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Executive Summary

The objective of this report is to summarise the modelling work of the MAGIC WP and to establish a
permanent reference chemo-mechanical model for the deterioration of both Portland and low pH
concretes in relevant repository environments, taking into account representative boundary conditions.
The report focuses on Task 4 and in particular on the development of chemomechanical numerical
coupling and up-scaling methods. The collaboration between patrticipants from different organisations
and institutions has resulted in a comprehensive review of chemomechanical numerical coupling and
upscaling of mechanical properties related to cement alteration.

The report is divided into two main sections. The first section summarises the model approaches (at
different scales) and the chemo-mechanical numerical coupling schemes of PSI, LMDC, UFZ,
CEA/Mines PSL. The second section deals with upscaling approaches for chemomechanical processes
from aggregates to near-field processes in order to combine pore to macroscale models. The focus of
deliverable D16.8 is to summarise the modelling approaches and provide results for benchmarks. The
following deliverable D16.9 will present application results for the reference model.

The key results from our research include:

PSI (Section 1.1) presents their pore scale approach to modelling chemical reactions based on Lattice
Boltzmann methods. They simulate Ca leaching at the pore scale, taking into account the dissolution of
portlandite as the pore solution (OPA) enters the concrete. They successfully use surrogate models
based on artificial neural networks to speed up the computationally expensive simulations. The
surrogate models are trained using the GEM reaction code.

LMDC (section 1.2) introduces the finite element approach for macroscale modelling of
chemomechanical processes under water-saturated conditions. The model fundamentals are
presented, including the required constitutive relationships of the chemical reactions involved in cement
degradation. The focus is on reactive transport processes, mechanical processes are not considered.
The model results are presented in D16.9.

The UFZ (section 1.3) presents a hydro-chemical-mechanical coupled model by combining
OpenGeoSys (OGS) and PHREEQC, which allows a high flexibility to include different chemical
reactions. OGS uses the finite element method in combination with variational phase fields. The
functionality of the model has been demonstrated with a benchmark study including fracture initiation
and propagation by tensile stresses and calcite dissolution within the fracture by pore water attack.

CEA/Mines Paris Tech (Section 1.4) presents a conceptual thermo-hydro-mechanical-chemical model
for unsaturated conditions. A multi-continua approach is preferred to represent fractured porous media.
A code coupling of CAST3M (damage processes) and HYTEC (reactive transport) is used. As a test
example, the representation of accelerated carbonation and related damage processes (microcracking)
in cementitious material is presented.

The second section deals with upscaling methods of mechanical properties and cement alteration:

LAMCUBE (section 2.1) presents an upscaling approach by homogenisation method from micro to
macro scale with an intermediate mesoscopic step to represent the aggregates of the cement matrix.
Effective properties are derived by analytical averaging methods. In addition, artificial neural networks
(ANNSs) are used to predict the effective elastic properties of concrete. An important parameter of the
chemomechanical processes is the fracture strength, which has also been estimated by ANNSs.

Finally, CSIC (section 2.2) introduces a chemo-mechanical coupling approach by combining
CODE_BRIGHT (HM processes) and Retraso (reactive transport of solutes). A test case representing
a tunnel section with an altered concrete zone has been introduced. A stress path analysis was
performed on the mechanical model. Model results for chemo-mechanical processes are presented in
D16.9.
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General introduction

MAGIC, which stands for Multi-scale Analysis of the Chemo-mechanical Evolution of Cementitious
Materials in Geological Disposal Environments, has several key objectives. Firstly, it seeks to
understand and quantify how cementitious materials, like concrete, evolve chemically and mechanically
over different scales when exposed to the chemical degradation expected in repository environments.
This involves identifying the primary chemical reactions that occur during the re-saturation phase and
under saturated conditions at the repository scale. Additionally, MAGIC aims to create a fundamental
chemo-mechanical model for both Portland and low-pH concretes, considering realistic disposal
conditions. Lastly, it aims to assess the impact of microbial activity on cementitious materials properties
in partially and fully saturated conditions.

The motivation behind these goals arises from significant knowledge gaps in the field. Most existing
experimental data focuses on short-term material evolution, leaving the long-term mechanical integrity
of cementitious materials largely unknown. MAGIC aims to address critical questions, such as how
various chemical degradation processes affect the mechanical properties of these materials and
whether microbial activity plays a role in altering the expected chemical evolution. Moreover, it seeks to
develop models that can predict the long-term mechanical behaviour of cementitious materials during
hydraulic transients or under fully saturated conditions, taking into account both chemical evolution and
microbial activity. Ultimately, MAGIC aims to provide a comprehensive and multi-scale understanding
of these complex processes in cementitious materials.

This deliverable focused on task 4 activities, has a clear objective: it aims to establish long-term
reference chemo-mechanical models for the degradation of both Portland and low-pH concretes in
relevant disposal environments while taking into account representative boundary conditions.

The structure of Task 4 workflow as well as corresponding collaborations are depicted in Figure 1.1-1.

Pore /micro-scale Upscaling methods Large scale
* Lattice Boltzmann methods > « THM continuum scale
* FEM methods, FYM (RT)

- [l - > [ — |4

Micro- (FEM) (FEM - FE2) (FEM - FE2)

Reiforced | B oc

concrete
{Analytic - homogenization)
SUBTASK 3.4 mmmmmp Nii]
Nano- (Lattice-Boltzmann) I '

SUBTASK 3.4

Low-pH + OPC
concrete T

Ref. Cases defined in

M N CEA /MINES Paris Task 1 by End Users

Nano-{FV — FEM)

Figure 1.1-1 Comprehensive Overview of the Workflow for Task 4
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The expected outcomes from this effort include several key components. Firstly, it seeks to compile a
comprehensive multiscale experimental dataset that connects the chemical degradation, occurring in
conjunction with various disturbances, to mechanical parameters such as compressive and tensile
strengths, Young's modulus evolution, and the formation and dynamics of cracks. Secondly, the project
aims to pinpoint the primary reactive mechanisms at play and understand their implications for the
mechanical behaviour of both low-pH and Portland cemetitious materials. Thirdly, it plans to develop
models that describe how mechanical behaviour changes as a result of chemical evolution at the
experimental scale. Additionally, it intends to establish a law for the mechanical behaviour of the
materials, considering the competing chemical and hydrodynamical processes occurring at different
scales. Lastly, task 4.3 treats the long-term mechanical evolution of concrete structures when exposed
to disposal conditions, taking into consideration chemical disturbances.
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1.Chemo-mechanical numerical coupling

1.1 Pore-scale model implementation (led by PSI)

Cementitious materials are hierarchical porous media with characteristic microstructure features
controlling transport phenomena and reactivity at different scales (Dauzéres et al., 2022). Pore size
distribution in cement range from few nanometres (cement gel pores) to few millimetres (macroscopic
cement pores) (Gong, Zhang, Sicat, & Ueda, 2014; R. A. Patel et al.,, 2018). The complexity is
compounded by various chemical processes such as carbonation (Dauzéres et al., 2022; Y. Huang,
Shao, Wieland, Kolditz, & Kosakowski, 2018; Phung et al., 2016; von Greve-Dierfeld et al., 2020),
interaction with other materials (for example host clay for radioactive waste repositories (Savage &
Cloet, 2018) or aggressive species ingression such as sulphate (Dauzéres, 2016; Schmidt, Lothenbach,
Romer, Neuenschwander, & Scrivener, 2009) or the presence of microbial micro-organisms (De Graef
et al., 2005). These interactions lead to non-linear changes in the porosity and the chemical structure of
cement (Barbara Lothenbach & Winnefeld, 2006; Méader et al., 2018), occurring across different spatial
and temporal scales.

