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Amodelling procedure to address the tunnel–anhydritic rock interaction is described in this paper. The
model incorporates the basic physico-chemical phenomena involved in rock swelling, often observed
during excavation and subsequent operation of tunnels. It includes (a) a provision for rock damage
during tunnel excavation, (b) the precipitation of gypsum crystals in discontinuities and (c) a stress-
dependent relationship between swelling strains and mass of gypsum precipitation. The model includes
hydro-mechanical coupling and the transport of sulfate salts dissolved in the massif water. Rock
damage is described by the development of a network of fractures that increases permeability and
allows gypsum crystal growth. Field information, laboratory data and monitoring records available for
Lilla tunnel, located in the province of Tarragona, Spain and excavated in Tertiary anhydritic claystone,
were selected as a convenient benchmark case to test model capabilities. Predictions and measurements
(swelling records of the unlined tunnel floor and swelling pressures against a structural invert) were
found to agree reasonably well.
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INTRODUCTION AND BACKGROUND
Geological formations rich in anhydrite, when crossed by
tunnels, may experience severe heave displacements, which
usually manifest at floor level. Later, when lining is in place,
recorded swelling pressures on load cells are often high or
very high (one to several MPa). Case histories have been
reported for many decades (Grob, 1972, 1976; Henke, 1976;
Einstein, 1979, 1996; Wittke & Pierau, 1979; Kovári et al.,
1988; Wittke, 1990, 2006; Steiner, 1993; Madsen et al., 1995;
Amstad & Kovári, 2001; Kovári & Descoeudres, 2001;
Wittke-Gattermann & Wittke, 2004; Anagnostou, 2007;
Alonso et al., 2013).

Anhydrite formations belonging to the Triassic Keuper
period are frequent in central Europe. The rock massif
excavated in Lilla tunnel located in the province of
Tarragona, Spain, which will be analysed in this paper, is
a recent Tertiary deposit that exhibits a number of features
(a clay matrix, variable proportions of anhydrite and gypsum
and a history of tectonic deformations) found in Keuper
rocks.

Early attempts to introduce ground swelling into tunnel
design relied on the determination of a ‘swelling law’.
A classic example is the Huder–Amberg procedure to
determine, under oedometric conditions, a relationship
between confining stress and swelling deformation (Huder
& Amberg, 1970; Grob, 1972; Einstein et al., 1972; Kovári
et al., 1988). Madsen (1999) and ISRM (1989) describe
similar procedures to determine the swelling law. Kovári et al.
(1988) derived a simple and clever procedure to find a tunnel
characteristic curve in the case of swelling ground, which
incorporates a swelling law. This contribution opens up the
possibility of designing tunnel linings by requiring compat-
ibility between lining deformations and the ‘swelling charac-
teristic curve’.

Historically, the next step was to introduce the swelling
law as an imposed ‘external deformation’ into numerical
analyses, typically using finite elements; contributions in this
regard are provided by Wittke & Rißler (1976), Gysel (1977,
1987), Fröhlich (1986) and Anagnostou (1992, 1995). Some
researches describe coupled flow–deformation procedures
(Anagnostou, 1993; Wittke-Gattermann, 1998; Heidkamp &
Katz, 2002, 2004; Wittke, 2003; Wahlen & Wittke, 2009;
Schädlich et al., 2013). Swelling laws may include time, refer
to anisotropic conditions and reproduce stress paths expected
by tunnel excavations (Barla, 2008). Kramer &Moore (2005)
describe swelling rock behaviour by means of viscoelastic
models.
The calculation procedures developed for swelling non-

sulfated clay rocks experience significant difficulties in
anhydrite-related swelling. In sulfated rocks, swelling strains
are mainly a consequence of gypsum crystal precipitation in
aqueous solutions (Ramon & Alonso, 2013; Alonso et al.,
2013). This chemical reaction is described by kinetic
equations, which require information on the exposed anhy-
drite and gypsum surfaces to water, the mass rates of
anhydrite dissolution and gypsum precipitation, the current
sulfate and ionic concentration of the massif water and the
saturation concentration of gypsum and anhydrite. The
exposed surfaces of sulfate minerals in a real environment
depend on the structural arrangement of the rock constitu-
ents and also on fissuring, which is, in part, a response to
tunnelling-induced stress changes. These interactions are
representative at the scale of field problems and can hardly
be reproduced by a ‘point’ estimation, which is the
concept behind the formulation of constitutive models.
From a laboratory perspective, the ‘point’ is reproduced by
a small sample and its representativeness is therefore very
limited.
Mass rates of dissolution/precipitation require information

that is sometimes derived from tests involving the direct
interaction of crystals and water – a circumstance far from
the physics of clayey sulfated rocks. Saturation concen-
trations depend on the pressure acting on crystals, tempera-
ture and on the remaining salts dissolved in pore water.
Reproducing all these cross-effects in small ‘representative’

samples therefore appears to be a daunting task. The
‘swelling laws’ proposed for expansive clay rocks are not
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adequate to describe sulfate-induced swelling and realistic
alternatives are required.
In Lilla tunnel, sulfated clayey rock (Alonso et al., 2007)

swelling was attributed to the precipitation of gypsum
crystals from supersaturated sulfate solutions in the massif
water. The first hypothesis explored to explain the super-
saturation was the evaporation of water at the rock–tunnel
atmosphere interface. Evaporation led to a straightforward
kinetic law for the rate of gypsum precipitation, given by

