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Thermal load imposed on the ground by the foundations of some singular buildings may produce variations in
geochemistry conditions. In soils containing soluble salts, such as gypsum, their dissolution/precipitation rates
may be modified, triggering ground settlement as well as angular distortion of building foundations. This paper
examines these processes for the case of the Central Storage Facility for high-level radioactive waste planned in
Spain. This facility would impose a thermal load over a long period of time due to the disposal of spent nuclear
fuel. A numerical model, including the equations for describing the dissolution/precipitation process, as well as
the hydrogeological, thermal, chemical, and geomechanical changes in the ground caused by the construction
and operation of the facilities, is proposed. The model focuses on the response of the building foundation under
different hypothesis of thermal loading underneath the building. Comsol Multiphysics software was used for
solving the resulting partial differential equations by the finite element method. This analysis concludes that
moderate thermal loading of the ground would develop in the Case Study, with negligible mechanical effect on

the foundation.

1. Introduction

The effects of dissolution or precipitation of gypsum and other sol-
uble salts in soils beneath building foundations or civil engineering
works have been broadly studied. This way, many authors have devel-
oped measures to protect structures from subsidence related to sinkhole
activity (Gutiérrez et al., 2014; Paukstysa et al., 1999), dealt with
damage to civil engineering works due to the degradation and swelling
of clayey rocks bearing calcium sulfate (Oldecop and Alonso, 2012), or
developed stabilizing techniques for problematic gypsiferous soils
(Gumusoglu and Ulker, 1982; Kuttah and Sato, 2015). The relevance of
these issues is linked to the rates at which dissolution processes occur.
According to White (1984), the acceleration of dissolution and subsi-
dence processes depends on a hydrodynamic and a chemical component.
The former derives from changes in the local hydrogeology, such as the
modification of the phreatic level or the path and rate of groundwater
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flow (Cooper and Gutiérrez, 2013). The second derives from changes in
the chemical composition of the groundwater and the solubility product
value, which in turn depends on the pressure and temperature condi-
tions (Blount and Dickson, 1973; Freyer and Voigt, 2003; James and
Lupton, 1978).

The problem can be even more complex if the stability of calcium
sulfated mineral phases under different chemical or thermal conditions
is considered. Calcium sulfate occurs in nature mainly in form of three
different minerals distinguished by their degree of hydration: gypsum
(CaS0y), bassanite (CaSO4-0.5H50) and anhydrite (CaSOy4) (see Fig. 1).
The changes from gypsum to anhydrite and back to gypsum are common
processes (Klimchouk, 2000). This way, James (1992) noted that in very
hot climates gypsum can dehydrate to anhydrite when it is exposed at
the surface, above 42 °C, or where high salinity is present. The opposite
process, dissolution of anhydrite and precipitation of gypsum, is also
well documented. Thus, for example, Ramon and Alonso (2013),
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Fig. 1. Equilibrium diagram for the system CaSO4-H,0 (Adapted from Zanbak
and Arthur, 1986).

concluded that the modification of groundwater chemistry triggered the
dissolution of anhydrite and the precipitation of gypsum under the piled
foundations of a railway bridge, giving rise to heave.

Despite the extensive experimental study of the role of temperature
in the dissolution of gypsum, the research on its impact to building
foundations transmitting thermal loads is limited. In most cases, thermal
loading of the ground is produced by heat loss from buildings and de-
pends on the insulating quality of the envelope (Janssen et al., 2004;
Weitzmann et al., 2005). Active thermal foundations can be considered
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as a particular case of ground heating from buildings (Kaltreider et al.,
2015; Rempel and Rempel, 2013; Wang et al., 2016). In all these cases,
heat losses are usually seasonal, as winter cycles are fully or partially
compensated with the summer cycles, so that the overall heat balance of
the system does not always produce a major change in temperatures
beneath building foundations. In other cases, a permanent thermal load
is imposed, and the seasonal damping is not possible, resulting in a
continuous increase of the ground temperature over time. This is the
case of some industrial facilities or power plants that host processes
generating heat continuously over time.

The long-term prediction of the combined effect of thermal, chemi-
cal, mechanical and hydraulic changes on the foundation ground is not
straightforward, since it involves processes that take place on a large
space and time scale. The development of numerical models provides a
very useful tool for its analysis if an adequate description of the
constitutive behavior and a systematic acquisition of the parameters
needed to quantify it are achieved. This allows to explore the in-
terrelationships between physical and chemical processes, and to
deepen in their relative importance in the system as a whole. Its interest
could even be enhanced if used for fitting the parameters based on
monitoring of ground movements, temperature, hydraulic and chemical
changes during construction or commissioning of the work, as it would
make possible to assess the system evolution and establish intervention
frameworks on possible building damage, if necessary.

This is the approach followed in this paper, where the effect of a
continuous thermal load through a building foundation on the response
of a soil containing gypsum is analyzed. The study is based on the nu-
merical model formulated in M4B (Alonso et al., 2016, 2019), a tool for
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Fig. 2. Location of the CSF (a, b), and plan view of the facilities (c). The studied building is highlighted in grey. Cross (d) and longitudinal (e) sections of the building

considered in the analysis.
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Fig. 3. (a) Location of the surveying works in the study area (CSF). (b) Stratigraphic profile for the study area. (c) Geological profile of the study area, showing

idealized shallow and deeper water groundwater flow.

the definition of the differential equations that idealize the thermo-
hydro-chemo-mechanical behavior of the ground and the foundation
structure. Emphasis was placed on describing the temperature de-
pendency of the dissolution processes of the calcium sulfated phases, as
it constitutes the main research purpose of this work. The case of a
building belonging to the facilities of the Spanish Central Storage Fa-
cility (CSF), planned near the village of Villar de Canas, in central Spain,
was considered (Fig. 2 a, b). This building (Fig. 2 c, d, e) will be the
storage room for the high activity level radioactive waste of the Spanish
nuclear power plants for a period of 60 years. The waste, mainly spent
fuel rods, presents a high radiotoxicity and generates a considerable
amount of heat, so special storage conditions are required. The main
features of the site geological conditions are described in the next sec-
tion. Afterwards, a conceptual and numerical model of the system is
proposed. Finally, the importance of studying the effect of the dissipa-
tion of the thermal load through the ground on the building is high-
lighted, as well as the relative importance of various parameters on the
response of the foundation.

