg/K. Gravity is neglected.

Fig. 6a compares analytical and modeling results for temperature at
three locations along the radial axis of the model. The pore pressure
evolution at these locations is displayed in Fig. 6b. As the figures show,
results from TOUGH-FLAC compare quite well with the analytical
solutions, with biggest errors at shorter distances from the heat source
(in TOUGH-FLAC, the heat load is applied to a small-volume element
rather than to a point).

3.3. Terzaghi's problem (small strains)

Terzaghi's problem (Terzaghi, 1943) is a classic consolidation
problem. It is a one-dimensional problem, in which a compressive
load is applied on one side of a sample while the displacement normal
to the other sides is blocked. The pore space is in single-phase
conditions, and drainage is only allowed across the side where the
load is applied. Fig. 7 shows schematically Terzaghi's problem.

Similarly to Mandel's problem, when the load is applied the pore
pressure increases (Skempton effect) and then the excess of pore
pressure dissipates as the fluid flows out of the sample. One the other
hand, one main difference with Mandel's problem is that, in Terzaghi's
problem, the load and the dissipation of pore pressure occur in the
same direction. Moreover, the total stress is constant along the sample,
and is equal to the applied load. Therefore, as the fluid flows out of the
sample and the pore pressure decreases, there is a load transfer
between the fluid and the solid, so that the effective stresses increase.
We note that in Terzaghi's problem the pore pressure decreases
monotonically after the initial rise, and therefore the Mandel-Cryer
effect, distinctive feature of the coupled consolidation theory, is not
observed.

Terzaghi's problem has been modeled with TOUGH-FLAC, using L
=31 m, E =600 MPa, and ν=0.15. Initially, the sample is in equilibrium
under a compressive stress of 10 MPa (the initial pore pressure is also
10 MPa). The initial porosity is ϕ0=42.5% and the permeability of the
sample is k=6.5 10–15 m2. The sample is saturated with water, having
T=25 °C (constant). At t=0, the applied load increases by 10 MPa.
Gravity is neglected. The plots in Fig. 8 show a comparison between
analytical and modeling results for the evolution of pore pressure at the
monitoring point M (0.5 m from the right border). In Fig. 8a, the water
is assumed incompressible and in Fig. 8b, real water compressibility is
used. The latter corresponds to the standard procedure in TOUGH2; to
obtain the modeling results in Fig. 8a, water compressibility in
TOUGH2 is forced constant at a near-zero value. As Fig. 8a shows, if
the water is assumed incompressible the initial pore pressure increase
is equal to the applied load (i.e., the fluid bears the load initially), while
it is about 1 MPa smaller if the real compressibility of water is used. In
both cases, the pressure dissipation over time is very well captured by
TOUGH-FLAC. We note that, similarly to Mandel's problem, the initial
state is different between the analytical solution and TOUGH-FLAC.

3.4. Terzaghi's problem (large strains)

In order to test the validity of TOUGH-FLAC in finite strains, we
compare results from this simulator with results issued from other
approaches and codes that can handle large strains.

Kim (2015) presents an approach based on the total Lagrangian
method to sequentially couple flow and geomechanics in finite strains.
In this method, geometry is not updated, and instead pertinent
properties are mapped onto a reference configuration (original). As
explained in Section 2.2, the main advantage of this method is that the
recalculation of geometry is not needed (therefore, the computational
cost is reduced), and the main drawback is the need for full perme-
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ability tensors, not implemented in standard versions of various flow
simulators, including TOUGH2.

In Kim (2015), the total Lagrangian method is applied to Terzaghi's
problem. The same scenario has been solved with TOUGH-FLAC. In
this case, L =31 m, E =60 MPa, and ν=0.15. The initial compressive
total stress and pore pressure are 8.3 MPa, and at t=0 the applied load
increases by 8.3 MPa. The initial porosity is ϕ0 =42.5% and the
permeability of the sample is k=6.5 10–15 m2 (T=25 °C). Gravity is
neglected. In Fig. 9, results from TOUGH-FLAC and Kim (2015) are
shown; as the figure shows, the comparison is very satisfactory. Three
views of the mesh during the TOUGH-FLAC simulation are displayed
in Fig. 10. As it can be seen, there has been a significant geometrical
change, with volume evolution from 31 m3 (t=0) to 27 m3 (t=500
days).

Finally, in order to demonstrate the relevance of the large strain
framework, the same case presented has been solved using small
strains. The pore pressure evolution obtained in the two situations at
location M is displayed in Fig. 11. It can be seen that when the problem
is solved in small strains the pore pressure dissipates faster; however,
this result is not general because it depends on the counteracting
effects in finite strains of compressibility reduction (which reduces
deformation) and diffusion length reduction (which facilitates conso-
lidation). Moreover, it should be noted that, since the mesh is very
small (31 grid-blocks), the computational times of the two simulations
are approximately equal.

4. Field scale application: disposal of heat-generating
nuclear waste in rock salt

TOUGH-FLAC in finite strains and creep modes has been used to
model a large-scale underground heater test conducted in the Asse salt
mine in Germany (Blanco-Martín et al., 2016). The goal of this test
(Thermal Simulation for Drift Emplacement, or TSDE) was to inves-
tigate the feasibility of disposal of heat-generating nuclear waste in a
rock salt formation, using crushed salt backfilling (Bechthold et al.,
1999, 2004). The fundamentals of disposal of heat-generating nuclear
waste in salt-based formations can be found in, e.g., Hansen and Leigh
(2011), and Langer (1999). Details on the modeling of rock salt and
salt excavations can be found in, e.g., Cristescu and Hunsche (1996),
Hou and Lux (1999), Hunsche et al., (1994), Hunsche and Hampel
(1999), and Munson (1997).

During the TSDE test, heating was provided by six electrical heaters
placed in two 79 m-long parallel drifts. The heaters (three per drift)
were placed in the central part of the drifts, spaced 3 m along the drift
axis. The heating period lasted 8 years and 5 months, and an extensive
measurement campaign was deployed to study the host rock, the
backfill and also the corrosion of the heater casks.

Fig. 12 compares experimental and computed backfill porosity in
two cross-sections in the heated area of one drift. Experimental
porosity was derived from horizontal and vertical drift closure mea-
surements (Bechthold et al., 1999). At emplacement, the porosity of the
crushed salt was 35%, and it decreased to about 24–26% during the
heating phase. Given the porosity reduction observed (about 10%), the
finite strain framework was selected for the numerical analysis (details
of this analysis can be found in Blanco-Martín et al., 2016). The figure
displays a good agreement between experimental data and modeling
results from TOUGH-FLAC. Although the experimental values are only
approximate (they are average values within a cross-section), this
comparison shows that TOUGH-FLAC can be successfully applied to a
large-scale application involving finite strains and time-dependent
rheology.

5. Conclusions

The simulator TOUGH-FLAC for coupled thermal-hydraulic-me-
chanical processes modeling has been extended to the finite strain

framework. Since FLAC3D includes a capability for finite strains, the
main modifications to TOUGH-FLAC have concerned the flow simu-
lator (TOUGH2) and the coupling scheme between the two codes.

The approach selected consists in updating the geometry of the flow
sub-problem as finite strains are computed in the geomechanics sub-
problem. In TOUGH2, the mass and energy balance equations have
been extended to account for volume changes. Moreover, all geome-
trical data (volumes, areas, distances, etc.) are updated during the
simulation. Since the resolution method used in TOUGH2 is based on
the Voronoi partition, a new Voronoi diagram is computed every time
geometrical changes exceed a preset limit. The centroids of the
deformed geomechanics mesh are sent to Voro++ (open source library
that computes Voronoi diagrams given seed points), and geometrical
data of the new partition is sent to TOUGH2 for the next time step. The
update of geometrical data is carried out internally and the impact to
the user is very limited, as only one additional executable (Voro++) is
needed to perform a simulation.

TOUGH-FLAC has been verified against analytical solutions of
Terzaghi, Booker and Savvidou, and Mandel's problems. In finite
strains, this simulator has been successfully benchmarked against
other approaches to perform large strain computations of coupled flow
and geomechanics problems. A large-scale heater test designed to study
the feasibility of disposal of heat-generating nuclear waste in rock salt
formations using crushed salt backfilling has also been successfully
modeled using this new version of TOUGH-FLAC.

The extension of TOUGH-FLAC to the large strain framework
expands its use to the analysis of a variety of engineering problems,
and therefore broadens its current areas of application.
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Amodeling effort has been undertaken to investigate the long-term response of a generic salt repository for heat-
generating nuclear waste, including processes that could affect the geological (natural salt host rock) and geo-
technical (backfill) barriers. For this purpose, the TOUGH-FLAC sequential simulator for coupled thermal–
hydraulic–mechanical processes modeling has recently been provided with a capability for large strains and
creep. The responses of the saliferous host rock and the crushed salt backfill are modeled using dedicated consti-
tutive relationships. Similarly, the coupling between the geomechanics and the flow sub-problems is performed
on the basis of theoretical and experimental studies. The repository investigated in this work considers in-drift
emplacement of the waste packages and subsequent backfill of the drifts with run-of-mine salt. Using the up-
dated TOUGH-FLAC, the compaction of the backfill and the evolution of its properties as porosity decreases can
be modeled. Additionally, different processes that may influence the initial tightness of the host rock can be in-
vestigated. On the basis of state-of-the-art phenomenological models, our simulation results show that, in
order to evaluate the barriers integrity, it is necessary to consider full coupling between thermal, hydraulic and
mechanical processes. A base case scenario that accounts for these coupled processes is presented and compared
to a case in which the mechanical processes are disregarded. Also, we investigate the sensitivity of the coupled
numerical predictions to two factors: the initial saturationwithin the host rock and the capillary forces. Although
the outcome of these simulations is preliminary andwill be improved as the understanding of relevant processes
moves forward, the numerical tools required to perform the target predictions have been significantly improved.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Rock salt is a potential medium for the underground disposal of nu-
clear waste because of several assets, in particular its near-zero primary
permeability (i.e., undisturbed salt is water and gas tight), its very low
porosity, its high ductility, its healing capacity and its relatively high
thermal conductivity as compared to other shallow-crustal rock types
(Bechthold et al., 1999; Carter et al., 2011a; Hardin and Voegele, 2013;
Hou, 2003; Hunsche and Hampel, 1999). Moreover, rock salt is usually
found underground in large volumes in stable geological areas and is
easy to mine. Additionally, the run-of-mine salt may be used to backfill
mined open emplacement areas (Carter et al., 2011a).

Because of these advantages, rock salt has been studied since the
1960s, and, since 1999, it is being used for disposal and isolation of
defense-related transuranic nuclear waste (equivalent to long-lived,
intermediate-level waste) at the WIPP site (Waste Isolation Pilot
Plant) (DOE/WIPP, 2002). Furthermore, in Germany a complete safety
assessment analysis has been recently performed for the Gorleben site,

describing all aspects which are of importance for a heat-generating nu-
clear waste repository in rock salt (Mönig et al., 2013).

In the current research, attention is being focused on heat-generating
nuclear waste (such as used nuclear fuel or high-level waste). The work
presented in this paper has been developed within the framework of
the US Department of Energy Used Fuel Disposition Campaign (Nutt
et al., 2011). One of the missions of this campaign is to conduct scientific
research to enable underground disposal of used nuclear fuel and high-
level waste generated by existing and future nuclear fuel cycles. Initially,
the campaign focuses on generic research that will support future site-
specific work. Accordingly, we have considered a generic salt repository
(GSR) with in-drift emplacement of the waste packages and subsequent
backfill of the drifts with crushed (run-of-mine) salt. In such a scenario,
the crushed salt backfill gets progressively compacted as the natural salt
creeps. Once the reconsolidation process is over, it is expected that the
backfill will provide a geotechnical barrier (Bechthold et al., 2004;
Wieczorek et al., 2012), thereby reinforcing the natural barrier function
of the host rock. In this context, the ultimate goal of the present research
is to evaluate the long-term integrity of the geological (host rock) barrier,
as well as the development and long-term integrity of the geotechnical
(backfill) barrier. Indeed, in the unfavorable event of a radionuclide re-
lease from the waste packages, these barriers are essential to prevent
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the escape and the transport of undesired fluids into the biosphere. Key
parameters of barrier integrity are permeability and porosity (Hansen,
2008; Schulze et al., 2001).

As for the natural salt, it is well known that its initial tightness could
be affected by processes that take place at different stages during the
lifetime of a repository (Hou, 2003; Hunsche and Hampel, 1999; Peach
and Spiers, 1996; Schulze et al., 2001; Stormont and Daemen, 1992;
Wolters et al., 2010). First, the development of an excavation damaged
zone (EDZ) around the mined openings represents a potential risk be-
cause preferential flow pathways could be created. Thermo-mechanical
damage occurs if the dilatancy boundary is exceeded (Minkley and
Popp, 2010;Wolters et al., 2012). Second, a pore pressure-driven percola-
tion process (fluid infiltration) can take place if the pore pressure locally
exceeds the minimum compressive principal stress. Several factors can
result in fluid permeation: thermal pressurization within the rock (due
to thermal expansion of pore fluids that cannot escape in a very low-
permeability medium — this is particularly true when the pore space is
mostly occupied by low compressibility fluids, such as water or brine),
convergence-induced pore pressure increase, and gas generation from
the waste packages, among others. Should thermo-mechanical damage
or fluid infiltration occur, the initial, near-zero permeability of the host
rock would be superseded by an increased, secondary permeability
(Wieczorek et al., 2012; Wolters et al., 2012). These perturbations, how-
ever, are generally not persistent in a plastic medium such as rock salt.
Once the stress regime becomes favorable, healing takes place. Healing
processes consist in the development of cohesion between former crack
planes (in extension of pore space closure). They decrease damage by
helping bond fracture surfaces and close micro-fractures (Hansen, 2008;
Popp et al., 2012; Wolters et al., 2012), i.e., salt damage is reversible
(Hansen, 2008). Additionally, local widening of grain boundaries caused
by percolation of pore fluids ceases as the pore pressure decreases
below the minimum compressive principal stress (Wolters et al., 2012).
Damage, healing and percolation processes within natural salt have
been thoroughly studied at the laboratory scale and have been included
in advanced, validated constitutive relationships (Hampel et al., 2013;
Wolters et al., 2012). Theyhave also beenobserved in variousfield studies
(Bechthold et al., 2004; GRS, 2001; Hou, 2003; Popp and Minkley, 2010).

The reconsolidation process of the crushed salt used for backfill has
also been studied in the past years, and several time-dependent com-
paction models have been proposed (Callahan et al., 1998; Olivella
and Gens, 2002; Sjaardema and Krieg, 1987). As compaction takes
place, the mechanical and flow properties of the crushed salt evolve to-
wards those of the natural salt. In particular, permeability decreases
several orders of magnitude, the thermal conductivity increases and
so do the elastic moduli (Bechthold et al., 2004; Bechthold et al., 1999;
Callahan et al., 1998; Hurtado et al., 1997; Wieczorek et al., 2012). Ex-
perimental studies have shown that the compaction rate increases
with the moisture content (Popp and Salzer, 2012). On the other
hand, the reconsolidation process at the high temperatures associated
with exothermic nuclear waste would benefit from further investiga-
tion (Carter et al., 2011a). Moreover, the compaction behavior at poros-
ities lower than 5–10% is not currently well understood, and data in this
range are scarce (Kröhn et al., 2012).

The safety assessment of a repository for nuclear waste requires the
demonstration of the integrity of the geological and geotechnical
barriers. For such demonstration, thermal, hydraulic, mechanical (and
chemical) processes need to be considered. These processes interact
and influence each other in a complex manner. In addition, they do
not necessarily have the same spatial and temporal scales; therefore,
numerical modeling using proper tools is needed (Tsang et al., 2009).
Several modeling studies on the disposal of heat-generating nuclear
waste in saliferous formations have been reported in the literature
(Argüello and Rath, 2012, 2013; Bechthold et al., 1999, 2004; Clayton
et al., 2012; Hampel et al., 2013; Javeri and Baltes, 2008; Kock et al.,
2013; Lerch et al., 2012; Lowe and Knowles, 1989; Munson et al.,
1990; Pudewills et al., 1995; Stone et al., 2010). Nevertheless, the

majority of these studies do not consider simultaneously important
thermal, hydraulic and mechanical processes. In this research, we seek
to improve the current understanding of the long-term integrity of the
natural salt and the crushed salt by considering coupled thermal–hydrau-
lic–mechanical (THM) processes. The TOUGH-FLAC sequential simulator
for flow and geomechanics (Rutqvist and Tsang, 2003) has been adapted
to predict the long-term response of a generic salt repository for heat-
generating nuclear waste. In particular, the updated version of the simu-
lator is able to deal with the large strains induced by the compaction of
the backfill and the creep of the natural salt. State-of-the-art constitutive
relationships and coupling functions between flow and geomechanical
processes have been implemented.

This paper is organized as follows. First, the updated version of
TOUGH-FLAC for coupled processes in saliferous media is described.
Then, the constitutive relationships selected tomodel the long-term re-
sponse of the natural salt and the crushed salt are presented, together
with relevant flow and mechanical properties and their interrelated
evolution. Such evolution is based on previous laboratory and field in-
vestigations. Next, the long-term response of the generic salt repository
considered in this study is predicted using the new version of TOUGH-
FLAC. After a description of the model and the simulation set-up, THM
results of a base case scenario are presented and discussed. The predic-
tions include the stages of excavation, waste emplacement, backfilling
and post-closure (100000 years). Then, we compare results from THM
and TH simulations to evaluate the relevance of the coupling to me-
chanical processes (in particular, fluid infiltration, damage and
healing processes within the host rock, as well as backfill compac-
tion). This comparison supports the need to develop a simulator
able to deal with coupled THM processes, including large strains
and creep. Finally, we investigate the sensitivity of the THM predic-
tions to two factors: the initial saturation within the host rock and
the strength of the capillary forces.

2. Materials and methods

2.1. The TOUGH-FLAC simulator for large strains and creep

The TOUGH-FLAC simulator has been developed at Lawrence Berke-
ley National Laboratory (Rutqvist and Tsang, 2003) and is based on an
explicit sequential method to couple flow and geomechanics. The mul-
tiphase fluid and heat flows are computed by TOUGH2 (Pruess et al.,
2011) and the geomechanical response of the system is calculated
using FLAC3D (Itasca, 2009). TOUGH-FLAC has been successfully used
in different application fields, including nuclear waste disposal, geological
carbon sequestration and geothermal reservoir engineering (Rutqvist,
2011; Rutqvist et al., 2002).

The coupling scheme between TOUGH2 and FLAC3D is based on the
fixed stress-split sequential method (Kim et al., 2011). In this method,
the flow problem is solved first (with an explicit evaluation of the volu-
metric total stress) and the pore pressure and the temperature are pre-
scribed during the geomechanical calculation, which therefore requires
drained mechanical properties. The fundamentals of fully coupled and
sequential approaches can be found in the literature (Jeannin et al.,
2007; Jha and Juanes, 2007; Settari and Mourits, 1998; Settari and
Walters, 2001), aswell as discussions of themain advantages of sequen-
tial methods (Dean et al., 2006; Felippa and Park, 1980; Thomas et al.,
2003; Vijalapura et al., 2005).

The applicability of TOUGH-FLAC to study coupled THMprocesses in
saliferous media has required some modifications to the simulator. In
particular, significant volume changes may result not only from the
backfill reconsolidation, but also from the possible damage and healing
processes within the natural salt. Also, the viscoplastic rheology of both
materials may entail severe mesh distortions. While FLAC3D is able to
deal with large strains, TOUGH2 adaptation to large strains has required
some modifications in the mass and heat balance equations.
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Currently, the modeling sequence is as follows. TOUGH2 moves the
simulation forward and FLAC3D is executed once within a TOUGH2
time step, just before the Newton–Raphson iteration process to solve
the residual nonlinear equations. A schematic view of the coupled
THMmodeling sequence is displayed in Fig. 1. The pressure, Pn, tempera-
ture, Tn, liquid saturation, Sln, andporosity,ϕn, of each grid block computed
at the end of the previous time step (from tn − 1 to tn) are transferred to
FLAC3D. Note that the pressure transferred depends on the definition of
pore pressure and effective stress in multiphase systems (Coussy, 2004;
Kim et al., 2013).

From flow to geomechanics, the pore pressure change, ΔP =
Pn − Pn − 1, and the temperature change, ΔT= Tn− Tn − 1, correspond-
ing to two successive TOUGH2 time steps are accounted for as a correction
to the total stress tensor, σij (direct coupling). These changes are comput-
ed internally in FLAC3D once the newvalues Pn and Tn are transferred from
TOUGH2. The corrected total stress tensor, σij

c, has the form

σ c
i j ¼ σ i j−αΔPδi j−3αTKΔTδi j ð1Þ

where α [–] is the Biot coefficient of the material, αT [K−1] is its linear
thermal expansion coefficient, K [MPa] is its bulk modulus and δij [–] is
the Kronecker delta. Compressive stresses are defined negative here.
From Eq. (1), it can be inferred that the coupling from flow to geo-
mechanics only affects the volumetric component of the stress tensor. Po-
rosity and liquid saturation are used to update the body forces in the
quasi-static governing equations of the geomechanical analysis (see,
e.g., Kim et al. (2012)). Note that these equations account for the thermal
strains that result from the temperature change ΔT.