dmgyp

dt
¼ dV evap

w

dt
ρwc ð1Þ

wheremgyp is the precipitated mass of gypsum, t is time,Vw
evap

is the volume of evaporated water at the interface, ρw is the
water density and c is the current sulfate concentration of
water. Alonso & Olivella (2008) explored this mechanism,
which simply states that the precipitated gypsum mass is
given by the sulfate concentration in the water.
Figure 1 shows the calculated strains in a vertical section

under the tunnel axis. The plot was consistent with
continuous extensometer records but the numerical predic-
tion was strongly dependent on two assumptions, which were
later found unlikely to be true: (a) a deep water table below
the tunnel floor and (b) a very high ratio between volumetric
deformations and the mass of precipitated gypsum. The first
assumption led to the prediction of an evaporation front at
some depth below the tunnel floor where gypsum precipi-
tation (and therefore swelling strains) was maximum. The
second assumption indicated that the mass of precipitated
gypsum was orders of magnitude lower than the equivalent
heave of the tunnel floor.
The case of Pont de Candí (Alonso & Ramon, 2013;

Ramon & Alonso, 2013) provided field confirmation that
supersaturated sulfate solutions eventually leading to
gypsum precipitation did not require any evaporation
process. Earlier works had already indicated that water
solutions in the presence of anhydrite reach supersaturated

conditions with respect to gypsum. This observation led to a
modified computational model for the swelling phenom-
enon, which was described by Ramon et al. (2009). Later, it
was developed in mathematical terms, for one-dimensional
conditions, by Oldecop & Alonso (2012). Ramon & Alonso
(2013) describe a generalised formulation, which is included
in the coupled flow–deformation finite-element code
Code_Bright (DGEGS, 2017).
Figure 2 illustrates the key concept. Water in a dense

argillaceous rock percolates predominantly along fissures, be
they natural or induced. Anhydrite crystals exposed on the
fissures dissolve and create a supersaturated solution capable
of precipitating as gypsum, especially if gypsum crystals are
found in the vicinity. Fig. 3 shows the growth of needle-like
gypsum crystals in an open discontinuity (gypsum crystal-
lises in the monoclinic system).
The swelling-induced damage observed at Pont de Candí

and in Staufen and Lochviller (Goldscheider & Bechtel,
2009; Sass & Burbaum, 2010; Alonso & Ramon, 2013; Ruch
& Wirsing, 2013) was triggered by a change in hydrologic
conditions. Tunnelling is different because it results in major
changes in stress around the excavation. Stress controls the
equilibrium concentrations of anhydrite and gypsum and it
probably has a direct effect on crystal growth. In addition,
stress changes and the excavation procedure (notably blast-
ing) result in a damaged zone around the tunnel. In brittle
rocks, damage implies the opening of new or existing fissures.
Two associated effects are the enhancement of crystal growth
and a change in flow regimes around the tunnel and, possibly,
large-scale hydrogeological changes (Butscher et al., 2011).
This paper describes the modelling assumptions and

numerical analysis of Lilla tunnel during excavation and
the installation of a support and a concrete invert. Records of
floor swelling and pressures against the invert will be
compared with calculations. The model is an evolution of
previous developments with the purpose of addressing a
number of phenomena, as outlined above.
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Fig. 1. Calculated evolutions of (a) vertical strains and (b) accumulated vertical displacements due to crystallisation of gypsum due to water
evaporation above a phreatic surface (Alonso & Olivella, 2008)
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MODEL DESCRIPTION
The rock is represented as a continuous porous medium in

saturated or unsaturated states. Two scales are distinguished.
The large scale requires the formulation of classic balance
equations for the mass of solid particles, the pore liquid and
pore gas. Liquid flow carries solutes and their balance is also
formulated. Static equilibrium conditions complete the
formulation. The local scale includes the rock mechanical
behaviour and a set of additional phenomena introduced to
reproduce anhydrite and gypsum dissolution/precipitation
and its effect on the rock.

Ramon & Alonso (2013) formulated the set of balance
and equilibrium equations, which are summarised in the
Appendix. This section presents the modelling of local
phenomena.

Rock damage
Rock damage is associated with the development of

fissures. Two mechanisms are considered: stress-induced
opening and crystal growth. The general concept to include
fracturing was presented by Olivella & Alonso (2008) in
connection with gas flow. The idea here is to ‘embed’ avirtual
planar opening in an otherwise continuum element when the
calculated maximum principal strain in extension reaches a
predetermined critical value. If this critical strain is zero, the
fracture already exists. The change in crack aperture is equal
to the product of the tensile strain in excess of the threshold

value and a characteristic material length. The orientation of
a new fracture may be taken to be perpendicular to the
principal tensile strain orientation. In the simplest appli-
cation of the method, favoured here, the effect of a fracture
opening in a given finite element is ‘smeared’ in the element
and the permeability is modified following a cubic law.
Opening of discontinuities is explained by (a) effective

stress changes due to tunnel excavation and subsequent
changes in pore pressure and boundary conditions and
(b) precipitation of gypsum crystals.
Precipitation of gypsum crystals requires supersaturated

conditions in the massif water. Therefore, no crystal
precipitation is expected under unsaturated conditions. It is
also assumed that crystals cannot develop in the small pores
of a dense clay rock. The porosity of undisturbed Lilla
clay ranges from 0·06 to 0·10. Fig. 4 (Pineda et al., 2014)
shows the pore size distribution of undisturbed Lilla
claystone, revealing a unique range of very small pores in
the range 2–10 nm.
It is further assumed that crystal precipitation is only