2. Site description
2.1. Geology

For the geological characterization of the CSF site, a comprehensive
field and laboratory survey was conducted by the Spanish public entity
responsible of the management of radioactive waste, Enresa. These
works, described in Cienfuegos et al. (2014) and Rueda et al. (2015),
included geophysical prospecting campaigns (31,880 m of electrical
tomography, 10,000 m of seismic reflection and a 10 x 20 m mesh of

seismic tomography), the excavation of 3300 m in trenches for analysis
of neotectonics of the study area, 53 trial pits and the drilling of near 189
geotechnical boreholes (9890 m). The boreholes were also used for the
realization of 11 cross hole, 20 down-hole and 141 hydraulic tests. Also,
54 penetrometer tests, 33 multi-channel analysis tests of surface waves
(or MASW) and 26 full wave sonic tests were performed (see Fig. 3a).
The characterization study of the material and its behavior was attained
in laboratory, with granulometry measurement, mineral identification
and plastic index determination. Finally, oedometric, shear strength and
swelling pressure behavior was also studied from undisturbed samples
obtained in the boreholes.

Tertiary units and Quaternary deposits were recognized (Fig. 3b and
c). The Neogene Tertiary materials include, from top to bottom, the
Upper Balanzas Unit (LBS), the Balanzas Gypsum Unit (YB), the Lower
Balanzas Unit (LBI) and the Lower Units (UI) (Fig. 3b). LBS are gypsum
mudstones with a high compositional variability, with an average con-
tent of 32% in phyllosilicates and between a 30 to 60% in gypsum. YB
Unit consists of a set of interbedded gypsum and mudstone layers with a
wide mineralogical variability. Three levels can be distinguished within
the YB Unit. The upper level is composed of gypsum, marls and mud-
stones, with a gypsum content close to 63%. The intermediate level
presents macrocrystalline and laminated gypsum, about 84% of the
mineralogical content on average, and a phyllosilicate content of 9%.
The lower level corresponds to alabaster gypsum, present in decimetric
levels alternating with marls and mudstone layers. The gypsum content
at this level is around 42%. In the marls and mudstones of the LBI Unit,
the predominant minerals are dolomite (33%), phyllosilicates (30%),
and gypsum with an average content of 28%. The UI Unit is composed of
mudstone-marls materials with the presence of lenticular gypsum
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Fig. 4. Temperature measurements in boreholes (P1, P2, P3, P4, P5)

crystals and sandstone levels. In the LBI and UI units, illite and musco-
vite are dominant among the clay minerals. Below all these units, clays,
silts, sandstones and conglomerates of the Paleogene-Neogene Unit
(UPN) were identified.

2.2. Hydrogeology

The main hydrogeological units were identified from the prospecting
and testing campaign in the study area. Thus, 32 boreholes were
established as piezometric control points, and 141 tests were carried out
to estimate their hydraulic parameters. Of them, 105 were Lugeon tests,
and the rest were pumping and pulse Slug tests, from which hydraulic
conductivity and transmissivity values were estimated (Cienfuegos
et al., 2014; Rueda et al., 2015). Also, for the characterization of the
unsaturated behavior of the LBS unit, retention curves were obtained in
laboratory with the vapor transfer technique (Pintado et al., 2009).

From the characterization campaign, it was concluded that a shallow
and local water flow develops along low permeability Tertiary and
Quaternary materials beneath the CSF facilities, besides a deeper and
broader flow (Cienfuegos et al., 2014) from an aquifer system of high
transmissivity in the Mesozoic carbonate materials (limestones and do-
lomites) located at the east of the CSF site (Fig. 3c). The main recharge is
produced by infiltration of rain on the materials, and the main discharge
is associated with the lateral drainage towards the alluvial of a river
located to the west of the facilities (Zancara River, Fig. 3c), and occa-
sionally and with less importance, in points of valley where more frac-
tured or permeable materials emerge. In general, little significant flow
exists under the planned facilities.

2.3. Hydrogeochemistry

The hydrogeochemical analysis is based on the sampling of 257
samples from Zancara River, 56 surface water monitoring points across
the study area and 383 water samples and 106 geochemical profiles
obtained in the boreholes.

All these data were managed by Gomez et al. (2014) to determine the
main cations (Ca®*, Mg?" and Na™"), and anions (SO3~, HCO3, CI~ and
NO3) in the pore waters, with some spatial variations in their concen-
trations. The correlation between the main cations (Ca*", Mg?* and
Na') and the sulfate anion (SO%’) is practically 1:1 in the groundwater
surrounding the study area, evidencing the major role of sulfates in their
composition. Similarly, the ratio between SO%‘ and Ca®* concentration
is 1:1 for almost all waters, up to a concentration of 30 meq/L (balance
solution in equilibrium with gypsum), which indicates that gypsum is

160 180 200

and estimated general increase applying a thermal gradient of 0.03 °C/m.

the predominant mineral phase in the system. Beyond this concentra-
tion, the SO~ content in water continues to increase with no increase of
Ca?*, so that the further contribution of sulfate and precipitation of Ca%*
is controlled by other minority mineral phases (Alonso et al., 2019;
Gomez et al., 2014).