Once all the updates are made, FLAC3D runs in creep and large-strain
modes from time tn − 1 to time tn. A new equilibriummechanical state is
obtained at time tn (stresses σn and strains εn in Fig. 1). Recall that dur-
ing the mechanical calculation, the flow data (Pn, Tn, Sln and ϕn) remain
constant.

Fromgeomechanics to flow, geometrical changes are first accounted
for. The geometrical data updated in TOUGH2 are: volume of the ele-
ments, distances of the centroids of two connected elements to their
common interface, common interface area, and cosine of the angle be-
tween the gravitational acceleration vector and the line passing through
the centroids of two connected elements. Moreover, we have extended
the mass and heat balance equations to account for possible volume
changes. Additionally, porosity variations during the current time step
(i.e., from tn to tn + 1 in Fig. 1) are computed in TOUGH2 using a formu-
lation of coupled geomechanics and multiphase fluid and heat flows,
adapted from Kim et al. (2012). This analytical formulation is an exten-
sion of the classic thermodynamical approach implemented in TOUGH2
and includes a porosity correction term that accounts for geomechanical
effects (via the volumetric component of the total stress tensor).

Additionally, thenewmechanical state obtained at tn is used through
several coupling functions to computemechanically induced changes in
permeability and capillary pressure (Δk and ΔPc in Fig. 1). The coupling

functions depend on each material (and the phenomena it goes
through) and should be based on specific laboratory and theoretical re-
sults; they will be described in Sections 2.2 and 2.3 for the natural salt
and the crushed salt respectively. Themechanicallymodified flowprop-
erties (k′n, ϕ′n and Pc′

n in Fig. 1) are used to solve the residual equations
of the flow problem.Within a time step, the Newton–Raphson iteration
process is continued until the residuals are reduced below a preset con-
vergence tolerance. At the end of the current time step (time tn + 1 in
Fig. 1), a new set of primary thermodynamic variables (Pn + 1, Tn + 1

and Sl
n + 1 in Fig. 1) and new flow properties (kn + 1, ϕn + 1 and Pc

n + 1

in the figure) are obtained.
Finally, it should be noted that, while in this research it has been de-

cided to update directly the geometrical data in the flow simulator (up-
dated Lagrangian method), other approaches are possible (Bathe et al.,
1975; Coussy, 1995). Themain alternative consists in keeping the initial
geometry as a reference and in mapping pertinent properties onto that
initial configuration (total Lagrangian method). While both total and
updated Lagrangian methods are mathematically equivalent, the total
Lagrangian method is thought to reduce computational cost. Research
is currently being undertaken on this topic (Rutqvist et al., 2013).

2.2. Thermal, hydraulic and mechanical characteristics of the natural salt

Rock salt is known to creep under the effect of temperature and
deviatoric stresses, and also to experience thermo-mechanically in-
duced damage and fluid permeation if certain stress thresholds are
exceeded (Hou, 2003; Hunsche and Hampel, 1999; Minkley and Popp,
2010; Popp and Minkley, 2010; Schulze et al., 2001; Wolters et al.,
2010). In order to predict the long-term response of a nuclear waste re-
pository, a reliable extrapolation of the behavior observed in a shorter
time scale is necessary. Such extrapolation should be performed on
the basis of constitutive relationships with a physical foundation.

In this research, we use the Lux/Wolters constitutive model for rock
salt (Hou, 2003; Hou and Lux, 1998, 1999, 2000; Hou et al., 1998; Lux,
1984; Wolters et al., 2012). This model is based on continuum damage
mechanics and has been established using a series of laboratory investi-
gations designed to study, from a macroscopic viewpoint, the mecha-
nisms involved in the short- and long-term responses of rock salt. The
Lux/Wolters model has been validated against field and laboratory
scale data (Hou, 2003; Wolters et al., 2010) and has been implemented
as a user-defined model in FLAC3D.

In the Lux/Woltersmodel, the total strain rate tensor, ε
�

i j, is composed
of the superposition of four strain rate tensors issued from different
mechanisms: elastic, viscoplastic, damage-induced and healingprocess-
es. The total strain rate tensor reads

ε
�

i j ¼ ε
� e
i j þ ε

� vp
i j þ ε

� d
i j þ ε

� h
i j ð2Þ

where superscripts e, vp, d and h stand for elastic, viscoplastic, damage
and healing, respectively. All the components of the strain rate tensor
defined in Eq. (2) take a damage-induced reduction of the load-
bearing cross-sectional area into account, in accordancewith a previous
study (Kachanov, 1986). Equations of the Lux/Wolters model can be
found in Wolters et al. (2012). As compared to classical models devel-
oped to describe the mechanical behavior of rock salt (Chan et al.,
1997; Cristescu, 1993; Munson, 1997, among others), one originality of
the Lux/Wolters model is its capability to account for healing processes.
Also, the Biot coefficient is damage-dependent. Other state-of-the-art
constitutive models for rock salt are described in Hampel et al. (2012).

The damage-free viscoplastic strain rate tensor,ε
� vp
i j , is purely deviatoric

(i.e., there are no volumetric changes related to viscoplasticity). The
viscoplastic response is modeled using the Lubby2 model (Lux, 1984).
As compared to the nonlinear Burgersmodel – that accounts for transient
and stationary creep (Kelvin andMaxwell elements, respectively) – in the

Fig. 1. TOUGH-FLAC explicit sequential scheme (adapted from Rutqvist et al., 2002). The
highlighted zones correspond to the TOUGH2 time step between time tn and tn + 1.
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Lubby2 model the parameters are dependent on both stress and
temperature.

The damage strain rate tensor, ε
� d
i j, comes into play if there is an ex-

cess of either tensile or shear stresses beyond a failure (or dilatancy)
boundary. The tensile strength of rock salt is small (typically b5 MPa).
The shear strength is a function of the minimum principal stress and
the Lode angle. The damage strain rate tensor has a non-zero volumetric
component (i.e., damage causes a non-elastic volume change, also re-
ferred to as dilatancy). The analytical formulation of the damage-
induced strain rate tensor conforms to the plasticity theory, with a
non-associated flow rule.

The last component of the strain rate tensor, ε
� h
i j, accounts for damage

healing. Healing reduces dilatancy and damage, but cannot occur while
damage (shear or tensile yielding) is takingplace.Moreover, somedam-
age is necessary before healing can actually start. According to laborato-
ry observations, the recovery of damage in the Lux/Wolters model is
faster at the beginning of the healing process (due to a rapid volume
contraction), while in a second stage slower mechanisms such as re-
crystallization or diffusion dominate, cf. Hou (2003). In the current ver-
sion of the model, humidity effects are not accounted for.

The damage dependence of the Biot coefficient is also included in the
model. In the undisturbed state, the Biot coefficient of rock salt is often
considered to be very close to zero (Hou, 2002), but increases as damage
takes place. On the other hand, healing can restore the initial Biot coef-
ficient. From the interpretation of laboratory scale results, the evolution
of the Biot coefficient is described by (Hou, 2002; Kansy, 2007)

αsalt ¼ max
D
Dα

;1− exp
σvmD
D−Dα

� �� �
ð3Þ

where D [–] is a damage parameter (Hou, 2002; Wolters et al., 2012),
Dα = 0.1 [–] is a constant, σV ≥ 0 [MPa] is von Mises equivalent stress
and m b 0 [MPa−1] is a parameter that enhances Maxwell viscosity
(Maxwell viscosity is a parameter in rheological viscoplastic models
and decreases if either temperature or equivalent stress increases. Fol-
lowing Wolters et al. (2012), parameter m determines the influence of
the equivalent stress on Maxwell viscosity).

In total, the Lux/Wolters constitutive model needs 34 parameters
(Lerche, 2012). However, the number of parameters used in a simula-
tionmay be reduced depending on the phenomena under investigation.

From the perspective of heat flow, experimental results on salt rock
mass suggest that the rock grain specific heat and the thermal conduc-
tivity are dependent on temperature. The evolution of the specific
heat is described by

C ¼ 855þ 0:177T ð4Þ

where T [°C] and C [J·kg−1·K−1] (Bechthold et al., 1999). On the other
hand, the thermal conductivity of the natural salt has been found to de-
creasewith temperature. From experimental evidence (Bechthold et al.,
1999), the evolution may be described using

λsalt ¼ 5:734−1:838 � 10−2T þ 2:86 � 10−5T2−1:51 � 10−8T3 ð5Þ

In Eq. (5), T [°C] and λsalt [W·m−1·K−1].
Finally, laboratory and field investigations on rock salt have con-

firmed that there exist two independent mechanisms that could cause
a loss of the natural barrier integrity (Popp and Minkley, 2010;
Wolters et al., 2012). Thesemechanisms are likely tomodify key param-
eters of fluidmigration, such as permeability and porosity (Cosenza and
Ghoreychi, 1999; Wolters et al., 2010). First, thermo-mechanically in-
duced damage occurs if the dilatancy boundary is exceeded (this likely
takes place in the EDZ). Several laboratory investigations show that the
secondary permeability developed is a very nonlinear function of dilat-
ancy (Peach and Spiers, 1996; Popp and Kern, 1998; Stormont and

Daemen, 1992;Wolters et al., 2010). From these investigations, a poros-
ity–permeability relationship (or secondary permeability function) has
been formulated (Wolters et al., 2010) as follows

ksecondarysalt ¼ 10
log ksecondaryminð Þþ log εvolð Þ‐ log εvol;0ð Þþd exp fσ 0

⊥2ð Þ 1
ln 10ð Þ Ei e εvolð Þ‐Ei e εvol;0ð Þð Þ

D E
k�

ð6Þ

with 〈x〉 = x if x N 0 and 〈x〉 = 0 otherwise. Parameter kmin
secondary [m2] is

the minimum secondary permeability at the onset of thermo-
mechanically induced damage, εvol ≥ 0 [–] is dilatancy (εvol,0 [–] is the
initial dilatancy, i.e., the dilatancy limit at which kmin

secondary starts to
develop due to the connection ofmicro-fissures),σ⊥2

0
[MPa] is the effec-

tive stress perpendicular to the orientation of themicro-fissures, Ei(x) is
the exponential integral function and k⁎ = 1 m2. Parameters d, e and f
are salt-specific. Note that the permeability recovery due to healing (di-
latancy decrease) can be modeled using Eq. (6).

Secondly, natural salt may be subjected to a fluid infiltration (or per-
colation) process if the pore pressure locally exceeds the minimum
compressive principal stress (Popp and Minkley, 2010; Wolters et al.,
2010). Such a scenario is feasible in a repository for heat-generating nu-
clearwaste in rock salt given the thermal pressurization of fluids within
the very-low permeability host rock and the convergence-induced pore
pressure increase. Gas generation from the waste packages may also
trigger fluid permeation within the host rock. The study of fluid infiltra-
tion has led to the formulation of experimentally-determined relation-
ships for the induced secondary permeability. In this study, we use

ksecondarysalt ¼ 10i1þi2 arctan i3ΔP Flð Þþi4 exp i5ΔP Flð Þk� ð7Þ

where ΔPFl = σ3 + P [MPa] (σ3 is the minimum compressive principal
stress and P is the pore pressure), k⁎ = 1 m2 and i1, i2, i3, i4 and i5 are
salt-specific parameters (Wolters et al., 2012). Note that Eq. (7) is only
used to compute a permeability increase if ΔPFl ≥ 0. Several studies
(Fokker, 1995; Kenter et al., 1990; Popp and Minkley, 2010) show that
for macro-fractures to develop (hydraulically induced damage),
ΔPFl ≈ 2–4 MPa (below this value, opening of grain boundaries and/or
micro-fractures occur). Experimental results show that fluid infiltration
occurs without necessarily exceeding the dilatancy boundary (Popp
et al., 2012; Wolters et al., 2012).

An infiltration test conducted at Clausthal University of Technology
(Wolters et al., 2012) has been modeled using TOUGH-FLAC and the
simulation results have been compared with experimental data. The
test was conducted on a cylindrical rock salt sample from a German
salt mine. The sample was 350 mm long, had a diameter of 150 mm
and was initially unsaturated. A 100 mm long and 50 mm diameter
borehole was drilled along the core axis, see Fig. 2a. A fluid containing
a fluorescent tracer was injected through the borehole, while the
upper and lateral surfaces of the sample were no-flow boundaries (the
downstream boundary was kept at atmospheric pressure). The test
lasted 6 days and was held at room temperature (about 25 °C) in a tri-
axial cell, with an axial stress of 20.5 MPa and a confining pressure of
20 MPa. The fluid was injected in the borehole at a constant pressure
of 21 MPa. After the test, the rock salt sample was sliced axially and
put under ultraviolet light; this caused the tracer in the injected fluid
to fluoresce. The delimited area in Fig. 2a represents the extension of
the fluorescent, infiltrated area within the rock salt sample. Fig. 2b dis-
plays the predicted infiltrated area at the end of the test (i.e., the area
inwhichΔPFl≥ 0). In this area, the sample is saturated. It can be inferred
from the two images in Fig. 2 that the numerical prediction is similar to
the experimental results. The TOUGH-FLAC run was carried out in axi-
symmetric conditions. The initial permeability of the salt sample was
10−22m2 and Eq. (7)was used in the grid blocks verifying the condition
ΔPFl≥ 0. Corey's relative permeability curveswere usedwith zero resid-
ual liquid and gas saturations. The porosity of the sample was
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approximated to 0.5% based on the volume of fluid injected and the
delimited area in Fig. 2a. Capillary effects were disregarded.

The solid line in Fig. 3 represents the modeled volume of fluid
injected into the rock sample, while the points correspond to the volume
of fluid injected during the experiment (these data are calculated
subtracting the borehole volume from the raw values of injected
volume). Note that the numerical prediction accounts for the borehole
compressibility; this compressibility might explain the sharp increase in
the volume injected at the beginning of the test. As the figure shows,
the experimental and simulated injected volumes are in good agreement.

2.3. Thermal, hydraulic and mechanical characteristics of the crushed salt

The reconsolidation process of the crushed salt is modeled using a
modified version of the cwipp model available in FLAC3D. The cwipp
model is based on previous studies on crushed salt compaction
(Callahan and DeVries, 1991; Sjaardema and Krieg, 1987) and on
the wipp model for natural salt, also implemented in FLAC3D (Itasca,
2009).

Themain characteristic of the cwippmodel is that it allowsmodeling
time-dependent volumetric strain changes (classically, viscoplasticity
occurs at constant volume). The total strain rate tensor, ε

�

i j , comprises
a nonlinear elastic component, a viscous compaction component and a
viscous shear contribution. The latter is adapted from the wipp model
and is purely deviatoric. The total strain rate tensor reads

ε
�

i j ¼ ε
� e
i j þ ε

� vc
i j þ ε

� vs
i j ð8Þ

where superscripts e, vc and vs stand for elastic, viscous compaction and
viscous shear, respectively. As reconsolidation occurs, density increases
towards that of the natural salt.While density is not allowed to decrease
in the cwipp model, it honors the volumetric strain evolution in
our modified version. The nonlinear density rate is derived from exper-
imental results. The viscous compaction term in themodel accounts for
thedensity evolution. This term is only active if themean effective stress
is compressive and if the monotonic density has not yet reached the in-
tact salt density (i.e., there is no further compaction beyond the density

Fig. 2. Investigation on fluid infiltration in rock salt. (a): infiltrated area observed after a laboratory test performed by Wolters et al. (2012); (b): modeled infiltrated area using TOUGH-FLAC.
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Fig. 3. Investigation on fluid infiltration in rock salt. Comparison between experimental
and modeled volume of fluid injected into the sample.
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of intact salt). During compaction, the elastic parameters (shear, G, and
bulk, K, moduli) increase as the monotonic density increases according
to a nonlinear empirical expression of the form

a ¼ asalt exp a1 ρ−ρsalt½ �ð Þ ð9Þ

where a= {K, G}. Variables ρ and ρsalt stand for the drained densities of
the crushed salt and the natural salt, respectively (drained density is
defined as rock mass divided by total volume). Parameter a1 [kg−1·m3]
is obtained from the condition that the moduli take their initial values
at the initial value of density. According to the model defined in Eq. (9),
when ρ= ρsalt the elastic moduli are those of the natural salt. However,
it is important to highlight that experimental data sets at realistic load
conditions do not cover the porosity range below 5–10% (DBE, 2001;
Kröhn et al., 2012). Therefore, someuncertainties exist about the accuracy
of the cwippmodel in that range.

In total, the cwipp model is characterized by 17 parameters. Note
that as the bulk modulus increases towards that of the intact salt, the
Biot coefficient decreases from almost 1 to the Biot coefficient of the
host rock. In this study, we calculate the Biot coefficient using the clas-
sical definition (Coussy, 1995)

αcrushed salt ¼ 1− K
Ks

ð10Þ

where K is the drained bulk modulus and Ks is the bulk modulus of the
solid material.

It should be noted that the long-termmechanical responses predict-
ed by the cwipp and the Lux/Woltersmodels are similar: due to the creep
over time, the stresses tend towards the isotropic state and therefore
the deviatoric components of both models tend to zero; for the crushed
salt, the compaction component vanishes after full reconsolidation, and
for the natural salt, damage and healing counteract each other. Conse-
quently, only the elastic components prevail, see Eqs. (2) and (8).
Given that after reconsolidation the elastic moduli of the crushed salt
are equal to those of the natural salt, the modeled long-term responses
of the two materials are similar.

As for the flow properties of the crushed salt, experimental investi-
gations suggest that not only the porosity, but also the permeability,
the specific heat and the thermal conductivity evolve as reconsolidation
occurs (Bechthold et al., 2004). After full reconsolidation, these proper-
ties reach the characteristic values of the natural salt; however, their
evolution is uncertain because scarce data exist for low porosities
(b5–10%). In this research, the permeability decrease is calculated using

kcrushed salt ¼ 5:6810−11ϕ4:36 ð11Þ

whereϕ [–] is the current porosity and kcrushed salt [m2].We note thatwe
developed Eq. (11) as an approximation to available porosity data in the
range 1.5–40%. The grain specific heat dependence on temperature is
similar to that of the natural salt (Eq. (4)). The thermal conductivity in-
creases nonlinearly as porosity decreases according to

λcrushed salt ¼ −270ϕ4 þ 370ϕ3−136ϕ2 þ 1:5ϕþ 5 ð12Þ

where ϕ [–] is the current porosity and λcrushed salt [W·m−1·K−1]
(Bechthold et al., 2004).

Finally, regarding the damage processes that could affect the flow
properties of the crushed salt, fluid infiltration may take place after
reconsolidation ifΔPFl≥ 0. In that case,we calculate the permeability in-
crease using Eq. (7).

3. Long-term prediction of a generic salt repository for
heat-generating nuclear waste

3.1. Model description

We simulate a generic salt repository, i.e., without reference to a par-
ticular disposal program. We assume that the waste packages are
emplaced parallel to the drift axis. Our model extends 1200 m in the
vertical direction (Z axis) and starts at the ground surface (Z = 0). The
repository is located in the middle of a 400 m thick salt layer, at a
depth of 600 m. Two 400 m thick sandstone layers confine the salt
seam. The drifts are 4.5 m wide and 3.5 m high. The cylindrical metallic
waste packages are 5.5 m long, have a diameter of 1.6 m and are sepa-
rated by 3 m along the drift axis.

At this initial stage of the research, we use a two-dimensional plane-
strain assumption. Symmetry allows modeling just half of one drift. In
the X direction, drifts are 50 m apart. The model geometry is presented
in Fig. 4,with an enlarged viewof the area near the drift.We acknowledge
thatmore accurate predictions would be obtained in a three-dimensional
configuration, including the space between waste packages (i.e., drift
cross-sections containing only crushed salt). In a two-dimensional case,
temperatures are slightly over-predicted, causing faster drift closure and
consequently faster backfill reconsolidation. In the future, once further
improvements are made into the simulator, in particular as regards com-
putational efficiency, we intend to perform full 3D simulations.

Along with the mechanical response, two-phase flow of water and
air (by advection and diffusion) and heat flow (by conduction and
convection) are modeled. TOUGH2 Equation Of State (EOS) module 4

Fig. 4. Geometry of the generic salt repository studied in this work and enlarged view of
the drift area.
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is used (Pruess et al., 2011). This module provides a capability for vapor
pressure lowering, which allows a liquid phase to exist when the vapor
partial pressure and the gas phase pressure are lower than the satura-
tion pressure (due to phase adsorption and capillary effects). Vapor
pressure lowering is modeled via Kelvin's equation (Pruess et al., 2011).

The heat released by each waste package is consistent with the ex-
pected nuclear waste characteristics in the US Department of Energy
Used Fuel Disposition Campaign (Carter et al., 2011b). It is assumed
that each waste package comprises ten pressurized water reactor
(PWR) assemblies and that the packages are emplaced underground
after 20 years of interim storage. Under these conditions, and taking
the size and distance between canisters into account, the average heat
load per meter of drift is approximately 1000W at the time of emplace-
ment. The heat load evolution after emplacement is displayed in Fig. 5
(note that the time is reset to zero when the waste packages are
emplaced underground).