possible in open cracks with a minimum opening. Discussing
the growth of crystals in pores, Scherer (1999) stress that
cracks and pits are the sites favouring the nucleation of
crystals. In a review of gypsum crystallisation and its effect on
the deterioration of natural stones, Charola et al. (2007) refer
to observations of gypsum crystal growth in natural pores.
They also stress the tendency of gypsum to accumulate and
to generate internal stresses in the rock, which enhances
deterioration. Charola et al. reported the size of crystals as
observed through microscopy, mentioning values in the
range of microns.
Crackopening for the initiation of crystal precipitation was

approximated in the way described in the next section. Fig. 4
shows also the pore size distribution of degraded Lilla
claystone after cycles of drying and wetting. The large
‘macropores’ developed correspond to internal cracks. The
size (opening) of these cracks (0·02–0·1 mm) is many orders
of magnitude larger than the undisturbed pore size.
The mass of precipitated gypsum is determined by means

of a kinetic law adopted for the numerical analysis of Pont de
Candí (Ramon & Alonso, 2013). In fact, the Pont de Candí

Fig. 3. Growth of gypsum crystals on the surface of a rock
discontinuity (rock sample recovered from Lilla tunnel floor during
the field investigation period)
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Fig. 2. Conceptual representation of the process of expansions due to
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active zone and the excavated rock in Lilla belong to the same
stratigraphic unit. The distance between the central pillars of
Pont de Candí and the portal of Lilla tunnel is 600 m.
The kinetic law is given by

dmgyp

dt
¼ σcκξgypϕgyp

ωm
l

ωm
lsat; gyp

ðT ; pÞ

 !θ

�1

������
������

0
@

1
A

η

ð2Þ

in which ωl
m is the mass fraction of dissolved sulfate in water,

ϕgyp is the current volumetric fraction of gypsum (m3/m3),
ωlsat, gyp
m is the equilibrium mass fraction in presence of

gypsum, σc is the specific surface of gypsum (m2 of crystal
surface/m3 of medium), κ is a constant describing the rate of
dissolution/precipitation of mass of gypsum (kg/s.m2), T is
absolute temperature and p is the pressure applied on the
crystals; the coefficients θ=1 and η=2 were maintained. The
product σcκ acts as a single parameter, called the compound
kinetic coefficient in Ramon & Alonso (2013). It is difficult
to calculate it from its two basic components because of the
complexities of natural rock masses.
In addition, the assumption implicit in equation (2) is that

the specific surface of gypsum crystals is fully in contact with
water. However, the conceptual model proposed here (Fig. 2)
suggests that only crystals existing in discontinuities con-
tribute to chemical reactions. The parameter ξgyp =+1 if
precipitation occurs and ξgyp =�1 in the case of dissolution.
A similar equation is adopted for anhydrite.
The measured temperature in Lilla tunnel (close to 15°C)

indicates that, in all the circumstances analysed here, gypsum
precipitates and anhydrite dissolves. This is a consequence of
the equilibrium mass fractions of gypsum and anhydrite
(ωlsat, gyp

m and ωlsat, anh
m ) at the temperature prevailing in the rock

under the tunnel floor (Fig. 5).
Dissolved salts and minerals other than calcium sulfate

modify the saturation concentrations of gypsum and anhy-
drite. Recent contributions on this topic (Serafeimidis &
Anagnostou, 2013, 2015; Anagnostou et al., 2015) report the
effect of the solute mineralogical content on gypsum or
anhydrite equilibrium concentrations.
The effect of salt content in water on gypsum and

anhydrite equilibrium concentrations was addressed by
performing chemical interaction calculations with the help
of the program PHREEQC (Parkhurst, 1995; Parkhurst &
Appelo, 1999). Fig. 5 shows some results. Increasing the salt
concentration (sodium chloride (NaCl)) from pure water to
220 mg/l and 440 mg/l of dissolved salts increased the
equilibrium concentration of gypsum. Interestingly, the

anhydrite concentration increased in similar proportions.
The implication is that the potential for gypsum precipitation
in the presence of anhydrite does not change much when
other salts are included in the analysis. Fig. 5 also indicates
a significant effect of temperature. However, the critical
temperature beyond which the anhydrite equilibrium
concentration became lower than the gypsum value
(around 60°C) was not much affected. In the analysis of
Lilla tunnel described later, the tunnel rock temperature was
fixed at 15°C. This temperature was adopted in view of
temperature readings (12·4–16·8°C) on seeping massif water
collected in the vault of the tunnel.

Precipitated gypsum mass and rock straining
Geometrical considerations justify that crystal growth in

pores and fissures may lead to a volume change in excess of
the precipitated gypsum volume. Fig. 2 also serves to
illustrate this idea.
Oldecop & Alonso (2012) and Ramon & Alonso (2013)

proposed a swelling correction to transform the mass of
precipitated crystals into rock deformation

dεi
dt

¼ γi
ρgyp

dmgyp

dt
ð3Þ

where γi is a coefficient measuring the ‘bulking’ effect of
precipitation in the rock mass in the i direction, ρgyp is the
gypsum density (kg/m3) and εi is the rock deformation in
the i direction induced by gypsum precipitation. There is not
much information about the magnitude of γ and the expected
effect of confining stress in reducing its value. It may be
accepted as a modelling parameter to be determined by
matching experiments or field observations.
Further information was obtained by interpreting swelling

experiments on artificial mixtures of kaolin (selected because
of its low expansivity) and fine powder of anhydrite (grains in
the range 5–16 μm) reported by Huber et al. (2015). Samples
were first compacted to a low porosity (n=0·29–0·35) and
were subsequently wetted under varying vertical stress in an
oedometric cell. Swelling was recorded in time and, after
equilibrium, the remaining masses of gypsum and anhydrite
were determined. Kaolin swelling was also measured and
subtracted from the total strain to determine the expansion
attributed to gypsum precipitation.
The laboratory data reported by Huber et al. (2015) were

