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Executive Summary

The objectives of this deliverable are, first, to explain the scientific bases of the chemo-mechanical
models used in the EURAD MAGIC 4.3 subtask in order to calculate the base case defined in the project.
Next, the aim is to give results of chemo-mechanical simulations of base case study performed with the
chemical models coupled with mechanical ones. For the three teams involved in this project, LMDC, LEI
and CSIC, two types of information were expected, on the one hand the description of the chemical and
mechanical modules of the chemo-mechanical models, on the other hand the application to the base
case study provided by organizers. In this second part, the mesh and the boundary conditions are
described first, then the chemical results and the mechanical esults of the simulations are discussed.
The LMDC proposes a chemical model directly applicable at a structural scale, this model is derived
from classical reactive transport models retaining only the most significant state variables. It provides
the volumes of the hydrates and uses them in a mechanical homogenization module to calculate the
elastic moduli of degraded concrete. These inputs are then used in a nonlinear model to compute the
long-term behaviour of an underground structure (tunnel) until one million years. The CSIC model, based
on a coupling between two existing simulation tools, remains at the scale of the host-rock/concrete
interaction zone concerning the chemical part, which limits its use to the edges of the concrete structure.
On the other hand, it integrates a simplification in terms of coupling with mechanics, which allows it to
gain in efficiency on this second plan. LEI modelled coupled hydro-mechanical (HM) processes in
parallel with reactive transport of solutes in concrete and rock porewater in two-dimensional space
considering concrete liner and surrounding excavation disturbed zone.

Finally, the modelling strategy adopted by these three teams can be compared: LEI and CSIC adopted
complete reactive transport models to describe the chemical processes close to the concrete/geological
medium interface, while LMDC decided to develop a reduced reactive transport model retaining only
transfer of main chemical species (calcium, carbon dioxide and water), but retaining all the other species
as static reactive species. For CSIC and LEI, the strategy was to couple two softwares. The chemical
analysis performed by CSIC could only be carried out until 25 years of aging due to the heavy
computational cost of the coupling between the two softwares, and 10 000 years for LEI. The integration
of all phenomena into a single software allowed to reach one million years for LMDC. Logically, the more
sophisticated the coupling, the less the simulated duration. Concerning mechanics, LEl and CSIC used
linear models with elastic parameters depending empirically to the chemical results. LMDC used a
homogenization technic based on task 4.1 and task 3 results, to compute the elastic properties from the
chemical results. LEI models the complete geometry, in 2D, proposed for the base case, considering
the host rock as poro-elastic. LMDC considers the concrete in 3D and the host rock indirectly by its
mechanical and chemical effects on the extrados of the tunnel. CSIC consider a few centimeters of
concrete and host rock from either side of their interface. The limitation by CSIC of the size of the
simulated area was still due to the excessively high calculation cost induced by the coupling between
the two software programs. For LEI, the linearity of the mechanical behaviour laws allowed to consider
the full geometry, but the computational cost limits the simulation to 10000 years. For LMDC, a model
reduction of the concrete chemistry and of the hard rock mechanics allows to limit the size of the mesh
and the number of main state variables, allowing to use a non-linear law for concrete until one million
years. The non-linearity of the LMDC model considers the strain creep of the chemically degraded
concrete, leading to a non-asymptotic radial displacement of the tunnel versus time under the host rock
pressure, this, over one million years. Among these three modelling, the most complete in terms of
chemistry was certainly the CSIC one, but the strategy to couple two softwares was penalizing regarding
the computational cost, leading to reach only 25 years of aging for a small area of the tunnel close to its
interface with the host rock. The LMDC strategy was less complete in terms of chemistry, but the
proposed simplification of the chemistry and of the host rock allowed to predict the chemical evolution
of concrete until the time of million years asked for the base case study. The LEI model was relatively
complete in terms of chemistry, but linear in terms of mechanics, it allows to consider the full geometry
in 2D, and the simulation reached a duration of 10 000 years.
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1. Description of for the reactive transport models used at the
structure scale

1.1 Reactive transport model of Andra-LMDC

To be applicable at structural scale, the LMDC model was formulated using a technic of “model
reduction” allowing to limit the number of state variable in order to accelerate the computation. This
technic takes advantage of chemical particularities of the problem to be studied to retain only the most
explicative state variables. As explained below, considering the specificity of the Base Case, it was
possible to summarize the chemistry of the concrete using only four variables (Calcium in solution,
carbon dioxide, temperature and water saturation of the porosity). These four main state variables are
solved directly on the mesh of a concrete tunnel in the framework of a finite element method. Despite
the low number of principal state variables, this model is able to manage a greater number of
accompanying state variables such as the amount of each hydrate in the cement paste, the mole number
of calcite and the porosity of the concrete. The model considers also the dependence of transport
coefficients to all these variables. Once clarified and implemented, this reactive transport model was
coupled with a micro-mechanical model worked out in sub task 4.1 and 4.2, themselves based on micro
mechanical model clarified in task 3, in relation with experimental results of task 2. The micro-mechanics
model supplies the data for the macro mechanical model which, at this last scale considers non-linearity
of the behaviour law, specifically the long-term creep of concrete.

Inputs of the model States variables
Cement mineralogy T: Temperature [K]
w/C [Ca?*]: Calcium in solution [m—o;]
m
Initial Saturation (Sr0) [CO4aq)]: Total dissolved CO2 in water [:';—031
Initial Temperature (TO)
[W,.]: Amount of water[:—z]

Figure 1.0: States variables and inputs of the Thermo-Hydro-Chemical model

1.1.1 The LMDC THCM reduced model

In order to predict the mechanical behaviour of the underground structure for radioactive waste disposal
considering the chemical degradation, thermal and hydric condition, a reactive transport model is
proposed to describe the degradation of the cement paste at structural scale. In order to be used at this
scale, the chemical part of the model involves specific simplifications leading to a reduced model usable
at macro scale. This thermo-hydro chemical model was developed on the basis of all the ionic species
in porous solution and the variables in the different phases. The solid phases of cement hydrates, calcite
precipitation and the physical properties of concrete (porosity and level of water saturation) are
combined as internal variables in the model. The variables of this model are represented in the column

X of Figure 1.1, X; is the state variable for quantity . This model uses the cement mineralogy as initial
condition. The balance equation (1) consider the chemical species and the thermal energy.

C; F + div [—Di(X, Vixy)-grad Xi] = Sxi(X) - X; = (1)

Where C; : capacity of variable X;, D;(X,V y,): diffusion coefficient , S, (X) : source term.

r =)
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Initial model variables

Reduced model variables

Xilnitial Variables Vx Internal variables YiStates Variables VjInternal variables
associated with Xi associated with Yi
X1:T
Wi:T | Noy o7 \
W
Q : IY—L—l :
Xs- CO._ e: @ Physical_ v2: @
Xz: CO.2 ®3: CH assumptions 3:CO v : CH
X6 : HCO. 4 : Aft > 4 Aft
X7 : H.CO 5 _: Afm iu:L‘ s : Afm
e : Hexa v : Hexa
Xg : Caz- (7 : CSH & 7 . CSH, ¢
Xg : Al(OH),- 8 : CSHy.. g : CSHy,e
X10: SO,2 x9 : CaCoO. e : CaCO
IX11: OH:
X12: H.O Q(x)m :pH
X13: H,0
X14 . SiO(OH),-
IX15 : H2S10,.2

Figure 1.1: Variables of the Thermo-Hydro-Chemical model

There were two main assumptions to reduce the number of variables. The first is the instantaneous
equilibrium between aqueous and solid phases, and the second is that, since calcium is the main
component of the cement matrix, the equilibrium between hydrates depends mainly, as already
proposed in [1] on calcium leaching. Thus, calcium in solution was chosen as one of the main state
variables. As the boundary conditions of base case involve carbon dioxide, the carbonation of concrete
must be considered, and consequently the carbon dioxide in solution is a main state variable. This
selection allows the model to predict carbonation in a saturated environment. Nevertheless, as the base
case tunnel model has a boundary condition of drying during the first 100 years of operation the drying
and the re-saturation of the concrete must be modelled. In order to do that, water transport in concrete
is described in a simplified manner in this model, where the state variable is limited to the water content.
To describe the effect of temperature, one needed to consider the peak of temperature induced by the
nuclear waste loading in the disposal, which is represented by a classical heat balance equation, where
the temperature is the main state variable. The four main state variables chosen constitute the vector Y
in Figure 1.1.

aY
c. K

. > 17 _— > 17
ea gy div |=Deq (7. V). grad Y| = Seq (V. Vi) )

C., the equivalent capacity of species Y, D,,(X) the equivalent diffusion term, and S,,(X) the source
term.
1.1.1.1 Balance equations

The governing equations of the thermo-hydro-chemical model for predicting the concrete behaviour are
explained in details in this section.

- Mass conservation of carbon dioxide in solution

The carbon dioxide mass balance equation (3) is obtained by combining the mass balance equations of
carbon dioxide in both gaseous and dissolved in water, and according to Henry law’s to consider the
solubility of carbon dioxide in water.

9C0,,
. == 5 = —_— 3
+ div [~(Deo,, (V. Vi) + Ku(T). Doy, (7, Vr)))- grad €Oy | @)
0.5 0.5
= Scacos - co,, — €02y (TL + Ku(T). T L)

r =)

EURAD (Deliverable n° 16.9) - Chemo-mechanical processes in safety structures
Dissemination level: PU
Date of issue of this report:28/05/2024

eurad,

European Joint Programme
on Radioactive Waste Management




EURAD Deliverable16.9 — Chemo-mechanical processes in safety structures

Where @: porosity, S,: the degree of water saturation of pores, D, (Y, V(Y)) and Dco,, v, V(y)) are the
diffusion coefficient respectively of aqueous and gaseous carbon dioxide [m?2.s]. Scqcos €0y,

corresponds to the source term of dissolved carbon dioxide consumed by the calcite precipitation
[mol/m3.s]. The carbonate issued for dissolvec carbon dioxide reacts with the dissolved calcium in pore
solution to form the calcite according to the following equation:

Ca?* + C0%~ - CaC0, (4)

The carbonation reaction occurs with CO5~. The concentration of €05~ in solution depends on the pH of
the medium. The pH of the medium is determined through the combination of electric balance, water
dissociation, and the computation of ion concentrations.To take into consideration this effect, a function
of pH is included into the source term (5) of equation (3) to describe the amount of dissolved carbon
dioxide that can react to form calcite:

Scacos - co,, = —8-5,.[Ca**].[CO37]. Ke(T) = —0.5,. [Ca?"]. [COzag)]- f(PH). Kc(T) (5)

The pH function f (pH) prevents the calculation of calcite precipitation in low pH conditions. This function
allows to reproduce the inibation of the precipitation of calcite in the underground rock (or soil) in contact
with the concrete (pH in the rock is lower than in concrete and at these low pH the dissolved carbon is
present in HCO3- form that leads to calcite precipitation. This function is presented in Figure 1.2, giving
the proportion of CO5~ dissolved into the solution relative to the total dissolved carbon.