3.2. THM properties, initial and boundary conditions

Table 1 lists parameters used for the crushed salt, the host rock and
the confining layers. Some of these parameters have been adopted from
previous research (Bechthold et al., 2004; Camphouse et al., 2012;
Jové-Colón et al., 2012; Olivella et al., 2011). We highlight that, in the
absence of sufficient experimental data on capillary effects in natural
halite, we have used an extrapolation of capillary pressure data corre-
sponding to granular salt (Olivella et al., 2011), using a Leverett factor
(Cinar et al., 2006; Leverett, 1941). The van Genuchten function (van
Genuchten, 1980) is used for all materials. Temperature and hysteresis
effects on water retention are neglected.

From a mechanical viewpoint, the waste package and the confining
layers are assumed to behave elastically. The Lux/Woltersmodel param-
eters used for the host rock have been obtained from the interpretation
of experimental results (Lerche, 2012). Regarding the cwipp model for
the crushed salt, the values used have been adapted from available ex-
perimental data (DBE, 2001; Itasca, 2009).We reiterate that experimen-
tal data for porosities smaller than 5–10% are scarce; therefore, some
uncertainties exist about the validity of the parameters used.

For the waste package, we assume ρ = 7800 kg·m−3, α = 1, k =
0 m2 and ϕ = 0.01%. Its pores are saturated with gas, and capillary ef-
fects are disregarded because no phase changes are expected. Elastic
properties correspond to standard steel.

The flow properties of the natural salt and the crushed salt evolve as
described in Sections 2.2 and 2.3 respectively. We note that capillary
forces are scaled during the simulations as porosity and permeability
evolve (Leverett, 1941). On the other hand, properties of the waste pack-
age and the confining layers are kept constant during the simulations: the
waste package is onlymodeled to account for the heat release into the re-
pository, and the confining layers are far from the drift, so they are hardly
influenced by the THM processes occurring in the drift area.

The molecular diffusion coefficients depend on pressure and
temperature (Vargaftik, 1975; Walker et al., 1981). Tortuosity effects are
accounted for using the Millington–Quirk model (Millington and Quirk,
1961).

Initial flow parameters are listed in Table 2. The absolute permeability
k is assumed isotropic for every material.

A geothermal gradient of 0.025 K·m−1 is initially applied to the
model. This corresponds to about 28 °C at the repository level assuming
a ground surface temperature of 10 °C. The initial mechanical condition
is isotropic stress, equal to the lithostatic stress magnitude (overbur-
den); this corresponds to about−14 MPa at Z = −600 m. For the cal-
culation of the pore pressure, we assume that the water table is at the
ground surface. Regarding the fluid inclusions at the boundaries of nat-
ural salt crystals, we assume an initial liquid saturation of 100%. Prior to
the THM run, the excavation, subsequent emplacement of the waste
packages and drift backfilling are modeled in FLAC3D to account for
the induced stress redistribution and possible changes in the pore pres-
sure. The pore pressure obtained after the excavation is exported to
TOUGH2, so that the initial conditions of the THM run are the same in
the two codes (the coupled THM simulation covers the post-closure
phase of the repository, once the heat-generating waste packages are
emplaced and the drifts backfilled). Note that the initial pore pressure
within the backfill and thewaste package is set to 0.1MPa (atmospheric
pressure). At this stage, and according to thefixed stress-split sequential
method to couple flow and geomechanics (Kim et al., 2011), the FLAC3D

capability to calculate pore pressure is deactivated (i.e., the pore pres-
sure computed by TOUGH2 is used in both codes, see Fig. 1).

In TOUGH2, Dirichlet boundary conditions are assigned to the top
and bottom grid blocks, so that their thermodynamic state remains
unchanged. Owing to symmetry, the lateral surfaces of the model are
no-flow boundaries. In FLAC3D, the horizontal displacement is blocked
in planes X = 0 and X = 25 m, as well as the vertical displacement in
plane Z=−1200m. Gravitational effects are considered in both codes.

3.3. Base case THM simulation results

In the 2D simulations presented in this paper, ourmain goal is to an-
alyze the numerical predictions obtained using the updated version of
TOUGH-FLAC, in particular as regards the different processes occurring
in the host rock and in the backfill material. We note that the discus-
sions hereafter do not include a comprehensive validation based on
measurement data of the physical processes.

3.3.1. Preliminary definitions
The base case scenario is characterized by the use of the equivalent

pore pressure in the geomechanics sub-problem. The equivalent pore
pressure is defined as

Peq ¼
XNPH
i¼1

PiSi þ U ð13Þ

where Pi is phase pressure, Si is phase saturation, U is the interfacial en-
ergy per unit of pore volume and NPH is the number of phases present

Table 1
Mechanical and flow properties of the crushed salt, natural salt and confining layers.

Property [unit] Crushed
salt

Rock
salt

Confining rock

Grain density, ρ [kg·m−3] 2200 2200 2600
K [MPa] 150a 16,650b 37,900
G [MPa] 70a 7690b 19,500
αT [K−1] 4 · 10−5 4 · 10−5 10−5

α [–] 1a 0.003b 1
Relative permeability functions Corey Corey van Genuchten

(liquid), Corey (gas)
Residual liquid saturation, Slr [–] 0.1 0.1 0.02
Residual gas saturation, Sgr [–] 0 0 0.01
van Genuchten's λ [–] 0.6 0.6 0.6
van Genuchten's P0 [MPa] 0.0004c 5.7c 3.6
van Genuchten's Slr [–] 0.01 0.01 0.01

a Non-constant value (see Section 2.3).
b Values are damage- and healing-dependent (see Section 2.2).
c Non-constant value (see Section 3.2).

Table 2
Initial flow parameters of the crushed salt, natural salt and confining layers.

Parameter [unit] Crushed salt Rock salt Confining rock

Sl [–] 0.015 1 1
ϕ [–] 30% 0.2% 12%
k [m2] 3 · 10−13 10−22 10−17a

C [J·kg−1·K−1] 860 860 900a

λ [W·m−1·K−1] 0.9 4 1.8a

a Constant values.
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(Coussy, 2004). Neglecting the temperature dependence of capillary
forces, the interfacial energy can be determined from the capillary
curve according to

U Swð Þ ¼
Z 1

Sw
Pcap Sð ÞdS ð14Þ

where Pcap b 0 is the capillary pressure. According to Coussy (2004), the
equivalent pore pressure should be usedwhen capillary forces are non-
negligible, which is the case of the natural salt and the reconsolidated
crushed salt due to their very low porosity (ϕ b 1–2%). In addition,
this pressure is the proper definition of multiphase pore pressure be-
cause it renders a formulation that is dissipative (Kim et al., 2013).

We note that other common pore pressure concepts adopted in
geomechanics when several fluid phases occupy the pores are themax-
imum phase pressure and the saturation-weighted average fluid pres-
sure (Kim et al., 2013).

3.3.2. Results
Fig. 6 displays the temperature evolution at different positions in the

repository over the simulated 100000 years of post-closure phase. We
stress that these results are dependent on the thermal loading applied
(Fig. 5). The temperature at the waste package surface peaks slightly
below 200 °C after about one year. Note that the nearby crushed salt
and host rock also show an initial temperature peak. This local peak is
due to the low thermal conductivity of the backfill before significant
compaction takes place (cf. Eq. (12)). After 25 years, a temperature
peak of about 160 °C is obtained in the drift area. The temperature
25m away from the drift peaks at about 108 °C after 80 years, reflecting
progressive heat propagation through the natural salt. As compared to
other potential host rocks such as clay or granite, and for a given heat
load, the peak temperature in a salt-based repository is lower owing
to a higher thermal conductivity. A comparatively low peak tempera-
ture is a desirable performance indicator for a heat-generating nuclear
waste repository.

During the excavation phase, a damaged zone develops in the host
rock adjacent to the drift contour due to the high deviatoric stresses in
this zone. The thickness of the EDZ is about 1.4 m at the drift floor and
1 m at the sidewalls and roof. Shear damage spreads all around the
drift, but tensile damage mostly occurs in the corner area, due to the
shape of the drift (see the enlarged view in Fig. 4). While after 4 years
shear dilatancy peaks at about 1.2%, tensile dilatancy reaches 2.6% (but
remains localized in the corner). As a consequence of damage, Eq. (6)
predicts a permeability increase up to four-five orders of magnitude in

the EDZ; however, a permeability of 10−18–10−17m2 is still characteristic
of an impervious material (Bérest et al., 2005; Cosenza, 1996). Porosity
also increases, but remains very low (ϕmax b 1.3%). As permeability and
porosity increase, capillary forces weaken. Moreover, the Biot coefficient
increases according to Eq. (3) up to 0.8 in themost damaged areas, there-
by intensifying the poromechanical effects.

As the salt creeps under the effect of temperature and deviatoric
stresses, the reconsolidation of the crushed salt starts. Our results sug-
gest that the reconsolidation process is not uniform in space, duemainly
to the shape of the drift and the position of the heat source (the waste
package acts as a rigid inclusion, resisting movement of the backfill
above it, and increasing the local stress): greater compaction occurs in
the roof and floor areas, and smaller in the sidewalls. These results
agree with previous numerical investigations (Stone et al., 2010). Over-
all, in the scenario that we study, the backfill reconsolidation process
takes between 6 and 20 years to complete. Fig. 7 displays the evolution
of porosity at three crushed salt locations during the first 20 years after
emplacement. When the crushed salt is reconsolidated, porosity has
reached the characteristic value of the undisturbed salt. The predicted
duration of the reconsolidation process may be too short and we high-
light that it is uncertain for now. Therefore, these results are not conclu-
sive. As more reconsolidation data at relevant loading conditions and
temperatures become available, these predictions may change. In any
case, we note that the new formulation implemented in TOUGH-FLAC
to compute porosity changes successfully allows us to model mechani-
cal compaction, and that the geomechanical component dominates over
the pressure- and temperature-related components in the computation
of porosity changes (this stresses the pertinence of the new version of
TOUGH-FLAC). As the crushed salt reconsolidates, its permeability re-
duces by up to nine orders of magnitude according to Eq. (11), and its
thermal conductivity increases following Eq. (12), from about 1 to 4–
5 W·m−1·K−1. At the same time, the elastic moduli increase towards
those of the natural salt (two-orders-of-magnitude increase, cf.
Eq. (9)); as a result, theBiot coefficient decreases towards the character-
istic value of the undisturbed natural salt (~0.003) according to Eq. (10).
Note also that capillary forces become stronger as porosity and perme-
ability decrease (Cinar et al., 2006; Leverett, 1941). A geotechnical bar-
rier system is progressively created during the reconsolidation process.

As the crushed salt strengthens, an internal support is provided at
the drift walls, which helps decrease the deviatoric stresses. The stress
state in the drift area progressively evolves towards isotropic (thus,
away from the dilatancy boundary). The occurrence of healing is closely
related to the backfill compaction, which confirms the strong two-way
interaction between the host rock and the backfill THM evolution.
After about 6 years, healing has significantly reduced damage and dilat-
ancy, and, after 7 years, dilatancy verifies εvol ≈ εvol,0. According to
Eq. (6), in the current scenario the initial tightness of the host rock is re-
stored after about 7 years. The three images in Fig. 8 compare the
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extension of the EDZ at three moments: after excavation, after 4 years
and after 7 years. While the damaged area increases during the first
years, it decreases until vanishing once healing starts.

As temperature increases overall after about 5 years, the pore pres-
sure increases too. In the natural salt, the very lowpermeability, saturat-
ed conditions and high thermal expansion coefficient of the pore fluid
relative to the host rock are key factors for this thermal pressurization.
Concerning the crushed salt backfill, the compaction-induced volume
reduction facilitates resaturation and a significant pore pressure in-
crease. Fig. 9a shows the evolution of pore pressure (equivalent pore
pressure as defined in Eqs. (13)–(14)) and Fig. 9b displays the evolution
of liquid saturation at five different positions in the repository: three lo-
cations in the host rock and two locations in the crushed salt. As the
backfill liquid saturation increases steeply just before 10 years, the

pore pressure increases in a similar fashion. Additionally, as the backfill
saturation increases the pore pressure is the same at the five locations
monitored, see Fig. 9a. The equivalent pore pressure peaks below
16 MPa. According to Eq. (7), ΔPfl ≈ 1–2 MPa; this results in fluid infil-
tration into the rockmass through the opening of grain boundaries and/
ormicro-fractures (Fokker, 1995; Kenter et al., 1990; Popp andMinkley,
2010). Indeed, pore pressure cannot increase much above the infiltra-
tion criterion because infiltration will work against further pore pres-
sure increase, and it cannot decrease below the infiltration criterion
because the infiltration-induced grain boundary openings and/or
micro-fractures will close again, triggering a new pore pressure in-
crease, which will result in infiltration. In the current scenario, the
main cause to fluid permeation is the thermal pressurization of the liq-
uid phase induced by the time-dependent release of decay heat from
the waste packages. As the heat load and temperature decrease over
time (see Figs. 5 and 6), pore pressure and infiltration reduce progres-
sively (see Fig. 9a), and the initial permeability of the host rock is re-
stored. As compared to a previous study (Blanco Martín et al., 2014),
in this case the maximum pore pressure reached is lower because the
secondary permeability increases beyond 10−20 m2 during fluid
infiltration.

The analysis of the results shows that fluid permeation into the rock
starts after 6 years at a location 8m away from the drift along the X axis.
Permeation does not start in the drift area because the pore pressure is
smaller in this zone due to the partial desaturation of the near-field host
rock in the first years of the post-closure phase, see Fig. 9 (the first tem-
perature peak and the porosity increase trigger this partial desaturation).

Fig. 8. THM base case scenario: extension of the EDZ (in terms of shear plus tensile dilatancy) at three different moments. Note that as the natural salt creeps, the drift span decreases.
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After 10–20 years, the pressure is uniform in the backfill and near-field
host rock and pressure-driven fluid infiltration occurs. The area that un-
dergoes infiltration is significantly larger than the area affected by
thermo-mechanical damage (EDZ); it extends at the repository-level
along the X and Z axes as pressure increases (thermal pressurization),
but it does not reach the confining layers (the extension along the Z
axis is about 100mabove andbelow thedrift). The reconsolidatedbackfill
also undergoes infiltration if ΔPFl ≥ 0.

Finally, in Fig. 9, the pressure and saturation drop that occurs after
10000 years is due to a thermal depressurization at the repository-
level (compare simultaneous temperature and pressure drops in
Figs. 6 and 9). After 100000 years, once the heat load released by the
waste packages tends to zero, the initial temperature and pore pressure
are restored.

3.4. Comparison of TH and THM results

A thermal–hydraulic simulation (without the mechanical compo-
nent) has been conducted to determine how relevant the coupling to
mechanical processes is to evaluate the natural salt and crushed salt
over time. Such a determination helps analyze the usefulness of the up-
dated TOUGH-FLAC simulator to perform the target predictions.

Fig. 10 displays the temperature evolution at the same locations as in
Fig. 6. The temperature at the waste package peaks at 267 °C after
10 years. As the figure shows, only one temperature peak is obtained.
Indeed, if themechanical effect is not accounted for, the backfill porosity
hardly changes and therefore the thermal conductivity of this material
remains low, cf. Table 2 and Eq. (12). The low thermal conductivity of
the crushed salt explains the higher temperatures; the nearly constant
value of this property explains that only one temperature peak is
obtained. As in the THM case, the temperature 25 m away from the
drift peaks at around 108 °C after 80 years.

In Fig. 11, the evolution of pore pressure and liquid saturation is
given at the same locations as in Fig. 9. If the mechanical component is
neglected, the far field pressure peaks above 37 MPa after 27 years.
This pressure is significantly higher than the one obtained in the THM
run, Pmax ≈ 16 MPa (see Fig. 9a). In the TH run, neither thermo-
mechanical damage nor fluid infiltration is accounted for and as a result
the permeability of the natural salt remains constant at its initial value,
which explains the higher pressures reached. In the drift area, the pore
pressure remains low: in the backfill, P b 1 MPa and in the host rock,
P b 1–2 MPa. Note that since the crushed salt porosity barely changes,
k=3 · 10−13 m2, which is a very high value in the context of a nuclear
waste repository. Also, the very lowpermeability of the host rock and its
strong capillary forces delay the flow towards the drift in the long-term.
The TH simulation captures the pressure decrease below thehydrostatic
level after 10000 years. The initial pressure is not recovered in the area
under investigation after 100000 years, see Fig. 11a.

As compared to Fig. 9b, the liquid saturation evolution displayed in
Fig. 11b is also quite different: in the host rock around the drift, liquid
saturation does not change noticeably because porosity and permeabil-
ity remain very low. Because of the absence of compaction, the backfill
saturation does not increase steeply as shown in Fig. 9b. In fact, the
backfill resaturation is not complete after 100000 years (the initial sat-
urationwas very low, 1.5%, and themass flow from the host rock is very
small due to the near-zero permeability [maximum flow rates are about
10−9 kg ·s−1]). The liquid phase in the crushed salt progressively flows
by gravity towards the drift floor, so that after 100000 years only the
crushed salt in the floor area is saturated (note that capillary forces
within the unconsolidated crushed salt are weak).

From these results, it can be concluded that TH simulations cannot
capture key aspects such as backfill resaturation or temperature and
pore pressure evolution. Furthermore, the backfill barrier development
cannot be evaluated without accounting for the mechanical effects.
Additionally, a realistic analysis of the natural salt barrier cannot be con-
ducted if infiltration, damage and healing processes, which have been
observed in the field and in the laboratory, are disregarded. Therefore,
the coupling to mechanical processes is needed. This supports the de-
velopment of the updated version of TOUGH-FLAC, which also allows
HM and TM analyses.

3.5. Sensitivity of the THM predictions

In this section, we investigate the sensitivity of the THM simulation
results to two factors: the initial saturation within the host rock and
the capillary forces.

3.5.1. Initial saturation of the host rock
A THM simulation in which the host rock has an initial saturation of

50%has been performed. Intercrystalline brine has been observed in salt
samples (Desbois et al., 2012; Jové-Colón et al., 2012) and justifies the
assumption of initial fully saturated conditions in the host rock. Howev-
er, it is considered important to analyze the effects of a possible lower
initial saturation on the long-term predictions.

The temperature evolution obtained is similar to that of the base
case scenario, displayed in Fig. 6. In the first years, damage and dilat-
ancy develop as well, although after 4 years the values are slightly
lower than in the base case, mainly because the equivalent pore
pressure is lower in the current scenario (cf. Eqs. (13)–(14)). Dilat-
ancy does not exceed 2.6% in this case. Its temporal evolution and
spatial distribution are very similar to the base case scenario
(Fig. 8). The crushed salt reconsolidation process and barrier devel-
opment occur in a similar way. After 7 years, the EDZ is sealed and
the initial tightness of the host rock restored.

The most important differences as compared to the reference case
are related to the evolution of pore pressure and liquid saturation,
which are displayed in Fig. 12, at the same locations as in Fig. 9.
Regarding the pore pressure, a peak of about 15 MPa occurs after
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approximately 10 years. Therefore, the maximum pressure reached is
similar to the maximum pressure in the base case (rock salt fully satu-
rated); however, its temporal and spatial distributions are very different
(compare Figs. 9a and 12a). In this case, fluid infiltration only occurs be-
tween 9 and 20 years due to the high compressibility of the gas phase
(liquid saturation is 50%),which can accommodate thefluid thermal ex-
pansion. Because of this reduced thermal pressurization, the area affect-
ed by infiltration is very small, and does not spread farther than 1.5 m
from the drift contour. After 20 years, the sealing capacity of the host
rock is fully restored and the pressure decreases following the temper-
ature decrease. Moreover, as Fig. 12a shows, the location 25 m away
from the drift is not affected by the pressure increase. We also note
that as the effect of the heat loading reduces, the pore pressure is the
same in the five locations monitored.

The saturation curves shown in Fig. 9b are also quite different (recall
that in the current case the initial saturation is 50%), although the pro-
cesses involved are similar: in the first years, the temperature increase
causes vaporization in the crushed salt and adjacent host rock, and the
steam condenses subsequently following the temperature evolution.
As the figure shows, backfill compaction also brings about a steep in-
crease in liquid saturation after 10 years. The saturation at the location
25 m away from the drift remains unchanged.

From these results, it can be concluded that the most important ef-
fect of the initial saturationwithin the host rock is related to the tempo-
ral and spatial extent of fluid permeation: for a given heat loading, the
higher the saturation, the higher the extent (compare Figs. 9a and
12a). This shows the importance of correctly assessing the initial condi-
tions within the host rock.

3.5.2. Capillary forces
Capillary forceswithin natural salt are difficult to quantify andbecause

of this, scarce experimental data are available (Kuhlman, 2014). In order
to get a sense of how important capillarity effects are in the long-term
predictions, we performed a coupled THM simulation in which we did
not use water retention curves. When capillary forces are disregarded,
the gas and liquid pressures are identical and equal to the equivalent
pore pressure, defined in Eqs. (13)–(14).

As compared to the base case scenario, themost important differences
when capillary effects are neglected are found in partially saturated areas.
Given that for Sl b 1 the pore pressure is higher in the current case,
damage and dilatancy in the EDZ are slightly higher (same extension
and evolution as in Fig. 8, but maximum dilatancy gets to 2.67%). Like in
the base case scenario, the EDZ is sealed after 7 years and the backfill is
reconsolidated after 20 years.

Fig. 13 displays the pore pressure and liquid saturation evolution at
the same locations as in Fig. 9. As the figure shows, pore pressure trends
are very similar, with a maximum value of about 16MPa and fluid infil-
tration occurring while ΔPfl ≥ 0. Regarding liquid saturation, it reduces
to lower values at the drift contour when temperature peaks initially
(compare corresponding locations in Figs. 9b and 13b).