interpreted with the purpose of obtaining information on the
coefficient γ. Calculated values of γ for the vertical direction,
γvG, are plotted in Fig. 6 in terms of the confining stress. The
plotted curves correspond to alternative procedures to
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calculate the precipitated gypsum mass. The values of
γvG(mG.end) and γvG(Aprior�Aend) in Fig. 6 were calculated
by means of equation (3). The values of γvG(mG.end) were
taken from data of the mass of gypsum at the end of the tests,
reported by Huber et al. (2015). The values of
γvG(Aprior�Aend) were approximated from the reported
data on the masses of anhydrite present in the samples
before and after the tests. These data were used to estimate
the mass of precipitated gypsum during the tests, assuming
that the decrease in mass of anhydrite present in the samples
after the tests resulted from the dissolution of anhydrite
and its subsequent precipitation into gypsum. The mass of
precipitated gypsum was calculated by means of the
stoichiometric mass balances of the chemical reactions of
dissolution of anhydrite and precipitation of gypsum and the
difference between the mass of anhydrite in the samples
before and after the tests.

The two procedures yielded similar results: γ reached
maximum values of 1–1·6 for low confinement (3 kPa) and
experienced a progressive reduction to γ=0·3 as the confining
stress increased to 400 kPa.

Admittedly, Lilla claystone is not a granular porous
medium but its dense network of fissures, especially for
advanced states of degradation, may be regarded as a feature
favouring the identification of the fissured rock as a porous
medium at a convenient scale. The analysed experiments
indicate that high γ values (in excess of two) are unlikely. They
also suggest that the effect of stress may be approximated by
exponentially decaying functions such as

γi ¼ γmaxe
�bσ′i for σ′i . 0 ð4aÞ

γi ¼ γmax for σ′i ¼ 0 ð4bÞ
where b is a model parameter. Equation (4) was proposed by
Ramon & Alonso (2013) without experimental support. The
effective stress in equation (4) is suggested as the controlling
stress field. Total and effective stresses in the active zone
below Lilla tunnel are probably very similar because of the
low values of pore pressures below the tunnel floor.

The set of governing equations summarised in the
Appendix and the additional information discussed here
were solved by means of the finite-element code Code_Bright
(Olivella et al., 1994, 1996; DGEGS, 2017).

NUMERICAL ANALYSIS
Lilla tunnel, located in the province of Tarragona, Spain,

carries the high-speed railway line connecting Madrid and
Barcelona. It was excavated in 2001–2002 by a conventional
drill and blast technique in two stages (head and bench), and
is 2034 m long. It has a horseshoe-shaped cross-section, a net
cross-sectional area of 117 m2 and a cover varying between
32 and 110 m. It crosses an Eocene sulfated claystone
strongly folded and sheared by the Alpine Orogeny, which
raised the coastal Catalonian mountain chain, located
a short distance away.

The excavated claystone was a soft to medium rock of low
porosity (2·6–5% when undisturbed; higher values (up to
10%) were also measured in some locations closer to
the tunnel excavation) whose mineralogical content was
dominated (50–70%) by illite and paligorskite clay minerals.
Anhydrite was present in significant but variable proportions
(7–50%). The gypsum content was low (0–7%). The remain-
ing minerals were dolomite and quartz.

The excavated tunnel was initially supported by sprayed
concrete and a 300 mm thick cast-in-place concrete, which
included a flat floor slab. Severe heave of the slab was
recorded immediately after completing the works in the

period fromOctober 2002 to December 2003. Vertical sliding
micrometers were thus installed and rock cores were
recovered from borings drilled from the tunnel floor slab.
Cores were tested to gather data on rock density, solid-phase
components and water content in some cross-sections, in
particular cross-section 411+ 600 located at a distance 400 m
from the north portal. This cross-section is analysed in detail
in this paper.
In addition, a 250 m long curved invert was built in

the tunnel stretch showing maximum heave rates with
the purpose of gaining experience on the performance of
a closed lined section. Load cells located at the rock–invert
contact provided swelling pressure records over 2 years
(2003–2004). The heave recorded in the flat slab, extens-
ometer records, vertical profiles of gypsum and anhydrite
content, swelling pressures against the invert and its vertical
heave were compared with numerical predictions, as detailed
later in the paper.
Major repair works to Lilla tunnel were carried out

immediately after the period discussed so far. The original
horseshoe-shaped section was transformed into a circular
section supported by heavily reinforced high-strength con-
crete and the tunnel entered service in December 2006.
Alonso et al. (2013) describe the case in detail.
This paper examines the initial behaviour of the tunnel,

essentially in the period 2002–2003. The response of Lilla
tunnel is characterised by strong variability when different
cross-sections and measurements in a given cross-section
(heave displacements, swelling pressures) are examined. This
heterogeneous response may be attributed not only to the
irregular distribution of anhydrite concentration but also to
details of natural rock fracturing, which are very strongly
affected by intense tectonic activity. Fracturing enhances
rock permeability and the potential for gypsum crystal
growth. This situation should be considered when comparing
field data with the response of the developed homogeneous
numerical analysis.
Chainage 411+ 600 is the reference position for the

cross-section analysed. At this location, the tunnel cover is
77 m. Besides the vertical profiles of rock properties (Fig. 7)
and swelling deformations, time records of heave displace-
ments of the flat slab and swelling pressures against the invert
arch built later on were available in the vicinity of this section.
Figure 8 shows the geometry and boundary conditions