1,00
0,90
0,80
0,70
0,60
0,50

f(pH)

0,40
0,30
0,20
0,10

0,00

2,0 4,0 6.0 80 10,0 12,0
pH

Figure 1.2 : pH function, representing the proportion of CO5~ as a function of pH

Kc(T) describes the calcite kinetics of precipitation, depending on the temperature, it is expressed as a
function of temperature using the Arrhenius law (6):

_EA
K- (T) = K,.exp (ﬁ)

(6)
- Mass conservation of calcium in solution
The mass balance of calcium in solution is written as follow (7):
dCas \ 0Ca** o — 09.5,
(@ SL + m) T + div [—DCa2+(Y, V(Y))- grad Ca“] = SCaC03 S ca?t — Ca2+.7 (7)

In this equation, the term ;CC% considers the progressive dissolution of cement hydrate when the

calcium concentration in solution decreases. This term directly involves the effect of temperature on the
equilibrium of hydrates. It is a function of the mineralogy of the cement paste, considering the amount

r =)
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of each type of hydrate (portlandite, hexahydrates, ettringite, calcium silicate hydrates...). The detailed
description of this term, as well as of the other coefficients of this balance equation, are described in the

section below dedicated to the evolution laws. D ,2+(Y, V) is the diffusion coefficient.

- Mass balance of water
The water transport at macroscopic scale is described by the balance equation of water content W, (8)

[2]:

ow,
at

+ div [_DWL (}7, V(y)) grad WL] = SWbL (Y, V(y)) (8)

In equation (8), Dy, ¥, V(y)) is the transfert coefficient of water, the water source term Sy, in the equation
(9) describes the amount of water released by the dissolution of hydrates. It is expressed as follows:

P— 0H,0 0dCas 9Ca** )
Wb ™ "MH,0 9Cas "dCa?*" ot
Where mezo is the molar volume of water, H,0 quantity of water released from hydrates dissolution.

- Heat balance equation

The evolution of temperature in the concrete is described by the following heat conservation equation:

oT —

Pe-Coc—=—+div [—Ac.grad T] =0 (10)
at

Where p, : Concrete density, C, specific heat capacity of concrete, 4, concrete heat conductivity. These

parameters are assumed constant in this model.

1.1.1.2 Evolution laws

Evolution laws link the main state variables (Ca, CO2, WL, T) with secondary state variables (portlandite,
CSH...) in one hand, and secondary state variables with coefficients of balance equation (capacity,
diffusion or source terms). They are the main causes of non-linearity of the model, they allow to consider
all the coupling between state variables of the chemical module of the global model.

- Thermodynamic equilibrium curve

The modelling of the calcium leaching is based on the thermodynamic equilibrium curves which describe
the progressive dissolution of the hydrates in the cement matrix as a function of calcium concentration
in the poral solution. These curves also consider the effect of the temperature on the thermodynamic
equilibrium through a shift of calcium concentration at the equilibrium versus the temperature. For
example, the dissolution reaction of portlandite is written as follow:

Ca(0H), » Ca?* + 20H~ (11)

The equilibrium concentration of calcium for the dissolution of portlandite is obtained by a
thermodynamic equilibrium, for instance at 25°C:

[Ca?*][0H"]? = 107PK(25°0) (12)

The dissolution reactions and thermodynamic equilibrium data used to calculate equilibrium calcium
concentrations for all hydrates are taken from reference [3].

To shift this equilibrium concentration as a function of temperature, an exponential law (13) is calibrated:

r =)
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E,/1 1
2 — 2 A
Caziry = Caggrgyexp [— — <7 - T—O)] (13)
where E, (J/mol) is a constant to be determined for each hydrate.

The calcium leaching consists in a progressive dissolution of the cement matrix. For that reason, an
elementary dissolution function is used (14):

N -1 ( [Ca?*] \I
fvmj(Ca2 )=1-—exp — 14)

1/m;
J 1 J 2+
\<mf-1“ (2)) ' [Caeq(”]V(Y)f /

where [Ca**] is the concentration of calcium in solution , [CaZy 1]

v is the equilibrium concentration of
m)j

calcium in solution for each hydrate V(y; (j = 3 ...8), m; is a parameter to fit for each hydrate based on
the thermodynamic data base [16].

This function varying between 1 (initial state of hydrate) and O (totally leached cement paste) describes
the progressive dissolution of each hydrate. It is derivable and gives the proportion of remaining hydrate
as a function of the concentration of calcium in the interstitial solution. Moreover, this function is
smoothed, which avoids the sudden dissolution of hydrates and then the corresponding problems of
converge of the finite element method.

1,2

1

o
o

fer(Ca2+)
o
(=]

o
S

—f_CH(25°C)

k=l
[N]

0 5 10 15 20 22 25 30
Ca2+ (mol/m3)

Figure 1.3: Thermodynamic equilibrium curve of Portlandite at 25°C

In order to obtain the variation of bound calcium in solid, the function (14) is multiplied by the maximum
amount of solid calcium in each hydrate, which usually corresponds to the state of the cement matrix at
the end of the hydration process (according to the hypothesis of a full hydration).

CasV(Y)].(Ca“) = fV(Y)].(Ca“) x Cas_maxy,,, (15)
The equilibrium calcium concentrations are calculated for each of the hydrates of the cement paste, and
the initial quantity of hydrates is calculated by solving a system equation according to the cement
mineralogy [4]. Thus, the composition of the cement is considered, and the total equilibrium curve is
obtained by adding the elementary curves of each hydrate. Figure 1.4 represents the total equilibrium
curve for CEMI at the temperature of 25°C, and Figure 1.5 represents the equilibrium curve of CEMV at
25°C. These two figures illustrate the capability of the model to consider different types of cement
despite its low number of main state variables. The curves show specifically the particular initial
mineralogy of CEMV based concrete characterised by the lack of portlandite.

r =)
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Figure 1.4 : Equilibrium curve of CEMI at 25°C
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Figure 1.5: Equilibrium curve of CEMV at 25°C

The amount of water released by hydrate dissolution is calculated in the same manner, using the
elementary functions of hydrates dissolution and multiplying by the total amount of water in each hydrate
(HZO_maxV(Y)j in equation 16):

HZOV(Y)j(Ca”) = fV(Y)].(Ca“) X H,0_maxy,, . (16)

Thus, the source term of equation (9) comes as follows from the quantity of water released by hydrate
dissolution:

0fv i, (Ca**) aca?t
Swy = Vo D Ha0masy, — A= (17)

V)

- Porosity

A porosity model takes into account hydrate dissolution and calcite precipitation as follows:
Dy = Do+ Vuewy — Ve (18)

Where 9, : the initial porosity of concrete, V. : current volume fraction of hydrates, and Ve, : current
volume fraction of calcite.

-
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- Diffusion coefficient

The diffusion coefficient is described as a function of porosity and degree of water saturation (19).

DeTo(Yi) (@, SL) = f(SL! @) DTO(Yi) (19)
The diffusion coefficient of Ca®*, C0,(,, and C0,(;, are directly taken from the literature [5][6][7] and [8].

For water transport, the water transfert coefficient depends on the remaining water volume in the
material, as described by the law proposed by Mensi [2] (Details summarised in Table 1).

The effect of temperature on diffusion coefficients is described by an Arrhenius law’s (21) with Ea being
the activation energy:

—-E,1 1
De(T) = D(To). exp (TA (3- T—)) (20)

Table 1. Diffusion coefficients and other parameters used in the THC model

: ) 2 -1 E
Sp;ciles f(@,S.) Doy (m”.577) HA (K) | References
exp(9,950) B
Ca?* 2,3.10713 8009,15 5], [9
“ v e251=5) 51,191
0% (1-5)P [6], [7]
co 1,6.1075 6258 P
29 aand b are fitted [10]
9.5 10 (8], [11],
€Oy 4— 9,55.10 4269,9 [12]
w, exp (50.0.5,) 8.10713 4600 | [2],[13]

1.1.12.3 Numerical implementation

The equations (3)(7)(8) and (10) of the THC model have been implemented in the finite element code
Cast3M developed at CEA. The inputs of the model are: cement mineralogy (seeTable 2); initial relative
humidity; water to cement ratio; temperature and the partial pressure of carbon dioxide.

Table 2. Amount of cement hydrates (issued from hydration model [14]

Amount of Hydrates (mol/ m3 of cement paste)
CH 4501.12
Aft 0
Afm 292.23
Hexa 23.3
CSH 3570.24

The model equations are solved using an iterative approach through the classical finite element method
and an implicit scheme for time and space. At the beginning of the time step, the capacity and diffusion
term attributed to the material are initialized and also the source term of the conservation equation. Once

r =)
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the initial state is identified, the resolution of the equations starts in the convergence loop where, at each
iteration, the capacity, diffusion and source terms are updated until the convergence criterion is verified.
The outputs of the model are: the remaining quantity of each hydrate in the cement paste, the degree
of saturation in water and the porosity. These results are the input of the mechanical model described
in chapter 2. An overview of the model resolution flow is showed in the Figure 1.6.

Inputs

Cement mineralogy
W/C; RH%
PCO2 ; Tmax

l

Amount of hydrates
Solid calcium amount

|

Initialisation of material state

Porosity ; Degree of saturation
Capacity term ; Diffusion coefficient

l

Resolution of Mass conservation & Diffusion equations of :

Source term

=% |Calcium in solution | |Carbon dioxide in ‘ ‘Water content ‘ ‘ Temperature ‘

! ca2* liquid COyy, A T
1
: I \ \ \

Update of material state

Porosity ; Degree of saturation
Capacity term ; Diffusion coefficient

1
lmimima s @- a- Convergence

Outputs

Source term

[Ca®*]; [COp]: [Wil; T
-> CH, Aft, Afm, Hexa, CSH , CaCO3

->Sr, @ and pH

Figure 1.6: Algorithm of resolution of LMDC chemical module implemented in Castem software to
compute the base case study (t : time, i : iteration allowing to control the convergence)

1.1.2 Calibration and Validation of the model

The chemical model was first tested on decalcification tests in saturated conditions and for different
temperatures to ensure the proposed law are able to reproduce the dissolution of hydrates. Once
validated, the model is confronted to carbonation tests in partially saturated conditions. The validation
is based on the comparison between numerical results and experimental measurements.

1.1.2.1 Leaching of calcium

The calcium leaching test conducted by Peycelon [9] on CEM | cement paste samples have been
modelled under saturated condition and different temperature (25°C, 50°C and 85°C). The specimens
of hardened cement paste used were cylindrical 1.5 to 2 cm high and 7 cm in diameter, the leaching is
a unidirectional degradation of the sample. Due to the symmetry, only the half-height of the sample is
modelled. The mesh used in the simulation is fine enough to capture the variations in the solution

r =)
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concentration and hydrates dissolution occurring near the surface of the specimen. The Dirichlet
condition is used at the surface in contact with pure water to represent leaching boundary condition
([Ca?*] = 0 mol/m?). The amount of calcium released have been measured experimentally and can be
compared to the results of the numerical simulations at different temperatures. The model is able to
reproduce the experimental results with a high degree of accuracy. The effect of temperature is well
reproduced, the amount of leached calcium increases with temperature as illustrated in Figure 1.7.