In particular, small changes in the pore connectivity and preferential transport pathways can result in
substantial alteration of macroscopic transport properties of the materials, such as the permeability and
diffusivity. To simulate such processes accurately, a multi-scale approach, operating on both the
continuum and the pore-scale is required (Churakov & Prasianakis, 2018). The focus in this section is
on the pore-level with the Lattice-Boltzmann (Bilke et al.) method selected for the fluid simulation due to
its versatility at the mesoscale and the possibility to simulate in 3D the evolution of the microstructure
(H. Huang, Sukop, & Lu, 2015; Prasianakis, Curti, Kosakowski, Poonoosamy, & Churakov, 2017;
Prasianakis, Gatschet, Abbasi, & Churakov, 2018). The LB method is based on the solution of the kinetic
Boltzmann equation, which at the macroscopic limit recovers the Navier-Stokes equations (Lallemand
& Luo, 2000; Qian, d'Humiéres, & Lallemand, 1992). The lattice can then simulate complex interfacial
fluid-solid interactions by adapting its nodes to quasi-solid/liquid states (Prasianakis et al., 2018; Sukop
& Thorne, 2006).

The discrete Lattice Boltzmann equations are particularly suitable for the parallel numerical algorithm
due to the locality of the LB operator. In most practical implementations of the LB equations the
communication and exchange of information is only required between the immediate neighbouring
nodes. This allows for (a) simple implementation of complex boundary geometries, essential for
simulating porous materials and (b) efficient parallelization of the algorithm for use in high performance
computing facilities (Prasianakis et al., 2018). The algorithm parallel efficiency makes it ideal for use
with massively parallel architectures such as graphics processing units (GPUs) as well as in hybrid
CPU/GPU supercomputers (Kuznik, Obrecht, Rusaouen, & Roux, 2010; Safi, Prasianakis, & Turek,
2017). Their structural efficiency for parallel data allows to achieve speedups up to several orders of
magnitude compared to an equivalent conventional CPU processor (Kuznik et al., 2010). Furthermore,
the small amount of exchangeable data between computing nodes means that LB algorithm can be very
efficient on interconnected GPU networks.

The LB model however, describes only the mass transport in fluid and the fluid-solid interface evolution.
The chemical equilibria calculations need to be implemented and coupled via separate thermodynamic
modelling routines. Geochemical speciation solvers provide the quantities of chemical speciation and
phase stability in the system under the assumption of local equilibrium. These calculations can be done
using the Law of Mass Action (LMA) (as in PhreeqC (Parkhurst, 1995)) or Gibbs Energy Minimization
(GEM) (as in GEMS-Selektor (Kulik et al., 2013)). Due to the complexity of the calculations of
thermodynamic equilibrium and geochemical speciation, the chemical model cannot match the
efficiency of the LB algorithm on calculating the mass transport on a single computational grid point for
a given time step. With chemistry being the bottleneck, coupling of the two aforementioned codes leads
to an unbalanced code that spends the vast majority of its calculation time in the thermodynamic
modelling routines (Y. Huang et al., 2018). This is due to the large number of involved species and the
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need to perform chemical calculations at each mesh point and every time step. In addition, chemical
and mass transport time scales differ significantly.

To improve performance of geochemical calculation we replace native geochemical solvers (Laloy &
Jacques, 2022; Prasianakis et al., 2020) with its surrogate models (Jain, Jianchang, & Mohiuddin, 1996)
using highly accurate and numerically efficient artificial neural networks (ANN). The ANN are trained for
the system of interest by a supervised learning approach using the data from the native geochemical
solver (e.g. GEMS-Selektor (Kulik et al., 2013)). Extensive benchmarking exercises have demonstrated
that the feedforward type of neural networks are one of the simplest but most efficient network types,
suitable for solving complex regression problems (Laloy & Jacques, 2022; Prasianakis et al., 2020). The
training is done using the backpropagation technique (Rumelhart, Hinton, & Williams, 1986). At the
moment, it seems that for an arbitrary system different types and structures of ANN need to be tested,
as the optimal configuration is not known a priori.

The LB reactive transport algorithm is implemented in two codes: (a) a CPU-based Python-Fortran code
coupled with PhreeqC (Ravi A. Patel, Churakov, & Prasianakis, 2021; R. A. Patel et al., 2014) for small
scale 2D/3D domains, with full coupling between the LB and the thermodynamics calculation and (b) a
GPU-based CUDA/C++ code (Safi et al., 2017) coupled with a pre-trained (through GEMS-Selektor
thermodynamics calculations) surrogate model. The latter code can be used for large-scale 3D domains
described by more than 1 billion computational grid points, where performing chemical calculations via
typical thermodynamic modelling routines becomes computationally unfeasible.

Simulations have been conducted with the GPU-based CUDA/C++ code (Safi et al., 2017) for the
dissolution of CH in a 3D microstructure. The cubic domain of volume 100um? was produced by the
HYMOSTRUC code (van Breugel, 1995) and discretised with particle spacing 1um. The microstructure
was provided by SCK-CEN and it was based on Ordinary Portland Cement and is similar to (Ravi A.
Patel et al., 2021; R. A. Patel et al., 2014; Varzina et al., 2020).

The portlandite dissolution was implemented in the LB code through an equation based on the transition
state theory (Lasaga, 2014), which was implemented as a source term in the LB equation. The
necessary physical constants for the reaction were identified from experimental results (Galan, Glasser,
Baza, & Andrade, 2015; Johannsen & Rademacher, 1999). Figure 1.1-1Erreur ! Source du renvoi
introuvable. shows a comparison between the domain state at the beginning of the simulation and after
1.5 million LB steps or 2136.75s (1 LB time step = 0.0014245s). At this point, approximately 68.7% of
the portlandite has been dissolved. Leaching was considered only if the portlandite was in contact with
the liquid, signified by the red nodes in Figure 1.1-1. It should be mentioned that in this simulation the
CSH phase is considered inert.

Additional simulations have been conducted to investigate the sensitivity of the dissolution to the mineral
surface reactivity. This is aimed at the evaluation of the effect of microbial activity on the evolution of the
cement microstructure. Microbial activity is expected to modify the porosity through increased
precipitation of secondary mineral phases followed by an alteration and dissolution of cement minerals.
Further details on the LB portlandite dissolution simulations, including a detailed description of the model
and the effects of reactivity can be found on deliverable D16.7 for Task 3. The same report (D16.7) also
contains the details of the investigation of the effect of the temporal and spatial evolution of both the
chemical composition and the cement microstructure to the mechanical properties of cement and
concrete as part of a synergistic collaboration (PSI, SCK-CEN, LAMCUBE). The results were upscaled
to the concrete scale as required by Subtask 3.4.

Additional simulations are underway for the investigation of the effect of CSH leaching in the
microstructure. The model being benchmarked against the experimental data on cement paste
degradation carried out by PSI/Empa as part of Subtask 3.1, which investigate the mechanical,
microscopic and mineralogical characterisation of newly casted OPC and ESDRED mortars
(https://igdtp.eu/activity/esdred-engineering-studies-and-demonstrations-of-repository-designs/). The
specimens were exposed to an Opalinus clay pore solution and have been compared to 9-year aged
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mortars obtained from the Mont Terri experimental site (Mader et al., 2018), examined as part of Subtask
2.2. The aim would be for the simulations to use the specimens’ microstructure (if available) or a
chemical or mechanical equivalent. The definition of an interface to transfer these properties to
macroscopic thermo-hydro-mechanical codes are conducted within Subtask 4.1.