2.4. Thermal characterization

Temperature measurements were recorded in boreholes carried out
in the study area. For each borehole, the average temperature value was
estimated for different depths, as shown in Fig. 4. A general increase of
0.03 °C/m in depth was observed from the records.

Furthermore, for the thermal characterization of the materials, a
series of tests were carried out by Villar and Iglesias (2014) to estimate
the thermal conductivities of samples from LBS and YB. The test results
show a high variability even within the same unit, with a decrease in the
conductivity values of the samples as the gypsum content increases.

3. Conceptual model
3.1. Formulation of the dissolution processes

Gypsum and anhydrite were considered in the model as minerals
subjected to dissolution or precipitation under the effect of thermal
loading. The former was found in every geological unit, as described in
Section 2.1. Anhydrite, on the other hand, although not found in the
ground proximity of the facilities, was considered in the model for
dealing with possible mineral phase changes related to temperature
variations. Among the calcium sulfated phases shown in Fig. 1, bassanite
was not taken into consideration due to its low stability at the pressure
and temperature conditions to be expected in the site.

The dissolution or precipitation of each mineral can be calculated
from its saturation index, SI, being:

IAP

SI = log—— (€8]
gKPT

where IAP is the ionic activity product of dissociated species and Kpr is
the solubility product constant of the mineral. The solubility product of a
mineral depends on pressure and temperature conditions. According to
Appelo et al. (2014), an additive expression can be adopted:

AVy

lOngT = lOngo‘T b m(

P—Py) (2)
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Table 1

Polynomial terms for calculating solubility as a function of temperature.
Mineral A0 Al A2 A3 A4 A5
Anbhydrite 5.009 —2.21 x 1072 —796.4 0 0 0
Gypsum 82.381 0 —3804.5 —29.9952 0 0

where Kpq,r is the thermal component of the solubility product, AVy is
the volume change of the reaction (J/mol/kPa), T is temperature (K), P
is pressure (kPa), Py is a reference pressure (kPa), and R is the gas
constant (8.314 J/mol/K). The value of the pressure considered in Eq. 2
was considered to be equal to the stress P acting on the crystals (Zim-
merman et al., 1994):

4

=1=¢

P 3

where o is the vertical total overburden stress and ¢ is the porosity.

Even if the gypsum-anhydrite chemical system has been widely
studied, some uncertainties exist in the determination of precipitation
conditions for anhydrite, fundamentally due to its slow crystallization
kinetics (Ossorio et al., 2014). The theoretical transition temperature at
which anhydrite becomes less soluble than gypsum is estimated by some
authors to be between 42 and 60 °C (Freyer and Voigt, 2003), although
some works determine this transition temperature for saline systems in a
range below 52 °C (Hill, 1937; Posnjak, 1938). In this paper, the tran-
sition temperature at which anhydrite becomes less soluble than gypsum
is given by the thermal component of the solubility product:

A2 A4
logKp, 1 = A0+ AL T+—+A3 log T+75+AS T? ©))

where A0 to A5 are the fitting parameters shown in Table 1, adopted
from Appelo (2015). The plot of the solubility product values against
pressure and temperature according to Egs. 2 to 4, for both gypsum and
anhydrite, is shown in Fig. 5.

The conversion from gypsum to anhydrite occurs by the dissolution
of the former and subsequent precipitation of the latter, not by alteration
within the solid phase (Klimchouk, 2000). In this way, precipitation or
dissolution rate for both minerals can be expressed by Lasaga’s (1998)
adapted expression:

IAP 1
RMin:K Sc 6¢Mm{’ﬁ‘7l} (5)

2.00 —
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where Ry, is the precipitation/dissolution rate of each mineral, S, is the
specific surface, « is the kinetic constant of dissolution/precipitation, ¢ is
the sign value indicating whether the process generates precipitation or
dissolution of the mineral, ¢y, is the mineral volumetric fraction (Viin/
Vror, where Vyi, is the mineral unit volume and Vror the total unit
volume) and 7 is an empirical constant which depends on each disso-
lution or precipitation mineral reaction.

Finally, the calculation of the strain related to dissolution or pre-
cipitation of the sulfated phases, deCH, can be considered through the
following expression (Oldecop and Alonso, 2012):

de™ = E ‘ijM[n.j (6)

j ]

Wi

where Wj is the molar mass, pj is the density and y; expresses the fraction
of volume displaced in the dissolution/precipitation process.

3.2. Numerical model

The equations proposed in the previous section, in addition to the
balance equations summarized in Appendix A, defines a nonlinear sys-
tem of coupled partial differential equations that, formulated as a
boundary value problem, can be solved applying numerical techniques.
The use of Multiphysics Partial Differential Equations Solvers, such as
Comsol Multiphysics (Comsol, 2020) (CM) is a very useful option for the
model described in this work. This software, based on the application of
the finite element method with Lagrange multipliers, applies automatic
symbolic differentiation techniques (Martins and Hwang, 2013) to
obtain the derivatives needed to define the iteration matrix, significantly
improving the computational convergence rate (Gobbert et al., 2009).