0,5

e Exp_T25°C
045 41— Model_T 25°C LA
04 1 = Exp T50°C

2t
e
0354~ -Model_T 50°C ‘J‘.--“’
4 Exp T 85°C AT *

- 0,3 4 Yy

E - - Model_T 85°C a-f

=

=

Q

5

p—

wn

b

o

Days

Figure 1.7 : Experimental results from Peycelon [9] compared to numerical results of cumulated
released calcium as a function of time for different temperatures

The porosity profiles show the influence of calcium leaching on the microstructure (Figure 1.8). The
increase of porosity is due to the dissolution of hydrates, specifically the dissolution of portlandite which
creates more voids. These profiles illustrate the impact of chemical reactions on the overall porosity
distribution within the material, highlighting areas where the dissolution process has significantly
influenced on the microstructure.

0,70
0,60
0,50
0,40
1Y
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0.20 v 30 Days
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0,10 —150 Days
0,00
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Figure 1.8: Simulated porosity profiles for different times at a temperature of 25°C for CEMI cement
paste [9]

1.1.2.2 Carbonation test:

The carbonation test carried out by Hyvert [15] on mortar specimens of CEMI under unsaturated
condition have been reproduced for two different partial pressures of carbon dioxide (P;y, = 0.03% atm
and P;p, = 10% atm). The cylindrical samples are modelled in 2D axisymmetric mode by using 4 node
guadrilateral finite elements. The degradation of the samples was guaranteed to be unidirectional. The
experimental tests were performed at a controlled temperature of 20 °C £ 0.5 °C and a relative humidity

r =)
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of 65% + 5% (uncarbonated specimens initially equilibrated to this RH and temperature). The boundaries
conditions are defined at the surface in contact with the atmosphere in terms of concentration of carbon
dioxide (0.03% or 10% of partial carbon dioxide pressure), and to maintain the relative humidity at the
surface (RH = 65%). The numerical results simulation are shown in Figure 1.9 compared to the
experimental results. Experimental points are shown with a difference between mean depth and extreme
values of up to 3 mm [16], which could explain some differences between the numerical and
experimental results. However, the model is able to reproduce the different behaviour of carbonation
depending on the partial pressure of carbon dioxide.

30,00

m Exp (Pco2 10%)

25,00 —Model
e Exp (Pco2 0.03%)
20,00 A —Model
£
£15,00 1
4

10,00 A

5,00 -

0,00

| 1
8 V Days 0

Figure 1.9 : Experimental results from Hyvert et al. [15] Carbonation depth (x) compared to numerical
prediction for two partial pressures of carbon dioxide at the boundary condition

The model supplies the remaining quantity of hydrates after degradations as shown in Figure 1.10. This
reaction leads to the dissolution of hydrates in the concrete matrix and their partial conversion in calcite.

5000

4500 --CH
40004 N\ Afm
3500 | Hexa
= 3000 —--CSH
E —CaC03
S 2500
E U PP
2000 -
1500 | oo
1000 | :
500 4
0 ; : :
20 30 40 50

X (mm)

Figure 1.10 : Simulated profiles of solid phases after 1 year of carbonation at 10% CO: partial
pressure

1.1.2.3 Summary of the LMDC chemical model of concrete

This THC model is based on four non-linear balance equations, which are solved using an implicit
scheme. The chemical model considers the thermodynamic equilibrium of cement hydrates with the
pore solution, taking into account the effect of temperature on this equilibrium and then on degradation.
This model differentiates cement paste hydrates and manage calcite precipitation thanks to internal
variables. Pore volume and water content are deduced from these internal variables. The mass balance
equations were successfully implemented in the Cast3M finite element tool and validated against
literature experimental data on calcium leaching and carbonation. The model is now able to predict
parameters essential for chemo-mechanical calculus, such as porosity, profile saturation, remaining
hydrates and amount of precipitated calcite.

r =)
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1.1.3 Coupling with mechanical model:

In order to couple the thermo-hydro-chemical (THC) model described above with the mechanical model,
it is necessary to determine the mechanicals properties of the concrete. Elastic constants are deduced
from volumetric fractions of phases computed by the THC model, the method is based on the
homogenisation technique. In this model, the cement paste undergoes two chemical degradations, the
first one is the calcium leaching, which leads to dissolution of hydrates and a decrease in mechanical
properties. On the other hand, the cement paste can be subjected to carbonation where a new solid
phase, i.e., calcite, is formed, and then the porosity decreases and the mechanical properties are
enhanced. The homogenization model takes into consideration these two antagonist effects. As shown
in Figure 1.8 and Figure 1.10, the chemical model described above provides the phases volumes at
each time step. These phases volumes are the data for the elastic homogenization of the cement paste.
The Figure 1.11 represents the scheme of homogenisation, there is two level of homogenisation. The
first one is to homogenize the cement paste based on the mineralogical state and the second level is to
determine the elastic properties of the concrete considering the fraction volume of aggregates and sand.

Tunnel Concrete " Cement paste
P Aggregates _
/1 @ ﬁ’ o_ 5‘,;./' - ® ° | ¥ Portlandite
/ ; @ o PN A e ©
/_\ A @ % (‘@é?é 4 ; id ° ° .// Aluminates
@ @ W :
2 @ u é"}) g D/\/ P ® Total porosity ;Iheénllcal
o, 0 U o i ode
R \ s % (" ® ‘/ { ] L ® /v Anhydrous
f@ &}) 6(?) &, Sand ™\ Y ®
P o U [ CSH

Figure 1.11 : Scheme of the multi-scale THCM model developed for the study of the durability of
concrete tunnels for the Base Case.

The Mori-Tanaka scheme is applied [17] for the two levels.
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Where k,,, and u,, the properties of the matrix, k; and y; for the inclusions and c; the fraction.

The elastic compressibility and shear modulus of the cement paste (Kpnhom, Mphom) are determined by
equation (21). At this homogenization level, the matrix consists of the solid CSH defined by its property’s
km and pm [18]. This scheme considers the volumetric fractions of the inclusions, denoted as ci,
determined by the chemical model. Subsequently, the homogeneous properties of concrete are
determined using the Mori-Tanaka scheme at a second level (Figure 1.11), where the matrix represents
the cement paste homogenized at the first level, and the inclusions consist of sand and aggregates.

The validation of this homogenization scheme was performed through a comparison between the paste
homogenization model and a microhardness test conducted by Danése [19]. The Figure 1.12 represents
the normalized elastic modus of the cement paste versus the main chemical state variable (calcium in
solution).
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Figure 1.12 : Calculation of the Young's modulus of the paste as a function of the predicted calcium in
solution using the Mori-Tanaka homogenization scheme, and comparison with the experimental data
points from the microhardness test conducted by Danése[19].

The poro-mechanical model coupled to the thermo-hydro-chemical model is performed in LMDC
Toulouse. This model, called FLUENDO3D and implemented in the finite element code Cast3M, is now
available online on CEA web site of Castem. This model combines a nonlinear visco-elastic module, a
plastic module and a damage module for the concrete and a possibility to model reinforcements [20].
As the long-term behaviour of concrete is mainly controlled by creep, basic creep constitutive equations
are used alongside a plastic strains model, ensuring compatibility of the stress field with the strength
criteria. The basic creep model considers two typical rheologic modules: a Kelvin solid for reversible
creep and a nonlinear Maxwell viscoelastic fluid for permanent creep, as shown in Figure 1.13. and
detailed in [21]. In this model, the kinetics of the creep depends directly on the change of the elastic
young modulus and Poisson ratio determined by homogenization equation (21). So, when the
carbonation increases the Young modulus, the creep rate decreases, while it increases automatically in
case of leaching as illustrated in [4].

Total stress

Effective stress Interstitial stress

Elastic strain -
Kelvin strain = - ~ Pressure {Pw or Pg}
Maxwell strain ==

Solid skeleton Interstitial phases

Figure 1.13 : Idealized rheologic scheme for poro-mechanics creep model, according to [21]

Some results of the calculus of tunnel proposed as base case are presented in chapter 2 of the present
report.

1.2 Reactive transport model of LEI

LEI performed reactive transport simulations of concrete-host rock environment with numerical tool iCP.
Modelling of solutes, CO: transport (in gaseous and aqueous form) and subsequent chemical
interactions with concrete minerals allow to assess important processes such as minerals dissolution
and precipitation, changes in porewater pH and dissolved species concentration. Subsequently,
minerals’ dissolution/precipitation induced changes in porosity could be assessed and provided
feedback into transport simulation and mechanical deformation analysis.

1.2.1 iCP interface model

iCP is an interface developed by Amphos21 (Spain) to couple two standalone simulation programs: the
general purpose Finite Element platform COMSOL Multiphysics and the geochemical code PHREEQC
[22]. The main goal of the interface is to take advantages and capabilities of mentioned codes, providing

r =)

e U . Dissemination level: PU

EURAD (Deliverable n° 16.9) - Chemo-mechanical processes in safety structures -
anmscioseienmerongemens. - DAte of issue of this report:28/05/2024

Page 20


https://www-cast3m.cea.fr/index.php?page=notices&notice=MATE

EURAD Deliverable16.9 — Chemo-mechanical processes in safety structures

a numerical platform that can efficiently simulate a wide number of multiphysics problems coupled with
geochemistry. iCP is written in Java and uses the IPhreeqcC++ dynamic library and the COMSOL Java-
API. The geochemical reactions are solved in parallel by balancing the computational load over multiple
threads.

Reactive transport modelling requires information on flow conditions which are governed by materials
hydraulic properties (intrinsic and relative permeability, initial porosity, water retention curve), transport
related properties (tortuosity, solute diffusivity in water, saturation), chemistry related data (equilibrium
constants of chemical reactions considered in the analysis, activity coefficients) as well as pore water
solution composition, amount of minerals in porous medium and initial and boundary conditions.
Chemistry related data are provided in section 1.2.2, flow and mechanics related parameters are
presented in section 2.2.

1.2.2 Thermodynamic data

For the analysis of the hydrated cement phase assemblage and pore water chemical composition,
thermodynamic database Cemdatal8 [23] was considered. The Cemdatal8 database has been
developed specifically for hydrated Portland, calcium aluminate, calcium sulfoaluminate and blended
cements, as well as for alkali-activated materials. It is available in GEMS and PHREEQC computer
program formats, and includes thermodynamic properties determined from various experimental data
published in recent years. Cemdatal8 contains thermodynamic data for common cement hydrates such
as C-S-H, AFm and AFt phases, hydrogarnet, hydrotalcite, zeolites, and M-S-H that are valid over
temperatures ranging from 0 to at least 100 °C. Solid solution models for AFm, AFt, C-S-H, and M-S-H
are also included in the Cemdatal8 database. CSHQ [24] model has been selected for cement hydration
modelling in this study. Key data of this model is summarized in Table 3.