@)

(©

(e)

Figure 1.1-1: Ca leaching LB simulations, considering the dissolution of portlandite. The left column
shows the initial state, while the right shows the state after 1.5 million LB steps. Red nodes signify
currectly dissolving portlandite, white nodes are inactive portlandite not in contact with liquid, light blue
signify inactive CSH and aggregates and dark blue is water. a) and b) show the full 3D microstructure,
¢) and d) show a 2D slice at 30 um from the edge and e) and f) show a 2D slice at 60 um from the edge
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1.2 Chemo-mechanical models in saturated environment (led by LMDC)

The durability of underground structures for nuclear waste disposal is a critical aspect of nuclear waste
management. These structures must be able to resist extreme environmental and mechanical conditions
for long term (Figure 1.2-1). The presence of water in the underground disposal environment can cause
various chemical reactions due to the ionic exchanges around the disposal facility. During certain stages
of waste disposal operations, two main chemical reactions take place: the leaching of calcium coupled
with the carbonation process. These reactions are influenced by temperature cycles that can reach up
to 70°C during the disposal of nuclear waste. These temperature fluctuations will dry out the interior of
the facility which evolve the relative humidity. In addition to these environmental aggressions, the tunnel
is subjected to mechanical loading due to soil convergence. Therefore, the prediction of the behaviour
of these structures over a thousand years requires a thermo-hydro-chemical and mechanical coupling
model (Prasianakis et al., 2018; Sukop & Thorne, 2006).

> Operation phase Long term phase >

Resaturation

> Nuclear waste disposal phas§

Concrete vaults Exothermic wastes

O © L

Figure 1.2-1: Service life of the disposal structure

The main objective of this work is to establish a finite element model able to consider the effects of site
water and long-term mechanical loading on reinforced concrete structure. The global approach is divided
for three parts (Figure 1.2-2):

1. A finite element model to predict the evolution of temperature, water saturation (of concrete
and ground) and the chemical degradation of concrete (leaching and carbonation). This model
will be based on the mineralogy of the cement paste.

2. Successive homogenization model for the paste in order to consider the case of reinforced
concrete and to couple the chemical model with the mechanical model. This model will allow to
reflect the effect of chemical degradation on the mechanical properties of reinforced concrete
(Young modulus, creep...).

3. Apply the model in the scale of the structure (Base case) to predict the mechanical behaviour
on long-term.

1 - Chemical degradation of 2- Chemc_:-mechanlcal coupling 3 — Calculation of the base case
cement paste of reinforced concrete

Successive homogenisation

(& = |
European Joint Programme
on Radioactive Waste Management

EURAD (Deliverable n° 16.8) - MAGIC - S/T 4-1 — 4/2 -Chemo-mechanical numerical coupling

Chemical model based on
cement mineralogy.

Input : Quantity of
hydrates

output : Quantity of
hydrates , Porosity

model :

Cement paste : Elastic
homogenisation of the paste

Concrete : Homogenisation
of the cement paste with the
aggregates

Reinforced concrete :
Homogenisation of the
reinforcement bars

Predicting the mechanical
behavior of a chemically
degraded tunnel section

Figure 1.2-2: Global approach scheme
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This report will focus on the model of the chemical degradation of the cement paste. For instance, the
model couples the leaching of calcium and the carbonation of the cement paste at a constant degree of
saturation. This model takes into account the effect of temperatures and the cement mineralogy.

1.2.1 Strategy for model reduction

The model must predict the different evolutions that occur during the lifetime of the structure. The
modelling of these evolutions is described by the equations of mass conservation and energy.
Furthermore, as the exact formulation of the concrete used in the disposal structures is not yet
determined, the model must be adaptable to various formulations and consider the initial mineralogy of
the material. The variables of the thermo-hydro-chemical model should characterize the different
occurrences and the initial composition of the cement paste. The Table 1.2-1 represent all the variables
X of the THC model. The purpose of this work is to predict the mechanical behaviour of a structure.
Therefore, the reduction of the size of the chemical model is necessary to couple it efficiently with the
mechanical calculations. This reduction in the size of the chemical model aims to reduce the number of
state variables to be managed based on the hypothesis of instantaneous dissolution. Thus, this model
is reduced to four variables states Y shown in the Table 1.2-1 able to describe the different phase of the
disposal structures. Note that the other variables remain internal variables in the model.

Table 1.2-1 variables of the chemical degradation model of the cement paste

Variables of the THC Model States Variables

X1 : Temperature Y1 : Temperature T

Xz : Mass of liquid water s
Xs : Mass of vapour water ' i
X : Carbon dioxide in aqueous form | vs
X5 : Carbon dioxide in gazes form
X6 : Calcium n porous media
X7 : Portlandite

Xs : Ettringite

Xo : Mono sulphate

X0 : Hydro garnet

X1 1 CSHismax

X2 : CSHiesoss

Y : Calcium in porous media Ca2+

The conservation of mass equation for all X is written in a general form as follows:

1, 1.2-1

where: - C; capacity of species Xi
- D;(X)coefficient of diffusion
- S;_i(X) source involving in Xi

Then, the equivalent mass conservation equation is written in term of the variables states Y as follows:

e U EURAD (Deliverable n° 16.8) - MAGIC - S/T 4-1 — 4/2 -Chemo-mechanical numerical coupling
apemisnroganme. d€VEIOPMeENt and up-scaling methods

on Radioactive Waste Management

Dissemination level: PU
Date of issue of this report: 04/04/2024 Page 18



EURAD Deliverable 16.8 — MAGIC - S/T 4-1 — 4/2 -Chemo-mechanical numerical coupling development
and up-scaling methods

Coq 25 + div [~D,y (X,0,5,). grad V.| = 5.4 (X)), 1.2-2

Where: - C,, equivalent capacity of species Yk
- Doy (X) equivalent diffusion term

- S.q(X) equivalent source term involving in Yk

1.2.1.1 Leaching of calcium
The modelling of calcium leaching at macro scale is based on the hypothesis that calcium in solution is
in instantaneous equilibrium with solid calcium in the cement matrix as the calcium is the main element
in the cement matrix. The evolution of the calcium in the solid matrix as a function of the calcium

concentration in the pore solution is represented by the thermodynamic equilibrium curve.

L 24 e
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Ca** (in interstitial water) mmol/I

Figure 1.2-3 Thermodynamic equilibrium curve at 25°C (Gerard, Pijaudier-Cabot, & Laborderie, 1998)

This curve depends on temperature, it shifts to the left with temperature increasing and the range of

calcium concentrations at equilibrium in the pore solution decreases.

25 . .'.
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Calcium total en solution (mmol.l")

Figure 1.2-4 Effect of temperatures on the equilibrium curve (Peycelon, Blanc, & Mazoin, 2006).

In order to model this curve considering the effect of temperature and cement mineralogy, a function f
has been proposed to describe the dissolution of each hydrate. This function varies between 0 and 1,
and depends on the equilibrium concentration of calcium at temperature T, m and k(m) are parameters
to be adjusted for each hydrate. Thus, the evolution of calcium in solid phases as a function of calcium

r =
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in solution is obtained by multiplying by the maximum amount of calcium in each hydrate (Equation

1.2-4). The resulting equilibrium curve is the sum of the elementary curves of all hydrates.

fxi(Ca**) =1—exp [_;1 <7[Ca2+] ) ] 1.2-3

kom|cagger)|
Casy;(Ca?*) = fy;(Ca*t) x Cas_maxy; 1.2-4

The effect of temperature on the equilibrium concentration of calcium can be expressed as follow:

1 1
[Cagf{(r)] = [Ca(?;{(m)]exp [— R <7 - T_0>] 1.2-5

E, is a constant allowing to fit the dependence of equilibrium concentration in calcium on temperature

for each hydrate and R is the ideal gas constant.

1.2.1.2 Elementary curve of portlandite
The equilibrium concentration of calcium for the dissolution of portlandite is obtained by a

thermodynamic calculus using the least square method
[Ca®*][0H]? = 107PXC5D > [CaZioseg)] , = 22 mmol/L 1.2-6

The elementary equilibrium curve for the portlandite is represented in the figure. The shape of this curve
avoids the sudden dissolution of the hydrate and make the dissolution smoother, which allow the model

to converge in a reasonable time.

1,2

0.4 T25°C

o 5 10 15 20 25 30

Ca2+ [Caz+]eq_cHizs'ci= 22mmol/L

Figure 1.2-5 : Elementary equilibrium curve for the portlandite

Using the dependance on temperature of calcium at equilibrium, as mentioned in the Equation 1.2-5,

the effect of temperature of the curve is represented in the bellow figure.
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Ca2+ [Caz+]eq_cHizsc= 22mmol/L

Figure 1.2-6 Effect of temperature on the equilibrium curve of the portlandite.