Although CM includes prebuilt models that allow to solve some
problems without carrying out any numerical implementation, it also
includes modules that do allow to define both the differential equations
and the constitutive formulation. To freely introduce the model
described in this paper, the second option was used in this work.
Nevertheless, due to the high number of equations, variables, and pa-
rameters required for the complete definition of the model, this can
become a difficult task. For this reason, the entire definition of the model
was introduced in the M4B database (Alonso et al., 2016), developed to
facilitate the implementation of the input files to be used in CM solver.
By this approach, the researcher focuses on the definition of the physical
problem and the software takes automatic control of assembling the
system of equations and their solving.
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Gypsum 0.1 MPa

=== 50 MPa

== == 50 MPa

eseees 100 MPa
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~~~~~~ 100 MPa

-8.00

0.00 50.00 100.00

T(°C)

150.00 200.00

Fig. 5. Solubility product for gypsum (grey lines) and anhydrite (black lines).
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Further details of the numerical strategy and some engineering ge-
ology application examples used in CM for solving the equations
implemented in M4B are given in Navarro et al. (2014a, 2014b, 2015,
2016) and Alonso et al. (2012a, 2012b, 2019).

3.3. Study domain, initial values and boundary conditions

The study domain in Fig. 6a was considered. Its geometry extends to
where the effects of the thermal and hydraulic loads associated with the
construction of the facilities can be considered negligible. For its defi-
nition it was necessary to solve the two-dimensional extended model of
Fig. 6b, and to delimit the domain in which variations of temperature
and liquid pressure were significant. By this approach, greater precision
in the modeling of the surroundings of the facilities could be achieved
(Fig. 6¢). The isolines with the potentiometric head equal to 798.1 m at
the western boundary, and 808.3 m at the eastern boundary, respec-
tively, together with the bottom flow line identified in Fig. 6b, were
established as the study domain limits. These isolines where considered
in the model as Dirichlet boundary conditions, whereas the flow line in
the bottom was considered as a zero-flow natural condition. Further-
more, according with Cienfuegos et al. (2014), an inflow rate value was
imposed on the top boundary (R1 to R4, Fig. 4c). Finally, a Cauchy
boundary condition was assigned to the discharge point shown in
Fig. 3c. This condition is due to a natural drainage point in the out of
plane direction.

The definition of boundary conditions and initial values for the
thermal problem were based on the temperature measurements recor-
ded in the boreholes. The gradient of 0.03 °C/m shown in Fig. 4 was
considered. This can be considered as a common value in Earth science
models (see, for example, Pollock, 1986). Surface temperature and its
evolution outside the area affected by the construction of the facilities
was obtained from the climate model studied by Enresa (2013), where
data from 1966 to 2010 was analyzed. Based in this work, an increase in
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Fig. 7. Temperature prediction to 60 years under ambient conditions (a) and in
the slab-ground contact (b).



J. Alonso et al.

Table 2

Engineering Geology 284 (2021) 106049

Parameters used in model. The data sources are summarized as follows: (1) Identified parameters, adapted from Cienfuegos et al. (2014, 2) Values fitted from average
of tests in samples; (3) Geotechnical parameters from tests in Sondon (2016) and Rueda et al. (2015, 4) Estimated values consistent with the observed lithologies; (5)
Value fitted from pedotransfer functions; (6) Parameters fitted from experimental data of Sondon (2016, 7) Parameters adapted of the model from Rueda et al. (2015,

8) fitted from experimental data of Villar and Iglesias (2014).

Par K bo nyg ayg E v ks As
Hydraulic Initial n van Genuchten a van Genuchten Elastic Poisson’s Stiffness to suction  Solid phase thermal
conductivity porosity parameter parameter modulus ratio changes conductivity
Units m/s - - (kPa™h) kPa - 1/kPa W/mK
LBS1 5.20 x 1078 (€] 0.30 (2) 1.40 (4) 1.4 x 107* (6) 6.5 x 10* 0.32 (3) 2.43 x 107° (7) 2.38 (8)
(6)

LBS2 2.00 x 1077 (1) 0.30 (2) 1.40 (4) 1.4 x 104 (6) 6.5 x 10* 0.32 (3) 2.43 x 107°(7) 2.38(8)
(6)

YBI and 2.54 x 107° (1) 0.16 (2) 1.89 (5) 1.4 x 107%(6) 4.2 x 10° 0.26 (3) - 1.73 (8)
NGYBa )

NGYBb 1.85x 107 (1)  0.16(2) 1.89 (5) 1.4 x 1074 (6) 3.4 x 10° 0.27 (3) - 1.73 (8)
@

Q 1.16 x 1077 (1) 0.36 (3) 1.13 (5) 6.18 x 1072 (4) 4.2 x 10° 0.30 (3) - 2.60 (8)
)

YBdis 2.42 x 1077 (1) 0.36 (3) 1.13(5) 6.18 x 1072 (4) 4.2 x 10° 0.30 (3) - 2.60 (8)
(7)

LBI + UI 4.50 x 1078 (1) 0.23 (2) 1.41 (5) 1.93 x 107! (4) 4.3 x 10* 0.30 (4) - 2.49 (8)
4

UPN 3.70 x 1078 (1) 0.23 (4) 1.41(4) 1.93 x 1071 (4) 4.2 x 10° 0.30 (4) - 2.49 (8)

@

the maximum monthly temperatures of 5 °C and an increase in the
average minimum monthly temperatures of 2 °C were considered in
view of the effect of climate change to 60 years, as shown in Fig. 7. This
extrapolation was made from an initial temperature value of 14 °C,
corresponding to the average annual temperature in Villar de Canas
(Enresa, 2013).