Table 3. Solid solution model of C-S-H (CSHQ solid solution) [23]

Phase AfG° A¢HO S0 a’ Vo
End member (kJ/mol) (kJ/mol) (J/K/mol) (J/K/mol) | (cm3/mol)
TobH Ca/Si=0.67: C23SH15 -1668.56 -1841.5 89.9 141.6 55
TobD Ca/Si=1.25: 1570.89 -1742.4 121.8 166.9 48
Cs6S2i3H1.83

JenH Ca/Si=1.33: C1.33SH217 | -2273.99 -2506.3 142.5 207.9 76
JenD Ca/Si=2.25: -2169.56 -2400.7 173.4 232.8 81
C15S0.67H2.5

NaSH: No.5So.2Ho.45 -431.20 478.0 41.2 37.9 10.5
KSH: Ko.5S0.2Ho.45 -440.80 -489.6 48.4 40.6 12.4

As indicated in [23], CSHQ model was developed in order to address some known shortcomings of the
earlier CSH-I and CSH-Il models namely insufficient connection to the C-S-H structure and the
unrealistic assumption of ideal mixing between tobermorite-like and amorphous silica end members. In
this Cemdatal8 database, two end members for K and Na (similar to those from the ECSH model) were
provisionally added to improve predictions of pH and composition of the Portland cement porewater.

For reactive transport modelling, the initial amount of minerals and porewater composition are required.
Therefore, these input data were derived performing cement hydration simulation with PHREEQC and
database Cemdatal8. Following the cement composition provided in Table 2 [25], the cement hydration
simulations were done assuming that limestone gravel and sand were inert materials.
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Phase assemblage in hydrated cement was predicted with thermodynamic modelling of using oxide
proportions, water to cement (w/c) ratio and curing temperature. The amount of oxides considered for

CEM I hydration is summarized in Table 4.

Table 4. Cement CEM | chemical composition

Oxides Mass, % from Base Case Assumed mass in hydration
definition (lbrahim et al, 2023) model, mass g/100 g cement
CaO 66.9 66.9
SiO2 22 22
Al203 3.3 3.3
Fe20s3 2.74 2.74
MgO 0.6 0.6
MnO <0.02 -*
Na20 <0.2 0.2
K20 <0.05 0.05
TiO2 0.18 -*
P20s 0.24 -*
Sulphides <0.1 -*
Sulphates 2.4 2.4 (SOs)
Carbon - 2.1[26]
Loss to fire (1000 degC) 2.02 -

* - species were not available in thermodynamic database Cemdatal8.

The equilibrated porewater composition and mineral phases were derived with thermodynamic model
using oxide proportions (Table 4), water cement ratio (0.4275) and curing temperature (20 °C). The set
of minerals allowed to form during cement hydration
monocarboaluminate, hydrotalcite, ettringite [26], CaFSo.8aHa.32 [27] and CSH. With assumption of 10 %

included calcite, portlandite,

of gas filling the pore volume, derived porosity after hydration was 0.113.

Modelled initial porewater composition of concrete liner is presented in Table 5.

Table 5. Porewater composition of equilibrated cement with water/cement ratio (w/c= 0.4275)
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Component Concentration (mol/L)
Al 1.908x10°
C 1.629x10%
Ca 4.845%103
Cl 1.280x107
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Component Concentration (mol/L)

Fe 2.858x108
K 3.902x103
Mg 4.746x10°
Na 7.688%102
S 1.416x10+
Si 3.282x10°
pH 12.864

pe 6.115

Table 6. Initial solid composition in concrete liner material

Mineral Amount (mol/m?3 of concrete)
Portlandite 1.59x103
calcite 1.13x10?
Calcium
monocarboaluminate 7.25%x102
C3FSo.84Ha.32 6.67x102
ettringite 3.89x10!
hydrotalcite 1.45x10!
CSH: 1.84x103

CSHQ-JenD 7.30x102
CSHQ-JenH: 4.79x102
CSHQ-TobD: 5.49x102
CSHQ-TobH: 2.37x10*
KSiOH: 8.09x103
NaSiOH: 4.68x107?

Clayrock porewater composition was based on the information provided in the Base Case definition [25]
after charge balance with Phreeqc adjusting solution pH value. The COx porewater composition used
in reactive transport modelling is provided in Table 7.

Table 7. COx porewater composition used for simulation

Porewater definition Porewater derived for simulation
i ' EURAD (Deliverable n° 16.9) - Chemo-mechanical processes in safety structures
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Component Concentration (mmol/L) defined | Species Concentration from
in (Ibrahim et al., 2023) equilibration (mol/kg water)
Carbonates (Patm) 0.01 C 3.828x102 equilibrated with
partial CO2 pressure (0.01 P
atm)
Chlorure 39.5(x6%) Cl 3.95%x10?
Sulphate 12.6(+4%) S 1.26x1072
Sodium 46.6(+3%) Na 4.66ex102
Calcium 5.4(+8%) Ca 5.40x103
Magnesium 4.5(+6%) Mg 4.50x103
Potassium 0.6(x12%) K 6.00x104
Silice 0.4(+72%) Si 4.00x10
Ammonium 0.2(x30%) N(-3) 2.00x104
pH 7.0+0.3 pH 7.236
pe 4.0

123

Species and CO: could be transported in porous material by advection/dispersion and diffusion in liquid
and gaseous phases. It was assumed that during ventilation phase there will be no gas pressure
gradient imposed, thus CO: transport in gaseous form will be governed by diffusion and dissolved CO:
will be transported by advection, molecular diffusion and dispersion. No other volatile species were
considered in the analysis. Mathematically, species transport could be described by a partial differential
equation describing i species mass conservation over time in space:

G 4 a(egci,g)
Jt ot

Mass balance equations

+qyVe; =V [(Dp; + De)Ve;| + R; (22)

where ¢; is dissolved species concentration (mol/m3), c; , is species concentration in gaseous form
(mol/im3), q,— Darcy velocity (m/s), Dp; is dispersion tensor (m?/s) and D,; is effective diffusion
coefficient (m?/s), R; is a term describing source or sink of the species (mol/m3s).

In a fully water saturated porous medium, the liquid volume fraction 6, is equal to porosity n, but for an
unsaturated medium, it is related to water saturation S; (6, = nS;). The resulting gas volume fraction in
the case of an unsaturated porous medium is

Components of dispersion tensor are:

qf- qu

Dpy =a = +ar— (24)
lqul lqul

qdridLj

Dpij = (a, — ar) !

r =)
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Where Dp;; is diagonal components of dispersion tensor (m?/s), Dp,; is off diagonal components of
dispersion tensor (m?/s), a, and a; are longitudinal and transverse dispersivities (m).

Effective diffusion coefficient D,; for solutes in porous media was described as a function of liquid
volume fraction, tortuosity:

De,i = DL,i = HITDO (25)
where 7 is the medium tortuosity. For partially saturated porous media, tortuosity is related to water
content through relationships such as [7]:

7/3
. (26)
n2
According to Henry’s law, the concentration of CO2 in gas phase is linearly related to dissolved CO:2
concentration:

Ccoz,d 27
Ccoz,g = H @7)

here H is Henry’s constant for CO: (dimensionless).

Then for CO., effective diffusion coefficient could be expressed as follows:
1
Decoz = Dy coz + EDG,COZ (28)
CO. diffusivity in gas phase was described as:
DG,COZ = gngDgf (29)

where DJ is the diffusion coefficient of the f-th gas species in an ideal gaseous phase which according
to [28] is given by:

f RT 8RT (30)

D/ =
9 3VZRPNgpe,d?+ ™

where P is the gaseous phase pressure, Ny, is Avogadro’s number, and d and Mare the molecular
diameter and the molecular weight of the f-th gas species, respectively. The tortuosity in the gaseous
phase (z4) is computed from [7]:

6, (31)

With molecular diameter of the gases species 10-1° (m), DJ is 1.17x10*m?/s. For material with relative
humidity of 60 %, effective diffusivity in gaseous form was estimated 3.5x107 m?/s.

1.2.1 Water flow

Modelling of hydro-chemo-mechanical processes considered: advective water flow including relative
permeability’s and capillary pressure depending upon liquid saturation; advective/dispersive dissolved
CO2 and gas diffusive transport of CO2 ; agqueous complexation, advective/dispersive transport of
dissolved species (solutes); dissolution/precipitation of minerals; poroelasticity and evolution of material
stiffness due to chemical damage.

r =)
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Groundwater flow conditions around the tunnel were simulated solving Richard’s equation for
unsaturated flow with assumption of constant total gas pressure. Water mass (m,, = 6,p,,) balance
equation was solved with finite element method:

am,, (32)
Fral V(pwar) = Q
Where q;, is advective flowrate of water, Q is water sink/source.
The advective flowrate for liquid phase was described by extended Darcy law:
Kok (33)

q, = — (VP, + pu8)

w

where k,, k,., are intrinsic and relative permeability of the porous material respectively (m? and unitless),
P, is water pressure (Pa), g is gravity (m/s?), p,, is water density (kg/m3).

Relative permeability is a function of effective saturation, which is evaluated from material’'s water
retention curve (WRC). Van Genuchten water retention curve was considered in this study:

Se = ! for sy, > 0, otherwise 1 (34)
¢ (1 + (aygsy)™ve)mve’ M '
0,=0,+S.(0,—6,), for sy > 0, otherwise 6, (35)
_1 \mvG]?
Ky = (o)t [1 - (1 - SemVG) ] ,  forsy, > 0,otherwise 1 (36)

su=P,—P (37)

Where S, is effective saturation (-), sy is suction (capillary pressure) (Pa), ay; (1/Pa), nyq, myg, L, 0, are
Van Genuchten WRC model parameters. 6, 8 are residual and saturated water content.

1.2.2  Poro Mechanical aspects

For mechanical analysis, all materials were assumed to be poroelastic materials. Mechanical force
balance equation was defined:

V-o =-F, (38)

where o is total stress tensor, F,— body force (kg/(m-s?)). Gravity was not considered in the analysis,
thus F,=0. The strains in porous material are caused by effective stresses described as follows:

O-ij, = O-ij —a P (39)
a=1-% g =Xo (41)
Ky 9 1-a

Where o;; and g;;" are total and effective stress (Pa) respectively, « is Biot coefficient (-), P is equivalent
pore pressure (Pa), K, is drained bulk modulus of the material (Pa), K, is solid (grain) bulk modulus
(Pa).

It was coupled to unsaturated flow model via definition of effective stress and considering strains induced
water source Qg as well as (S), the derivative of the water retention curve, and moisture capacity (C,,):

r =)
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om a(P) oP, (42)
a_tw = PwSiS —5 =+ npulm 7=+ Quu
Assuming isothermal conditions (T=23 °C) and constant gas pressure (P, = 0.1 MPa), derived terms for

water mass change over time in poroelastic material:

S=nfp+S, (a—n)(1—-a) (43)
Kp
de,
Qum = Szad—et (44)
o 06 _(,_ Sisw(@=m(-a) (45)
moap, n Kp

where n is porosity, e,, is volumetric strain (-), B is water compressibility (1/Pa).