used for computations under plane-strain conditions. The
tunnel crown was 25 m below the upper boundary and the
rock thickness below the original tunnel flat floor was 33 m.
A vertical stress equivalent to 52 m of rock was applied on
the upper boundary of the analysis domain to reproduce the
expected vertical stress state around the tunnel. Horizontal
in-situ stresses were not measured. A value K0 = 2 was
adopted in view of the intense tectonism in the area. The
excavation was simulated in a single step.
The process of fracture opening and precipitation/

dissolution of sulfated minerals was activated in the entire
discretised rock mass. The model parameters and comp-
lementary observations are listed in Table 1.
An elastic behaviour was adopted for the rock matrix. This

hypothesis probably had a minor effect on the swelling
phenomena, dominated by gypsum precipitation. On the
other hand, fracture opening introduced in the model was
controlled by the prevailing vertical stresses below the floor
slab, which are mainly controlled by vertical equilibrium
(except in the proximity of the abutments), which will not
depend much on the mechanical rock model.
A non-saturated state was imposed in the model rock mass

during the excavation process to avoid numerical difficulties
during the excavation process. Once stresses equilibrated,
after excavation, the water level was raised gradually to a level
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1 m above the position of the tunnel floor. At the same time,
zero water pressure was fixed at the tunnel floor itself. The
relative humidity imposed on the tunnel abutments and vault
was 99·9% (equivalent to a small suction ψ=0·13 MPa); this
condition implies very small water evaporation towards the
tunnel.
Rock permeability was uncertain. The claystone matrix

was expected to have low permeability. However, boreholes
drilled for core recovery and the installation of continuous
extensometers became filled with water within a few weeks,
revealing the effect of fractures. An intrinsic permeability of
K=2� 10�14 m2 was estimated for the rock mass.
The fracture model described earlier in the paper requires

specification of the initial fracture aperture (a0), the threshold
tensile strain (ε0) and the spacing between fractures, s. Visual
examination of cores indicated that fractures could be
identified but they were essentially closed. It was thus
decided to adopt a0 = 0 and ε0 = 0. The dense fracturing
translated into a short spacing between planes, s=50 mm. A
maximum fracture opening of amax = 2 mm was adopted to
avoid unrealistically high values of permeability.
Gypsum mass ratios in cores recovered below the active

zone were small (5–10%). Anhydrite mass ratios at the same
locations were much higher (40–50%). Their variations with
depth were quite irregular (Fig. 7). The initial values for the
mass ratios of gypsum and anhydrite adopted in the
numerical analysis were 10% and 40%, respectively. The
initial gypsum mass fraction (Ramon & Alonso, 2013) has a
small effect on calculated gypsum precipitation.
As already mentioned, gypsum crystals do not grow in

very small volumes such as claystone pores. The ultimate
reason for this is associated with the molecular dynamics that
explain the precipitation of gypsum molecules. If a disconti-
nuity is closed, crystals will have also difficulty growing. So,
the relevant issue is to determine a threshold fracture opening
that allows gypsum crystal growth. A practical way to do this
is to attribute the lower limit of the active zone to a given
threshold fracture opening. Then, if the maximum tensile
strain induced by tunnel excavation is calculated at the lower
boundary of the active zone, the critical fracture aperture for
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Fig. 8. Geometry and boundary conditions of the analysis domain

Water content, w: %

0

0

D
ep

th
: m

S
ta

bl
e 

zo
ne

A
ct

iv
e 

zo
ne

1

2

3

4

5

6

7

8

9

10

4 8 12 2·7 2·0 2·4 2·8 0 40

Solid-phase
component: %

Relative vertical
displacement: mm/m

80 –6 –4 –2 02·8

Specific gravity, Gs Total density, ρt: Mg/m3

2·9

October 2002
March 2003 R

ef
er

en
ce

: F
eb

ru
ar

y 
20

03

Conditions March 2003
Gypsum
Anhydrite
Matrix

Active zone

Stable zone

March 2003
December 2003

Fig. 7. Geotechnical and mineralogical characterisation of the rock at chainage 411+ 600 (invert arch) and vertical displacements measured by
the continuous extensometer installed in the axis (Alonso et al., 2013)

HYDRO-CHEMO-MECHANICAL MODELLING OF TUNNELS IN SULFATED ROCKS 973

Downloaded by [ UNIV POLITEC CAT - BIBLIOTECA RECTOR G FERRATE] on [19/10/17]. Copyright © ICE Publishing, all rights reserved.



crystal growth is calculated by applying this (uniform) strain
to a length equal to the fracture spacing. This calculation
provided a value of acrit = 88·5 μm.

The numerical analysis developed for swelling at Pont de
Candí (Ramon & Alonso, 2013) provided a reference case for
the selection of some rock parameters because the active
zone in Pont de Candí is located in the same geological unit
as Lilla. The two cases are, however, quite different because
of the effect of tunnel excavation in modifying rock
conditions – a fundamental aspect absent at Pont de
Candí. As a first choice for the parameters to be used
in the kinetic equation, a first set of calculations was
run with Pont de Candí back-calculated values
(σcκ=3·5� 10�4 kg/m3.s and γmax = 1; b=2; see equations
(2) and (4)). The resulting heave displacements calculated for
Lilla remained below the measurements. The parameter σcκ
incorporates the effect of the crystal specific surface and it is
reasonable to accept that the excavation-induced fissuring
resulted in a substantial increase in anhydrite surface exposed
to dissolution by water flowing in discontinuities. Therefore,
σcκ was increased to 10� 10�4 kg/m3.s in the calculations
reported below and the bulking coefficient for zero pressure
stress was increased to γmax = 2. These values provided
a reasonable fit to the time records of floor heave displace-
ments near chainage 411+ 600.