Three different cases were considered in this paper for defining the
thermal boundary condition under the building. Two of these cases were
based on the study performed by Enresa (2017), where the temperature
value at the interface between the ground and the foundation slab was
obtained from an Ansys-Fluent 3D analysis for different cases of ambient
temperature and operation conditions. Thus, in a first case, H1, normal
operation conditions of passive ventilation by natural convection of the
building were considered, and the relationship given in Eq. 7 was
adopted.

If Tambient > 140C~, Tnterface = 0.851 T Ambient + 13.0°C

Tinerace C){ otherwise, Tinertwe = 0.2 Tampien +23.2 °C 2

By combining this equation with the ambient temperature prediction
to 60 years from Fig. 7a, the temperature prediction shown in Fig. 7b
was obtained. Consequently, the maximum reached temperature was
36 °C. In the second case, H2, a temperature of 60 °C was set in the
ground-slab interface, corresponding to the maximum temperature
reached in case of accidental malfunction of the natural ventilation of
the building Enresa (2017). It is important to note that, as the building
design considers passive ventilation through natural convection, the
temperature reached in the H2 Case would only correspond to an acci-
dental situation. Therefore, the consideration of permanent conditions
for the thermal loads in the H2 Case is an unrealistic scenario given the
actual design of the building. This work considers this case only as a
reference frame for the hypothetical case of a non-ventilated building,
where temperature at which anhydrite is less soluble than gypsum
would be reached. Furthermore, in both cases (H1 and H2), a very
conservative criterion was adopted, as the cooling of the fuel rods was
disregarded, and the maximum temperature value obtained by Enresa
(2017) at any point of the slab was considered. Finally, a third case
disregarding thermal loads under the building, HO, was also performed
to be used as a reference for comparison purposes.

A non-diffusion mass flow condition was considered for the hydro-
geochemical problem at the western boundary. In the eastern and upper
boundaries, Dirichlet type conditions were imposed. The concentration
values of the species corresponding to a fresh water (ie. with a low

content of dissolved soluble salts) were considered. Finally, a zero-flow
natural condition was considered in the lower boundary. The chemical
species considered in the numerical model (H™, co%, so3, ca’t,
Mg?*, Na*, K¥, CI* HCO3, OH™, H,CO3, CaCOs, CaHCO3, MgHCO¥,
MgCO3, NaHCO3, NaCO3, HSO;, HySO4, CaHSOZ, CaSO4, MgSOy,
NaSOz, CaOH'", MgOH', NaOH, KOH) were based on the hydro-
geochemical analysis performed by Gomez et al. (2014) and Alonso et al.
(2019).

For the mechanical problem, null displacement conditions were
assumed on the bottom and lateral boundaries, and free displacement
condition was considered on the upper boundary of the model. A 2.5 m
thick slab, with a total load of 375 kPa was considered under the
building. This value includes the dead-weight of the building and the
operation loads.

3.4. Model stages

Two stages were computed to get stable initial conditions prior to the
setting up of the facilities. In a first stage, the groundwater flow regime
and chemical speciation in natural conditions (prior to the excavation)
were obtained, allowing to reproduce the chemical data obtained in field
and laboratory tests. A detailed description of the obtention of the
hydrogeochemical initial conditions is provided in Alonso et al. (2019).
In a second stage, the excavation process of 100 days up to the proposed
depth was simulated. This was performed by a smooth function that
progressively cancels the effects of the volumetric forces (weight),
elastic modulus (stiffness) and hydraulic conductivity of the excavated
materials (blank area in Fig. 6a). This process modifies the mechanical
response and the flow rate regime, so it had to be taken into account for
the definition of the initial condition of the final stage, where the setting
up of the facilities was simulated. This was done by imposing the me-
chanical and thermal loads exerted by the building over a period of 60
years. Similar to the excavation stage, this was done through functions
describing the activation of the flexural rigidity and the density of the
slab, plus the service loads transmitted by the building, over a period of
3 months estimated for its construction. Finally, to consider the hy-
draulic barrier effect of the paved area, a recharge value of zero was
applied in the area surrounding the facilities.

3.5. Thermal, hydraulic and mechanical parameters

The permeability values assigned for the different units were
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adjusted to fit the piezometric level measurements described in Section
2.2. Parameters for the retention curve, according to the van Genuchten
(1980) model, and relative permeability were obtained from laboratory
tests described in Section 2.2. Hydraulic parameters used in the model
are given in Table 2.

Thermal conductivities of the units considered in the model were
obtained from the laboratory tests enumerated in Section 2.4 of this
paper. These show a high variability in thermal conductivity values,
mainly related to the influence of gypsum content. The interpretation of
the results allowed to fit the value of the thermal conductivity of the
solid phase for the different units shown in Table 2. For this purpose, Eq.
A16 in Appendix A was used, considering the averaged contribution of
different components (soil, air and water), according to Gens (2010). In
this equation, a value of 0.6 W/(mK) was considered for the thermal
conductivity of water, Ay, and a value of 0.024 W/(mK) was adopted for
the air, 15 (Gens, 2010). The latent heat of vaporization (see Appendix
A) considered in the model was 2500 kJ/kg (Pollock, 1986). Further-
more, a specific heat of 1.01 kJ/(kg K) for air, 1.89 kJ/(kg K) for vapor,
4.18 kJ/(kg K) for water, and 0.837 kJ/(kg K) for solid from Pollock
(1986) were considered in the analysis.

The elastic modulus, Poisson’s ratio and stiffness to suction changes
values shown in Table 2 were fitted from the experimental data in
Sondon (2016) and Rueda et al. (2015).