In parallel, a separate partial differential equation has been solved for CO:2 transport in concrete and
EDZ which provide the input (partial pressure of CO3) to chemical solver. CO:z transport was performed
in EDZ as the later could be unsaturated and CO2 concentration in it could be different than that of fully
saturated COx clay rock (0.01 atm).

1.2.3 Chemo mechanical coupling
Chemical degradation of concrete was simulated using mass conservation law (mass action law) and
all the reactions were assumed at chemical equilibrium, where activities of the species are related
though the equilibrium constant K [29]:

_ Hproducts a:p (46)

= vy
Hreactants ar

K

where a;” and a,"are activities and v, and v, are stoichiometric coefficients of the products and

reactants, accordingly.

With chemical solver, the evaluation of mineral volume changes and changes of Ca in concrete solid

skeleton were done too. Changes of mineral volumes were converted into porosity changes:
n=1—Vyinerats — Vinert (47)

where Vpinerais 1S the volume of minerals in 1 m3 concrete, V... the volume of inert materials in 1 m3

concrete.

The chemical damage due to leaching was considered as a scalar variable and affects the Young’s

modulus as a function of calcium content in the concrete solid skeleton [30].

E=Ey(1-d.) (48)

dc _ dc‘max [1 _ e(Casolid_Cagolid):I (49)

where d. ... is asymptotic values of chemical damage, Ca$’® is initial (in sound condition)
concentration of calcium in the solid skeleton; and Ca’°%? is actual concentration of calcium in the solid
skeleton.

Modelling of coupled HMC processes in predefined system required revision of the mathematical model
for unsaturated flow in poroelastic material and definition of coupling terms. Porosity change due to

r =)
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dissolution/precipitation of minerals in concrete material and its impact on solute diffusivity was taken
into account dynamically.

1.3 Reactive transport model of CSIC

The model CheProf has been selected to simulate and assess the evolution of mineral phases over time
near the concrete-rock interface, potentially resulting in variations in porosity. A brief overview of the
used code and the performed model is described.

1.3.1 CheProf model

The code CheProf (CHEmical PROcesses Object-oriented with Fortran 2003) calculates reactive
transport in a one-dimensional domain discretized by finite elements. It is developed by the
Hydrogeology Research Group (GHS) from the Department of Civil Engineering at the Technical
University of Catalonia (UPC) based on numerous studies [31], [32], [33], [34], [35].

The code serves the dual functionality of reading and writing input files using Phreeqc simulations and
a defined thermodynamic database. The input data is structured in ChemSys and LocalChem files,
where "ChemSys" contains all chemical equations of state, such as mass action laws, kinetic rate laws,
definition of components, phase constraints and activity models, while "LocalChem" refers to chemical
state variables, such as temperature, concentrations of all species and volume fractions of phases.

Activities within the chemical systems can be modeled assuming ideal mixtures or using the extended
Debye-Hickel (1923) [36] equation; reactions can be equilibrium-based, following the mass action law,
or kinetic in nature. Finally, the code uses the Newton-Raphson method to solve reactive transport
presenting a comprehensive solution for modeling complex chemical systems and transport
phenomena.

Since the elaboration of the model requires a source of input information and the available experimental
data is scarce, different sources have been chosen to select the data which will lead us to simulate the
evolution of the chemical system.

The studies conducted at the Mont Terri Underground Rock Laboratory have been considered, in
particular, those related to the Cement-Clay Interaction (Cl and CI-D) experiment [37]. The results of
this experiment and previous studies that lay the groundwork for the development of related reactive
transport models established the basis for the development of this approach. As assumed in the hydro-
mechanical HM model, the material defining the concrete support structure is characterized by Portland
cement and the rock characteristics come from Opalinus Clay formation.

1.3.2 Thermodynamic data

The chemical equilibrium constants (25 °C) is listed in Table 8. The definition of equilibrium reactions
and the corresponding equilibrium constants for equilibria in solution were taken from the Thermo-
Chimie version12a database. The activity of water was taken to be equal to 1. Equilibrium constants for
the solubility of the solid phases are also taken from the mentioned database.

Table 8. Equilibrium constants (log Keq 25°C) for solution and mineral reactions

Species log Keq | Species log Keg
Ca(HsSiOa4)* -8.83 | Na(CO3) 1.27
Ca(HCOg)* 11.43 | Na(HCO3) (aq) 10.08
Ca(OH)* -12.78 | Na(OH) (aq) -14.75
CaCl* -0.29 | NaCl (aq) -0.50
CaCOs (aq) 3.22

CO2 (aq) 16.68 | Minerals log Keq
H2(Si0a4)2 -23.14 | Calcite -8.83
H3(SiOa) -9.84 | CSH1.6 11.43
HCOs 10.33 | CSH1.2 -12.78

r =)
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K(OH) (aq) -14.46 | CSHO0.8 -0.29
KCI (aq) -0.50 | Portlandite 3.22

Effective diffusion coefficients (D,) in each part of the model domain is calculated according to
D, = @D, 1)

where @ is porosity and D, a reference diffusion coefficient (constant for the whole model domain). Since
@ changes along the model domain and through time due to the dissolution and precipitation of solid
phases, D, changes linearly with @.

The initial D, value of 4.0x10-1! m?/s for concrete in the model corresponds to the calibrated transport
model calculated in Soler (2022) [37].

It has been defined a hypothetical problem that simulates the interaction between a support concrete
structure and the confining rock in a deep waste repository. To quantify the potential effect of reaction-
induced concrete degradation, it has been decided to address the problem separately: on the one hand,
the hydro-mechanical (HM) problem; and on the other hand, the hydro-chemical (HC) problem. The
subsequent task involves integrating these models into a HCM model determining an appropriate
coupling method that allows us to analyse the possible alteration on concrete.

2. Applications to the Base Case study

The different chemo-mechanical models developed in Task 4 were then all applied to a common study
case, called a "base case", the definition of which was the subject of a specific report [25].

This base case represents a 100,000-year study of the chemomechanical behavior of a concrete tunnel
subjected to mechanical pressure induced by the surrounding rock, as well as to chemical perturbations
induced by the water contained in this rock (with little mineralization) and the atomsphere inside the
tunnel (with CO2).

2.1 Base case interpretation for Andra-LMDC

The chemical calculation of the base case study considers the phenomenon of calcium leaching
occurring on the extrados in contact with host rock, and atmospheric carbonation on the intrados of a
tunnel structure. These two chemical degradations were applied as boundary conditions to the tunnel
walls, in addition to the moisture condition that changed over the tunnel's lifetime.

2.1.1 Dimensions

The mesh for chemical calculations is simplified along two symmetrical axes. The section studied is
limited to a quarter of the tunnel cross-section. For the meshing, a 50 cm length of the concrete is
discretized along the unidirectional path of degradation enabling us to project our results onto the entire
cross-section (Figure 2.1). The utilization of a refined mesh is necessary for the chemical calculations
in this study in order to capture the species diffusion and the change of concentrations at short times.
This approach optimizes computational efficiency while maintaining the accuracy of our analysis of the
tunnel's structural response to degradation. For the mechanical calculation, the mesh used is the quarter
of the tunnel due to the symmetry with respect to the two axes of the plane (Figure 2.2).

r =)
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A \
Rint| | Rext

P
| 50cm |

Rint= 8,70 m : inside diameter of segment C60
Rext = 9,70 m : outside diameter of segment C60

Figure 2.1 : Cross section of the base case and the mesh used for the chemical calculation

Rint [/l Rext
+——> v

50 cm

Figure 2.2 : Mesh used for the mechanical calculation

2.1.2 Initial and Boundary conditions:
A. Chemical calculation
At the Extrados

At the extrados of the tunnel, decalcification is anticipated due to contact with groundwater. The
concentrations of the calcium in the host rock is 5.4 mol/m3. Moreover, the soil pore water contains a
concentrations of dissolved carbon dioxide corresponding to Py, = 0.01% Patm. The degree of water
saturation of the extrados starts with an initial partial water saturation of 80% and increases until
saturation is reached.

At the Intrados

The tunnel intrados will be subjected to atmospheric carbonation for the first 100 years, at constant
relative humidity. After closure of the tunnel, the concrete structure will resaturate from the extrados to
the intrados. Two Dirichlet boundary conditions are applied. The first is imposed to the maximum
concentration of carbon dioxide corresponding to Py, = 0.04% Patm that can diffuse into the concrete.
The second is the degree of water saturation, which starts with a constant initial value with 50% until
100 years. Later, it varies over time to reach full saturation of the tunnel after 10,000 years [38].

B. Mechanical calculation

A first chemical calculation of the base case was performed at constant temperature using the thermo-
hydro-chemical model described in chapter 1. Then, at each time step, the elastic modulus is

r =)
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determined through the homogenization scheme in the section 1.1.3. Thus, the mechanical behaviour
of the tunnel is predicted using the mechanical model of LMDC under a constant pressure of host rock
of 4 MPa on the structure. This pressure is applied as a load on the extrados of the tunnel and is constant
over time. The mechanical boundary conditions correspond to the symmetry axes of the geometry
(figure 2.2).