MODEL PREDICTIONS
First stage of construction: flat tunnel floor
The measured vertical displacements of the axis of

the tunnel flat slab at chainage 411+ 540 for a period of
15 months are compared with calculations in Fig. 9(a).
Chainage 411+ 540 is the closest to chainage 411+ 600
where floor heave records are available. As shown in the
figure, the agreement is reasonably good for the first
4 months but the measured heave accelerated during the
following 2 months to revert again to a slower rate later on.
Fig. 9(b) provides a more complete picture of the perform-
ance of the simulation. Here, calculated heave is compared
with six measured heave records in a 540 m long stretch
(from chainage 411+ 380 to chainage 411+ 920). The
predictions approximately follow the mean trend for
the first part of the recording time but underestimate the
field records in later months.
Field heterogeneity explains some of the discrepancies.

The accelerations in vertical displacements observed in some
records at specific times suggest that rock degradation was
capable of increasing the kinetic precipitation/dissolution
reactions by increasing the exposed surface of anhydrite.
The confining effect of the abutments explains the

bulging shape of the calculated heave (Fig. 10). No precise
levelling data across the width of tunnel floor are available

Table 1. Parameters for analysis of Lilla tunnel

Value Observations

Rock matrix
Elastic modulus, E 1000 MPa Measured E values in unconfined compression tests on densest cores

ranged from 2000 to 4000 MPa. A lower E value was adopted to
account for disturbance around the tunnel

Poisson’s ratio, ν 0·2
At-rest pressure coefficient, K0 2 Intense rock folding suggests a high K0 value
Density of inert minerals, ρs 2·85 Mg/m3 Tests in cores
Gypsum density, ρgyp 2·3 Mg/m3

Anhydrite density, ρanh 2·96 Mg/m3

Rate equations for dissolution and
precipitation

Mass fraction of gypsum in water
for saturated conditions, no stress applied,
ω0 lsat,gyp
m

2·028� 10�3

Mass fraction of anhydrite in water
for saturated conditions, no stress applied,
ω0 lsat, anh
m

3·187� 10�3

Initial gypsum porosity, ϕini
gyp 0·1 Average value derived from measurements on cores

Initial anhydrite porosity, ϕini
anh 0·4 Average value derived from measurements on cores

Compound kinetic coefficient,
(σcκ)gyp= (σcκ)anh

10� 10�4 kg/m3.
s

Adjusted to reproduce heave observations

Coefficients of kinetic law (equation (2)) θ=1, η=2 A quadratic description of dissolution/precipitation rates describes
the processes better

Minimum fracture aperture for precipitation,
acrit

88·5 μm Corresponds to the maximum depth of active layer (see text)

Volumetric strains induced by gypsum crystal
growth

γmax 2 See text
b 2
Fracture development
Threshold tensile principal strain to initiate
fracture opening, ε0

0 Fractures assumed to exist before tunnel excavation

Initial aperture of fractures, a0 0 Fractures assumed to be closed initially
Maximum aperture of fractures, amax 2 mm Selected to avoid extremely high permeability of swelled rock
Spacing of fractures, s 50 mm Approximated from observations in cores. Lilla claystone is densely

fissured
Flow transport
Initial open porosity, ϕini 0·06
Intrinsic initial permeability of porous
rock, K

2� 10�14 m2 Estimated value for the initial state of the fractured rock; see text
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but bulging shapes were visually observed at some locations.
Slab cracking was also widespread – a feature not contem-
plated in the simulation.
The calculated variations of vertical strains with depth and

time are plotted in Fig. 11 at the tunnel axis and at a position
3·50 m away from it.
Figure 12 shows the calculated evolutions of gypsum and

anhydrite volumetric fractions, revealing that gypsum
volume increased in parallel with a reduction in anhydrite
volume. Fig. 13 shows the gypsum and anhydrite volume
fractions determined in cores recovered at chainage 411+ 600
after the detection of expansions. The sulfate mineral
contents below a depth of around 5 m are representative of
natural conditions before tunnel excavation. The average
final content of anhydrite within the active zone (0·25–5 m)
compares well with calculations, whereas the calculated
gypsum content is somewhat larger than the laboratory
determinations.

Figure 14 shows the calculated intrinsic permeability and
fracture opening. Over time, permeability in the active zone
increased by six orders of magnitude. No measurements for
Lilla are available, but Butscher et al. (2011) report a similar
increase in the permeability of the ‘excavation disturbed
zone’ in tunnels excavated in sulfated rocks. The calculated
increase in joint aperture was limited to 2 mm, a value that
was reached, at the end of the simulation (1 year), in the
upper 2 m of the swelling zone.
Two-dimensional maps of a few variables at the end of the

1 year simulation period provide additional information.
Vertical strains as high as 15–20% were calculated at shallow
depths below the floor near the tunnel axis (Fig. 15). The
strains decreased toward the abutments because of the effect
of increasing vertical stress.
Gypsum and anhydrite transformations were found to

extend some distance beyond the tunnel span (Fig. 16). Their
progression downwards was limited by the threshold fracture
opening required for gypsum crystallisation. This is shown
in Fig. 17(a), which shows the fracture opening, which was
prevented below the abutments because of the confinement
they provided. The fracture opening was also found to
decrease with depth under the tunnel floor because of the
increasing stress intensity and the imposed limitation on
crystal growth. Fig. 17(b) shows the calculated permeability
values. The calculated intrinsic permeability within the active
zone ranged between 10�8 and 10�9 m2. It decreased quickly
in the lower boundary towards the value adopted for
undisturbed rock.