1.2.1.3 Equivalent mass conservation equation of calcium in solution

The mass conservation equation for calcium in solution is written in the Equation 1-7.

ox, | B . 12 B
Ce a9t + div [—De(X; ?,5.).grad Xe] = Z 56—>j(X) + Scacos ~ Xs

aC,

_° 1.2-7
Jat

Jj=7

The term Yj2,Se_;(X) represents the calcium source term with describes the dissolution of all hydrates

according to the equilibrium curve described above (equation Erreur ! Source du renvoi introuvable.).

This term is obtained by the derivate of the equation Erreur ! Source du renvoi introuvable..

12 V) — 12 9Casi(Ys) 0Yy -
%i2756-i(X) = — 2=, 50 1.2-8

Scacos this term is due to the precipitation of calcite and the coupling with the carbonation (Equation

1.2-9). T is a parameter which represents the time characteristic.

Yy Ys 1.2-9
T

Scacos (?) ==

Thus, the equivalent mass conservation equation of calcium is written

C +i6€asi(Y4) W | 4 [ D(X,8,5,) —d)Y]
——|—+div |- .0, .gra
tL o P grat e 1.2-10

T Yot

1.2.1.4 Diffusion coefficient of calcium
The coefficient of diffusion should consider the effect of saturation and porosity. The cement paste
diffusion coefficient adapted for CEMI is described in the equation 1.2-11 (Tognazzi-Lawrence, 1998)
(Bary & Sellier, 2004)

r =
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1
1+ 625(1 — sD%)

K(sl) =

1.2-11
De(Ca) = 2,3.107*3 exp(9,950)

D., = K(sl).De(Ca)

The effect of temperature is expressed by the Arrhenius law in equation 1.2-10. E, is the energy

activation corresponding to the diffusion of calcium.

Dea = Deavexp |~ 2 (-7 1.2-12

1.2.1.5 Carbonation process
The carbonation of concrete is a process where the carbon dioxide dissolves and penetrate into the
concrete containing Ca in solid phase to form the calcium carbonate. The modelling of the carbonation
at macro scale is based on the mass conservation equation for the carbon dioxide in gaseous form and
liquid form dissolved in the pores of the concrete. The dissolution of carbon dioxide gas into liquid is

expressed by Henry's law and the perfect gas law:

[COZ]aq

COly = —tr
€021 R.T.Hp,(T) 1.2-13

[CO;]g = Ku(T).[COz]aq = X5 = Ky(T).Y

The mass conservation equation for carbon dioxide in aqueous form:

aX. . od — 72 ac. -
64_6_: + dlv [_D4(X, ®, SL).gT'ad X4] = Ss_>4(X) + Scaco3 - X4a_t4 1'2 14

The mass conservation equation for carbon dioxide in gaseous form:

9Xs

— — _
G5 +div [—DS(X. ®,5,).grad Xs] = S4.5(X) — X5 9¢s 1.2-15

‘ot
According to the assumption of the instantaneous dissolution between the two phases of carbon dioxide:
Ssa(X) = =S4ss(X) 1.2-16

Combining the two-conservation equation 1.2-14 and 1.2-15. The equivalent mass conservation for

carbon dioxide is:

6Y3 . — — _—
[Cy + KnCs] =+ div [—(D (X,9,5,)4 + Ky(T).D(X,®,5,)s). grad Y3]

1.2-17
— aC, aCs
= Scacos (Y) - (? + KH(T)-ﬁ)
e U EURAD (Deliverable n° 16.8) - MAGIC - S/T 4-1 — 4/2 -Chemo-mechanical numerical coupling

apemisnroganme. d€VEIOPMeENt and up-scaling methods

on Radioactive Waste Management

Dissemination level: PU
Date of issue of this report: 04/04/2024 Page 22



EURAD Deliverable 16.8 — MAGIC - S/T 4-1 — 4/2 -Chemo-mechanical numerical coupling development
and up-scaling methods

1.2.1.6 Coefficient of diffusion of carbon dioxide
The apparent diffusion coefficient for carbon dioxide is formulated to consider the effect of saturation
and the porosity of the cement paste (Ishida & Maekawa, 2000) (Ishida & Maekawa, 2000 ) (Thiery,
2005). The temperature dependency of the diffusion coefficient is expressed by Arrhenius law (Equation

1.2-19). Dgog is the diffusivity of carbon dioxide in free atmosphere and Dgoé the diffusivity of dissolved

carbon dioxide in pore water.

D,ys = D2pa.0%7*.(1 = S)*2.f(T)
2 2

CcoO
1.2-18
_ o 95t PN %
Doy = Doy f(T) 5 Q= (5)
E, 1 1
—exp |- ZA(Z_ = 1.2-19
A exp[ R (T TO>]

1.2.2 Model implementation

The mass conservation equations are implemented in the finite element code Cast3M. The use of
geochemical software based on equilibrium, kinetic and reactive transport calculations, which are highly
non-linear, is not compatible with the reasonable calculation time for a structure. Hence, the finite
element code Cast3m, which is well suited to the mechanical calculation of structures, was chosen to
implement the THMC model. The implicit method is used to solve the problem. The principle of solving

these equations is based on iterative procedures (Figure 1.2-7).

Initialisation of the
material state:

- Capacity, Diffusion
- Source term

]

Convergence loop

) Resolution
State at i+]
Capacity, Diffusion
Source term
Save results
attime t

Figure 1.2-7 Algorithm of resolution.

At the beginning of the time step, the capacity and diffusion term of the material are initialized and also
the source term of the conservation equation. Once 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.
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The validation of the model and the tuning of the parameters are in progress and will be reported in D16-
9 (end of December 2023). The validation will be divided into two parts, the validation of the calcium
leaching model for different temperatures only and the validation of the carbon dioxide process for

different carbon dioxide concentrations and at different temperatures on its own (Bary & Sellier, 2004).

1.3 Fracture formation and propagation models (led by UFZ)

We present a fully coupled chemo-hydro-mechanical (CHM) variational phase field model for simulating
fracture initiation and propagation including chemical reactions in cementitious systems. The numerical
model is implemented in the OpenGeoSys research software platform (www.opengeosys.org).

1.3.1 Coupled processes

We coupled three subprocesses: (i) reactive transport, (ii) fluid flow in porous media, and (iii) mechanical
deformation of fractured porous media using variational phase-field in a staggered approach (Figure
1.3-1).

Reactive transport. We use the geochemical package PHREEQC coupled in an operator-splitting
approach with a finite element transport solver to calculate chemical reactions in thermodynamic
equilibrium (dissolution or precipitation) while taking into account changes in porosity (Lu et al., 2022).

Mechanical deformation of fractured porous media using variational phase-field. The linear poroelasticity
theory proposed by Biot (Biot, 1941) has been used to model porous media deformation. As we consider
fracture propagation in cementitious systems, we use the variational phase field approach to compute
fracture nucleation and propagation without re-meshing and path identification in fractured porous media
(Bourdin, Francfort, & Marigo, 2008).

Fluid flow in porous media. A local continuity equation can describe fluid flow in a saturated porous
media based on mass conservation. Fluid transport was also computed based on te Darcy's law, an
empirical equation for seepage flow in porous media that is non-deformable. We couple mechanical
deformation and fluid flow using the fixed-stress splitting approach.

The proposed model was implemented in the open-source finite element framework OpenGeoSys (Bilke
et al., 2019).
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Reactive Transport

P Chemical Reaction
= PHREEQC

|

Effective diffusion coefficient
Hydraulic conductivity

Mass Transport

Hydraulic conductivity
Mechanical properties degradations

Porosity
« Volumetric strain e
» Fracture (phase field)

/ X DS " Mechanical deformation of |
‘-' Fluid flow in fractured porous '-I «— fractured porous media |
L media S —FF— \ (using phase field approach) ;

Flow model Mechanical Model

Figure 1.3-1 Fully coupled chemo-hydro-mechanical variational phase field model.