On the other hand, in the long-term the saturation profile in the host
rock around the drift is quite different: the lack of capillary forces pro-
motes gravity-dictated mass flow in the long-term (although very
small); as a result, some desaturation occurs above the drift. Fig. 14 com-
pares the liquid saturation profile after 100000 years in two situations:
when capillary forces are considered (base case scenario) or neglected
(current case). As the figure shows, when capillary forces are neglected
the host rock above the drift is not completely saturated owing to the
downwards flow.
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To conclude, if capillary forces are disregarded, themost important ef-
fect is found in the natural salt above the drift, where some desaturation
occurs over the long-term as water flows slowly by gravity. In terms of
thermo-mechanically induced damage and fluid infiltration within the
formation, no significant differences have been observed.

4. Conclusions

The sequential TOUGH-FLAC simulator for coupled THMprocesses in
porous media has recently been provided with a capability for large
strains and creep behavior. This update has been required in order to in-
vestigate the long-term response of a generic salt repository for heat-
generating nuclear waste with crushed salt backfill.

The updated TOUGH-FLAC includes state-of-the-art constitutive re-
lationships that provide a phenomenological description of relevant
processes within the natural salt and the crushed salt backfill. Theoreti-
cal and material-specific experimental studies have been accounted for
in the coupling of the geomechanics and flow simulators. Using the up-
dated version of TOUGH-FLAC, current knowledge about the compaction
of the backfill and subsequent evolution of its properties towards those
of the natural salt can be modeled. Several processes that are known to
influence the initial tightness of the host rock can also be investigated.

The simulations presented in this paper comprise the stages of exca-
vation, waste emplacement, backfilling and a post-closure period of
100000 years. Important performance indicators of a nuclear waste re-
pository are examined, such as peak temperature and fluid pressure,
EDZ evolution and time for backfill reconsolidation. Overall, the simula-
tion results suggest that the EDZ is healed within the first few years. On
the other hand, uncertainties remain regarding the backfill compaction,
as available data at relevant loading and temperature conditions are
scarce, and therefore current models cannot be fully validated against
experimental data and may overestimate the time required for full
reconsolidation, which is unknown so far. Depending on themagnitude
of the pore pressure relative to the minimum compressive principal
stress, fluid infiltration and secondary permeability may occur at a larg-
er temporal and spatial scales. Oncedamage processes are over, our pre-
dictions show that the initial tightness of the host rock is restored.

The comparison of coupled THM simulation results with those ob-
tained when the mechanical processes are disregarded reflects the im-
portance of accounting for the latter and supports the development of

the updated TOUGH-FLAC simulator (for TM, HM and THM analyses).
Indeed, if the mechanical component is omitted, the temperature and
the pore pressure evolution cannot be correctly captured. Most impor-
tantly, the backfill reconsolidation and the barrier development cannot
be investigated if the coupling tomechanical processes is neglected.We
have also investigated the sensitivity of the predictions to features that
are more difficult to assess. Our results show that the initial saturation
within the natural salt has a significant impact on the simulation results,
in particular as regardsfluid infiltration, and that capillary effects should
be properly included for more realistic long-term predictions.

Although the simulation results presented are preliminary, the
numerical tools needed to investigate coupled processes in saliferous
media have been considerably improved. In future work, we intend to
account for gas generation from the waste packages (due to corrosion),
and we will include the effects of brine dissolution and precipitation in
the coupling scheme (halite solubility constraints). Moreover, a three-
dimensional simulation of an emplacement drift will allowus to analyze
the evolution of the displacement field, including thermally-induced
uplift.
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A B S T R A C T

Geologic storage of carbon dioxide can efficiently contribute to reduce greenhouse gas emissions to the
atmosphere. Two major hazards of this technology are leakage towards the ground surface and fluid-induced
seismicity. While major faults may be detected and avoided during site characterization, undetected subseismic
faults could be encountered once injection has started. This paper investigates leakage and reactivation of
undetected faults through coupled thermal–hydraulic–mechanical modeling. The simulations are performed
using a recently developed sequential simulator, TOUGH-Pylith, that allows to accurately account for the
thermodynamics of brine-CO2 mixtures, and to model faults as surfaces of discontinuity using state-of-the-art
fault friction laws. The simulator is benchmarked against well-known analytical solutions and subsequently
applied to investigate two cases of CO2 injection close to undetected faults under normal and strike-slip
faulting regimes. Although the scenarios are generic and represent unfavorable conditions, they suggest that
leakage could occur and that undetected faults could trigger minor seismic events. Therefore, careful site
characterization and continuous monitoring during operations should be always performed.

1. Introduction

Carbon dioxide (CO2) emissions to the atmosphere are the main
contributors to anthropogenic global warming (Collins et al., 2013).
Important strategies to reduce greenhouse gas emissions include en-
hancing the efficiency of energy use, transitioning from fossil to low-
carbon energy, and implementing carbon capture, utilization and stor-
age (CCUS) (IEA, 2022). In CCUS, CO2 is captured from fuel combustion
and industrial processes, transported by ships or pipelines, and ei-
ther used as a resource or permanently stored in deep underground
formations. Here, we focus on CO2 underground storage, for which
extensive experimental, theoretical and numerical investigations have
been undertaken, see e.g. (Chu, 2009; Sarkus et al., 2016; Raza et al.,
2019; Cooper, 2009; IEA, 2008; Iglauer, 2011; Ennis-King and Paterson,
2001; Leung et al., 2014; Rutqvist, 2012; Herzog, 2016).

Potential risks associated with CO2 sequestration must be evalu-
ated prior to any site implementation. In addition to possible leak-
age (Meguerdijian and Jha, 2021), one aspect of concern is induced
seismicity through the activation of faults (Pawar et al., 2015; Vilarrasa
and Carrera, 2015; Zoback and Gorelick, 2012). Faults are conceptually
zones of discontinuity within underground formations, and as such they
often have markedly different properties compared to the surrounding
layers (e.g., reduced stiffness, orders-of-magnitude different permeabil-
ity). In the Earth’s upper crust, fault zone architecture typically consists
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of a low-permeability core surrounded by a damaged zone having
higher permeability (Caine et al., 1996; Sibson, 1977; Wibberley and
Shimamoto, 2003). As the injection proceeds, the in situ stress state is
modified in the storage formation and surrounding layers. If a fault
is present, slip along the weakest surface could be triggered, with
possible aseismic or seismic response. It should be noted however
that to date, measured seismicity associated with CO2 sequestration
is limited to microseismicity and some minor felt events (White and
Foxall, 2016): exploration and high resolution geophysical reflection
surveys are conducted prior to any injection operation and help char-
acterizing the target formations and detecting major faults. On the
other hand, minor faults (often referred to as the subseismic region,
e.g. (Lohr et al., 2008)), having negligible initial offset across geological
layers, could be unnoticed during site selection and characterization.
Reactivation of undetected faults has been discussed in the litera-
ture. Mazzoldi et al. (2012) and Rinaldi et al. (2014) performed 2D
hydro-mechanical (HM) modeling in a reservoir system intersected by
a subseismic fault having no vertical offset with the aim of studying the
integrity of the reservoir, possible seismicity and CO2 leakage as a result
of fault reactivation. Later, Rinaldi et al. (2015) extended the model
to 3D and investigated the influence of well orientation. Using the
same conceptual model, Mortezaei and Vahedifard (2015) performed
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2D thermal–hydraulic–mechanical (THM) modeling to investigate the
seismic potential. In this case, the thermal effect was considered by
means of a heat flux, without considering the full thermodynamics of
CO2-brine mixtures. Rohmer (2014) performed 2D HM modeling to
investigate the influence of dissimilar properties and thicknesses across
a subseismic fault. Le Gallo (2016) performed 3D HM modeling of a
potential injection site in the Paris basin to investigate CO2 leakage
and to evaluate the effect of the overpressure in the stress field. A sub-
seismic fault extending up to a control aquifer was present not far from
the injection well. In these works, the fault zone was implemented in
a continuum framework, without including a surface of discontinuity.
In the current work, we take a step forward and include an interface
within the fault zone. Two scenarios of undetected faults, in normal
and strike-slip regimes, are investigated through numerical modeling.

The underground injection of CO2 is a multi-physics problem and
involves, at least, thermal, hydraulic and mechanical coupled processes.
Coupled numerical modeling of CO2 sequestration and fault reactiva-
tion is extensive in the literature, with conceptual models, numerical
approaches and material behavior covering a wide range of complexity,
e.g. (Rutqvist et al., 2002; White and Borja, 2008; McClure and Horne,
2011; Cappa and Rutqvist, 2011; Meng, 2017; Jin and Zoback, 2018;
Torberntsson et al., 2018; Yang and Dunham, 2021; Jha and Juanes,
2014; Dieterich et al., 2015; Vilarrasa et al., 2010). The fault zone
can be modeled either as a continuum having different (often reduced)
mechanical properties as compared to the adjacent formations (Rinaldi
et al., 2014), or as a region including one or several surfaces of disconti-
nuity that allow to model slip using advanced laws more representative
of fault frictional strength (Jha and Juanes, 2014). The main advantage
of the latter is that it allows for a more accurate estimation of the
induced events; however, it often requires the use of specialized codes.
In this work, we use two existing codes to perform sequential two-way
THM coupling, TOUGH2 (Pruess et al., 2012) and Pylith (Aagaard et al.,
2017, 2013), and take advantage of their strengths: TOUGH2 includes
several Equation-Of-State (EOS) modules to model non-isothermal sub-
surface multiphase and multicomponent flow, and Pylith allows for the
modeling of continua and fault surfaces, the latter being implemented
as zero-thickness cohesive cells. The codes are successfully coupled
for the first time in a THM framework, allowing to conduct coupled
simulations accounting for the thermodynamics of the relevant fluids,
and for faults in a more realistic manner.

In this paper, we first present the TOUGH-Pylith simulator and
briefly describe the coupling approach and fault interface implemen-
tation. Then, the coupling is verified against analytical solutions of
coupled processes. In Section 4, we apply the simulator to investi-
gate CO2 injection into deep saline aquifers intersected by subseismic
faults, with a focus on possible fault reactivation and leakage. Some
conclusions and perspectives are given in the last section.

2. Material and methods

2.1. Numerical simulator

TOUGH-Pylith is a sequential simulator for coupled THM processes
modeling based on the sequential coupling of TOUGH2 (Pruess et al.,
2012) and Pylith (Aagaard et al., 2017, 2013). A rich discussion of
different approaches to perform coupled THM simulations (fully cou-
pled, sequential, one-way, two-way) is available in the literature (see
e.g. (Dean et al., 2006; Kim et al., 2009)) and is out of the scope of
this work. TOUGH2 allows for the modeling of multiphase, multicom-
ponent and non-isothermal flow in porous and fractured media, and
is based on the integral finite difference method. One main advantage
of TOUGH2 is that it includes a wide range of EOS modules that
permit to account for the thermodynamic behavior of pure fluids and
mixtures encountered in natural and anthropogenic processes in the
subsurface (water, air, oil, CO2, NaCl, hydrogen, water–NaCl–CO2, . . . ).
In turn, Pylith allows for the computation of geomechanical equilibrium

under static, quasi-static and dynamic conditions, in domains including
discontinuities at different scales. This open-source, finite-element code
embeds several constitutive laws for faults, and provides templates to
implement additional bulk and fault models. While TOUGH2 is written
in Fortran77, Pylith is written in C++ and Python. Pylith allows for
parallel computing and TOUGH2 runs in serial; however, a recent
version, TOUGH3, can be run in parallel (Jung et al., 2017).

Similarly to TOUGH-FLAC (Rutqvist, 2011; Blanco-Martín et al.,
2017), TOUGH-Pylith is based on the fixed-stress split sequential method
to couple flow and geomechanics (Kim et al., 2009). After an initial
version of the simulator (Miah et al., 2015; Miah, 2016), its full
development has been achieved recently. The governing equations of
the flow and geomechanics sub-problems are solved one at a time
within a time step, and relevant information (pore pressure, temper-
ature, volumetric deformation, etc.) is passed between sub-problems
using the intermediate solution information technique (Settari and
Mourits, 1998). Fig. 1 shows a schematic representation of the coupling
sequence. In each time step, the flow sub-problem is solved first, and
after convergence (circle in the Figure), relevant information is passed
to the geomechanics sub-problem via a THM interface (arrow ‘‘1’’
in the Figure) to compute geomechanical equilibrium under drained
conditions. Every time the coupling is made (square in the Figure), the
total stress tensor is updated using

𝜎𝑛𝑒𝑤 = 𝜎 − 𝛼𝛥𝑃1 − 3𝛼𝑡ℎ𝐾𝛥𝑇 1 (1)

where 𝜎𝑛𝑒𝑤 is the updated total stress tensor, 𝜎 is the total stress tensor
at the end of the previous Pylith run, 1 is the unit tensor, 𝐾 = 𝐸

3(1−2𝜈)
is the bulk modulus (𝐸 is the Young’s modulus and 𝜈 is the Poisson’s
ratio), 𝛼 is the Biot coefficient, 𝛼𝑡ℎ is the linear thermal expansion
coefficient, and 𝛥𝑃 and 𝛥𝑇 are respectively the changes in pore pres-
sure and temperature between two consecutive TOUGH2 time steps.
Pressure, temperature and fluid mass are transferred to Pylith by means
of the THM interface. Pylith then runs until mechanical equilibrium
is reached (arrow ‘‘2’’ in the Figure). At equilibrium (triangle in the
Figure), volumetric stresses (or strains) are transferred to TOUGH2 by
means of the THM interface (arrow ‘‘3’’ in the Figure) and used to
compute a mechanically-induced porosity correction in the next time
step:

𝛥𝜙 = 𝐴 (𝛼, 𝜙,𝐾)𝛥𝑃 + 𝐵
(
𝛼𝑡ℎ

)
𝛥𝑇 + 𝛥𝜙𝑐𝑜𝑟𝑟 (2)

where 𝛥𝜙𝑐𝑜𝑟𝑟 is the porosity correction from geomechanics, a function
of the total mean stress (Kim et al., 2012). Note that in order to
compute mechanically-induced changes in other flow variables, such
as permeability 𝑘 or capillary pressure 𝑃𝑐 , additional variables may be
transferred through the THM interface (Rutqvist, 2011). A new time
step of the flow sub-problem begins with the updated flow variables
(arrow ‘‘4’’ in the Figure), and the described procedure is repeated until
the end of the simulation.

2.2. Fault interface implementation and constitutive models

Pylith specializes in the modeling of earthquake faulting (prescribed
and spontaneous ruptures) and embeds several constitutive laws for
fault surfaces. However, in agreement with the classic Andersonian
theory (Anderson, 1951), no distinction is made between total and
effective stresses. Fault surfaces, which are not necessarily planar, are
modeled using cohesive elements having no thickness and allowing
in-plane and normal relative displacements (details can be found in Aa-
gaard et al. (2017)). The fault slip vector is defined as the relative
displacement between the two sides of the fault,

𝑑 = 𝑢+ − 𝑢− (3)

where 𝑢+ and 𝑢− are the displacements on the positive and negative
sides of the fault surface, respectively. Vector 𝑑 has a tangent compo-
nent on the fault surface, and a normal component to the fault surface.



International Journal of Greenhouse Gas Control 121 (2022) 103794

3

L. Blanco-Martín et al.

Fig. 1. TOUGH-Pylith coupling sequence (adapted from Blanco-Martín et al. (2015)).
The gray zones correspond to the time step marching from 𝑡𝑛 to 𝑡𝑛+1 (the symbols and
labels are explained in the text).

Penetration is not allowed. Likewise, the stress state in the fault is
represented as a normal component, 𝜎𝑛, and a shear component, 𝜏,

𝜎𝑛 =
(
𝜎 ⋅ 𝑛

)
⋅ 𝑛 (4)

𝜏 =
√

‖𝜎‖ − 𝜎𝑛2 (5)

where 𝑛 is the fault normal vector, pointing from the negative to the
positive side of the fault surface. In the context of TOUGH-Pylith, new
fault constitutive models have been implemented in Pylith, in which the
effective stress is used, 𝜎′ = 𝜎+𝛼𝑃 1 (note that compression is assumed
to be negative here). For such purpose, the pore pressure is passed from
TOUGH2 to the fault constitutive models every time the coupling is
made. In agreement with (Jha and Juanes, 2014), a fault pressure 𝑃𝑓
is defined, which is a function of the pore pressure on both sides of
the fault surface. Since the side on which the failure criterion is first
met determines fault stability, we take 𝑃𝑓 = 𝑚𝑎𝑥(𝑃+, 𝑃−) (maximum
pore pressure of all adjacent cells on both sides of the fault surface).
This allows to uniquely define the effective normal stress on the fault,
𝜎′𝑛 =

(
𝜎′ ⋅ 𝑛

)
⋅ 𝑛.

In order to evaluate fault stability, the shear stress on the fault
is compared against a Coulomb-type criterion that provides the shear
strength, 𝜏𝑐 ,

𝜏𝑐 = 𝐶 − 𝜇 ⋅ 𝜎′𝑛 (6)

where 𝐶 is the cohesion and 𝜇 is the friction coefficient. Note that in
Pylith, if 𝜎′𝑛 > 0 (tensile regime), 𝜏𝑐 = 𝐶. As long as 𝜏 < 𝜏𝑐 , there
is no relative movement between the two sides of the fault, i.e., the
fault is locked. On the other hand, if the failure criterion is exceeded,
slip occurs until the criterion is met again. In this case, a Lagrange
multipliers approach is used. Note that when the fault surface does not
reach the boundaries of the model (i.e., it has buried edges), the Pylith
algorithm adjusts the topology automatically, so that cohesive cells are
inserted up to the buried edge, and no additional degrees of freedom
are added along that edge (Aagaard et al., 2017). For this purpose, the
user defines an additional group of nodes including only those that form
the buried edge.

The evolution of the friction coefficient 𝜇 is described differently
among the constitutive models. In this work, we focus on two models
widely used to evaluate fault frictional strength: slip weakening and
rate-and-state. In the slip weakening model, the coefficient of friction
evolves from a peak value, 𝜇𝑝, to a residual value, 𝜇𝑟, as the slip 𝑑 = ‖𝑑‖
increases from 0 to the critical slip distance, 𝑑𝑐 :

𝜇 = 𝜇𝑝 −
(
𝜇𝑝 − 𝜇𝑟

) 𝑑
𝑑𝑐

(7)

In the rate-and-state model, the friction coefficient evolves as a
function of the slip rate, 𝑣 = ‖𝑑𝑑∕𝑑𝑡‖, and also as a function of a state

Fig. 2. Schematic representation of Mandel’s problem, including monitoring points 𝑃1
and 𝑃2 for Fig. 3.

variable, 𝜃:

𝜇 = 𝜇∗ + 𝑎 ln
( 𝑣
𝑣∗

)
+ 𝑏 ln

(
𝜃𝑣∗

𝐿

)
(8)

where 𝜇∗ is the friction coefficient at the reference slip rate 𝑣∗, 𝐿 is
the characteristic length and 𝑎, 𝑏 are empirical parameters. Note that
in Pylith, a linearization is applied to the friction coefficient when the
slip rate falls below a threshold (Aagaard et al., 2017). The evolution of
the state variable 𝜃 is given by the aging law described in Ruina (1983),

𝑑𝜃
𝑑𝑡

= 1 − 𝑣𝜃
𝐿

(9)

The state variable, homogeneous to time, represents the maturity
of the asperities in the fault interface (Rice, 1993). Depending on
the parameter set, this model can account both for friction increase
(strengthening) and decrease (weakening). At steady-state, the state
variable tends towards 𝐿∕𝑣 and therefore 𝜇 = 𝜇∗ + (𝑎 − 𝑏)ln(𝑣∕𝑣∗).
Rate-and-state allows to simulate repetitive stick–slip behavior and the
seismic cycle (Dieterich, 1981). Also, as state evolution occurs over
time scales in the order of 𝐿∕𝑣, adaptive time stepping is more efficient
when using this law.

3. Verification cases

In this section, we benchmark TOUGH-Pylith against well-known
analytical solutions of HM and THM coupling. Indeed, TOUGH2 and
Pylith have been tested and verified previously (Aagaard et al., 2017;
White et al., 2016; Pruess, 2005; Okada, 1992), but the validity of the
coupling scheme between the two codes has to be demonstrated before
it is applied to subsurface scenarios.

3.1. Mandel’s problem (HM coupling)

Mandel’s problem of poroelasticity (Mandel, 1953) is illustrated in
Fig. 2. A saturated porous material with rectangular cross-section and
infinite length in the out-of-plane direction is sandwiched by two stiff,
frictionless plates. Drainage is possible along the lateral boundaries.
The sample is initially in equilibrium, and at 𝑡 = 0+ a compressive force
is applied normal to the plates. The original resolution of this 2D plane
strain problem was extended by Abousleiman et al. (1996) to account
for compressible fluids and non-isotropic materials.