2.1.3 Results
A. Chemical results

The chemical model was used to simulate a duration of a million years. The time step used increases
over time according to the convergence of the model, and the duration of the calculations was
approximately 40-45 days. The Figure 2.3 shows the field of remaining calcium bound in solid during
leaching at different milestones. Even after one million years, the concrete is not completely decalcified
due to the presence of calcium in solution in the host rock at a concentration of 5.4 mol/m3
(corresponding to a residual amount of calcium in solid phase equal to 1180 mol/m3). Carbonation
remains slow (only a few cm at intrados) due to the change in the hydrous state and to the clogging
effect of formed calcite as illustrated in Figure 2.4. When evolving to a saturated medium, diffusion of
gaseous CO:2 decreases and the rate of carbonation decreases. The calcite profile is given in the Figure
2.4. The result of this chemical calculation enabled us to obtain the volumes of the phases in order to
apply the homogenisation scheme allowing the assessment of mechanical properties at each time step.

t=10E2 Years Cas t=10%4 Years Cas

Q mol/m3 mol/m3
l 3550 l 3550
2960 2960
" 2480 - 2480
1770 1770
1180 1180
1

t=10E5Years Cas t=10E6 Years Cas

mol/m3 mol/m3
' 3550
2960
2480
1
. 1820
1180

I 3550
2960
Figure 2.3 : fields of calcium in solid phase at different times: calcium leaching at the tunnel extrados
reaches the mid-depth of the concrete wall at one million years (LMDC model) (note ‘Cas’ corresponds
to Calcium in solid phase)
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t=10E2Years CaCo0s3 t=10%6 Years CaCo03

mol/m3 molim3

I 309

235

88

Figure 2.4 : The field of precipitated calcite at different times due to atmospheric carbonation in the
tunnel intrados and decalcification due to groundwater in the tunnel extrados (LMDC model)

B. Mechanical results

The homogenisation scheme explained in section 1 has been applied following the chemical calculation.
The fields of elastic young's modulus are shown in Figure 2.5 at different times. The Young's modulus
of concrete depends on its chemical evolution. We can observe that decalcification leads to a decrease
in elastic modulus due to the dissolution of hydrates at the tunnel extrados. On the other hand, at the
intrados of the tunnel, there is an increase of this modulus due to the precipitation of calcite resulting
from concrete carbonation.

t=10F2 Years

t=10%4 Years

E
Mpa
' 41500 41 900
40300 40500
E 3900 3900
37800 37800
36600 36600

t=10E5Years E t=10%6 Years E

Mpa Mpa

' 41900 ' 43300
40600 41400
39000 ' 39700

37700

36600 36600

Figure 2.5 : Prediction of the fields of elastic Young's modulus at dlﬁerent times of chemical
degradation (LMDC model)

After calculating the elastic properties of the concrete, the poromechanical model is applied to calculate
the deformation of the tunnel under the ground stress. After one million years under a soil pressure
assumed to be equal to 4 MPa, there is a radial convergence of 3 cm (Figure 2.6). The stress field in

-
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the concrete are shown in Figure 2.7. The effect of leaching on the outer edge of the tunnel is well
reproduced by the model, represented by a reduction in stresses in this zone. This model could also be
used to determine when the tunnel will collapse under a given stress, or under a controlled convergence
of the host rock. To achieve such calculation, a realistic behaviour law of the host rock should be coupled

to this thermo-hydro-chemo-mechanical model.

Displacement (cm)

0,00
-0,50 1
-1,00 H
-1,50 A
-2,00 A
-2,50 A

-3,00 f

-3,50

0E+00 2E+05

4E+05

B6E+05
Time (Years)

8E+05

1E+06

Figure 2.6: Displacement of the tunnel intrados over time (LMDC model)

t=10t6Years

6x
Mpa

-20

t=10E6 Years

Figure 2.7: The stress fields after 10° years of chemical degradation and radial pressure of 4 MPa

induced by host rock (LMDC model)

2.2 Base case interpretation for LEI

Model for Base case considered three different materials: concrete liner, excavation disturbed zone

(EDZ) and part of the host rock (Callovo-Oxfordian clay rock) following Base Case definition [25].

The different HMC processes related parameters required for the reactive transport simulations are

summarized up in Table 9

Table 9: Parameters required for the reactive transport simulations

Parameters |  Concrete | EDZ | COx
Hydraulic

Intrinsic permeability (m?) 7.3x1020 [39] 1x1016 [25] 1x10-20 [25]
Water retention parameters: [39] [40] [40]

aye (1/Pa) 2x10% 1/Pa 2.6x10%8 1/Pa 2.6x108 1/Pa
Nyg 2 1.8 1.8

myg 0.5 0.45 0.45

l 0.5 0.5 0.5

-
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0, 0 | 0 | 0

Relative permeability Van Genuchten model

Saturated volumetric water content (-) 0.113 0.15 [25] 0.15 [25]

Porosity (-) 0.113 0.15 [25] 0.15 [25]

Transport

Water density (kg/m?) 1x108

Molecular diffusion in water inside 2x1011

concrete D, (m?/s)

Liguid viscosity (Pa.s) 1x103

Molecular diameter of gas species (m) 1x1010

Mechanical

Young modulus (MPa) 42 0.75%Ecox 5400
[25] [25] [25]

Poisson ratio (-) 0.28 029 029
[25] [25] [25]

Biot coefficient (-) 0.2 [356] [356]

Initial Ca in solid skeleton (mol/dm? of 4.86 - -

concrete)

Maximum damage (-) 0.7 [30] - -

2.2.1 Dimensions

A 2D numerical model for the Base case was developed. In a tunnel of 9.7 m diameter, a 0.5 m thick
concrete liner was defined. The model contains excavation disturbed zone of anisotropic dimensions
(10 m x 15 m). Half of the liner, EDZ and the host rock was modelled considering symmetry for the whole
liner. The extension of the model in horizontal direction corresponds to half the distance between
disposal tunnels (50 m), the model dimensions in vertical direction was 120 m (Figure 2.8).

m T T T T Mm

-460

470t -470}

-480 -480
-490 -490 +

-500 -500

-510+ -510+

-520+  Concrete Iiner) EDZ -520+
-5301 -530+
-540+ -540+
-550 -550+
-560 -560

570} -570+

-580 -580F

-ZlO 0 2‘0 4‘0 GlO rn -20 0 20 40 60 m

Figure 2.8: 2D model geometry considered for the analysis: brown — concrete liner, green — EDZ, blue
— COx clayrock

The modelling domain was discretized into quadratic and triangular mesh elements (~15000).

2.2.2 Initial and boundary conditions
The following initial and boundary conditions were assumed (see also Figure 2.9):
e Tunnel excavation was represented by reducing the load at tunnel wall linearly within 1 day.

e On model top (DC line in Figure 2.9) and right boundary (BC line in Figure 2.9) load was set
equal to in situ stress (0v=13.4 MPa, on=13.1 MPa).
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e Zero normal displacement boundary condition was set on the boundaries AE’, ED, AB, BC (see
Figure 2.9).

e Concrete liner installation was modelled as instant material activation after 4 days.

e At emplacement, concrete liner is not fully water saturation (58 %), while EDZ and COx were
assumed to be fully saturated.

e The initial porewater pressure in EDZ and COx was set equal to 5.3 MPa.

e Porewater pressure was set constant (5.3 MPa) on top (DC), right (BC) and bottom model
boundaries (AB), gravity was not considered.

e During ventilation phase from 4 days till 100 years the constant suction (-70 MPa) was imposed
on concrete liner inner boundary (EE’) to represent relative humidity 60 % as defined in Base
Case definition.

e After 100 years, the Dirichlet boundary condition (fixed suction) was changed to no-flow
boundary condition (EE’).

e For CO: transport analysis, the Dirichlet type boundary conditions were applied: at inner
concrete wall (EE’) partial CO: pressure was fixed to be equal to 0.032% atm (log pCO2=-3.5),
while on the outer EDZ boundary (FF’) it was fixed to be equal to 0.01% atm (log pCO2=-2) as
provided for COx clayrock (Table 7).

e Fixed CO:2 partial pressure on the inner concrete wall (EE’) was from 4 days-100 years, then it
was changed to no-flow boundary condition.

e For solute transport, fixed concentration boundary conditions were set on concrete inner wall
and on EDZ outer boundary (COx porewater composition).

¢ Fixed solute concentration on the inner concrete (EE’) wall was from 4 days-100 years, and
then it was changed to no-flow boundary condition.
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Figure 2.9: Initial and boundary conditions for HM processes

2.2.3 Results

For the analysis of the hydromechanical-chemical, evolution of the concrete liner in disposal tunnel
excavated in COx clayrock several cases were defined. Firstly, the evolution of pore pressure and gas
pressure around the deposition tunnel was analysed without chemical reactions. Then reactive transport
simulations were constrained and coupled to HM model.
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2.2.3.1 Pressures

Figure 2.10 present the porewater flow conditions around the tunnel. Modelling results showed that with
assumed material hydraulic properties, water retention properties, the EDZ surrounding disposal tunnel
became unsaturated during the ventilation phase (full duration of 100 years). The extent of unsaturated
conditions increases gradually approximately up to EDZ outer boundary. Once the ventilation has
finished, the EDZ started to re-saturate.
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Figure 2.10: Porewater flow conditions (liquid pressure and effective saturation) around the tunnel at
different times after excavation: a) 1 year, b) 100 years, c) 1000 years

The unsaturated conditions resulted in a situation where CO:2 in gaseous form could be easily
transported in the concrete and EDZ. Its dissolution in the porewater was considered via Henry’s law.
Gaseous diffusivity is much faster than that of dissolved CO2, thus it governs the total CO2 mass
transport. Due to imposed gradient in CO2 partial pressure towards tunnel (pC02=0.00032 atm at r=4.35
m and pC0O2=0.01 atm at r ranging from 10 to 15 m in vertical and horizontal directions), the certain
profile of CO2 across the concrete and EDZ was established by the end of ventilation phase (Figure
2.11).

CO2 transport modelling results showed that CO: partial pressure in the concrete under unsaturated
conditions would be lower than that imposed by saturated COx porewater. After, ventilation finished and
there is no fixed CO:z pressure on the concrete liner inner boundary, CO2 equilibrated very quickly across

the liner.
CO, partial presure 2
Ool — T T T - I — 3
0.009 : E
0.008 - 7 .
. 0.007f .
£
< 0.006F —1lyr .
©
=~ 0.005 -——/ —— 100 yr |-
o
Q  0.004 — 101 yr |
0.003F / 105 yr | J
0.002F — 110 yr |
0.001~J‘ 150 yr |
5 10 15 20 25 30
x (m)
Figure 2.11: CO:2 partial pressure profile at tunnel at different times after excavation
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To specify evolutions in concrete, Figure 2.12 gives somes locations where evolutions of saturation and
pH are commented below. Figure 2.13 gives the water saturation evolution across the concrete at
different date, and Figure 2.14 the saturation evolution versus time at the different locations specified in
Figure 2.12.

519.4
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-515.5

EDZ

519.6

Concrete liner B8
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su | EDZ

-517.5
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520.4

5195 520.5

5206

520.7

a) b)

Figure 2.12: Positions, selected for the observations of the changes in effective saturation and pH over
liner: blue line — in the horizontal direction, green line — in the vertical direction (a); points at different
distance from liner-EDZ interface (at 1 cm, 10 cm, 20 cm, 30 cm, 40 cm, 49 cm) (interface is located at
tunnel radius R=4.85 m) (b)
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Figure 2.13: Evolution of concrete saturation (vertical axis) over the concrete liner of 50 cm thickness
(from liner inner wall) in horizontal and vertical direction
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Effective saturation evolution at different points
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Figure 2.14: Effective saturation evolution in points at different distance from concrete liner-rock
interface (at 1 cm, 10 cm, 20 cm, 30 cm, 40 cm, 49 cm from liner-rock interface)

The long terme desaturation of concrete illustrated in Figure 2.13 and Figure 2.14 describes the
progression of carbonation, that could affect the stability of reinforcement due to th pH evolution induced.

This point will be discussed below.