Griffith criterion (Griffith, 1921) reads a follow:
—dWu)/dl <G . 1.3-1

where W (u) and G, are the strain energy density and the fracture toughness, respectively. Griffiths'
theory is straightforward but has limitations such as the assumption of a known propagation path and
the inability to manage fracture nucleation. Francfort and Marigo (Francfort & Marigo, 1998) recast
Griffith's theory as the minimization of total energy, which is the sum of strain and fracture surface
energy:

F(u,I') = W) + GH""H(D), 1.3-2

where G, is the material's critical surface energy release rate and HY~1(T), denotes the N — 1
dimensional Hausdorff measure of I' (crack set), which is an aggregate crack surfaces in three
dimensions and an aggregate crack length in two dimensions. In a discrete time setting, identifying the
displacement reduces to minimizing F with respect to any kinematicaly admissible displacement u and
crack set I' satisfying a growth constraint.

In terms of crack geometry, it is challenging to numerically represent the crack surface energy because
the surface integral extends over an evolving discrete crack set I'. In order to solve this issue, Bourdin
et al. (Bourdin et al., 2008) proposed a variational phase field model that consists of a scalar phase field
variable, v: Q » [0,1], and a regularization length parameter, £ > 0. In regularized form, the total energy
is as follows (Bourdin et al., 2008)

X G. ((1 —v)? X
F, = f v* W(u) dQ + j —|——+?|Vv|? ) dQ 1.3-3
q q 2 4
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1.3.2 The influence of the phase field and changes in porosity on the coupling process

Effective diffusion, hydraulic conductivity, and mechanical constitutive relations would be impacted by
fracture and changes in porosity brought on by chemical processes.

1.3.2.1 Coupling diffusion coefficient, porosity, and phase field

As effective diffusion increase in the presence of fracture and changes in porosity, phase field variable
and chemical damage should impact the diffusion coefficient (Wu & Chen, 2022) (Schuler, ligen, &
Newell, 2020)

As the porosity increases, we will have (Schuler et al., 2020)
D(¢e) = Dy + Dopé 1.3-4

where D, and D, denote pore diffusion coefficient and molecular diffusion, respectively; ¢, is effective
porosity and which can be defined as:

0 for o1
a(pr — ¢c)ﬁ for pr

S @c
> 1.3-5

b ={ o

where a = 2.4and f = 0.9 are model parameters; ¢, and ¢ are critical and total porosity.

The following equation describes how mechanical damage (phase field) may affect the diffusion
coefficient (Gerard et al., 1998)

1
D(U) =Dp+D0 1—ﬁ f 1.3-6
1+(d”)

where d., =04andn =5.

The diffusion coefficient is chosen to reflect the greatest variation between chemical and mechanical
diffusions (Schuler et al., 2020)

D(¢.,v) = max(D (¢,),D(v)) 1.3-7

1.3.2.2 Influence of chemical dissolution in constitutive relationships

For chemical damage, we introduce a variable to a constitutive relation that represents a degree of
chemical damage ranging from zero (intact) to one (damaged material). The chemical damage variable
represents changes in porosity caused by chemical reactions independently from the phase field
variable that represents the mechanical damage (Gerard et al., 1998). Gerad et al. (Gerard et al., 1998)
revised the stress-strain relationship as follows, including chemical damage, V (¢):

aij = gW)(1 = V (@)Cijugn 1.3-8

V (¢) is a function of porosity and can be defined in different ways (Wu & Chen, 2022):

_ Agp for leaching
Vie) = {1 — exp(—yAp)  for dissolution in rock 1.3-9
where y=10 is an empirical coefficient.
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1.3.2.3 Coupling Permeability, porosity changes, and phase field

Additionally, in presence of fracture, the permeability, K , in Darcy law is decomposed as follow:
K =K, + (1 — v)Kj, 1.3-10

where K,, = K/ul is the matrix hydraulic conductivity and K; is permeability depend on fracture
aperture. Also, the permeability will change with a change in porosity through empirical equations (e.qg.
Kozeny—-Carman).

1.3.3 Preliminary results

The proposed model is implemented in the OpenGeoSys (OGS) package. Before we verify and validate
the results, we have designed a benchmark to demonstrate the functionality of our implemented coupled
system. This benchmark involves subjecting a saturated edge-fractured sample with a sand-calcite
mixture to a tensile load, followed by injecting a 0.005M sulfuric acid solution targeting the sand-calcite
mixture layer (see Figure 1.3-2). The primary goal of this benchmark is to illustrate how the presence of
fractures and changes in porosity impact reactive transport.

O A A A

p = 0.1MPa

ol VLR

R IR R Y

Figure 1.3-2 Schematic view a fully couple benchmark.

In terms of calcite dissolution reactions, we consider the following reactions:
CaCO3(s) + H* = Ca®* + HCO3
HCO3 + H* = H,CO0}

To ensure the correctness of our implementation, we have established a series of benchmarks to assess
the coupling between different processes:

Hydro-Mechanical coupling (consolidation benchmark)

Hydro-Phase Field (fluid flow in fracture benchmark)

Hydro-Mechanical-Phase Field (KGD benchmark)

Reactive transport

Evaluating the impact of changes in porosity on mechanical deformation (degradation)
Investigating the effect of changes in effective diffusion in the presence of fractures and changes
in porosity

-
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Once the verification process is finished, we will proceed with a real case study.
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Figure 1.3-3 Profiles of calcite (top left), porosity (top right), displacement (bottom left), and phase field
(bottom right) before fracture propagation.

I Qe+00
0%
08
07
06 3
05 3
)4 c
os &
02
I ¢
000400

Figure 1.3-4 Profiles of calcite (top left), porosity (top right), displacement (bottom left), and phase field
(bottom right) after fracture propagation.
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1.4 Damage model in unsaturated conditions (led by CEA/Mines PSL)

1.4.1 Context and approach description

Carbonation is a complex degradation process which involves sever feedback mechanisms between
hydraulic, chemical, mechanical and thermal effect. In a prior MAGIC publication (Nicolas Seigneur, De
Windt, Poyet, Socié, & Dauzeres, 2022), it was demonstrated that reactive transport alone was not able
to represent the long-term effect of carbonation without incorporating the appearance and propagation
of cracks. This implies that a fully coupled Thermal-Hydraulic-Mechanical-Chemical (THMC) approach
is required to accurately model carbonation.

A literature review of past attempts to THMC approaches revealed that much remained to be done in
this topic. In general, past attempts usually included two shortcomings:

- They never included a two-way dynamic feedback between chemistry and mechanics.

- The THC (or reactive transport part) is usually simplified as it does not take into account the
water production and consumption.

For concrete in general, water reactivity plays an important part for the durability of concrete and
cementitious materials, as we have shown in (Nicolas Seigneur et al., 2022), for carbonation. Also, the
induced pore-pressure is important to consider for a chemo-mechanical coupling, as emphasized by the
drying shrinkage observed in these materials. Hytec capacities with respect to water reactivity were able
to solve the second shortcoming (Nicolas Seigneur, Lagneau, Corvisier, & Dauzéres, 2018). From this,
a poromechanical calculation can be implemented with CAST3M, thanks to the Hytec computation of
pore pressure and mineralogical fields. We have chosen a damage approach in CAST3M which can be
converted into crack openings which would then be fed back in HYTEC through the double-porosity
approach available in Hytec (Figure 1.4-1).