Initially, the load applied to the plates induces an excess of pore
pressure (Skempton effect). Over time, drainage occurs at the open
boundaries, which makes the laterals of the sample more compliant
than its core. However, since the vertical displacement must be equal
along the stiff top and bottom boundaries, there is an increase of pore
pressure in the central region, yielding a non-monotonic pore pressure
evolution, known as the Mandel–Cryer effect (Schiffman et al., 1969).
At a later time, the excess of pore pressure dissipates completely.
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Fig. 3. Mandel’s problem: comparison of TOUGH-Pylith with the analytical solution in Abousleiman et al. (1996): pore pressure (upper left) and total vertical stress (upper right)
at 𝑃1, horizontal (lower left) and vertical (lower right) displacements at 𝑃2.

Table 1
Mandel’s problem: parameters used in the
simulation.
Parameter (unit) Value

𝑘 (m2) 6.51 ⋅ 10−15
𝜙0 (-) 0.425
𝐸 (MPa) 450
𝜈 (-) 0
𝛼 (-) 1
𝜇𝑓 (Pa ⋅ s) 10−3

𝐶𝑓 (Pa−1) 4.5 ⋅ 10−10

For the comparison with TOUGH-Pylith, we have assumed a sample
with dimensions 𝑙1 = 5 m and 𝑙2 = 1.25 m. Gravity is neglected and
cohesive elements are inserted above and below the sample to model
frictionless plates. The initial stress field is −0.1 MPa (isotropic) and at
𝑡+ = 0 we apply -10 MPa normal to the plates. The initial pore pressure
is 0.1 MPa. Table 1 lists the parameters used. Module EOS1 of TOUGH2
(only one component, water) is used in isothermal conditions, and we
force constant viscosity, 𝜇𝑓 , and compressibility, 𝐶𝑓 , for compliance
with the analytical solution detailed in Abousleiman et al. (1996).

Fig. 3 compares the evolution of the pore pressure, relevant stresses
and displacements at the monitoring points shown in Fig. 2. As the
plots show, the comparison is very satisfactory. Note that the differ-
ences observed initially are due to different initial states: while in the
analytical solution the load is already applied and borne by the fluid,
in the simulation the load is applied at 𝑡 = 0+.

3.2. McTigue’s problem (THM coupling)

McTigue (1986) proposed a theory for linear thermoporoelastic-
ity in a saturated medium. Compressibility and thermal expansion
of the fluid are taken into account. Analytical solutions for the one-
dimensional heating of a half space are also provided, considering
different boundary conditions for the temperature and the pressure
fields. As demonstrated in the original paper, solutions for the tem-
perature and pressure depend on the ratio of the fluid and thermal
diffusivities, 𝑅 = (𝐷𝑓∕𝐷ℎ)1∕2.

Here, we investigate the case with a constant temperature boundary.
Two cases are studied for the pressure field: drained and undrained
boundary conditions at 𝑥 = 0. A constant stress condition is applied
normal to this boundary. A 1D model is built with sufficient extent
for compliance with the analytical solution. At the boundary 𝑥 → ∞,
the temperature, pressure and stress are kept at their initial values.
Module EOS1 of TOUGH2 is used. To comply with the assumptions of
the analytical solution, water viscosity (𝜇𝑓 ), compressibility (𝐶𝑓 ) and
expansivity (𝛼𝑓 ) are taken as constant values. Moreover, convective
heat transport is disabled, so that only conductive heat transport is
active with thermal conductivity 𝜆, and, in the heat accumulation term,
grain density 𝜌𝑔𝑟 and specific heat 𝐶. Table 2 lists the parameters used
in the simulation. The initial stress field is −0.1 MPa (isotropic), the
initial pore pressure is 0.1 MPa and the initial temperature is 50 ◦C.
At 𝑡 = 0+, we apply a temperature of 55 ◦C at 𝑥 = 0. Fig. 4 shows
a schematic representation of the problem being solved and compares
the simulation results with the analytical solution for different ratios
of fluid and thermal diffusivities (in practice, the permeability listed in
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Fig. 4. McTigue’s problem: schematic representation (upper left) and comparison of TOUGH-Pylith with the analytical solution in McTigue (1986). Pore pressure is shown for
the drained (lower left) and undrained (lower right) cases (the temperature field is the same for both, displayed in the upper right). The pore pressure coefficient 𝑏′ is defined
in McTigue (1986), Eq. (27).

Table 2
McTigue’s problem: parameters used in
the simulations.
Parameter (unit) Value

𝑘 (m2) 1.27 ⋅ 10−19
𝜙0 (-) 0.01
𝜌𝑔𝑟 (kg/m3) 2500
𝐶 (J/kg/K) 800
𝜆 (W/m/K) 4
𝐸 (GPa) 21
𝜈 (-) 0.25
𝛼 (-) 1
𝛼𝑡ℎ (K−1) 4 ⋅ 10−5

𝜇𝑓 (Pa ⋅ s) 10−3

𝐶𝑓 (Pa−1) 4.5 ⋅ 10−10

𝛼𝑓 (K−1) 1.6 ⋅ 10−4

Table 2 corresponds to 𝑅1 and a factor is applied for the cases 𝑅2 and
𝑅3). Overall, considering the simplifications of the analytical solution
and the different definition of the pore pressure coefficient in TOUGH2
and McTigue (1986), the comparison is very satisfactory.

4. Co𝟐 injection cases

4.1. Subseismic fault in strike-slip regime

In this section, we investigate a scenario inspired from the foreseen
storage project NER300 ULCOS, which aimed to reduce CO2 emissions
related to the steel industry (Lupion and Herzog, 2013). Based on (Le
Gallo, 2016), CO2 injection targets lower Triassic sandstone formations,

and we investigate possible leakage and induced seismicity associated
with a subseismic fault, assumed to be vertical and with negligible
offset. Fig. 5 displays the conceptual model investigated, which con-
siders seven material layers from the underburden (Permian basement)
to the ground surface. The size of the model is 22 × 17.5 × 3 km3. The
fault, which extends about 800 m along the 𝑧 axis (limited vertical
extent), intercepts the storage aquifer, the overlying caprock and the
control aquifer. The thickness of these layers are 200, 500 and 90 m,
respectively.

In the model proposed in Le Gallo (2016), the fault was oriented
N155E, which is parallel to the maximum horizontal stress (𝑦 direction
in Fig. 5); in these conditions, the initial shear stress on the fault is
negligible and fault reactivation is highly unlikely (note that in Le
Gallo (2016), the target was to investigate fault leakage rather than
induced seismicity). In our scenario, the fault is oriented N145E, which
corresponds to an angle of 80◦ between the maximum horizontal stress
and the fault normal vector, or equivalently, 10◦ between the maximum
horizontal stress and the fault direction. The thickness of the fault zone
is about 100 m (𝑥 direction), and the fault core is about 20 m thick.
Since field data suggest that the core-damaged zone contact may slip
at an early stage during earthquakes (Cappa and Rutqvist, 2011), a fault
interface is added between the fault core and the damaged zone closest
to the injection well. CO2 is injected at a depth of about 1900 m, with
a rate of 0.8 Mt/y through a vertical well located about 1 km down-
dip from the fault; this rate is typical of a mid-size onshore scenario.
The salinity of the storage aquifer is 50 g/l. Injection conditions are
𝑃 = 25 MPa and 𝑇 = 45 ◦C (supercritical state). Table 3 lists relevant
properties of the different layers and the fault; these properties are
average values for each formation and are taken from the literature
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Fig. 5. Subseismic fault in strike-slip regime: conceptual model.

Fig. 6. Subseismic fault in strike-slip regime: evolution of pore pressure in the injection
and fault zones.

Fig. 7. Subseismic fault in strike-slip regime: evolution of temperature in the injection
and fault zones.

when available (Millien, 1993; Bésuelle et al., 2000; Vidal-Gilbert et al.,
2009; Rohmer, 2014). Except for the fault interface, it is assumed
that the materials behave elastically. The fault interface responds to
the criterion described in Eq. (6), and the evolution of the friction
coefficient follows the slip-weakening law with 𝐶 = 0, 𝜇𝑝 = 0.2,
𝜇𝑟 = 0.1 and 𝑑𝑐 = 0.1 m; 𝜇𝑝 and 𝜇𝑟 are purposely low to force
reactivation, but could be representative of clay-rich materials that
are sometimes found in the fault gouge (Ikari et al., 2011; Le Gallo,
2016). Note that the permeability of the fault core is ten times smaller
than that of the damaged zone. Also, in the fault zone, the vertical
permeability (𝑘𝑣, along the 𝑧 direction) is 40 times smaller than the
horizontal permeability (𝑘ℎ); this reduces possible up-dip leakage along

the fault, but it is a conservative assumption for fault reactivation.
Corey’s relative permeability model (Pruess et al., 2012) is used for
all layers with 𝑆𝑙𝑟 = 0.1 and 𝑆𝑔𝑟 = 0.05. For capillary pressure, we
use van Genuchten’s model (van Genuchten, 1980) with 𝜆𝑉 𝐺 = 0.457,
𝑃0 = 600 kPa, 𝑃𝑚𝑎𝑥

𝑐𝑎𝑝 = 10 MPa and 𝑆𝑙𝑟 = 0.01.
Regarding initial and boundary conditions, the top and bottom

boundaries are kept at 𝑃 = 0.1 MPa, 𝑇 = 15 ◦C and 𝑃 = 28.2 MPa, 𝑇 =
105 ◦C, respectively. All lateral boundaries are closed to fluid flow. For
the geomechanics sub-problem, displacement is fixed to zero normal
to the bottom and the lateral boundaries. Initial stress conditions are
those of the Bure site (Wileveau et al., 2007). The major horizontal
stress 𝜎𝐻 is oriented N155E, and 𝜎𝐻 = 𝜎𝑣 (lithostatic). The ratio
between horizontal stresses is 𝜎ℎ∕𝜎𝐻 = 0.7 (Vidal-Gilbert et al., 2009).
The geothermal gradient is 30 ◦C/km.

We use module ECO2N of TOUGH2, which accounts for the ther-
modynamics and thermophysical properties of H2O–NaCl–CO2 mix-
tures (Pruess, 2005). Three phases are possible: an aqueous phase,
a CO2-rich phase (liquid or gas) and solid phase (precipitated NaCl,
which may reduce the effective porosity and the permeability). Phase
partitioning of H2O and CO2 is modeled as a function of pressure,
temperature and salinity using the correlations in Spycher et al. (2003),
Spycher and Pruess (2005). Salting out effects (CO2 solubility reduction
with increasing salinity) are accounted for. Note that this EOS does not
account for CO2 phase changes nor mixtures of liquid and gaseous CO2;
in fact, in the scenarios that we investigate CO2 remains in supercritical
state, and phase changes do not occur. In cases where phase changes
are likely, module ECO2M should be used (Pruess, 2013), with minimal
impact in the coupling procedure.

Prior to the start of the injection, a simulation is run to obtain
equilibrium (hydrostatic, geothermal and lithostatic gradients). Subse-
quently, we model 30 years of CO2 injection, followed by a period of
20 years of post-injection phase. In the injection horizon, the initial
pore pressure and temperature are about 19 MPa and 78 ◦C, respec-
tively. Fig. 6 shows the evolution of pore pressure in the injection area
as well as in the fault. After 30 years of injection, the overpressure
is about 6.5 MPa in the injection area and about 3.2 MPa in the
fault area. Note that this is an unfavorable scenario, as permeability is
assumed to remain constant (another assumption will be investigated in
Section 4.2). As the injection stops, the pore pressure decreases towards
the initial value. The temperature evolution is displayed in Fig. 7. As
CO2 is injected at 𝑇 = 45 ◦C, the temperature decreases in the injection
area, but the extent of the cooled zone does not exceed 500 m around
the well. Similarly to the pressure evolution, the temperature evolves
towards the initial gradient once the injection stops.

As the injection proceeds, a fraction of CO2 is dissolved in the
aqueous phase to ensure thermodynamic equilibrium (the CO2 concen-
tration in the aqueous phase is about 4.5% at the given conditions).
A CO2 plume is created rapidly, and after 30 years of injection, the
saturation of the CO2-rich phase is about 65% around the well, see
Fig. 8. Owing to the reservoir properties and the injection rate, the
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Table 3
Subseismic fault in strike-slip regime: parameters used in the simulation. Each layer is
represented by a different color in Fig. 5. For all layers, 𝜆 = 2 W/m/K, 𝐶 = 880 J/kg/K,
𝛼𝑡ℎ = 10−6 K−1, 𝜈 = 0.25 and 𝛼 = 1.
Layer 𝜌𝑔𝑟 𝜙 𝑘ℎ 𝑘𝑣 𝐸

(kg/m3) (-) (m2) (m2) (GPa)

Bathonian 2400 0.15 5⋅10−13 5⋅10−13 10
Secondary caprock 2500 0.05 10−15 10−15 15
Lias 2500 0.10 10−14 10−14 15
Control aquifer 2400 0.15 10−13 10−13 20
Primary caprock 2600 0.05 10−18 10−18 20
Storage aquifer 2400 0.15 10−14 10−14 20
Permian basement 2700 0.07 10−17 10−17 25
Fault (damaged zone) 2400 0.10 10−16 2.5⋅10−18 10
Fault core 2400 0.10 10−17 2.5⋅10−19 5

Fig. 8. Subseismic fault in strike-slip regime: evolution of CO2 plume in the injection and fault zones (left), and CO2 plume in the storage aquifer at 𝑡 = 30 years (the white line
indicates the position of the fault) (right).

Fig. 9. Subseismic fault in strike-slip regime: stress path in the storage aquifer (𝑧 = −1900 m) and the control aquifer (𝑧 = −1250 m) (left), and cumulative slip at the same
locations (right). The maximum instantaneous slip at 15 years is 16 cm.

CO2 plume does not reach the fault area; therefore, in this particular
scenario there is no risk of CO2 leakage along the fault.

From a mechanical viewpoint, both the shear and the effective
normal stresses on the fault plane increase, and eventually the failure
criterion is reached, see Fig. 9. After about 0.8 years of injection, the
fault plane shows very small amounts of slip (right plot) in the upper
part, which is more critically stressed as the left plot shows. After
15 years of injection, a slip event of maximum instantaneous magnitude
16 cm occurs over an area of about 2.03 km2, affecting all the vertical
extent of the fault. During this event, the friction coefficient decreases

from 𝜇𝑝 to 𝜇𝑟. Later on, there is continuous slip until the end of the
injection because the failure criterion is reached due to the low value
of the friction coefficient (very unfavorable conditions). Note that in
this simulation we have neglected possible fault healing, so that the
slip in Eq. (7) is not reset to zero every time step (accounting for
fault healing may also affect the permeability evolution as discussed
in Aochi et al. (2013)). Although the simulation is quasi-static, we
can estimate the magnitude of the associated event at 15 years. The
seismic magnitude 𝑀 is calculated from the seismic moment 𝑀0 using
the following equations (Kanamori and Brodsky, 2004; Kanamori and
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Fig. 10. Subseismic fault in normal faulting regime: conceptual model.

Anderson, 1975):

𝑀0 = 𝐺𝐴𝑑 (10)

𝑀 = 2
3
log10 𝑀0 − 6.1 (11)

where 𝐺 = 𝐸
2(1+𝜈) is the shear modulus, 𝐴 is the ruptured area and 𝑑

is the current slip magnitude on 𝐴 (the area associated to each node is
computed, and multiplied by the current slip on that node). Note that
in Eq. (11), the seismic moment is expressed in N⋅m. Applying these
equations, we get a magnitude of 3.7 at 15 years.

4.2. Subseismic fault in normal faulting regime

In this section, we investigate a scenario inspired from Rinaldi et al.
(2015), in which CO2 is injected in the vicinity of a subseismic fault.
Fig. 10 shows the conceptual model, with dimensions 3 × 10 × 2 km3.
Owing to symmetry, the geometry shown in Fig. 10 corresponds to
one quarter of the total domain being modeled, which features two
faults about 3 km apart. The storage aquifer is 100 m thick and lies
between two 150 m thick caprocks. The thickness of the upper and
lower aquifers is 800 m. A quasi-vertical fault (dip 80◦) with negligible
offset intersects the five layers shown. As in the previous case, the fault
comprises a low-permeability core surrounded by a damaged zone with
higher permeability. A fault interface is added between the fault core
and the damage zone closest to the injection well. The thickness of the
fault zone along the 𝑥 axis is 90 m. CO2 injection occurs through a
vertical well located at 𝑥 ≈ 1440 m and 𝑦 = 0, and open along the
lowest 50 m of the storage aquifer layer. In this case, CO2 is injected
at a rate of 120 kg/s (3.78 Mt/y). The minimum distance between the
injection well and the fault plane is 75 m; note that the high injection
rate used and the well location are intended to represent an unfavorable
scenario of an undetected fault that happens to be very close to the
injection well, thereby increasing the likelihood of fault reactivation
and leakage. Injection conditions are 15 MPa and 37 ◦C (supercritical
state), and the salinity of the storage aquifer is 50 g/l. Table 4 lists
relevant properties of the five layers and the fault. Except for the

Table 4
Subseismic fault in normal faulting regime: parameters used
in the simulation. Each layer is represented by a different
color in Fig. 10. For all layers, 𝜌𝑔𝑟 = 2260 kg/m3, 𝜙 = 0.1,
𝜆 = 1.8 W/m/K, 𝐶 = 900 J/kg/K, 𝛼𝑡ℎ = 10−5 K−1, 𝜈 = 0.25 and
𝛼 = 1.

Layer 𝑘 𝐸 𝑃0
(m2) (GPa) (kPa)

Upper aquifer 10−14 10 20
Upper caprock 10−19 10 620
Storage aquifer 10−13 10 20
Lower caprock 10−19 10 620
Lower aquifer 10−18 10 620
Fault damaged zone 10−15a 10 20
Fault core 10−17a 5 20

aNon-constant value (see text).

fault interface, all materials are assumed to behave elastically. Corey’s
relative permeability model is used for all layers with 𝑆𝑙𝑟 = 0.3 and
𝑆𝑔𝑟 = 0.05. For capillary pressure, we use van Genuchten’s model with
𝜆𝑉 𝐺 = 0.457, 𝑃𝑚𝑎𝑥

𝑐𝑎𝑝 = 50 MPa and 𝑆𝑙𝑟 = 0. Permeability is assumed
isotropic in all layers.

In this case, the evolution of the friction coefficient follows the
rate-and-state law (Eqs. (8)–(9)) with parameters 𝐶 = 0, 𝜇0 = 0.6,
𝑣0 = 2 ⋅ 10−9 m∕s, 𝐿 = 0.01 m, 𝑎 = 0.002 and 𝑏 = 0.08 (note that these
values favor unstable sliding). It is assumed that the fault is initially
in a steady state, with 𝜃 = 5 ⋅ 106 s. To ensure stability, the maximum
grid size 𝛥𝑥 is smaller than the critical length scale, 𝐿𝑐 =

𝜋𝐺𝐿
𝜎′𝑛(𝑏−𝑎)

(Rice,
1993). Additionally, we use adaptive time stepping.

As in Rinaldi et al. (2015), we account for mechanically-induced
permeability changes along the fault. For the damaged zone, having
randomly oriented fractures, we use a formulation based on experimen-
tal data on sandstone initially proposed by Davies and Davies (2001). It
relates permeability changes to changes in porosity and mean effective
stress, 𝛥𝜎′𝑀 ,

𝑘ℎ𝑚 = 𝑘0 exp

[
22.2

((
𝜙0 − 𝜙𝑟

)
exp

(
5 ⋅ 10−8𝛥𝜎′𝑀

)
+ 𝜙𝑟

𝜙0
− 1

)]
(12)



International Journal of Greenhouse Gas Control 121 (2022) 103794

9

L. Blanco-Martín et al.

Fig. 11. Subseismic fault in normal faulting regime: evolution of pore pressure in the injection horizon (left), and permeability changes in the fault core and damaged zone (right).

where 𝜙0 and 𝑘0 are the initial porosity and permeability, respectively,
and 𝜙𝑟 is the residual porosity, taken to be 5% (Rutqvist and Tsang,
2002). This formulation allows for up to 3 orders of magnitude change
in permeability (Rinaldi et al., 2014). The fault core permeability
evolves following a model inspired from Hsiung et al. (2005):

𝑘ℎ𝑚 = 𝑘0

[
𝑎

1 − 𝑐
(
𝑐𝜎′𝑛

)
√

𝜙0
12𝑘0

+
𝜙 − 𝜙0
𝜙0

]3

(13)

where

𝑐 =
1 −

√
1 + 4𝜎′𝑛𝑎

√
𝜙0
12𝑘0

2𝜎′𝑛0
(14)

and 𝑎 = 𝐾−1 is an empirical constant.
As for the boundary conditions, no flow is allowed across planes

𝑥 = 0 and 𝑦 = 0, and the displacement normal to those planes is
fixed to zero. The vertical displacement is zero at 𝑧 = −2500 m,
and at 𝑧 = −500 m, the overburden weight is applied. Pressure and
temperature are fixed at the top (5 MPa, 22.4 ◦C) and the bottom
(24 MPa, 72.6 ◦C) boundaries. Hydrostatic, geothermal and lithostatic
gradients are applied on the lateral boundaries at 𝑥 = 3 km and
𝑦 = 10 km. The geothermal gradient is 25 ◦C/km. The minor horizontal
stress is parallel to the 𝑥 direction, and 𝜎𝐻 = 𝜎𝑣 (lithostatic). The ratio
between horizontal stresses is 𝜎ℎ∕𝜎𝐻 = 0.7. Note that fault orientation
relative to the stress field is intended to represent an unfavorable
scenario.