2.2.3.2 Chemical results
During reactive transport modelling, the CO:z interaction with the concrete porewater and its minerals

was considered, leading to concrete carbonation. In addition, leaching of concrete has been taken into
account as the transport of solutes was simulated too. The advective/dispersive transport equation was
solved for a number of species specified in the concrete and COx porewater. During carbonation calcite
may precipitate. Portlandite and other cement minerals are dissolving/precipitating depending on the
prevailing conditions. Mineral precipitation/dissolution was considered only in the cement meshed region
and disregarded in the clay rock (EDZ and undisturbed COx). Reactive transport simulations were
performed in the concrete and the EDZ where the composition of coming rock porewater were affected
by the ventilation. Meanwhile HM processes were simulated over the whole model domains. Modelling
such a complex system is high computational resources demanding task. Within this study, the

simulations were done up to 10 000 years.
Figure 2.15 presents the pH distribution in the modelled system over time.

12
11

10

b)

a)

Figure 2.15: pH distribution around the tunnel at different times: a) at 0 year, b) at 10 000 years
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Simulation results indicate that the higher pH zone is not restricted to the concrete liner only. It
propagates into the EDZ. Once the system became re-saturated again and without imposed regional
groundwater flow, the transport was calculated to be diffusion dominated. This is indicated by
symmetrical pH distribution from the liner. According to [41], the corrosion initiation of rebars embedded
in the concrete can occur when the pH is between 11.3 and 12.1. Within modelled time period, porewater
pH decrease (to pH~11 and lower) in the host rock but not so much in the concrete region. So the
corrosion of the reinforcement would not be expected. Subsequently, it should not impose the chemical
degradation of rebars in the concrete and reduction of the mechanical strength of the structure. pH
distribution is related to the distribution of Na, K concentrations in the pore water. Figure 2.16 presents
the distribution of mentioned elements initially and by the end of simulation (10 000 years). As it could
be seen, Na and K are slowly transported from the liner into the EDZ.

Na (mol/kgw) S
x1072
¥45)
7
) 6.5
6
5.5
5
a) b)
K (mol/kgw) a
%1073
35
3
) 2'5
2
15
1
a) b)

Figure 2.16: distribution of Na, K concentrations in the pore water of modelled system a) at O year, b) at
10 000 years.

Dissolution and/or formation of the minerals in the analysed system proceed very slowly. The extent of
portlandite dissolution and calcite precipitation was limited and was related to the outer part of the liner
as it was expected because of higher pCO2on the outer liner boundary. Figure 2.17 to Figure 2.23 show
mineral concentrations initially and by the end of simulation.
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Figure 2.17: Calcite concentration in the liner
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Figure 2.18: Portlandite concentration in the liner
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Figure 2.19: Calcium monocarboaluminate concentration in the liner
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Figure 2.20: C3FSo.s4H4.32 concentration in the liner
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Figure 2.22: Hydrotalcite concentration in the liner

Dissemination level: PU
Date of issue of this report:28/05/2024

0.1

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

Page 42



EURAD Deliverable16.9 — Chemo-mechanical processes in safety structures

Time=0 yr cSsH (mol/dm?)

1.855

. 1.85

1.845

1 1.84

1.835

2 Time=10 000 yr csH (mol/dm?)

1.855

. 1.85

1.845

1 1.84

1.835

Figure 2.23: CSH concentration in the liner

Based on the modelling results almost no changes occurred for minerals C3FSo.s4H4.32 and hydrotalcite.
Some dissolution of Portlandite and precipitation of calcite took place near the outer liner boundary.
More significant changes could be seen for dissolving calcium monocarboaluminate and precipitating

ettringite. This could be more clearly seen in Figure 2.24.
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Figure 2.24: Distribution of minerals along concrete liner at different times
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The most significant changes in mineral volume (and subsequent changes in porosity) occurred within
<20 cm from the outer boundary. The increase of porosity up to a value of 0.16 was observed within
~3 cm from the liner’s external boundary, see Figure 2.25.
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Figure 2.25: Porosity along concrete liner at different times

In case of CSH, some changes could be expected near the outer boundary of the liner. The distribution
of the CSH components along the liner is presented in Figure 2.26.
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Figure 2.26: Distribution of CSH components

Dissolution/precipitation of different minerals due to transport of various dissolved species from/to
concrete and clay host rock led to the porosity change (Figure 2.28). Porosity change subsequently
influences solute diffusivity.
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Figure 2.27. pH evolution in points at different distance from concrete liner-rock interface (at 1 cm, 10

cm, 20 cm, 30 cm, 40 cm, 49 cm from liner-rock interface)

Concerning pH, its evolution at different location inside the concrete is given in Figure 2.27 (see Figure
2.12 for the point positions). It can be observed that pH decreases firstly close to the intrados due to the
contact with the natural air in the tunnel. It decreases later inside the concrete, but never under 12.4,

what preserves the stability of reinforcements.

2.2.3.3 Impact on mechanical characteristics
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Figure 2.28: Porosity in the concrete liner by the end of simulation

Modelling of chemical interactions of the concrete material with clay host rock porewater allowed to
evaluate the change of the concentration of calcium in solid skeleton (Figure 2.29). Considering the
concentration of calcium in solid skeleton as an appropriate indicator of mechanical strength of concrete,

the change of elasticity modulus could be estimated.
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Figure 2.29: The concentration of calcium in solid skeleton and Young modulus

Based on the modelling results, the changes of Young modulus of concrete liner would be expected to
a limited extent (<20 cm from the external boundary). Concrete weakening in terms of decreasing
elasticity modulus was modelled within ~5 cm of the liner outer part by the end of simulation.

Within subtask 4.3, LEI analysed coupled HMC processes in the safety structure scale. Following the
system description in the Base Case, concrete behaviour was analysed under varying conditions
imposed by surrounding clay host rock. Direct modelling of reactive transport in line with HM related
processes in porous media was performed in two-dimensional geometry. This appeared to be complex
and high computational time-consuming task. Due to limited time and computational resources the
simulations were run till 10 000 years. For HMC process modelling iCP (interface for COMSOL
Multiphysics and Phreeqc sortware) was used. Modelling of coupled HMC processes in predefined
system required revision of the mathematical model for unsaturated flow in poroelastic material and
definition of coupling terms. Porosity change due to dissolution/precipitation of minerals in concrete
material and its impact on solute diffusivity was taken into account dynamically.

2.2.3.4 Summury of LEI contribution

Based on the modelling results under isothermal conditions, it was observed that during the ventilation
phase the concrete and surrounding EDZ will become unsaturated. When the EDZ was re-saturated
again (after ventilation has finished), the pH value at the concrete-EDZ interface did not returned to the
initial pH value of COx porewater (~7). Within certain distance from the liner-EDZ interface the higher
pH values were predicted in the EDZ. Within simulation time (10 000 years) no significant pH decrease
in the concrete (to 11 and lower) is expected. Thus, it should not impose the chemical degradation of
rebars in the concrete and the mechanical strength of the structure. Relating the mechanical properties
of concrete (Young modulus) to calcium concentration in solid skeleton, the changes of elasticity
modulus would be expected within limited extent (<20 cm) from the liner external boundary. Concrete
material weakening in terms of decreasing Young modulus was observed within 5 cm from liner-EDZ
interface by the end of simulation (10 000 years). Transport of solutes and potential leaching of calcium
from the concrete could be affected not only by porosity change induced by mineral
precipitation/dissolution. Impact of mechanical strains on diffusivity and permeability upscaled from
smaller scale to safety structure scale are expected to enhance the current model formulation. The
developed HMC model could help to predict the design lifetime of concrete structures and transport of
radionuclides, considering their sorption and speciation depending on prevailing chemical conditions
(pH, redox, etc.)
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2.3 Base case interpretation for CSIC

2.3.1 Model description

CODE_BRIGHT [42]has been selected to develop the model and analyse the behaviour of materials.
The model has allowed us to numerically observe displacements, variation in porosity and stresses.

Four stages were defined for the creation of the HM model. First, an equilibration phase to determine
the initial mechanical and hydraulic conditions. A second stage consisted in designing an excavation
sequence and determine the alterations caused in the medium during the drilling. Third, a support
structure was constructed as the lining of the cavity. Lastly, the fourth stage consisted in evaluating the
long-term behaviour of the entire system. Each of the mentioned stages required to calculate a new
equilibrium state prior to compute the next one. The time intervals of each stage were: 200 days to reach
the initial steady state, i.e., the equilibration stage, 7 days of excavation, 1 day to construct the support
structure and 25 years of evaluation period. This HM model is referred as the “base model”.

To test the potential effect of concrete alteration, we changed the mechanical properties of the support
structure in direct contact with the rock, at the concrete-rock interface. This alteration affects the 5 cm
of concrete that are closer to the rock, in the outer region of the lining. The aim of this model is to observe
the effect over the system of a geochemically-weakened material, considering that in the future it is
intended to couple the chemical effect to the problem. For disclosure and comparison purposes, this
test model is called “altered model”.

The performed simulations are carried out into an elastic, homogeneous and isothermal medium. It is
important to mention that in the long-term it is expected that chemical reactions take place and potentially
lead to changes in hydraulic properties (i.e., porosity and permeability) and/or geomechanical properties
(i.e., stiffness and strength). Due to the contrasting chemical and mineralogical properties of
cementitious materials and rocks (in this case for clay formation), interactions will occur at the cement-
rock interface because of the chemical gradients [43]. To perform tests on the model, it has been
determined the porosity of the defined altered zone of the concrete support structure was increased and
the Young’s modulus in this selected area was decreased in the “altered model”.

To simulate the chemical interaction between concrete and rock, a simple one-dimensional model is
applied as shown in Figure 2.30. The considered domain for this problem includes a 5-cm length of the
concrete lining, from the rock concrete interface into the concrete material. All domain boundaries are
considered to have a no-flux condition and the rock porewater concentration is fixed in the right
boundary. Main species from concrete are considered that could react and thus are related to the
variation on porosity, according to the results observed in different studies [44]

Portlandite
CSH
Quartz

1D domain

— Fixed rock
> o
5cm concentration

Figure 2.30 : 1D domain for the chemical model

2.3.2 Dimensions

For the HM calculus a two-dimensional modelling has been performed. Figure 2.31 shows a graphical
representation of the geometry of the model. The model extends 10 m in the vertical and horizontal
directions. The disposal facility is depicted as a circular cavity to simulate a tunnel with a circular cross-
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section. Figure 2.31 shows three concentric circles, each of them representing different steps during
modelling. The external circle represents the excavation with a 1.30 m radius; the inner circle represents
the delimitation of the disposal chamber of 1.00 m in radius. The spacing defined between the external
and inner circles areas corresponds to the concrete support structure of a thickness of 0.30-m. There is
a circle with a radius of 1.25 m, whose purpose is to show the limit between the concrete with unaltered
characteristics and the concrete degraded by chemical reactions. The “base model” consideres the
entire 0.30-m thick area as unaltered concrete, while the “altered model” considers a 0.25-m thick area
of unaltered concrete and a 0.05-m thick external area of possibly weakened concrete.

rock

g
5 [cm]

altered > S

zone
BN unaltered
concrete
chamber

W

Figure 2.31 : 2D HM model dimensions

The mechanical and hydraulic rock properties were based on measured laboratory results reported by
[45] The concrete properties were based on reported data by[46]. For the weakened concrete in the
concrete-rock interface of the “altered model”, an increased porosity value of 0.25 and 30% decreased
Young’s modulus were imposed.