3.6. Dissolution/precipitation kinetics and bulking coefficient

For the dissolution/precipitation problem, the value of Ry, in Eq. 5
is controlled by the « - S. product. The rate constant, «, on one hand, has
been investigated by several authors, providing a relatively wide range
of values, in the order of 10~* mol/m?s for gypsum dissolution (Barton
and Wilde, 1971; Colombani, 2008) and one to two orders of magnitude
smaller for the dissolution of anhydrite and precipitation of gypsum
(James and Lupton, 1978; Kontrec et al., 2002). Despite the significant
amount of research effort dedicated to the bulk growth of gypsum from
aqueous solutions, much less has been that devoted to understanding the
growth mechanisms and kinetics of anhydrite, and no bulk growth rate
data are available for this phase (Van Driessche et al., 2019). Never-
theless, experimental observations show that the growth dynamics of
the main faces of anhydrite is approximately two orders of magnitude
slower than gypsum (Ossorio et al., 2014; Van Driessche et al., 2019).
Despite the broad experimental research regarding rate constants for
gypsum dissolution/precipitation and anhydrite dissolution, it should be
noted that experimental results obtained in idealized laboratory condi-
tions may differ from realistic field values (Ramon and Alonso, 2013).
On the other hand, the specific surface S, of the « - S. product depends in
turn on the amount of mineral species present in the rock at the time, the
shape and the size of the crystals or nodules (Oldecop and Alonso, 2012),
so its determination is not straightforward either. For achieving more
realistic values, Ramon and Alonso (2013) obtained the « - S, product
value from back-analysis of field heave record of mudstones bearing
calcium sulfate minerals, and linked the dissolution/precipitation rate
with this value and the volume fractions of the mineral, as shown in Eq.
5. In the absence of more reliable experimental results, the product value
obtained by these authors (x - S = 2.03 x 1073 mol/m®s) was adopted in
this work as the reference value for both gypsum and anhydrite rate
reactions. Since the limiting process seems to be the precipitation of
anhydrite, this value can be considered as a conservative reference, as
this reaction was not considered in the work of Ramon and Alonso
(2013). However, given the uncertainty associated with these parame-
ters, this value is considered appropriate for the purpose of this paper.
The description for the initial mineral fraction values in Eq. 5, ¢in, on
the other hand, is given in Alonso et al. (2019). For the case of gypsum in
the LBS unit, an initial value of ¢min,Gypsum = 0.4 was considered. For
anhydrite, an initial content of zero was specified, although a minimum
reaction rate product value of k - S¢ - PMmin,anh = 3.47 X 1077 mol/m>s
was defined in case of anhydrite supersaturation. This value
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Fig. 8. Settlement under the slab for cases H1 (a) and H2 (b), 30 and 60 years
after construction of the building.

approximately reproduces the rate of anhydrite nucleation obtained in
the work of Wagner et al. (2005).

The empirical constant # in Eq. 5 depends on each dissolution or
precipitation mineral reaction. In the case of gypsum, its dissolution rate
follows a first-order equation (n = 1) (Liu and Nancollas, 1971; Zda-
novsky, 1956), whereas the dissolution rate of anhydrite obeys a second-
order equation (7 = 2) (James and Lupton, 1978; Kontrec et al., 2002).
On the other hand, the growth of gypsum crystals was observed to follow
a second order (7 = 2) expression (Kontrec et al., 2002; Witkamp et al.,
1990). Although the precipitation rate of anhydrite seems to be less
studied, a first-order expression for anhydrite precipitation was obtained
by Meijer (1983) in laboratory conditions ( = 1). Therefore, first-order
equations were considered in this work both for gypsum dissolution and
anhydrite precipitation.

7, defined in Eq. 6, is a coefficient measuring the bulking effect
induced by crystal growth in the rock mass. This parameter has been
obtained by some authors from fitting of field measurements (Oldecop
and Alonso, 2012; Ramon and Alonso, 2013). Ramon et al. (2017) also
evaluated this parameter from laboratory data reported by Huber et al.
(2015). In all these cases, forensic analysis was carried out considering
the anhydrite dissolution and gypsum precipitation problems. In this
work, a reasonable range of gamma values was considered according to
conclusions reached by these authors. A value of y = 1 was adopted in
the reference model, which implies that shrinkage/swelling is equal to
the dissolved/precipitated mass. Additionally, a sensitivity analysis was
also completed, so further models with y = 0 (all the dissolution/pre-
cipitation is produced in the existing voids), and y = 0.5 (intermediate
situation) were also analyzed.
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Fig. 10. Gypsum (black) and anhydrite (grey) content evolution for Case H2 in
point CP shown in Fig. 6.

4. Results and discussion
4.1. Settlement of the slab

Settlement of the slab for cases H1 and H2, after 30 and 60 years from
the construction of the facilities, are shown in. Fig. 8. The settlement
profile without thermal load is also shown as a reference (HO). Vertical
displacements in Case H2 are much higher than those experienced in
Case H1, since the former occur without gypsum-anhydrite trans-
formation. Furthermore, H1 and HO profiles show a settlement increase
towards the western part of the slab (Fig. 8a). This is a consequence of
the higher compressibility and thickness of the LBS Unit beneath the
building in that area, as opposed to YB unit, as it provides a larger
amount of settlement. On the other hand, differences in settlement
evolution between cases H1 and HO are linked to gypsum dissolution. As
shown in Fig. 9, after 200 days, the temperature growth predicted in
point CP under the building (shown in Fig. 6) is followed by an increase
of the gypsum solubility according to temperature-solubility relation in
Eq. 4, leading to its dissolution. Five years after the setting up of the
facilities, the temperature at which gypsum exceeds its maximum sol-
ubility product is reached, and thereafter precipitation occurs. At the
end of the process (60 years), the dissolution of gypsum in the early
years is higher than the overall precipitation, and settlement remains
beneath the slab. Nevertheless, differences between Case H1 and HO are
very low, and can be considered as negligible for design or construction
purposes.