Reactive transport: dissolution

+ precipitation (Hytec) Coupling
; Mechanical response - B
| damage + crack openings | ;
L3 0 p (CAST3M) RN Bt ¢
s s und .
O93S OVS
S % © ] 8 % © i
£88 o E k. B
c 3 SN
] % i i e N
®S.E M g S
A g © i,
. N 74 “nsil i
shrinkage / g g9Y Tensile~
5% ¥ stresses and
swelling = : ‘microcracking

Figure 1.4-1: lllustration of the approach

Our approach has yielded very satisfying results for the model CsS paste. Our approach is general and
generic and can constitute a gamechanger for numerous THMC applications. For its disruptive nature,
we have chosen to submit this to a Nature Portfolio Journal (Materials Degradation). Here below is a
summary of the methodology and results, while more details are available in the associated publication

1.4.2 Methodology

1.4.2.1 Reactive transport

The reactive transport approach is the same as the one given in (Nicolas Seigneur et al., 2022) but
includes a dual-medium approach. The two media are the matrix (representing concrete, with a
superscript m) and the cracks (superscript c). The interaction between these two domains depends on

r =
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the crack-network geometry. We represent it with its surface area A (m?/m?) and the crack characteristic
length D.

In Hytec, we solve the Richards equation to compute the unsaturated flow problem in a dual-porosity
media, with cross-continuum fluxes calculated based on a morphological parameter, associated to the
crack aperture and lengths, which are computed from the poromechanical simulation. Average of
permeability and relative permeabilities are used to calculate the Darcy-velocity between the two
domains. All the equations are given in (Socié, Seigneur, Bary, Poyet, & Touzé, 2023).

Similarly, the reactive transport problem is written, for every component including water. The chemical
solver computes the solid-liquid-gas equilibrium, the evolution of water content, solution density and
porosity. The method is described in details in (Nicolas Seigneur et al., 2018) and in other applications
papers (Nicolas Seigneur, De Windt, Déjeant, Lagneau, & Descostes, 2021; Nicolas Seigneur et al.,
2022; N Seigneur et al., 2020). At the end of the RT timestep, the source terms in Richards equation
are computed. The crack diffusive properties are computed using a Millington-Quirk relation and include
a dependence on the crack aperture, governed by CAST3M.

The geochemical description which is used in our submission is the same than the one given in (Nicolas
Seigneur et al., 2022).

1.4.2.2 Poromechanical damage approach

The poromechanical model includes material deformation and damage induced by the evolution of
porosity, mineralogical and pore-pressure fields through a constitutive law. The latter includes the
chemical shrinkage, as computed based on Hytec results, and the effect of pore-pressure.
Poromechanical properties (Young’s modulus, Biot coefficient) are evaluated based on a
homogenization approach (Mori-Tanaka). The model can account for the mechanical response
associated to a change in pore pressure, for example due to drying or gas pressure build-up through
the Biot term. We have chosen a damage description through a classical damage scalar variable D,
varying between 0 for sound material and 1 for totally degraded one. The crack opening displacement
vector, noted [u], calculated from the continuum damage model is based on Mathallah et al. approach
(Matallah, La Borderie, & Maurel, 2010), which has been applied and validated in several studies
involving concrete (Jourdain, 2014; Nilenius, Larsson, Lundgren, & Runesson, 2015; Sellier & Multon,
2018). Details on the approach and parameters are given in (Socié et al., 2023).

1.4.3 Results

Numerical results are presented and confronted to experimental observations in details in the published
article (Socié et al., 2023) and an extraction of these results are presented in figures below. The
carbonation depths and microcracks patterns are consistent with experimental observations. The latter
can only be explained by the coupled chemo mechanical impacts which drive the appearance of cracks
predominantly along the sample edges.

r =
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Figure 1.4-2 Mineralogical spatial maps after 40, 160 and 326 days of accelerated carbonation of the
CsS paste.
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Figure 1.4-3 Mechanical spatial maps after 40, 160 and 326 days of accelerated carbonation of the
Cs3S paste.

1.4.4 Perspectives

The presented approach has overcome the main two shortcomings of THMC modelling and may be
readily available for many contexts. For the investigated material, our approach is predictive: it is only
parametrized by measured parameters (initial porosity, mineralogy, sorption isotherm, gas effective
diffusion coefficient, thermodynamic data). We have not used any empirical factors and have chosen
reasonable values and laws for every other parameters (homogenization laws for micromechanical
properties, Millington-Quirk, ...). Hence, we believe that its extrapolation to other conditions can be
successful, as long as the operational conditions are not dramatically different. For example, in case of
extreme drying conditions, the impact of Millington-Quirk parameters will heavily influence the CO:2
migration. Our simulation has not been validated under such conditions.

Additional work could provide a deeper analysis of the influence of these parameters and laws.
Additionally, the applications to another model material (a C-S-H paste) need to be improved.
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2. Upscaling of mechanical properties vs cement alteration

2.1 Analytical homogenization (led by LAMCUBE)

2.1.1 Simplified micro-structure considered

The estimation of macroscopic mechanical properties is inherently based on the description of
microstructures and the local mechanical properties of constituent phases. It is worth noticing that the
microstructures of concrete materials are typically complex. For example, different types of Calcium
Silicate Hydrate (C-S-H) are formed in cement paste. Voids and inclusions of different sizes are
distributed at various scales. The macroscopic mechanical properties of concrete materials are
fundamentally influenced by the local characteristics of constituent phases, their morphology, porosity,
and the volumetric fraction of inclusions. Considering all these micro-structural parameters
simultaneously poses challenges.

homogeneous material aggregates pores
O~ O
concrete  [] O O
0 50
Q
matrix of cement paste hydrated
macroscopic scale mesoscopic scale microscopic scale

Figure 2.1-1 REV of concretes with pores and aggregates.

Building upon the methods introduced above, we consider here concrete materials containing a class
of pores and a family of inclusions, each situated at different scales. The representative elementary
volume (REV) of the concrete material is illustrated in Figure 2.1-1. At the macroscopic scale (cm), the
material is represented as a homogenized equivalent medium (HEM), the strength properties of which
need to be predicted. At the mesoscopic scale (Matallah et al.), aggregates are distributed in a quasi-
continuous cement paste matrix. At the microscopic scale (um), the cement paste contains a family of
pores.

2.1.2 Chemical mechanical coupling

For the description of chemical mechanical coupling with the micro-mechanics-based modelling, the
effects of chemical degradation are directly described by the evolution of microstructures. More
precisely, due to chemical leaching, a part of solid calcium is dissolved and the related volume is
transformed into an increase of porosity. As the mechanical properties are explicitly functions of porosity,
its increase will directly affect the elastic properties and failure strength. Inversely, due to carbonation,
there is a decrease of porosity and production of additional solid calcite grains. The elastic modulus and
failure strength are then increased.

We are waiting for the experimental data from Task 2 and Task 3 to quantify the chemical degradation
effects on micro-structural evolution and mechanical properties changes.

2.1.3 Elastic properties

Through two stages of homogenization, we derive analytical models for estimating the macroscopic
elastic properties of concrete materials, as shown in Equations 2.1-1 and 2.1-2.

r =
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Where kg and pg are the bulk and shear moduli of the solid phase, k; and y; are the bulk and shear
moduli of the inclusion. p represents the volume fraction of inclusions, ¢ is the porosity at the
microscopic scale.