It was assumed that the disposal facility was located at 500-m depth. As mechanical boundary
conditions, a lithostatic load of 12 MPa was placed on the top boundary of the model. Displacements
perpendicular to both vertical and horizontal boundaries were restricted. As flux boundary conditions, a
liquid pressure of 5 MPa was applied at the bottom boundary, while no-flux condition were imposed on
the remaining borders. The flux boundary condition depended on the stage of modelling. During the
steady-state stage, there are no conditions; after the excavation, the system allowed flux at the external
1.30 m radius circle by prescribing atmospheric pressure on it; and after the construction of the concrete
support, this condition was set at the inner 1.00-m radius circle.

A structured quadrilateral element type mesh was selected to solve the model. The element size
depended on the proximity to the concrete lining. The minimum element size was 0.02 m and constituted
the concrete structure and the surrounding rock. The maximum element size was 1 m located at the
boundaries. This guaranteed accurate results in the area of interest (concrete-rock interface), and
relieved the calculation process, making it more efficient.

2.3.3 Initial and boundary conditions

The initial composition of the concrete is simplified to consider portlandite and calcium-silicate-hydrate
(C-S-H) mineral phases as the aggregate. Only changes on the concrete material are evaluated due the
setup of the model. Table 10 shows the initial composition selected for each mineral species, where Vol.
Fr. is the volume fraction of each mineral phase.

Table 10. Initial composition of concrete for calculations

Material Mineral Vol. Fr.
CSH 0.091

Concrete Portlandite 0.046
Porosity 0.15
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The composition of concrete for the calculations is based on Lothenbach et al. (2011) [47], adapted for
this simplified problem. The Ca/Si ratio of the C-S-H considered in the concrete is 1.6. Potential
secondary phases with Ca/Si ratios equal to 0.12 and 0.08 have been considered in the simulations.
The Thermodynamic ThermoChimie database [48] version 12a have been selected to provide the
required information of mineral phases in Phreeqc simulations.

The initial composition of the rock porewater is assumed to the one given in Table 9, and the initial
concrete porewater is based on [47] for fully hydrated cement and equilibrated with the initial cement
phases.

Table 11. Initial composition (total molalities) of concrete and rock porewaters. Equilibrium and charge
balance constraints are indicated in brackets

Parameter | Concrete Rock

Na* 9.00x102 2.37x101 (Charge)
K* 2.09x101 1.43x10°

Ca? 2.49x102 (Portlandite) | 1.52x10%2

Crl 1.00x10°8 2.72x101

SiOz(aq) 5.87x105 (CSH) 1.32x10*

HCOz 8.28x10° (Calcite) 1.47x103 (Calcite)
T(°C) 25 25

pH (-) 13.63 (Charge) 7.50

The composition of concrete porewater is consistent with the mineral species that constitute this
material. This condition guarantees that the porewater in the material does not react with the medium
and that the chemical reactions that take place occur near the concrete-rock interface, due to the
different composition between both initial porewaters.

2.3.4 Results

Figure 2.32 presents the calculated volume fractions of the different mineral phases interacting as a
function of the distance to the interface at different evaluation periods. In the material complete
dissolution of portlandite near the interface is observed, together with dissolution of primary C-S-H
(Ca/Si ratio = 1.6). During the simulated initial year, only portlandite is observed to dissolve, but by the
fifth year, it is observed that primary C-S-H partially dissolves as well. This C-S-H dissolution triggers
the precipitation of a secondary C-S-H mineral phase (Ca/Si ratio = 1.2), where the extent of primary
phase dissolution correlates with the subsequent precipitation of the secondary phase.

As the years of simulation progress, the dissolution of portlandite extends further into the material.
However, the dissolution and precipitation dynamics of the two different C-S-H phases appear to less
influence the materia.l.

Figure 2.33 illustrates the computed evolution of porosity near the concrete-rock interface at different
intervals during the simulation. The increase in porosity in the material is mainly attributed to the
dissolution of portlandite and the dissolution of primary C-S-H (Ca/Si ratio = 1.6). The area of dissolution
of portlandite extends over the time, reaching 2.8 cm into the material. The maximum observed value
reaches an increased porosity of 0.196.

The dissolution of C-S-H not only leads to an increase in porosity, but also to the precipitation of a
secondary C-S-H mineral phase (Ca/Si ratio = 1.2). As primary C-S-H dissolves, the affected area
expands up to 0.7 cm from the interface, with a maximum increase in porosity up to 0.23. These results
align qualitatively with the observations documented by Soler (2022), who similarly reported increases
in porosity in the concrete material as a result of his simulations developed in CrunchFlow.
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Figure 2.32: Calculated volume fractions in the concrete vs distance from the host rock interface at
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Figure 2.33: Calculated evolution of porosity in the concrete from the concrete-rock interface

Figure 2.34 shows the calculated evolution of pH. There is a pronounced pH gradient between the
concrete and the boundary condition representing the rock porewater solution input. As time progresses,
the boundary condition increasingly influences the material, gradually affecting the material more

extensively.
13
12
11 =1 year
-
~ 5 years
T 10 Y
o 10 years
9 15 years
20 years
8
)5 years
7
-5 -4 -3 -2 -1 0

Distance from interface (cm)

Figure 2.34: Calculated evolution of pH in the concrete model domain

The progression of the chemical system revealed significant portlandite dissolution and considerable
chemical evolution of calcium silicate hydrate C-S-H. Dissolution of the primary mineral phase occurred
alongside the precipitation of a secondary phase, prevailing the dissolution of minerals over
precipitation.

After a 25-year evaluation, a generalized increase in porosity within the concrete structure was
predicted. A maximum porosity increase value of 0.23 was reached at the concrete-rock interface, while
a value of 0.196 was observed at the maximum affection distance of 2.7 cm from de interface.

Concerning the HM results, a value of 2 mm displacements was observed in the vertical y-axis direction
within the support structure. In the horizontal x-axis direction, the displacements observed have a
magnitude of 0.8 mm. Similar values were observed in both “base” and “altered” models. In relation with
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the variation of porosity of the concrete structure due to the hydro-mechanical effect, it was observed
that this parameter remained invariable during the evaluated period of 25 years.

With the calculated liquid pressure and the stresses result data, the mean effective stress and the
deviatoric stress have been calculated to plot the stress path of each analysed point and compare
differences between “base” and “altered” models. Figure 2.35 presents the stress paths within the
concrete support structure.
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Figure 2.35: Stress path of concrete in the analysed points

In the vertical y-direction within the concrete structure, it was observed that the state of stress was under
compression during the 25-year period of simulation and the stress path at point A is below the failure
limit in both “base” and “altered” models (Figure 2.35). As long as it is analysed closer to the inner area
of the lining, the failure limit was exceeded and the stress state changed. Point B reached failure after 2
years, while point C reaches it after 6 months. On the horizontal x-direction, all support structure points
were in a compression stress state and remained below the failure limit during the whole evaluated
period. The stress paths observed in points A and D revealed that an altered zone may affect the
concrete integrity as a result of lower stress values for a softer material.
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3. Conclusion

In this report, the three contributors provided methods and results on their structural modeling. The three
strategies of modeling described in this report are capable of considering calcium leaching, cement
hydrates neutralization and atmospheric carbonation of concrete. They are all able to consider a realistic
variety of hydrates in concrete, and to manage their evolution in the context of leaching coupled with
carbonation.

The LMDC model is based on a “reduction of the reactive transport model”,leading to a surrogate
chemical model which makes it possible to increase the calculation speed and therefore to address
large structural dimensions and long term simulations. They used only three mass balance equations
(calcium, carbon dioxide and water). The coupling with the mechanics is based on a homogenization
method able to consider the different types of hydrates computed by the chemical surrogate model.
These elastic properties are then used to deduce nonlinear properties, especially the creep potential of
concrete. The chemical module is then completed by the balance of thermal energy, and the balance of
motion; the host rock was also reduced to its effects on the concrete line. This strategy allowed to
consider a chemo-mechanical coupling based on micro-mechanics homogenization, and to take into
account the creep of chemically degraded concrete. This strategy allowed them to compute the tunnel
behavior over one million years. The CSIC and LEI models, on the other hand, retains a complete
description of the chemistry of concrete.CSIC provided a detailed description of the chemical interaction
between concrete and host rock, but due to their heavy computational cost, the calculus was limited to
a small area of a few centimeters around the interface between the two materials, and the time simulated
reached only 25 years.

LEI tested a compromise between CSIC and LMDC, using a relatively complete chemical description of
concrete in interaction with a meshed host rock, and a linear poro-mechanical model of the soil-structure
interaction based on poro elastic properties depending empirically on the chemical state through the
calcium concentration in solution. As expected, the LEI model reached an intermediate time of aging of
the tunnel (10 000 years). The three strategies of chemical modeling include transport properties
depending on the evolution of the porosity. Porosity changes due to concrete mineral
dissolution/precipitation were taken into account by solute transport parameters.

The conclusion of this work performed in task 4.3 of Eurad Magic research project, is that different
strategies of modeling are possible at structural scale. Among these strategies, three of them have been
tested, a first one consisting to couple a classical reactive transports model with a mechanical software
thanks to a third software allowing the data and results exchanges between them until the convergence
of the both solutions to a coupled one. This strategy, developed by the CSIC, preserves the great ability
of each software to model accurately the underlying chemical and mechanical phenomena, but leads to
a heavy computational cost limiting both the size of the geometry and the aging to investigate (only a
few centimeters during 25 years for the CSIC modeling). The computational cost of the model also leads
CSIC to adapt the prescribed conditions of the base case to closer conditions alredy studied by their
teams, in order to gain time during parametrization of their model. The second strategy consists to retain
the main chemical phenomena, to simplify the mechanicals ones to their linear aspects. This strategy
allowed LEI to consider the full 2D geometry (concrete and host rock), and to reach an aging of 10 000
years. The limitation of this strategy is also the computational cost which limits the duration of simulated
aging and the realism of the mechanical behavior of the tunnel. The third strategy adopted by LMDC
consists to couple all the equations in a single software, but with some simplifications in terms of
chemistry. Specifically, for this base case study, the simplifications consist to limit the number of mass
balance equations to reduce the computational coast of the chemistry, in order to increase the realism
of the mechanical part. This last strategy allowed to use more realistic models for the mechanical part:
micro mechanics and homogenization concepts together with nonlinear mechanical behavior of
degraded concrete were used, but with a partial representation of the geometry. This last strategy was
able to reach the objective of one million years of prediction of the behavior of the tunnel, with a nonlinear
mechanical model, but not yet with a full mesh of the host rock. The main conclusion is that, currently,
the realism of the chemical modules is acceptable for the three strategies, but the computational
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resources being limited, a compromise between the realism of the chemistry and the realism of the
mechanical behavior must be done to perform simulation at very long terms.
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