Settlements calculated in Case H2 are higher than those calculated
for Case H1. The differences are a consequence of the large volume
reduction experienced in the ground in Case H2: as gypsum occupies a
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larger unit volume than anhydrite, the volume change is linked to the
differences of density between the mineral phases, the total amount of
gypsum and anhydrite to be dissolved or precipitated, and parameter y
in Eq. 6. With temperature increase, the anhydrite solubility product
decreases faster than the gypsum solubility product, becoming lower
than the latter above 45 °C in the adopted model. As a result, anhydrite
precipitates from calcium sulfate, undersaturating the solution with
respect to gypsum and leading to its dissolution. This process is self-
feeding, and anhydrite precipitation and gypsum dissolution take
place simultaneously, as shown in Fig. 10. The gypsum-anhydrite
transformation is linked to the heat transfer under the foundation, but
also to the evolution of their dissolution/precipitation kinetics. In point
CP, for Case H2, this transformation begins after 30 years from con-
struction of the facilities. Nevertheless, model results show that angular
distortion in all cases would be under the 1/150 limit and would not
cause structural damage according to EN 1997-1 (2004).

4.2. Sensitivity analysis inspection
The relevance of the processes described in this paper depends on a

large extent on the value of the parameters used in the model. An in-
spection of the sensitivity of the model response against parameter y
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described in Eq. 6, the precipitation/dissolution rate (Eq. 5) and the
flexural rigidity of the slab foundation was performed for Case H2.
The influence of parameter y is shown in Fig. 11a. For low y values,
smaller vertical displacements would be produced. This is because low y
values imply that almost all minerals dissolve or precipitate in the free
porosity of the soil, with very limited impact on the deformation of the
medium. On the other hand, high values of y mean that a fraction of the
volume needed to host the crystals during the process of dissolution or
precipitation would be obtained by the partial displacement of the solid
skeleton, and not only through variations of free porosity, developing
higher stress changes which would lead to higher displacements as well.
Fig. 11b shows the values of the vertical displacements for different
precipitation/dissolution rates of both gypsum and anhydrite. For lower
rates of the « - S. product (x x 0.5), smaller vertical displacements would
develop under the slab, whereas for higher rates (x x 5), much larger
vertical displacements are produced. The relative effect of the « - S,
product is explained by the amount of soil where the process of disso-
lution of gypsum and precipitation of anhydrite is fully developed. This
way, the higher the value of « - S¢, according to the conceptual model
described in Section 3.1, the larger volume of soil under the building
would be affected by the gypsum-anhydrite transformation. For low
values, on the other hand, the slow kinetics of the process reduces the
soil volume under the building where the gypsum-anhydrite trans-
formation has had enough time to take place. From this sensitivity
analysis, it is shown that the effect of the « - S. product on the foundation

10

response is major in comparison with the other evaluated parameters.
However, it should be noted that, as described in Section 3.6, a con-
servative reference parameter has been considered in the analysis, so
higher values than the reference « - S, product adopted in this paper are
unlikely to occur. Nevertheless, further research is needed for a reliable
estimation of these parameters to conduct more accurate predictions of
these processes.

Finally, Fig. 11c shows the distribution of vertical displacements in
the slab under the building considering slab thicknesses of 1.5, 2.5 and
3.5 m. An increase of the slab stiffness would lead to the development of
more reduced vertical displacements in the center of the slab. It should
also be noted that a thicker slab would also improve the thermal dissi-
pation of temperatures transmitted from the building.

4.3. Dissolution/precipitation process and porosity evolution

As has been seen in the previous section, y would largely condition
the volumetric behavior of the soil under the building in case H2. The
evolution of free porosity (¢ = Vy/Vror), mineral volumetric fraction
(¢min = Vmin/ VToT), and total porosity (¢ror = ¢ + ¢wmin) at control point
CP, for the different values of y considered in the sensitivity analysis, is
shown in Fig. 12a. Although the changes in total porosity in Fig. 12a are
also related to the stress-strain path derived from the building con-
struction, its influence is minor compared to the effect of the dissolution
and precipitation process. This is shown the same figure, as variations in
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porosity are very small up to 40 years from the ending of the con- b) In the hypothetical case of absence of ventilation in the building
struction works, when the process of dissolution of gypsum and pre- design, higher thermal loads would develop (Case H2), and a change
cipitation of anhydrite develops. To facilitate interpretation, this of mineral phase in calcium sulfate might occur. This would favor the
process, for the different values of y, is schematized in Fig. 12b. For the dissolution of gypsum and precipitation of anhydrite, leading to a
case of y = 0, there would not be a variation of the reference volume loss of unit volume that could cause larger settlement of the slab.
Vror, since no bulking effect would occur because of the dissolution/ c) Model results show that angular distortion in all cases would be
precipitation process. Thus, there would be an increase in the free under the 1/150 limit and would not cause structural damage ac-
porosity, ¢, at the expense of a reduction in ¢y, so that the total cording to EN 1997-1 (2004).
porosity, ¢ror, would remain constant. In the case of y = 0.5, the loss of d) Sensitivity analysis shows a significant dependence of the vertical
mineral volume would lead to a half of that loss in the reference volume displacements on parameter y, as well as on the dissolution/precip-
(Vrom. In this case, there would be a reduction of total porosity (see itation rate of the mineral phases, whereas the dependence on the
Fig. 12a). Finally, for the case of y = 1, all the net volume lost because of slab thickness is minor.
gypsum dissolution and anhydrite precipitation would originate the loss e) Design measures adopted in building design and considered in this
of the same amount of the total volume. Although the volume of voids work, such as flow and thermal barriers, or an effective passive
would remain invariable, there would be a net increase in ¢ because of ventilation system, minimize possible adverse effects resulting from
the reduction of the reference volume, Vror. a potential gypsum - anhydrite transformation.
5. Conclusions Declaration of Competing Interest
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sum, in the facilities of the Spanish Central Storage Facility (CSF), is
analyzed. Based on the considerations described above, it is concluded Acknowledgements
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Appendix A. Equations