Similarly to Section 4.1, a first simulation is run to obtain equi-
librium (hydrostatic, geothermal and lithostatic gradients). The initial
pore pressure and temperature at the injection horizon are about
15 MPa and 48 ◦C, respectively. Subsequently, we model 5 years of CO2
injection. Fig. 11 shows the evolution of pore pressure and permeability
in the injection horizon. The pressure increases rapidly with injection,
and peaks at about 20 MPa after 180 days. Later on, it decreases due to
the permeability increase in the fault, see right plot. This is in contrast
with the pore pressure evolution in the previous scenario discussed
in Section 4.1, where permeability remained constant. Here, in the
damaged zone permeability increases by a factor up to 300, while in
the fault core, it increases up to a factor of 10. As compared to the
results in Rinaldi et al. (2015), here the pressure peaks at a lower value
due to the different porosity evolution model, which induces different
permeability variations according to Eqs. (12)–(14).

The temperature evolution in the injection horizon is displayed in
Fig. 12. Injection of cold CO2 reduces the temperature around the well,
in an area correlated with the extent of the CO2 plume, displayed in
Fig. 13. Given the high injection rate used, the proximity of the fault
to the well and the fault permeability increase, leakage occurs along the
fault, primarily along the damaged zone as shows the vertical profile

Fig. 12. Subseismic fault in normal faulting regime: evolution of temperature in the
injection horizon.

at 5 years, and reaches the upper aquifer. Despite the permeability
increase, the fault core still acts as a flow barrier, and as Fig. 13 shows,
no CO2 is observed across the fault.

The stress path at different locations is displayed in Fig. 14. After
about 2 weeks of injection, a slip event of maximum instantaneous
amplitude 6 cm occurs over an area of 94000 m2. Using Eqs. (10)–
(11), the associated magnitude is 𝑀 = 2.4. Slip starts at the injection
depth (bottom of storage aquifer) and propagates particularly into the
underlying layers, see right plot. These evolution is consistent with
previous investigations, e.g.,(Jha and Juanes, 2014; Meguerdijian and
Jha, 2021; Rinaldi et al., 2014). The friction coefficient decreases to
0.23 as a consequence of the reduction in the state variable during the
event. Later on, it increases as the state variable increases due to slip
rate reduction (Eqs. (8)–(9)). Some minor, sudden slip events (𝑀 ≈ 1)
occur until a second 𝑀 = 2.1 event takes place after about 270 days
of injection, with an associated maximum slip of 2 cm, rupture area of
132000 m2 and a friction coefficient reduction to 0.34. Again, after the
event the friction coefficient increases as the slip rate decreases and the
state variable increases. At 5 years, 𝜇 = 0.85.

5. Discussion and conclusions

Geologic storage of anthropogenic CO2 has the potential to reduce
greenhouse gas emissions to the atmosphere. From the geomechanical
perspective, two major hazards associated with this technology that
need to be addressed before any site implementation are fault reactiva-
tion (injection-induced seismicity) and leakage along the fault. Proper
site characterization conducted before injection may help detect and
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Fig. 13. Subseismic fault in normal faulting regime: evolution of CO2 plume in the injection horizon (left), and CO2 plume at 𝑡 = 5 years in plane 𝑦=0 (right).

Fig. 14. Subseismic fault in normal faulting regime: stress path in the storage aquifer (𝑧 = −1450 m, 𝑧 = −1550 m) and the lower caprock (𝑧 = −1700 m) (left), and cumulative
slip at the same locations (right). The maximum instantaneous slip at 14 and 270 days is 6 and 2 cm, respectively.

avoid major faults, and in fact, to date seismicity associated with CO2
sequestration is scarce. In this paper, we focus on subseismic faults
having negligible offset that could be undetected during site selection
and characterization.

We perform coupled THM modeling of CO2 injection into deep
saline aquifers intersected by undetected faults under two different
tectonic regimes, strike-slip and normal faulting. To study fault failure
more accurately, the fault zone includes a surface of discontinuity.
We perform sequential, two-way THM coupling using TOUGH-Pylith,
a simulator based on the non-isothermal, multiphase and multicompo-
nent flow simulator TOUGH2, and the geomechanics, open-source code
Pylith. The two simulators are successfully coupled for the first time in
a THM framework, and TOUGH-Pylith takes advantage of the strengths
of the two codes, namely, a wide range of equations-of-state to account
for the thermodynamic behavior of pure fluids and mixtures, and the
implementation of fault surfaces as discontinuities whose behavior is
more representative of observed fault frictional strength, with quasi-
static and dynamic ruptures. 2D and 3D simulations can be performed
with TOUGH-Pylith. The coupling of the two codes is verified by means
of comparison of numerical results with available analytical solutions.
Then, we investigate two 3D cases of CO2 injection in the vicinity of
subseismic faults. The scenarios are taken from the literature and do
not intend to reproduce real conditions; instead, to a certain extent
they represent unfavorable situations for fault reactivation and leakage
(high injection rates, moderate to high overpressures, proximity of the
fault to the injection well, favorable in situ stress field relative to fault
orientation, choice of friction parameters and permeability evolution).

They suggest that minor events could be triggered, and highlight the
need of thorough site characterization and careful monitoring dur-
ing operations. Although not discussed here, the grid resolution used
should be fine enough to accurately predict the CO2 plume (Youssef
et al., 2021) and allow for numerical stability (Rice, 1993).

In a broader sense, TOUGH-Pylith allows to investigate many sit-
uations beyond subseismic faults. For instance, it could be used to
estimate leakage rates over long periods of time (Miocic et al., 2019),
or to model different fault architectures (e.g., homogeneous vs. fault
system comprising a core and a damaged zone) and evaluate their
impact on fault stability and possible leakage paths. In this context,
the permeability evolution within the fault zone is not fully under-
stood, and different evolution laws could be tested with the simulator,
and the uncertainties could be quantified. Additionally, it could be
used as a numerical support to many field studies, such as those
at the decameter scale and under controlled conditions, that seek to
better understand the link between induced seismicity and leakage
in reservoir and caprock analogs (Guglielmi et al., 2021; Zappone
et al., 2021), or the monitorability and the impacts of a fault zone on
CO2 migration (Michael et al., 2020). The applications are not solely
related to CO2 storage, but rather extend to scenarios comprising one
or several faults in different natural or anthropogenic settings, such as
geothermal (Amann et al., 2018) or nuclear waste disposal (Orellana
et al., 2018).

Finally, it should be noted that in the cases investigated here, the
fluid-induced slip rates are slow, much smaller than 0.1 mm/s, so
the use of a quasi-static approach with appropriate parameters (in
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particular, large values of the characteristic length) is justified (Tor-
berntsson et al., 2018). While the current methodology enables the
simulation of a sudden slip, the quasi-static approach does not allow
for a complete separation of aseismic and seismic slips. The result-
ing magnitudes could then be overestimated, as the final co-seismic
deformation accounts for more than the true seismic slip. As a next
stage, adapting the coupling scheme to quasi-dynamic (through the
introduction of a radiation damping term in the shear stress, such
as in Torberntsson et al. (2018), Yang and Dunham (2021) or (Rice,
1993)) and fully dynamic approaches (through the introduction of the
inertial term in the momentum equation, such as in Jin and Zoback
(2018) or (Yang and Dunham, 2021)) would extend the use of TOUGH-
Pylith to investigate dynamic fault seismic slip. Additionally, the use of
TOUGH3 would allow for parallelized simulations of both the flow and
the geomechanics sub-problems, thereby reducing the computational
time (Rinaldi et al., 2022).
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A B S T R A C T   

In the energy transition context, salt caverns are probably the most promising storage solution that promotes the 
development of intermittent renewable energies, due to their flexible and high deliverability. However, their 
design is still challenging since it should account for their entire lifetime, from rapid cycling exploitation to 
centuries of abandonment. The key to an optimal design is a constitutive model for rock salt that ensures 
pertinent short and long-term predictions. In this paper, we confront the results of five experimental campaigns 
conducted on different salts with existing rheological models. This confrontation proved that the studied models 
are capable of describing laboratory tests, however their predictions for the long term are either too conservative 
or overly optimistic. In practice, conservative or optimistic approaches do not ensure the optimal design of the 
facility. For this reason, we propose a new constitutive model that provides pertinent long-term predictions while 
interpreting satisfactorily short-term and long-term laboratory tests.   

1. Introduction 

Solution mined caverns in salt formations have proven to be among 
the most efficient techniques for storage of different energy vectors since 
the 1960s.1–10 Today these facilities have an important role in the en-
ergy transition context. Their flexible and high deliverability makes 
them the most promising solution to respond to peak demand for 
intermittent clean energies. The feasibility studies and the design of 
these caverns should account for the exploitation phase and for the 
decades and sometimes centuries of the abandonment phase. The 
optimal design of these structures rests upon the use of a constitutive 
model with pertinent short and long-term predictions. 

There cannot be a unique rheological model able to describe the 
behavior of a geological material such as rock salt, under all kinds and 
within all ranges of thermo-mechanical loadings. What is sought 
instead, are approximate laws that can provide a close enough 
description to the real behavior of the rock within a given range of 
loading conditions. This explains the abundance of rock salt constitutive 
models in the literature. All the existing models, despite the differences 
in the phenomena they account for (dilatancy, healing, inverse creep, 
transient, steady state and tertiary creep, damage, extension, strain 
under tensile loading …), agree on two facts: first, rock salt has a 

strongly time dependent behavior and second, laboratory tests are 
essential for their parameters calibration. The multitude of models 
proves their limitations and justifies the need for the research on rock 
salt rheology to continue. 

Long-term behavior is one of the main challenges for the rheological 
modeling of rock salt. In fact, it is technically possible to conduct tests 
under all desired loading conditions (different strain rates, tempera-
tures, mechanical and thermal cycling …). However, contrary to the 
thermo-mechanical variables, we do not have control over the time of 
laboratory experiments, which is negligible compared to the lifetime of 
the underground facilities (a few months or years in the best case sce-
nario, compared to few decades or even centuries in the field). When 
performing a time-extrapolation of the existing models, three kinds of 
responses are obtained: (i) a transient response where the strain rate 
continuously decreases,11–13 (ii) a purely steady-state response where 
the strain rate remains constant and the strain increases linearly over 
time14 and (iii) a transient response that stabilizes into a steady-state 
regime where the strain starts increasing linearly over time.15–25 

Fig. 1 illustrates this point where we show a qualitative comparison 
of the three responses based on the simulation of a uniaxial creep test 
over 30 years. As shown, the transient model gives an overly optimistic 
prediction while the two other models are rather conservative.26 studied 
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the differences in the long-term behavior predicted by these types of 
models. The study confirmed that the transient models and the steady 
state ones predict significantly different behaviors on the long term, and 
suggested that, since in terms of laboratory tests both models give 
satisfactory interpretations, the most conservative predictions should be 
selected. However in practice, the optimal design of salt caverns cannot 
be based on overly conservative approaches. 

The purpose of this paper is to propose a model with pertinent pre-
dictions for long-term creep behavior. We propose an enrichment to the 
distorsion part of a model that has been detailed in Ref. 13. The modi-
fication consists in adding to the transient component, a second tran-
sient mechanism inspired by the Munson-Dawson15 transient creep. This 
allows to have a compromise between the steady state models and the 
transient ones in terms of the strain rate and the characteristic time. The 
added mechanism allows also to describe inverse creep17,22,27–30 and 
links it to hysteresis loops of the unloading-loading cycles of triaxial 
compression tests. The authors are aware that in-situ data that covers 
years of exploitation activity, is needed to fully validate the model and 
truly assess the pertinence of its time extrapolation. However, acquiring 
such data and using it for research work is difficult, since -even if they 
exist-these measurements are destined for exploitation purposes. 

This paper is structured as follows. In the first section two existing 
models and the new proposed one are presented. In section 3, we 
compare these constitutive laws on the basis of five experimental cam-
paigns conducted at Mines ParisTech on rock salts from different 
geographic locations. The comparison concerns the capability of the 
three models to fit long-term (creep) and short-term (conventional 
tiaxial compression) tests with the same parameter set, and the perti-
nence of their long-term predictions. In section 4 the new model is used 
to analyze a comprehensive test campaign and the inverse creep phe-
nomenon is discussed in section 5. 

2. Constitutive models 

All these constitutive laws agree on the partition of the total strain 
rate tensor ε̇ into elastic ε̇el, thermal ε̇th and viscoplastic parts ε̇vp: 

ε̇ = ε̇
el
+ ε̇

th
+ ε̇

vp
; ε̇

el
=

1 + ν
E

σ̇ −
ν
E

tr
(

σ̇
)

1 ; ε̇
th
= αthṪ1 (1)  

where E, ν are the elastic constants, σ is the Cauchy stress tensor, 1 is the 
unit tensor, αth is the linear thermal expansion coefficient and T is the 

temperature. The viscoplastic strain tensor is generally given as a 
function of the thermodynamic state 

(
σ,T

)
and internal variables ξ with 

a rate that depends on σ, T and the internal variables: 

ε̇
vp

= F
(σ, T, ξ); ξ̇ = G

(σ,T, ξ) (2)  

it is on the definitions of ξ, F and G that those models differ. In this 
section we present the following models: Munson-Dawson, Lemaitre and 
the model developed in this work that we shall call RTL2020. 

2.1. The Munson-Dawson constitutive model 

This model has been detailed in Ref. 15 and it states the following 

ε̇
vp
= Fε̇

ss
; ε̇

ss
= ε̇ssJ = ε̇ss

(σ, T)J ; J = σ’/||σ’|| (3)  

where σ′ is the deviatoric part of the Cauchy stress tensor 
(
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1
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, ε̇ss denotes the steady state strain rate tensor and F is defined 

as follows 
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ζ̇ = (F − 1)ε̇ss (5) 

In this work we assume the following 

ε̇ss
(σ, T) = A exp

(

AM

(
1
Tr

−
1
T

))

〈G〉n
; ε*

t = K0ecT qm (6)  

where G is a loading function chosen as G = q, with q the von mises 
equivalent stress, 〈 ⋅〉 are the Macaulay brackets, i.e., 〈x〉 = (x + |x|)/2, 
T r is the reference temperature, A, A M, n, c, K0, m, Δ and δ are material 
constants. We note that this model accounts for transient creep (via the 
function F) that saturates at ε*

t and the steady state flow ε̇ss takes over. 

2.2. The lemaitre constitutive model 

This model assumes that rock salt creep is a purely transient flow, the 
viscoplastic strain rate decreases asymptotically to zero. It states the 
following 

ε̇
vp
=

̅̅̅̅̅̅̅̅
3/2

√
γ̇vpJ (7)  

where γvp is the viscoplastic distorsion defined as 

γ̇vp = γvp

(
σ, T, γvp
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= α exp

(

AL

(
1
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1
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K
〉β/α
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α

vp (8)  

α, β, AL and K and positive rheological constants and Tr the reference 
temperature. Similarly to the previous model, G is a loading function 
G = G(σ,T, γvp

) and is chosen as G = q. 

2.3. The RTL2020 constitutive model 

Similar to the model detailed in Ref. 13; for the viscoplastic strain 
rate tensor, RTL2020 assumes the following 

ε̇
vp
=

̅̅̅
3
2

√

γ̇vpN −
1̅
̅̅
3

√ ζ̇vpI (9)  

where ζ̇vp = − tr(ε̇vp) and γ̇vp =
̅̅̅̅̅̅̅̅
2/3

√
||ε̇′ vp|| are the rates of the volu-

Fig. 1. Time-extrapolation of three models with different creep responses on a 
uniaxial creep test. 
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metric strain and the viscoplastic distorsion, respectively, N is a unit 
tensor defining the deviatoric flow direction and I = 1 /

̅̅̅
3

√
. The general 

formalism of the viscoplastic distorsion is defined as 

γ̇vp = γ̇L + γ̇R ;with

⎧
⎨

⎩

γ̇L = ψL
(σ, T, γL

)

γ̇R = ψR
(σ,T, γR

) (10)  

here γ̇L describes a transient creep mechanism of Lemaitre’s type, and γ̇R 
is an added transient mechanism inspired by the Munson-Dawson 
model. The first transient mechanism is defined by 

ψL
(σ, T, γL

)
= α exp

(

AR

(
1
Tr

−
1
T

))〈G
A2

〉n2

γ1− 1
α

L (11)  

where α, AR, A2 and n2 are material parameters, G is a loading function. 
The added distorsion mechanism γR is defined as 

ψR
(
σ,T, γR

)
=

⎧
⎪⎪⎨

⎪⎪⎩

A
(

1 − γR

/
γR

)n
R
(
σ,T

)
if γR ≤ γR

; γR = γR
(
σ,T

)

− B
(

γR

/
γR − 1

)m
R
(
σ,T

)
if γR ≥ γR

(12)  

here A, B, m and n are material parameters such that A > 0, B > 0 and 
m > 1, n > 1. 

The model offers enough flexibility in the choice of the functions ψL,

γR and R. In this work we have made the following considerations:  

• γ̇L corresponds to the viscoplastic distorsion of Lemaitre model γ̇vp;  
• γR is considered to be analogue to the saturation value ε*

t in Munson- 
Dawson model, it is given by 

γR = 〈 G
A1

〉n1

(13)  

where A1 and n1 are material parameters.  

• As for the definition of the function R, it is considered to be the same 
as ψL in order to link the two mechanisms and ensure that their 
contributions have the same order of magnitude 

R(σ,T) = exp
(

AR

(
1
Tr

−
1
T

))〈G
A2

〉n2

(14)    

• We chose the loading function G such that G = q. 

As for the volumetric viscoplastic strain, it remains unchanged from 
the definition given in RTL13 as 

ζ̇vp = φ(σ, T, γvp
)γ̇vp = z

〈p
/

Nz〉nz − γvp

〈p
/

Mz〉mz + γvp
γ̇vp (15)  

where z, N z, n z, M z and mz are material parameters and p is the mean 

pressure 
(

p = − tr
(

σ
)
/3

)
. 

We note that the RTL2020 model is equivalent to the Munson 
Dawson model when the following considerations are made:  

• the parameter α from equation (11) is set to 1;  
• the parameter A from equation (12) is taken as A = exp(Δ);  
• the parameter n from equation (12) is linked to the parameter Δ via 

the following equation 

n =

{
− 0.0098Δ3 + 0.2040Δ2 + 0.5622Δ + 2.0252 when Δ ≤ 6

1.9987Δ − 1.4567 when Δ > 6 (16)    

• B = δ = 0 (equations (4) and (12)). 

The advantage of the mechanism γR in this model is that it can be 

Fig. 2. Effect of the parameters of the distorsion mechanism γR in RTL2020 model, predictions of a multistage creep test, note that in the sub-figures describing the 
effects of parameters A1 and n1, the value of γR corresponding to each parameter is plotted in the same color in dashed line. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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easily integrated compared to the exponential formulation used in 
Munson-Dawson. Under constant stress and temperature, the analytical 
solution for equation (12) can be written as 

γR (t) = γR0 +
(

γR − γR0

)
ξ (17)  

where ξ is given by 

ξ(t)= 1 −

(
1

1 + V(t − t0)

) 1
k− 1

(18)  

with 

V =(k − 1)U
An1

1

An2
2

qn2 − n1 (19) 

When γR ≤ γR we have: k = n, U = A
(

1 − γR0/γR

)n− 1 

and if γR ≥ γR 

then k = m, U = B
(

γR0/γR − 1
)m− 1

. 

In Fig. 2 we illustrate the role of each of the parameters A, B, n, m, A1,

n1, A2 and n2. We start from the parameter set given in Table 1 and in 
each case one parameter is varied, the simulated scenario is one of a 
uniaxial creep test were the axial stress (q in this case) is held constant at 
10 MPa during 15 days and then dropped to 5 MPa for another 15 days. 

In the plots we present the evolution of the distorsion γR in time and the 

value of γR in each deviatoric stage (recall that γR =
(

q
A1

)n1
). 

The parameters A, B, n and m affect the rate at which γR tends to γR as 
shown in the four top sub-figures of Fig. 2. Particularly after a load drop, 
the parameters B and m affect the duration of the observed transient 
flow. The four sub-figures in the bottom of Fig. 2 show that the mech-
anism is more sensitive to the parameters defining γR (A1 and n1) and to 
A2 and n2. As shown in Fig. 2, the parameters of the γR distorsion 
mechanism give the model a great flexibility to fit different experimental 
responses. 

3. Models comparison on the basis of laboratory tests 

3.1. Laboratory tests 

We analyzed 5 experimental campaigns conducted at Mines Par-
isTech between 2012 and 2020 on salts from different locations (USA, 
Europe, Middle East), to which we will refer as salt 1, salt 2, salt 3, salt 4 
and salt 5. From each of the campaigns we chose a multistage creep test 
(considered as a long-term test) and a conventional triaxial compression 
test (short-term test). The tests of the first four campaigns were all 
conducted following the same procedure (preconditioning, measure-
ment techniques -strain gauges-, experimental set up and the axial strain 
rate ε̇ax for the short-term tests). In addition, in these four series of tests 
the confining pressure (P) is maintained constant during the creep tests 
and the changes in the deviatoric stages are applied by modifying the 
axial stress (Q). However, for salt 5 the procedure for the short-term tests 
was slightly different (duration and confining pressure for specimen 
preconditioning, measurement techniques -radial extensometer and 
global axial displacement-, axial strain rate). Also the creep test on this 
salt lasted significantly longer compared to the creep tests from the first 
four campaigns and it differs from them in the testing procedure: the 

Table 1 
Initial parameter set used to study the role of the parameters of the distorsion 
mechanism γR (the unit system is such that strain is in μm/m, stress is in MPa and 
time in days).  