Furthermore, when investigating the elastic properties of concrete, it is essential to consider another
prevalent microstructural configuration, which involves the coexistence of pores and inclusions at the
same scale. Among the numerous analytical homogenization models used for estimating the
macroscopic elastic properties of such composite materials, common fundamental models include the
Voigt and Reuss bounds, Hashin-Shtrikman (HS) bounds, and the Mori-Tanaka (MT) estimation
scheme. Firstly, we conducted a comprehensive evaluation of these four analytical models. In Figure
2.1-2, one shows the evolution of normalized macroscopic elastic moduli of materials with only inclusion
(see Figure 2.1-2 (a)), only pores (see Figure 2.1-2 (b)) and both pores and inclusions (a representative
case with an inclusion-pore ratio of 3:1 is selected, see Figure 2.1-2 (c)) respectively. The comparisons
between the reference FFT solutions and theoretical predictions of analytical models are presented.

e U EURAD (Deliverable n° 16.8) - MAGIC - S/T 4-1 — 4/2 -Chemo-mechanical numerical coupling
apemisnroganme. d€VEIOPMeENt and up-scaling methods

on Radioactive Waste Management

Dissemination level: PU
Date of issue of this report: 04/04/2024 Page 34



EURAD Deliverable 16.8 — MAGIC - S/T 4-1 — 4/2 -Chemo-mechanical numerical coupling development
and up-scaling methods