The equations for water flow problem are summarized in Table A1.

Table Al
Hydraulic equations.

Description Equation #

Water mass balance equation 0r;ltw 4 Ve(myvy) =0 [A1]
Total mass of water my =my, +my = pwSr ¢ +py(1 — S ¢ [A2]
Water mass flow mwvw = myvy, + myvy [A3]
Mass liquid flow my, v =my Vs + pwdrL [A4]
Advective component of fluid flow K. k [A5]

P q, = 7%(VPL +pw & Vz)
L

Vapor mass flow my vy =my Vs + jy [A6]
Mass diffusion of vapor jv=¢ Q—-S) tD Vpy [A7]

In Eq. A2, ¢is the porosity, pw and py are the density of liquid water and vapor, respectively, and Sr is the degree of saturation of the liquid phase,
obtained with the van Genuchten (1980) model. For the definition of the mass liquid flow, Py is the liquid pressure, vs is the deformation velocity of the
solid skeleton, z is the vertical coordinate and Kj, ki, and gy, are the intrinsic permeability, relative permeability and dynamic viscosity of the liquid,
respectively. D is the molecular diffusion coefficient and 7 is the tortuosity, considered for the calculation of the mass diffusion of vapor according to
Fick’s Law.

Thermal equations are summarized in Table A2. In Eqs. A10 to Eq. A13, ¢, cy, ca, and cg are the specific heat of liquid, vapor, air and solid,
respectively, T, is a reference temperature, and hY is the latent heat of vaporization/condensation.

A detailed explanation of the implementation and solution of the chemical equations solved in the model is given in Alonso et al. (2019). The
governing equations are summarized in Table A3. In Eq. A18, m; is the number of moles of species “i” per unit volume of solution and myyn j is the
amount of species precipitated as mineral “j”. N and M are the number of species and minerals, respectively. R; is the net production rate of the
chemical species due to chemical reactions and Ry j is the net production rate due to dissolution/precipitation. f;; defines if species “i” is effectively
related to mineral “j” (B;; = 1) dissolution/precipitation processes or not (#;; = 0). In Eq. A20, D; is the diffusion coefficient of species “i”.

Equations for the mechanical problem are shown in Table A4. oot is the total stress vector, p is the bulk density and m is the vector expression of
the Kronecker delta. In the definition of the reference pressure (see Gens, 2010, for example), P;, and P are the liquid and gas pressure, respectively.
de is the incremental strain and D€ is the elastic matrix. In the definition of the elastic strain variation due to suction variations, Pay, is the value of
atmospheric pressure and s is the stiffness of the soil against suction changes, S. Strain due to the precipitation or dissolution of minerals, de ", is
calculated with Eq. 6.

Finally, the behavior of the building foundation was considered with the beam formulation available in the “Structural Mechanics Module” of CM
(Comsol, 2020).
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Table A2
Thermal equations.

Engineering Geology 284 (2021) 106049

Description Equation #
Energy conservation equation %itz LV =0 [A8]
Internal energy of the porous medium h = pySreph + pyp(1 — Sr)hy+ [A9]
c +pad(1 = Sr)ha + ps(1 — ¢)hs
Internal energy of liquid hy, = ¢ (T — To) [A10]
Internal energy of vapor hy = h% + cy(T — To) [A11]
Internal energy of air hp = ca(T — To) [A12]
Internal energy of solid hs = ¢s(T — To) [A13]
Heat flow Iy = lgc + lya [A14]
Conductive heat flow lyc=—-1VT [A15]
Thermal conductivity Q= 25D -8nd [A16]
Advective heat flow lua = hopw (qp + Srpvs)+ [A17]
o hypy (v +Sr(1 = @)vs ) + hsps(1 — )vs
Table A3
Chemical equations.
Description Equation #
Chemical species mass balance equations o .;: m) LV Srm V) = [A18]
i=1,...,.N
M
..=¢ ST Ri—> ¢ Sr f; Ruin;
=1
0(¢p Sr mpin R
(& St Maans) P i) _ g Rytin j=1,.M
Molar flow per unit area ¢ Srmj vi=¢ Srmi vs+m; qu +ji [A19]
Molecular diffusion ji=—¢ SrD; Vm [A20]
Table A4
Mechanical equations.
Description Equation #
Equilibrium equation V-6ror—pgVz=0 [A21]
Constitutive stresses 6 = 6ror — Py m [A22]
Reference pressure Py = max (Pg,P1) [A23]
Constitutive behavior do = D°(de — de® — de™) [A24]
Elastic strain due to suction variations des — 1 & dSm [A25]
3 (S+ Pum)
Void ratio % +vs-Ve = (1+€)V-vs [A26]
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