A B n m A1  n1  A2  n2  

0.5 0.05 5 5 0.3 3 0.5 4  

Fig. 3. Fittings of tests on salt 1 and time extrapolation of the three fitted models.  
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Fig. 4. Fittings of tests on salt 2 and time extrapolation of the three fitted models.  

Fig. 5. Fittings of tests on salt 3 and time extrapolation of the three fitted models.  
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Fig. 6. Fittings of tests on salt 4 and time extrapolation of the three fitted models.  

Fig. 7. Fittings of tests on salt 5 and time extrapolation of the three fitted models.  
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deviatoric stages are obtained by varying both the axial and lateral 
stresses such that the mean pressure (Q+2P)/3 is held constant at 10 
MPa throughout the test. 

3.2. Parameters fitting and time extrapolation 

For each salt, the results are analyzed with the three models (Mun-
son-Dawson, Lemaitre and RTL2020) and the best fitting obtained (with 
the same parameter set for each model) is provided. Afterwards, these 
parameters are used to perform a time extrapolation of the models on a 
virtual scenario of a uniaxial creep test of 10000 days. 

In the three models we are studying, the temperature effect is given 
by the Arrhenius law, and all the creep tests we are analyzing in this 
section are carried out at constant temperature. For this reason, we have 
set the parameters AM = AL = AR = 1725 K, also the reference temper-
ature Tr was set to 289 K. In addition, since the stages of deviatoric stress 
in all the creep tests are ascending, the parameter B from eqautions 12 
was set to 0 and therefore the parameter m was not adjusted. Figs. 3–7 
show the fittings of the three models on the tests from the five campaigns 
and the results of the time extrapolation. In each of these figures, the top 
graph represents the analysis of a triaxial compression test (at a constant 
confining pressure and a constant strain rate that are specified on the 
graph), the middle graph corresponds to a multistage creep test (the test 
temperature and conditions are indicated on the graph) and the bottom 
figure is a time extrapolation of the three models for a uniaxial creep test 
at T = 40◦C. The fitting parameters are provided in Table 2. 

We can see that the three models give satisfactory interpretations to 
both the short-term and the long-term tests, they are all able to describe 
the behavior of rock salt at the laboratory scale for this specific type of 
tests (time and loading ranges). As for the long-term predictions, the 
transient creep phase described by Munson-Dawson model is practically 
inexistent compared to the steady state flow and it has the same time 
span of laboratory tests durations (a few days), the time extrapolation of 
this model is rather conservative since the steady state flow is dominant 
and the strain increases linearly over time. However, the Lemaitre model 
is overly optimistic as it assumes that the strain rate keeps on decreasing 
infinitely and the strain almost tends to stabilize. On the other hand, in 
all the studied cases RTL2020 gives predictions that are between these 
two extremes, the strain increases in time but neither linearly nor with 

an almost-zero rate. Besides, in RTL2020 time extrapolation we distin-
guish a characteristic time (for the mechanism γR) that is comparable to 
the duration of the prediction. 

4. Analysis of a comprehensive testing campaign with RTL2020 

In order to show the capabilities of RTL2020 to fit simultaneously 
short and long-term tests, with different and relatively complicated 
loading paths, we use this constitutive model to analyze a comprehen-
sive testing campaign performed on specimens from salt 5 at Mines 
ParisTech. 

4.1. Laboratory tests 

In addition to the triaxial compression and the creep tests shown in 
Fig. 7, we conducted the following tests on specimens from salt 5:  

• a typical triaxial compression test under a confining pressure P = 5 
MPa and an constant axial strain rate of ε̇ax = 10− 5 s− 1, performed at 
room temperature;  

• a constant mean stress triaxial compression test, where the confining 
and the axial pressures (respectively P and Q) vary with the respec-
tive rates of Ṗ = − 1MPa/d and Q̇ = 2MPa/d in order to maintain a 
constant mean stress of (Q+2P)/3 = 17 MPa (at room temperature);  

• a multistage creep test at room temperature, where the effect of the 
mean pressure is investigated: during some of the stages the axial and 
lateral stresses are changed in order to maintain a constant deviatoric 
stress and change the mean pressure;  

• a multistage creep test similar to the last one, but performed at T =

70◦C. 

This testing campaign is comprehensive as it is includes tests with 
different and non-classic loading paths, also all the creep tests last over 
200 days. 

4.2. Parameters fitting 

Since some of the tests have different temperature stages, the pa-
rameters AR and αth were fitted. The elastic parameters E and ν were 
fitted using the unloading/reloading cycles of the triaxial compression 
tests. The remaining parameters were fitted in two independent steps: 
those related to the deviatoric part and those related to the volumetric 
part. The experimental measurements of the distorsion were used to fit 
the volumetric strain part; this ensures the independence of the two 
fittings. The fittings of the analyzed tests are given in Fig. 8 and the 
corresponding single parameter set in Table 3. As can be seen, RTL2020 
allows a satisfactory matching to the experimental measurements and it 
describes correctly the deviatoric and the volumetric behavior. The 
quality of the fittings shown in Fig. 8 proves the robustness of RTL2020 
as a rock salt constitutive law. 

5. Inverse creep 

When the deviatoric stress level decreases during a classic creep test, 
the specimen’s length increases for a brief duration before it starts 
decreasing again. This phenomenon assumes that the viscoplastic strain 
rate can be negative following a loading drop (inverse creep). Observing 
this during classic creep tests is delicate due to its small magnitude and 
brief duration. However this phenomenon is exhibited during the 
unloading-loading cycles of classic triaxial compression tests, in fact we 
observed that during these tests the decrease of the deviatoric stress 
comes with an irreversible strain and the creation of a hysteresis loop. 
We select the first triaxial compression test and the third creep test 
presented in Fig. 8, we fit the two data sets with RTL2020 and a single 
parameter set twice: the first fitting does not allow a change in the 

Table 2 
Parameters used to fit the experimental data in Figs. 3–7. The unit system is such 
that strain is in μm/m, stress is in MPa and time in days.  

Parameters Salt 1 Salt 2 Salt 3 Salt 4 Salt 5 

Elasticity 
E 29518 27499 28567 32172 22126 
ν 0.32 0.32 0.30 0.31 0.2 
Munson-Dawson 
A 4.636×

10− 8  
2.713×

10− 3  
0.5882 0.5513 4.46×

10− 4  

n 8.0975 3.7 1. 1.01 3.936 
m 1.387 2.3 2.8075 2.6922 2.7062 
K0  159.5602 69.6769 31.2385 18.5017 5.8505 
Δ  14.0464 9.3 11.1551 11.6182 15.3698 
Lemaitre 
α 0.1363 0.2288 0.1746 0.1801 0.1904 
β 2.4189 2.6356 2.0518 2.265 3.4854 
K 0.4938 0.4832 0.16 0.3034 1.4091 
RTL2020 
α 0.5072 0.3601 0.2601 0.3201 0.6709 
A1  0.4896 0.061 0.0181 0.04107 0.2937 
n1  2.5093 1.473 1.162 1.3711 2.2839 
A2  0.1916 1.0945 0.3986 0.868 4.5478 
n2  2.7967 9.2482 9.6768 9.1676 6.3023 
A 36.055 6.81×

10− 3  
0.01 2.94×

10− 2  
684 

n 11.5263 9.2644 13.5 12.11 8.8926  
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Fig. 8. Fitting of three short-term tests (top) and three creep tests (bottom) with a single parameter set. Note that for the second creep test, an isothermal (room 
temperature), isotropic phase (at (Q+2P)/3 = 12 MPa) was applied. 
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direction of the viscoplastic strain (i.e., the parameter B is set to 0) and 
the second fitting is performed with B ∕= 0. The results are respectively 
shown in Figs. 9 and 10 and the corresponding parameters are listed in 
Table 4. 

Both fittings qualities are satisfactory, in Fig. 9 the loading drop 
during the two analyzed tests is purely elastic as it can be seen in the 
zoomed plots. However, activating the inverse creep mechanism (B ∕= 0) 
allows to describe the hysteresis loop observed during the short-term 
test; it characterizes correctly the viscoplastic flow that comes with 
this unloading-loading cycle. Also, following the load drop in the creep 

test, the model describes a very small and hardly distinguishable inverse 
creep: the strain rate decreases and then starts increasing again. We 
would like to highlight the fact that in the experimental measurements 
inverse creep was not observed, which is almost always the case during 
creep tests. This phenomenon has a very small order of magnitude (as 
predicted by the model in Fig. 10), yet this fitting proves that it is 
directly linked to the loops of the unloading-loading cycles of triaxial 
compression tests. In Fig. 11 we detail the fitting of the creep test in 
Fig. 10 and we explicit the contributions of the distorsion mechanisms of 
RTL2020. We can see that following the load drop γR decreases and 

Table 3 
Parameters used to fit both short-term and creep tests on salt 5 (the unit system is such that strain is in μm/m, stress is in MPa and time in days).  

Elasticity and Temperature effect 

E ν AR  αth       

22126 0.2 4457 3.27× 10− 5       

Distorsion 
a A1  n1  A2  n2  A n B m 
0.5812 0.1854 2.1012 3.7009 6.7562 155.6582 11.989 0.01918 2.2195 
Dilatancy 
z nz  Nz  mz  Mz      

0.4523 1.2644 0.0241 1.028 0.024      

Fig. 9. Fitting of a conventional triaxial test (left) and a multistage creep test (right) with a single parameter set without accounting for inverse creep.  

Fig. 10. Fitting of a conventional triaxial test (left) and a multistage creep test (right) with a single parameter set accounting for inverse creep.  

Table 4 
Parameters used for the fittings shown in Figs. 9–11 (the unit system is such that strain is in μm/m, stress is in MPa and time in days).  

Elasticity and Temperature effect 

E ν AR  αth       

22126 0.2 4457 3.27× 10− 5       

Distorsion without accounting for inverse creep 
a A1  n1  A2  n2  A n B m 
0.5812 0.1854 2.1012 3.7009 6.7562 155.6582 12.11 0 −

Distorsion accounting for inverse creep 
a A1  n1  A2  n2  A n B m 
0.3840 0.2136 2.0581 2.4199 9.9698 0.2223 12.11 3.72× 10− 5  4.5795  
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tends to the new γR but with a very small rate, which is why γL (steadily 
increasing) prevails and this results in a very discreet inverse creep 
phenomenon. 

6. Conclusion 

In this paper we discussed the aptitude of rock salt constitutive 
models to provide pertinent short and long-term predictions, since they 
are crucial for the optimal design of salt caverns. Our discussion was 
based on the confrontation of existing models with five experimental 
campaigns conducted on salts from different geographic locations. We 
found that the studied models gave satisfactory interpretations to lab-
oratory tests. However, their long-term predictions were either too 
conservative or very optimistic. A new model was developed and 
included in this confrontation. It also allowed correct interpretations for 
laboratory tests but unlike the existing models, it gave pertinent pre-
dictions for the long term. This new model was also tested against a 
comprehensive testing campaign that comprises short-term, long-term 
and non-classic creep tests. It provided a valid fitting for the campaign 
with a single parameters set. 

We note that an absolute validation of the model and the pertinence 
of its long-term predictions, requires confrontation with in-situ data 
over years of the cavern’s lifetime. This can be done when a continuous 
monitoring of the underground facilities is performed and in-situ mea-
surements are used to re-calibrate the model parameters and update the 
predictions. 
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gemme, 10. Ecole Polytechnique de Montréal; 1999. Ph.D. thesis. 
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Abstract
Experimental measurements during laboratory tests on salt specimens are important for the design of underground facilities 
in salt formations. These measurements, especially of the volumetric strain, can be influenced not only by the errors inherent 
to the experimental work, but also by the material heterogeneity. The natural variability due to the presence of impurities can 
lead to a non-negligible data scattering in the volumetric strain measurements and therefore raises questions concerning the 
specimens representativity. In this work, we study the effect of the presence of insoluble materials on the representativity 
of salt specimens during laboratory tests. An experimental investigation of this matter is delicate due to the shortcomings 
of laboratory work, thus we suggest a numerical method where salt specimens are modeled as pure halite matrices with 
insoluble inclusions. The insolubles distribution is described via a leveled Gaussian random field. Instead of using three 
different constitutive models, we use one law that is flexible enough to be adapted for each material involved (pure halite, 
inclusions and rock salt) with the adequate choice of parameter set. The modeling approach is presented, compared to the 
morphological modeling approach, and validated. It is employed to study the natural variability effect on strain measurements 
and to specify the size requirements to achieve representativity. The study proves that using non-representative specimens 
can misguide the rock characterization process and might even lead to optimistic design criteria. We propose a methodology 
that combines numerical and experimental work to overcome representativity issues.

Keywords Rock salt · Dilatancy · Material heterogeneity · Gaussian random fields · Representativity · Natural variability
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Main Symbols
�̇�  Strain rate tensor
�  Viscoplastic distortion
�1, �2, �3  Eigenvalues of the stress tensor
�  Stress tensor
I, J, K  Orthonormal basis of the stress space
N  Deviatoric flow direction
�  Viscoplastic volumetric strain
p, q,�  Invariants of the stress tensor

Subscripts
vp  Viscoplastic

Superscripts
c  Compressive loading
t  Tensile loading

1 Introduction

Rock salt has been used for decades as a storage and dis-
posal medium (hydrocarbons, nuclear and chemical waste...) 
because of several assets, such as its very low permeability 
and porosity (Bays 1963; Wernt and Tilmann 2007; Ozarslan 
2012; Gallo et al. 2016; Soubeyran et al. 2019). Design-
ing storage facilities in salt formations requires a constitu-
tive model that is able to describe the rock behavior on the 
short and long terms. The parameters of such models are 
calibrated on experimental measurements during laboratory 
tests on salt specimens that are supposed to be representa-
tive volume elements (RVE) of the concerned rock, and 
the model itself should be irrespective of the size of the 
tested specimens. Rock salt is a geological material and the 
presence of heterogeneities in different aspects and sizes is 
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inevitable (Chemin 1990; Van-Hasselt 1991; Speranza et al. 
2016; Thiemeyer et al. 2015, 2016; Li et al. 2019; Mansouri 
et al. 2019; Liu et al. 2020; Song et al. 2020). This means 
that theoretically, the RVE for each tested salt rock, should 
be determined based on the characteristics of its material 
heterogeneity. However, in practice, it is neither pragmatic 
nor convenient to adapt the experimental equipment to the 
tested specimens and usually, all the tested specimens, 
regardless of the rock they were cored from, have the same 
dimensions. This raises questions concerning the effect of 
heterogeneities on experimental measurements during labo-
ratory tests and the representativity of the tested specimens. 
Azabou et al. (2020a) studied the effect of insolubles on the 
macroscopic behavior of rock salt, and highlighted the fact 
that the natural variability of the tested specimens can lead 
to a representativity issue, especially in terms of the volu-
metric response due to its small magnitude. Under compres-
sive loading, rock salt volume decreases and then increases 
irreversibly due to the opening of micro-fractures, this is 
known as dilatancy and the volumetric strain measurements 
are particularly important since they are used to establish 
dilatancy criteria to design underground facilities (Spiers 
et al. 1989; Staudtmeister and Rokahr 1997; Heusermann 
et al. 2003; DeVries et al. 2005; Sobolik and Ehgartner 2011; 
Khaledi et al. 2016; Wang et al. 2016; Yang et al. 2016; Popp 
et al. 2017; Labaune et al. 2018; Wang et al. 2018). Vari-
ous other studies, proved that material heterogeneity has a 
significant impact on the properties and the behavior of rock 
salt ( Erickson et al. 2015; Fan et al. 2019, ...). For instance, 
Speranza et al. (2013) studied the effect of impurities on the 
mechanical properties of rock salt, such as wave velocity and 
Young’s modulus and Xu et al. (2016) studied their effect 
on the permeability. Such studies are based on specific rock 
salt specimens, i.e, given insolubles content, distribution 
and nature which makes them rather particular case studies. 
Rock salt specimens are in general naturally different due to 
the presence of impurities, for this reason, the conclusions 
reached by such studies can sometimes be variable from dif-
ferent researchers. For example, Wu et al. (2012) found that 
the impurities could reduce the permeability of rock salt but 
the work of Liu et al. (2016) proved the contrary. This leads 
us to seek quantitative analyses on the effect of insolubles 
on the behavior of rock salt rather than a specific qualita-
tive study on their effect on measurable rock salt properties. 
This paper aims to understand and to quantify the impacts of 
heterogeneities on salt specimens during laboratory tests. It 
seeks as well to propose the size requirements for achieving 
representative behavior from both deviatoric and volumetric 
perspectives in the laboratory, and to suggest a methodology 
to overcome representativity issues during the experimental 
work.

An experimental investigation of this matter is challeng-
ing and problematic; first because the measured volumetric 

strains are small (Alkan et al. 2007; Roberts et al. 2015; 
Labaune 2018; Rouabhi et al. 2019) which means that the 
uncertainties inherent to the laboratory work can be non-
negligible and can affect the results. Second, we do not have 
control over the material heterogeneity; as it was mentioned 
before, various aspects of heterogeneity exist within a salt 
sample so we would not be able to attribute an observed 
behavior to one particular aspect. Finally, in order to fur-
ther investigate the representativity of the specimens, we 
need to perform tests on samples of different sizes. This is 
often complicated due to the limitations of the experimental 
facilities. For these reasons, we chose to carry our investiga-
tion within a virtual laboratory built on numerical modeling 
and simulation tools. We focus on macroscopic heterogenei-
ties that are visible on specimens, an example of a rock salt 
specimen presenting such heterogeneity is shown in Fig. 1.

Morphological modeling of the heterogeneities is cum-
bersome and demands high computational times due to 
the meshing requirements (Azabou et al. 2020b), it is even 
impossible to use this explicit approach to conduct simula-
tions when the inclusions size is significantly small com-
pared to the modeled specimen. We propose an alternative 
method based on the assumption that rock salt is as a two-
phase medium (pure halite and insolubles) that has a random 
microstructure. A random distribution is chosen in this study 
because our main goal is to generally understand the effect 
of the presence of heterogeneity on specimens representativ-
ity rather than to numerically reproduce the complex micro-
structure of a given salt specimen. This assumption is also 
motivated by the fact that the tested specimens do not show 
any particular anisotropy. A robust method of modeling 
such materials is based on leveled Gaussian random fields 
(Torquato and Haslach 2002; Lantuéjoul 2002; Bargmann 
et al. 2018; Soyarslan et al. 2018). It requires two steps: (i) 
generating a Gaussian random field over a studied domain, 
and (ii) performing a level cut on the generated field. Such 
approaches, which were initially proposed for bicontinuous 

Fig. 1  An example of a rock salt 
specimen tested at Mines Paris-
Tech, with visible inclusions of 
insoluble materials
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material morphologies formed due to phase-separation 
(Cahn 1965), have found attention in several fields (Teub-
ner 1991; Berk 1991; Roberts and Garboczi 2002; Field and 
Grigoriu 2012; Roubin 2013). Our method consists in con-
sidering one material and then applying the leveled random 
field distribution to a specific material property. With the 
proper choice for the material property to vary, this method 
allows us to significantly reduce the computational time and 
implicitly model rock salt as a two-phase medium.

This paper is structured as follows. In Sect. 2, we briefly 
present the constitutive model used for the numerical work 
in Sects.  3 and 4. In Sect.  3, the modeling approach is 
detailed, compared to the morphological modeling approach 
and validated. In Sect. 4, the impact of heterogeneity on 
specimens representativity is investigated, the size require-
ments to reach representative behavior are specified and a 
methodology to overcome representativity issues is sug-
gested . This study is purely mechanical, neither the thermal 
nor the hydraulic aspects were taken into account.

2  Constitutive Model

In this work, three constitutive models are required: the first 
one is for the pure salt phase, the second is for the insolubles 
phase and the third is to describe the macroscopic behavior 
of rock salt. We chose to use a rheological law that has been 
developed by Rouabhi et al. (2019) since it includes the rel-
evant phenomena for each of the three materials (distortion, 
dilatancy, tension) and these mechanisms can be activated/
deactivated depending on the intent of the simulation. With 
the adequate parameters choice, this model can be adapted 
to describe the behavior of these different materials. Thus, 
the three models used to describe the behavior of the pure 
salt phase, the heterogeneities and the rock salt have the 
same mathematical formalism but different parameters set. 
In this paper, we use a simplified version of this constitutive 
law that we detail in the present section.

The model assumes that the total strain rate tensor is com-
posed of an elastic, a thermal and a viscoplastic part. The 
viscoplastic strain rate tensor �̇�

vp
 is decomposed into com-

pressive �̇�c
vp

 and tensile �̇�t
vp

 components and is given by:

Both compressive and tensile parts are decomposed into the 
basis 

(
I, J, K

)
 defined as:

(1)
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where �′ is the deviatoric part of the stress tensor � and 
� =

√
6tr(J3) is the third invariant of �′.