Second stage of construction: concrete invert arch
The invert arch was built in January 2004 from chainage

411+ 556 to chainage 411+ 860 (300 m in length) after the
‘free’ swelling period discussed previously. The boundary
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conditions and tunnel discretisation are shown in Fig. 18.
A partial excavation of the active zone was required to build
the arch. The excavated rock corresponds to the most
damaged upper zone. The analysis performed is approximate
in the sense that the initial undisturbed state was adopted for
the rock mass. The simulation involved an initial full

excavation until equilibrium of water pressures was reached.
No chemical reactions were allowed during this period.
Then, the concrete lining, including the invert arch, was built
and the process of sulfate dissolution/precipitation was
activated. The analysis performed serves to analyse the
effect of the structural reaction provided by the tunnel invert
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on the swelling phenomenon. Since the rock mass
was characterised in an identical manner to the previous
free swelling case, comparison of the two cases was
facilitated.

Load cells located at the tunnel axis and in a position close
to the abutments recorded the development of contact
pressures over time. Fig. 19 shows pressure records for
chainage 411+ 609, the closest section to the reference
section (chainage 411+ 600) for parameter identification.
The figure shows the development of vertical stresses
calculated at the rock–invert contact in the central axis
and directly below the ‘footing’ connecting the invert and
the tunnel lining. The simulation managed to capture
the development of pressures with reasonable precision.
The stiff ‘fixed’ point under the abutment experienced the
maximum swelling pressure. Similar pressure–time records
along the invert showed a significant reduction in axial
pressure when compared with cell records close to the tunnel
abutments.
Figure 20 shows the calculated and measured vertical

displacements experienced by the invert at the tunnel axis.
The calculations overestimated the actual displacement
records significantly. In the numerical model, the resisting
structure was a 40 cm thick invert arch. It is unclear if the
space between the invert and the original position of the
tunnel floor was filled with concrete. This situation may
explain the discrepancy between the numerical predictions
and the heave measurements. The tunnel section was later
transformed into a heavily reinforced circular structure and
the invert arch was demolished. The effect of the invert arch
in reducing heave, even with its moderate curvature, was quite
effective.

CONCLUSIONS
Research contributions by several groups over the past

decade have resulted in better understanding of the chemical
and physical phenomena behind the severe expansivity
observed in tunnels excavated in anhydritic formations. The
finite-element model described in this paper is believed to
represent the fundamental aspects of basic mechanisms.
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Swelling is attributed to gypsum precipitation from super-
saturated sulfate solutions. Sulfate supersaturation requires
the presence of water and anhydrite.

Supersaturation by evaporation at the tunnel surface was
discarded as a relevant mechanism. Kinetic equations were
used to describe the precipitation and dissolution rates of
gypsum and anhydrite. Previous experience in modelling a
singular heaving case provided background information on
the kinetic parameters. From a mechanical perspective, a key
aspect of the problem is the transformation of precipitated
gypsum crystals into rock deformations. This aspect requires
further attention because of its relevance. The interpretation
of published tests, related to real conditions to some extent,
provided some information on ‘bulking’ and stress effects on
the relationship between induced strain and precipitated
mass.
Tunnelling excavation and subsequent swelling in brittle

sulfated claystones result in an accumulation of damage. In
the model, this is attributed to the generation of fissures that
exacerbate previous rock fracturing. This mechanism is
represented in the finite-element model by means of an
embedded fracture, which relies on the interpretation of
calculated tensile strains. Crack opening has two distinct
effects – it increases fast rock permeability around the tunnel
and facilitates the crystallisation of sulfates.
The outlined phenomena and mechanisms form the basis

of a version of the finite-element code Code_Bright that is
capable of modelling tunnel construction in anhydritic
formations.
The model was applied to simulate the behaviour of the

well-documented case history of Lilla tunnel, excavated in
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Tertiary sulfated claystones. Field data, namely swelling
records observed for more than 1 year in the tunnel floor and
the depth distribution of gypsum and anhydrite volume
fractions, were compared with model calculations. The
numerical analysis also provided information on the evol-
ution and spatial distribution of induced cracking and rock
permeability.
The analysis was extended to simulate the construction of

a structural invert arch. Field data on the measured swelling
pressures against the inverted vault and its vertical displace-
ments were also available. The comparison with model
predictions, maintaining the set of parameters describing

the ‘free’ floor swelling of the first stage of construction, was
fair in general terms.
The preceding positive comments have to be weighted with

a few considerations that may help to direct future research
on aspects insufficiently known. The observed variability in
the field measurements (both displacements and pressures
against the tunnel lining (Alonso et al., 2013)) suggests that
the mechanisms of crystal growth and propagation in real
environments require more precise and comprehensive field
data. Details of the described formulation, such as the
identification of rate parameters, the significance and
appropriateness of threshold fracture opening for crystal
precipitation, the simple concept behind fracture opening

Excavation

Concrete

Claystone

(a) (b)

0 10 m

Fig. 18. Geometry and mesh of the analysis domain used for the simulation of Lilla tunnel with invert arch simulations
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and the role of rock matrix damage, not included in the
model, require improvement and further study.

APPENDIX. FORMULATION OF THE MODEL
The mass balance equation of solid phase in terms of the rate of

change of rock porosity, ϕ, is

Dsϕ

Dt
¼ ð1� ϕ� ϕanh � ϕgypÞ

ρs

Dsρs
Dt

þ ϕanh
ρanh

Dsρanh
Dt

þ ϕgyp
ρgyp

Dsρgyp
Dt

 !