Concerning the compressive part of the viscoplastic strain 
rate tensor, the deviatoric flow direction tensor under compres-
sive loading Nc , is assumed to be equal to J . �̇� c

vp
= −tr(�̇�c

vp
) 

and �̇�c
vp

=
√
2∕3���̇�c
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��� are the rates of the viscoplastic volu-

metric strain and distortion, respectively, and are given by:

with

where p = −tr(�)∕3 is the mean stress, z, N, n, M and m are 
material constants. In this equation, the sign of ⟨p∕N⟩n − �c

vp
 

indicates whether the behavior is contracting or dilating. As 
for �c

vp
 , it is defined by:

where q =
√
3∕2������ is the deviatoric stress, C, K, � and � 

are material parameters. As for the tensile part of the total 
viscoplastic strain rate tensor, the deviatoric flow direction 
tensor is defined as:

where � = cos−1(�)∕3 is the Lode angle, and the quantities 
X, Y and Z are such that:
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where the multiplier � has the following expression:

with Rt , S and s are material parameters.
This constitutive law is used to describe the pure salt 

phase and the insolubles phase in Sects. 3 to 4.2, as well 
as the macroscopic behavior of rock salt in Sect. 4.3. Obvi-
ously, a different parameter set is used for each case.

3  Numerical Approach

In this section we detail the proposed numerical modeling 
approach, we validate it by simulating typical laboratory 
tests. We also demonstrate its equivalence to the morpho-
logical modeling approach in which the insolubles are mod-
eled explicitly as spherical inclusions.

3.1  An Implicit Modeling Approach

The real micro-structure of natural rock is very complex to 
be accurately described numerically. In this work, we aim at 
obtaining a global understanding of the effect of heteroge-
neities on the macroscopic behavior of salt specimens during 
laboratory tests. For this reason, it is accepted to make the 
simplifying assumption that rock salt is a two-phase medium 
composed of a pure halite matrix and insolubles that are 
randomly shaped and distributed.

An efficient way to generate such materials is leveled 
Gaussian random fields. This method has two steps: 

 (i) Generating a Gaussian random field over a given 
domain:

   The domain is meshed such that the maximum 
element size is smaller than the characteristic size 
of the heterogeneities. A scalar Gaussian random 
field, f, is then generated in the nodes of the mesh. 
It is obtained by superposition of sinusoidal waves 
of fixed wave length and amplitude but random in 
direction and phase (Cahn 1965; Lantuéjoul 2002; 
Soyarslan et al. 2018; Liu et al. 2019): 

 here, �⃗X is the spatial position vector of a given 
node, N represents the number of waves, and ��⃗Ωi and 
�i denote, respectively, wave direction and phase of 
the ith wave, and are given as follows: 

(10)�̇� = Λ
⟨
(G − Rt)∕S)

⟩s

(11)f ( �⃗X) =

√
2

N

N∑
i=1

cos(��⃗Ωi ⋅
�⃗X + 𝜙i)

 where a is the characteristic size of the heteroge-
neities, Ni(0, 1) is the standard normal distribution 
for the ith wave and Ui(0, 1) is the uniform random 
distribution in the interval 0 to 1, for the ith wave. 
The obtained field is that of a stationary, isotropic 
Gaussian random field with mean zero and unit vari-
ance. For �⃗X and �⃗Y  two spatial position vectors of two 
nodes, the covariance function 𝜌( �⃗X, �⃗Y) of this field is 
Gaussian and isotropic, it is given by: 

 (ii) Applying a level cut � such as: 

 Here, S and I denote the salt and the insolubles 
domains, respectively. The threshold value � is 
related to the volume fraction of the insolubles, � , 
by the following equation: 

 where erf is the error function.
The parameters we used for our simulations are the 
following:

– The block of salt is a cube of 1 m long edge: a signifi-
cantly larger volume than what is usually available for 
laboratory tests;

– The characteristic size of the heterogeneities is a = 20

mm: visible inclusions on typical laboratory speci-
mens;

– The size of the mesh was fixed to 7 mm: smaller than 
the characteristic size of the heterogeneities and it 
assures a fine mesh to all the chosen sizes of the speci-
mens to sample;

– The number of waves is N = 10, 000 as recommended 
in Soyarslan et al. (2018);

– The level cut was performed at � = 1.5 : this value gives 
an insolubles distribution and content similar to typical 
laboratory specimens.

The resulting distribution is shown in Fig. 2.
The level cut can be applied to the mesh nodes or to 

the elements (the value affected to a finite element corre-
sponds to the average of the values of its nodes). For our 
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calculations, the leveling is performed on the elements, 
so we have elements that are tagged as salt and elements 
that are tagged as insolubles. In order to differentiate the 
these two phases, we make the following considerations:

– If an integration point is inside an element that is 
tagged as pure salt then it has elasto-viscoplastic 
behavior, only the distortion and the tensile mecha-
nisms of the constitutive model in Sect. 2 are activated;

– If an integration point is inside an element that is tagged 
as insoluble then it has a purely elastic behavior.

Note that Azabou et al. (2020a, b) proved that when the 
insolubles are modeled morphologically as a different 
material from the halite matrix, tensile zones appear on the 
interface between the two materials. These are areas where 
the least compressive principle stress is positive and their 
propagation translates into a microcracking activity (Pouya 
1991, 2000; Pouya et al. 2016). For this reason we chose to 
activate the tensile mechanism for the salt phase. The visco-
plastic dilatancy mechanism was deactivated since, as will 
be proven in Sect. 3.2, the initiation and propagation of the 
tensile zones translate into a microcracking activity which in 
turn leads to a global dilatancy of the structure. Also, with a 
view to simplification, the elastic constants for the insolubles 
phase were chosen to be the same as the pure salt phase.

The approach explained in the present section as well as 
the constitutive model from Sect. 2, was implemented in an 

in-house finite element code called PHIMEF that we used to 
perform the simulations presented in this paper.

3.2  Validation of the Modeling Approach

From the modeled block of salt shown in Fig.  2, we 
numerically sample the cylindrical specimen of diameter 
D = 10 cm and height H = 20 cm shown in Fig. 3. We con-
duct a simulation of a typical triaxial compression test fol-
lowing the specifications in Sect. 3.1 and using the parame-
ters in Table 1: the distortion and the tensile mechanisms are 
activated and the dilatancy is deactivated. These parameters 
were adopted from Labaune et al. (2018) and were obtained 
by fitting short and long-term laboratory tests performed at 
MINES ParisTech. The results of this simulation are shown 
in Fig. 4, both the deviatoric and volumetric responses are 
very similar in terms of patterns and order of magnitude to 
what is typically observed during laboratory tests. We note 
that the observed global dilatancy results from the microc-
racking activity that occurred when tensile zones developed 
due to the difference in ductility between the salt and the 
insolubles phases. In order to confirm the aptitude of this 
modeling approach to correctly describe the behavior of salt 
specimens during laboratory tests, we use the same speci-
men from Fig. 3 with the parameters from Table 1 and we 
perform a series of simulations of typical laboratory tests:

– 6 typical triaxial compression tests under the same con-
fining pressure but with different axial strain rates;

– 6 typical triaxial compression tests under the same axial 
strain rate but with different confining pressures, and a 
uniaxial compression test with the same axial strain rate;

– 1 multistage creep test.

The results of these simulations are shown in Figs. 5, 6 
and  7 and they confirm that this modeling approach is 

Fig. 2  Simulated block of rock salt as a cube of 1 m long edge, with 
insolubles distributed via a leveled Gaussian random field

Fig. 3  Virtually sampled cylin-
drical specimen of diameter 10 
cm and height 20 cm, from the 
rock salt block shown in Fig. 2
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capable of describing the behavior of salt specimens during 
laboratory tests. In fact, the strain rate effect and the confin-
ing pressure influence are correctly predicted: the dilatancy 
onset increases with the strain rate and with the confining 
pressure (Labaune et al. 2018; Rouabhi et al. 2019). Also, 
Fig. 7 shows a very similar pattern to what is typically 
observed in the laboratory during multistage creep tests.

3.3  Comparison with the Morphological Modeling 
Approach

The results shown in Figs. 5 and 7, allow us to validate 
the proposed modeling approach, and in order to further 
demonstrate its capabilities, we perform a comparison with 
the morphological modeling approach proposed in Azabou 
et al. (2020a, b). We model the specimen in Fig. 8, the gray 
matrix represents the pure halite and the cyan inclusions 
are the impurities. We try to reproduce this specimen with 
the implicit method proposed in this paper: on a uniformly 
meshed cylinder, the inclusions are replaced with finite 

Fig. 4  Simulation results of a 
typical triaxial compression test 
under a confining pressure of 5 
MPa and a constant axial strain 
rate of 10−6 s−1 , on the specimen 
in Fig. 3

Fig. 5  Simulations results of 
typical triaxial compression 
tests under a constant confining 
pressure of 5 MPa and different 
axial strain rates, on the speci-
men in Fig. 3

Fig. 6  Simulations results of 
typical triaxial compression 
tests under a constant strain rate 
of 10−6 s−1 and different confin-
ing pressures, on the specimen 
in Fig. 3

Fig. 7  Simulation results of a typical multistage creep test under a 
constant confining pressure of 5 MPa, on the specimen in Fig. 3
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elements tagged as insolubles (see Sect. 3.1), this is illus-
trated in Fig. 8 on a 2D view of the lower surface of the 
cylinders.

On the specimen with the spherical inclusions (the mor-
phological or explicit modeling approach), we conduct a 
simulation of a typical triaxial compression test using the 

parameters in Table 1 for the salt matrix. Concerning the 
inclusions, they are modeled as a second material that is 
elastic, and they have the same elastic properties given to the 
salt matrix in Table 1. Similarily for the implicit modeling, 
we use the parameters in Table 1 for the salt phase, the same 
elastic constants for the insolubles phase and we conduct the 
same simulation on the cylinder where the insolubles are 
modeled implicitly.

The results of this comparison are shown in Figs.  9 
and 10 and they demonstrate the equivalence between the 
explicit and the implicit approaches, and all else being equal, 
the computing time for the second simulation (implicit 
approach) was approximately 3 times lower than that of the 
simulation based on the explicit approach. We note the slight 
difference in the volumetric behavior between the two simu-
lations, in fact in the implicit calculation the angular points 
of the elements tagged as insolubles, favor the development 
of tensile zones. This can be seen clearly in Fig. 10, which 
explains the fact that dilatancy is seen earlier in the simula-
tion with this approach.

The results from Figs. 4, 5, 6, 7, 8, 9 and 10, prove the 
validity and efficiency of the proposed modeling approach 

Table 1  Parameters used to simulate the behavior of the salt matrix

The unit system is such that strain is in μm/m, stress is in MPa and time in days

Elasticity

E �

20,000 0.32

Distortion

� � K C
0.29 2.2 0.13 0

Dilatancy

z n N m M
0 − − − −

Tension

d Λ R
t

S s
10 5 × 104 0 1 1

Fig. 8  a Modeled salt specimen as a pure halite matrix (gray) and 
nodules of insoluble materials (cyan), b 2D view of the lower sur-
face when the inclusions are modeled explicitly and c 2D view of the 
lower surface when the inclusions are modeled implicitly

Fig. 9  Simulations results of a 
typical triaxial compression test 
under a confining pressure of 5 
MPa and a constant axial strain 
rate of 10−6 s−1 , on the specimen 
in Fig. 8 modeled with both 
the implicit and the explicit 
approaches
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and its capability to describe correctly the phenomenologi-
cal behavior of rock salt specimens during laboratory tests.

4  Numerical Investigation

4.1  Natural Variability and Specimens 
Representativity

We use the modeled salt block from Fig. 2 and we virtu-
ally sample 4 specimens of diameter D = 6.5 cm (approxi-
mately 3a, where a is the size of the heterogeneities, see 
Eq. 12) and height H = 13 cm and on each, we conduct 

the same simulation of a typical triaxial compression test. 
The specimens are shown in Fig. 11 and the results of the 
simulations in Fig. 12.

We note that the specimen-to-specimen variation 
slightly affects the deviatoric response but it has a signifi-
cant impact on the volumetric strain measurements. This is 
often observed during laboratory tests and it means that the 
used specimens are smaller than the required RVE for the 
studied rock. We also note that when the heterogeneities 
size is comparable to the cored specimens dimensions, we 
risk sampling specimens with very low insolubles content 
(see specimen C1 in Fig. 11) or specimens with rather high 
insolubles content (specimen C4 in Fig. 11). In terms of 
volumetric behavior, the specimen C1 indicates a very high 
dilatancy onset (see Fig. 12): relying only on this test results 
would misguide the design process by providing an overly 
optimistic dilatancy criterion. However, relying solely on 
information from test on specimen C4 would give a rather 
conservative criterion. This is problematic since conserva-
tive criteria ensure a safe but far from optimal functioning of 
the underground facility, whereas optimistic criteria do not 
guarantee the safety of the site which can lead to dangerous 
consequences.

Fig. 10  Distribution of the ten-
sile mechanism internal variable 
at the end of the simulations of 
Fig. 9: explicit approach on the 
left and implicit approach on 
the right

Fig. 11  Four cylindrical samples of diameter 6.5  cm and a slender-
ness ratio of 2 virtually cored from the block in Fig. 2. The specimens 
are labeled C1 to C4 from left to right

Fig. 12  Simulations results of 
the same typical triaxial com-
pression test (confining pressure 
of 5 MPa and axial strain rate 
of 10−6 s−1 ) on the specimens in 
Fig. 11
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Fig. 13  Virtual sampling of cylindrical specimens with a slenderness ratio of 2 from the block in Fig. 2. From left to right, four specimens are 
cored having the diameters of 4a, 5a, 10a, 15a, 20a and two specimens of diameter 25a, with a the characteristic size of the heterogeneities

Fig. 14  Simulation results of a 
typical triaxial compression test 
(confining pressure of 5 MPa 
and axial strain rate of 10−6 s−1 ) 
on the specimens in Fig. 13
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4.2  Determination of the RVE Size for Volumetric 
Behavior

In order to reach the required RVE and further understand 
the effect of the impurities on the specimens representa-
tivity, we repeat the process explained in Sect. 4.1 (vir-
tual sampling of specimens from the block in Fig. 2 from 
random positions, and conducting the same simulation on 
all the samples), but each time we increase the size of the 
specimens. This process is repeated on cylindrical speci-
mens of slenderness ratio of 2 and diameters 4, 5, 10, 15, 
20 and 25 times bigger than a, the characteristic size of 
the heterogeneities. The specimens are shown in Fig. 13 
and the results of the simulations in Fig. 14.

Figure  14 shows that the dispersion of the results 
decreases with the size of the specimens, especially in 
terms of the volumetric strain and therefore the dilatancy 
onset. When the chosen diameter is ≥ 15a , there is almost 
no data scattering which implies that the representative 
size is reached. This leads us to recommend the size of the 
RVE in our case: a cylindrical specimen of a slenderness 
ratio of 2 and a diameter of 15a where a is the character-
istic size of the visible heterogeneities. In our case, we 
considered a = 2 cm so our REV is a cylinder of diameter 
D = 30 cm and height H = 60cm.

In practice, it may not be possible to test specimens of 
such size or bigger. For this reason, in the following sec-
tion, we propose a methodology that combines experimen-
tal and numerical work to overcome this issue.

4.3  Equivalent Homogeneous Material

When laboratory tests are performed on non-representative 
specimens, and when it is not possible to use bigger speci-
mens we propose the following methodology: 

1. After the experimental measurements are taken on a 
non-representative specimen, the distribution of the 
insolubles should be numerically modeled. This could 
be achieved by considering a two-phase medium simi-
larly to what has been presented in this work.

2. Perform a history matching of the parameters of the 
model detailed in Sect. 2, in order to obtain the param-
eters for the viscoplastic phase and the elastic one.

3. Once each phase is correctly described, numerically 
model a representative and bigger specimen.

4. Simulate the test conducted in the laboratory on the 
modeled representative specimen with the specifications 
in Sect. 3.1.

5. The obtained results could be considered as experimen-
tal measurements and therefore could be fitted using a 
macroscopic model that accounts for dilatancy at a con-

stitutive level. This model could be the one presented in 
Sect. 2 when the distorsion and dilatancy mechanisms 
are activated and the tensile one is not: different consid-
erations that allow the model to be adequate to describe 
the macroscopic behavior of rock salt as it was men-
tioned in Sect. 2.

We illustrate this methodology based on the results of the 
simulations shown in Fig. 14. Consider the results obtained 
in Fig. 14 on the specimens of diameter 15a, experimen-
tal measurements. We choose one of the four presented 
curves randomly (since all the specimens meet the RVE size 
requirement), on these measurements we fit the parameters 
of the model presented in Sect. 2 with the following consid-
erations when assuming the homogeneity of the stress and 
strain fields:

– Only the distortion and the viscoplastic dilatancy mecha-
nisms are activated: C = 0 (Eq. 5) and z ≠ 0 (Eq. 4). 
The observed dilatancy was originally the result of a 
microscopic tensile phenomenon, at this stage, we do 
not consider neither the structure of the specimen nor any 
microscopic phenomena. We use the model of Sect. 2 to 
describe the observed behavior (distorsion and dilatancy) 
regardless of the internal structure of the specimen;

– The tensile mechanism is not taken into account ( � = 0 
Eq. 10) since the simulation is that of a compressive tri-
axial test and the assumption of homogeneity of the stress 
and strain fields is made.

We present the obtained fitting in Fig. 15 and the corre-
sponding parameter set in Table 2. If the fitted measure-
ments were real experimental data on rock salt specimens, 
the resulting parameter set would be valid to study an under-
ground facility in the corresponding salt formation.

In order to demonstrate the importance of fitting the 
model parameters on a RVE, we compare the fitting in 
Fig. 15 to a global fitting of the tests in Fig. 12. The results 
are shown in Fig. 16 and the corresponding parameter sets 
in Tables 2 and 3. We note the difference between the two 
fittings and the corresponding parameter sets. In our case, 
fitting on non-RVE led to an optimistic dilatancy design cri-
terion: the dilatancy onset indicated by the representative 
behavior is lower than that measured on volumes smaller 
than the required RVE. This fitting accounts for the results 
of specimen C1 (see Figs. 11 and 12), which were extremely 
optimistic due to the low insolubles content in this cored 
specimen (see Sect. 4.1), thus the resulting global behav-
ior was optimistic as well. However the results of specimen 
C4 (see Figs. 11 and 12) are conservative compared to the 
representative behavior. In fact, as explained in Sect. 4.1, 



On the Representativity of Rock Salt Specimens During Laboratory Tests  

1 3

when the cored specimens have dimensions comparable to 
the heterogeneities, the cored specimens can randomly have 
higher or lower insolubles content than the REV. The first 
case leads to overly conservative design criteria, which com-
promises the optimal functioning of the underground facil-
ity, and the second case leads to optimistic design criteria 
that can endanger the facility. Thus, using tests conducted 
on non-RVE can induce critical errors when determining 
dilatancy criteria.

5  Conclusions and Perspectives

In this work, the effect of the material heterogeneity of rock 
salt on the representativity of the tested specimens was 
investigated. Due to the small magnitude of the measured 
volumetric strains and the shortcomings of experimental 
works, this investigation was carried out numerically. We 
made the assumption that rock salt is a two-phase medium 
composed of pure halite and insoluble materials. We pro-
posed an implicit modeling approach based on leveled 
Gaussian random fields to describe the heterogeneities 

Table 2  Parameters used to fit the measurements in Fig. 16 (measurements on the RVE)

The unit system is such that strain is in μm/m, stress is in MPa and time in days

Elasticity

E �

29,117 0.30

Distortion

a � K C
0.232 2.041 0.1 0

Dilatancy

z n N m M
1.93 1.07 0.07 1.736 0.0015

Tension

d Λ R
t

S s
10 0 0 1 1

Fig. 15  Fitting of the results of 
the simulations on specimens 
of diameter 15a presented in 
Fig. 14, with the constitutive 
model presented in Sect. 2 
following the specifications of 
Sect. 4.3

Fig. 16  Comparison of a global 
fitting on the measurements 
from Fig. 12 (non-RVE) and the 
fitting on the RVE from Fig. 15
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within the pure halite matrix. Three different constitutive 
laws were needed to describe the pure salt, the insolubles 
and rock salt. We used a single model that is flexible enough 
and that can be adapted to describe the behavior of each 
material with the proper choice of parameters (Table 3).

The approach was validated and it proved that the global 
dilatancy of specimens can be a result of a micro-fracturing 
activity due to the tensile zones created between pure halite 
and insoluble materials. The study proved also that the pres-
ence of heterogeneities can lead to representativity issues 
which in their turn can misguide the design of underground 
facilities. A virtual sampling of specimens of different sizes 
from a salt block was performed. Simulations of typical 
triaxial compression tests were conducted on these virtual 
specimens and the size requirements to reach representativ-
ity were specified. Since it is not always possible to test 
representative specimens, we proposed a methodology that 
uses the experimental results on non-RVE and the numerical 
approach proposed in this paper, to construct an RVE and 
numerically build a data base that could be fitted with a mac-
roscopic model for rock salt. This model and the resulting 
parameter set could be used to study underground facilities 
in salt formations.

The authors are aware that considering rock salt as a two-
phase medium is a simplifying assumption. In the future, the 
proposed approach can be applied to consider a multi-phase 
material with more adequate rheological laws for the hetero-
geneities rather than the simple elastic one.
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