þ ð1� ϕÞr � du
dt

� 1
ρgyp

dmgyp

dt
� 1
ρanh

dmanh

dt

ð5Þ
where ϕanh and ϕgyp are the volume fractions of the soluble species
anhydrite and gypsum, ρs, ρgyp and ρanhare the densities of the
insoluble minerals, gypsum and anhydrite, and u is the displacement
vector field for the porous medium.

The mass balance equation for water is described, considering any
external sinkor source of water, fw, the total mass flux of water in the
porous rock as a combination of the velocity of the solid skeleton
(ρl(du/dt)) and the Darcy component (ρlql), where ρl is the density of
the water and ql is the flow rate of water, by

ϕ
Dsρl
Dt

þ ρl
Dsϕ

Dt
þ ρlϕr � du

dt

� �
þr � ðρlqlÞ ¼ f w ð6Þ

The external supply or sink of water, fw, takes into account that a
quantity of water is incorporated (or released) in the crystalline
structure of gypsum when gypsum precipitation or dissolution
occurs.

The mass balance equation of solute calcium sulfate reads

ρlω
m
l r � du

dt

� �
þϕ

Dsðρlωm
l Þ

Dt
þr � ðρlωm

l ql �Drωm
l Þ

¼ � dmgyp

dt
1� ρlω

m
l

ρgyp

 !
� dmanh

dt
1� ρlω

m
l

ρanh

� �

ð7Þ
The product ρlωl

m is the concentration of calcium sulfate in water
in units of mass/volume, where ωl

m is the mass fraction of dissolved
calcium sulfate in water. The term D∇ωl

m describes the diffusive rate
of flow following Fick’s law, where D is the diffusion coefficient.

The kinetic equation for the dissolution/precipitation of gypsum is
given in equation (2). A similar equation was adopted for anhydrite.

The equilibrium mass fractions of calcium sulfate in saturated
conditions in equation (2) are derived from consideration of the
pressure applied to the crystal, p, and the temperature, T. Scherer
(1999) describes the effect of stress acting on the crystals (gypsum
and anhydrite) as

ωm
lsat ¼ ωm

0 lsat exp
pνc
RgT

� �
ð8Þ

where, ω0lsat
m corresponds to the equilibrium mass fraction of

dissolved calcium sulfate in water for an unloaded crystal, νc is the
molar volume of the crystal, Rg is the ideal gas constant and T is
the absolute temperature.

The loading pressure applied on the crystals is made equal to the
vertical effective intergranular stress acting on the solid species
σ′crystal (Ramon & Alonso, 2013)

p ¼ σ′crystal ¼ σ′z
1� ϕ

ð9Þ

where σ′z is the vertical effective stress. The equilibrium equation in
terms of total stresses

r � σ þ b ¼ 0 ð10Þ
where σ is the stress tensor and b is the vector of body forces,
completes the set of equations to be solved.

The deformations induced by the precipitation of gypsum are
imposed during calculations (equations (3) and (4)).

NOTATION
a0 initial aperture of fractures (mm)

acrit minimum fracture aperture for precipitation (μm)
amax maximum aperture of fractures (mm)

b parameter defining γi (1/MPa)
b vector of body forces (MPa)
c current sulfate concentration of water
D diffusion coefficient (m2/s)
Ds material derivative
E elastic modulus
fw sink or source of water (kg/m3.s)
Gs specific gravity
K intrinsic permeability (m2)
K0 rest pressure coefficient

mgyp precipitated mass of gypsum (kg)
manh precipitated mass of anhydrite (kg)

p pressure applied on the crystals (MPa)
ql flow rate of water, advective flow (m/s)
Rg ideal gas constant (atm.l/(K.mol))
s spacing between fractures (mm)
T absolute temperature (K)
t time
u solid displacement (m)

V w
evap volume of evaporated water at interface
w water content
γi bulking coefficient in i direction

γmax bulking coefficient for zero pressure stress
εi strain in the i direction
ε0 threshold tensile principal strain to initiate

fracture opening
κ kinetic constant (kg/s.m2 of crystal)

κanh kinetic constant parameter for anhydrite (kg/s.m2)
κgyp kinetic constant parameter for gypsum (kg/s.m2)

ν Poisson’s ratio
νc molar volume of crystal (m3/mol)
ρl density of water (kg/m3)

ρanh anhydrite density (kg/m3)
ρgyp gypsum density (kg/m3)
ρs density of solid species (kg/m3)
ρt total density
σ stress tensor (MPa)
σc specific surface (m2 of crystal surface/m3 of

medium)
σ′crystal pressure applied on crystals (MPa)

σ′i effective confining stress in the i direction
σ′z vertical effective stress
ϕ porosity (m3/m3)

ϕanh volumetric fraction of anhydrite (m3/m3)
ϕgyp volumetric fraction of gypsum (m3/m3)
ϕini initial open porosity
ϕinianh initial volumetric fraction of anhydrite (m3/m3)
ϕini
gyp initial volumetric fraction of gypsum (m3/m3)
ωl
m mass fraction of dissolved sulfate in water (kg/kg)

ωlsat
m current equilibrium mass fraction of dissolved

sulfate in water (kg/kg)
ω0lsat, anh
m equilibrium mass fraction of dissolved sulfate in

water with respect to anhydrite without pressure
applied on crystals (kg/kg)

ω0lsat, gyp
m equilibrium mass fraction of dissolved sulfate in

water with respect to gypsum without pressure
applied on crystals (kg/kg)
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