12 - - - - 12 T T
—— Voigt bounds — Voigt bounds
104] - - - Reuss bounds 104| = = = Reuss bounds
~~~~~ HS upper bounds pd ----- HS upper bounds
gll = - HS lower bounds g{| = —- HS lower bounds
----- Mori-Tanaka - Mori-Tanaka
£ 6 FFT d 8 . FFT
4 P
o] NP 12 SN N NS A SO T;‘_'f';’.’
o1 ] ] ' |
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Volume fraction of inclusions (%) Volume fraction of inclusions (%)

(a) Materials with only inclusion

104 100
0.9 o0 0.9 OO0
0.8 o 0.8 R
0.7 e 0.7 - I
¥ 06 h < 06 h
E 1~ E Tk
& 05 S x 05 S
0.4 e 0.41 _ T
— Voigt bounds h — Voigt bounds Sl
031 - - - HS upper bounds 03] - - - Hs upper bounds
o2l Mori-Tanaka 024 Mori-Tanaka
FFT FFT |
0.1 r r r : i 0.1 r r r r |
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Volume fraction of pores (%) Volume fraction of pores (%)

(b) Materials with only pores

8 ‘ ‘ 8 - -
—— Voigt bounds — Voigt bounds
71| - - - HS upper bounds 71| - - - HS upper bounds
- Mori-Tanaka - Mori-Tanaka
611 FFT 61| FFT
&5 Lo ¥ 5 s
5 Soet” T -
<y o T 4 s
3 P e 3 S
2 T 2 Bt
1 A - 7 ‘ 1 A NP TR Do P
0.0 25 5.0 75 10.0 125 0.0 25 5.0 7.5 10.0 125
Volume fraction of pores (%) Volume fraction of pores (%)

(c) Materials with both pores and inclusions

Figure 2.1-2 Variation of relative elastic modulus k., /s and ppom /s With inclusion volume fraction
and porosity for concrete materials.

As shown in Figure 2.1-3, we investigated the influence of these parameters on the macroscopic
elastic properties of heterogeneous materials by considering microstructural parameters such as
porosity, inclusion volume fraction, local elastic properties of the matrix phase, and inclusions. We

=
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observed that for materials with high porosity or inclusion volume fraction, as well as for materials
containing both pores and inclusions at the same scale, typical homogenization analytical models were
unable to accurately predict their macroscopic elastic properties.

— Unom/ s

Input layer € 1 x R® [ Hidden layer € 2 x R2°° ll Output layer € 1 x R?

Figure 2.1-3 Artificial neural network structure for predicting effective elastic properties of concrete.

In light of this challenge, and with the aim of refining and enhancing these analytical predictions, we
developed a model based on artificial neural networks (ANN). The structure of this model is illustrated
in Figure 2.1-3. Following a rigorous process of training and testing using data derived from FFT
simulation results, we discovered that this model exhibited exceptional levels of accuracy. Notably, the
model demonstrated an exceedingly high R? value (greater than 0.999) and remarkably low RMSE and
MAE values. Importantly, the predictive capabilities of the ANN-based model have significantly
enhanced the accuracy of predictions compared to analytical models, as demonstrated in Figure 2.1-4.
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Figure 2.1-4 Variations of normalized effective elastic moduli with porosity or inclusion fraction for
different values of k;/k, and y;/u, for concrete materials.

2.1.4 Failure strength

In the past few decades, significant advancements have been made in understanding the nonlinear
behaviour of heterogeneous materials. Particularly, various macroscopic strength criteria have been
developed to assess the failure stresses of materials. However, establishing analytical strength criteria
requires simplification of the microstructural morphology of concrete materials. For instance, attempting
to derive analytical strength criteria by simultaneously considering pores, inclusions, and ITZ poses
significant mathematical challenges, leading to the omission of ITZ effects in research studies. Based
on these analyses, we considered an alternative matrix configuration involving inclusions, where the
matrix contains pores at different scales, and the RVE of the material is illustrated in Figure 2.1-1.
Dividing the material into three scales, the matrix of the material adheres to the Drucker-Prager criterion
at the microscopic scale. By utilizing an improved secant method-based three-step nonlinear
homogenization approach (Cao, Shen, Shao, & Wang, 2020, 2021; Maghous, Dormieux, & Barthelemy,
2009; Shen, Kondo, Dormieux, & Shao, 2013; Shen, Shao, Liu, Oueslati, & De Saxcé, 2020) the
following closed-form expression for the macroscopic strength criterion can be derived:

F' = A,+ZBTP 23+ B'S2 +C'E D' 4+ C” =0
T Lo 5p et PEmTCEm e P)” 2.1-5
2 A’
6(F+1)
with the following coefficients:
1 (6r"%-6 3
# =G +1) B = e -1 216

C'=2(1—¢)n', D' = (1 — $)2h'%

Where the parameters T' and h' denotes the frictional and cohesion coefficients of the porous cement
paste at the microscopic scale.

Multi-scale models are developed for heterogeneous concrete materials to estimate their macroscopic
mechanical properties in terms of micro-structural data. One crucial challenge of those models is the
identification of local properties of constituent phases. To address this, we propose an effective method
based on Artificial Neural Networks (ANN) for the identification of micro-level parameters in concrete.
The primary goal is to determine the microscale frictional coefficient and cohesion of cement particles
using macroscopic values of uniaxial compression and tensile strengths as inputs. By inverting the
analytical strength criterion (as shown in Equation 2.1-7), a comprehensive dataset is constructed,
incorporating aggregates volume fraction, porosity, macroscopic uniaxial tensile and compressive
strengths as inputs, and the frictional coefficient and cohesion of cement particles as output unknowns.

, 2B’
a+=2E VB e G (B HC N
3 _ s 9 |FTERT ea ")” e
S A Y
6(z+1)

An ANN model with four hidden layers, each containing 100 neurons (as depicted in Figure 2.1-5), is
constructed and trained using this dataset. Multiple types of validation tests are performed for the ANN
model. In Figure 2.1-6, the predicted values are plotted against the exact values to visualize their
correlations. Remarkably high values of R? are achieved. These results highlight the effectiveness of
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the proposed ANN-based model in accurately predicting the frictional coefficient and cohesion of porous
cement paste at the microscopic scale.

Input layer€ R* Hidden layer € R1%° Output layer€ R?

Figure 2.1-5 A BP neural network model to evaluate the microscopic parameter of concrete materials.

1.02 N 8 —
. T . N
1.007] Fit & Fit
0.9811- -~ Tp,r = lac 61— - - hp’r = hac
2096 R
£0.94 S
2 B4
5092 S
B ®3
& 0.90 x
T T’ 2 _
0.83 T= 0.9964 T+ 00032 | R" =0.997 2 = 1/00037 h+ 000043 R?=1
0.861 1

0.84 r 0
0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00 1.02 0 1 2 3 4 5 6 7 8
Actual value Actual value

Figure 2.1-6 Correlation between predicted and exact values of T' and h'.
2.2 Other upscaling methods (led by CSIC)

2.2.1 Introduction

The aim of this section is to describe a methodology to assess the hydro-chemo-mechanical (HCM)
behaviour of cementitious materials under repository conditions by developing predictive models from
aggregate to the continuum scale (centimetres to meters, Figure 2.1-1). It should be noted that some of
the subsections described are ongoing investigations or models that are in a conceptual stage.

First approach

To achieve the mentioned goal, it has been decided to define a hypothetical problem that simulates the
interaction between a support (concrete) structure and the rock confining it in the long term and under
repository conditions in a deep waste disposal. 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 problem; and on the other hand, the chemical problem. Finally, the idea is to couple
both models into an HCM model that let us analyse the possible alteration on concrete and also, the
behaviour of the surrounding rock.
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The following sections describe the codes and software that have been used to elaborate these models,
a description of their dimensions and parameters and some preliminary results, for those at more
advanced stages of work.

2.2.2 Hydro-Mechanical model

An elastic model of the hydro-mechanical (Schloegl, Schmidt, Boeckle, Weiss, & Kotrschal) response
of a concrete support structure and the surrounding rock under repository conditions has been built.
CODE_BRIGHT has been selected to develop the model and analyse the behaviour of both materials.
The model has allowed us to numerically observe deformations, variation in porosity and stresses.
Preliminary results will be described and discussed in the following sections.

2.2.2.1 CODE_BRIGHT

CODE_BRIGHT (COupled DEformation of BRIne Gas and Heat Transport) is a finite element method
(FEM) program designed and capable to perform fully coupled thermo-hydro-mechanical (THM)
problems in geological media (S. Olivella, Gens, Carrera, & Alonso, 1996). CODE_BRIGHT
(https://deca.upc.edu/en/projects/code_bright) is an open access code that has been developed at the
Department of Civil and Environmental Engineering at the Technical University of Catalonia (UPC), and
works combined with the pre/post-processor GiD (https://www.gidsimulation.com/), developed by the
International Center for Numerical Methods in Engineering (CIMNE).

GiD is an interactive graphical user interface that is used for definition, preparation and visualisation of
all the data related to numerical simulations. The theoretical approach consists in a set of governing
equations, a set of constitutive laws and a special computational approach. The code is written in
FORTRAN and it is composed by several subroutines.

In general, the complete solution process can be described as: i) the definition of the geometry of the
problem, ii) the definition of attributes and conditions, iii) the creation of a mesh, iv) the computing
processes that perform the simulations and v) the post-process that allows to visualize and interpret the
results. The geometrical domain is based on four geometrical levels entities (points, lines, surfaces and
volumes), all of them considered in a three-dimensional space.

2.2.2.2 Model description

The objective of the HM model is to know the evolution of deformations and state of stresses in the
support structure of a disposal facility, as well as in the surrounding rock of the medium, in the long term.
In this stage of the research, the aim is to define the dimensions and the environment where different
simulations will be carried out. It is also important to know the porosity variations in each material
considering only the geomechanically effect. By doing so, it is defined the groundwork where at a later
stage the chemical effect in materials will be coupled into a HCM model.

Four stages are defined for the creation of the HM model. First, an early simple model is created to
gathers all the mechanical and hydraulic parameters that allow the system to reach the steady state.
Since the disposal facility is defined as an underground cavity, the second stage consists in designing
an excavation sequence and determine the alterations caused in the medium during the drilling. Third,
a support structure is constructed as a lining of the cavity. Lastly, the fourth stage consists in evaluating
the behaviour of the entire system in the long term. Each of the mentioned stages requires to compute
a new equilibrium state prior to moving to the next one. The time intervals of each stage are 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 9,125 days of evaluation period, equivalent to 25 years of analysis. This HM model
is referred as the “base model”.

To test the potential effect of concrete alteration, the area of the support structure that directly interacts
with the rock, at the concrete rock interface, we change the mechanical properties of the 5 cm of
concrete that are closer to the rock. The aim is to observe the effect over the system of a weakened
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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”.

2.2.2.3 Model parameters

Considerations. The simulations performed in a first approach of the problem are carried out into an
elastic, homogeneous and isothermal medium. It is planned to use other characteristics of the
environment in future modelling, like considering a viscoplastic behaviour of the rock.

It should be mentioned that in the long term under repository conditions, it is expected that chemical
reactions take place and potentially lead to changes in hydraulic properties (i.e., porosity and
permeability) and/or geomechanically properties (i.e., stiffness and strength) (Vilarrasa, Makhnenko, &
Rutqvist, 2019). Due to the contrasting chemical and mineralogical properties of cementitious materials
and rocks (in this particular case for clay formation), interactions will occur at the cement-rock interface
as a result of the chemical gradients (Deissmann, 2021). These HM models do not include directly the
chemical effect, therefore, to perform tests on the model, it has been determined to increase the porosity
of a defined zone of the concrete support structure and at the same time, decrease the Young’s modulus
in this selected area.

Dimensions and boundary conditions. Two-dimensional modelling has been performed. The Figure
2.2-1 shows a graphical representation of the geometry of the model performed.

\\

) unaltered
concrete
chamber

Figure 2.2-1: 2D HM model dimensions.

The model is a square that extends 10 m in the vertical and horizontal directions. In the center, the cavity
that acts as disposal facility it represented as a circle to model a circular tunnel. Figure 2.2-1shows three
concentric circles, each of them representing different steps during modelling. The external circle
represents the excavation with a radius of 1.30 m; the inner circle represents the delimitation of the
disposal chamber of 1.00 m in radius. The spacing defined by the subtraction between the external and
inner circles areas corresponds to the concrete support structure of 0.30 m thick. There is a circle with
aradius of 1.25 m, which purpose is to demarcate the limit of the concrete with unaltered characteristics
and the other whose properties are degraded by chemical reactions. In the “base model”, it is considered
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 with weakened concrete.

It is assumed that the disposal facility is located at 500-m depth. As mechanical boundary conditions, a
lithostatic load of 12 MPa is placed on the top boundary of the model. Displacement is impeded in the
direction perpendicular to the boundary in the other boundaries. As flux boundary conditions, a 5 MPa
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liquid pressure is set at the bottom boundary, while no-flux condition is imposed on the other borders.
The flux boundary condition of the circles depends on the stage of modelling. During the steady-state
stage there are no conditions; after the excavation, the system allows 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 is set at the inner 1.00-m radius circle.

Material properties and meshing. The mechanical and hydraulic rock properties are based on measured
laboratory results reported by (Kim, Vilarrasa, & Makhnenko, 2018). Moreover, the concrete properties
are based on reported data by (S. Olivella, Vaunat, J., Rodriguez-Dono, A. , 2021). For the weakened
concrete in the concrete-rock interface of the “altered model”, an increased porosity and 30% decreased
Young’s modulus is imposed. Table 2.2-1 listed the used material properties.

Table 2.2-1 Material properties (HM process).

Properties Rock Concrete Altered zone
Young's Modulus [MPa] 5000 30000 21000
Poisson's ratio 0.3 0.2 0.2
Porosity 0.10 0.15 0.25
Permeability [m’] 1E-20 1E-19 1E-19

A structured quadrilateral element type mesh is selected and generated to solve the model. The element
size depends on the proximity to the concrete support. The minimum element size is 0.02 m and
constitutes the concrete support structure and the surrounding rock. The maximum element size is 1 m
and is located at the boundaries. This guarantees accurate results in the main area of interest, which is
the concrete-rock interface, and relieves the calculation process, making it more efficient. Furthermore,
information about the model is that it has 10,293 elements, 9,586 nodes and takes around 27 hours to
complete the processing period.

2.2.2.4 Preliminary results

Due to the symmetry of the problem, 12 points were analysed per model; 6 on a vertical section and 6
on a horizontal one. The selected evaluation points were located within the support structure and at
different distances away from the support into the host rock, as show in Figure 2.2-2.The evolution of
deformations, porosity, stresses in X, y and z directions (0x, Oy & 0z), the shear stress in the x-y plane
(Txy), and the liquid pressure Pv is evaluate in each of these points.

® | Base model
Altered model

Figure 2.2-2: Analysed points.

Two mm deformations are observed in the vertical section within the support structure. In the horizontal
section, the deformations observed have a magnitude of 0.8 mm. Similar values are observed in both
“base” and “altered” model. In relation with the variation of porosity of the concrete structure due to
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geomechanically effect, it is observed that this parameter remains invariable in the evaluated period of
25 years.

With the liquid pressure information and the stresses result data, the mean effective stress p’ and the
deviatoric stress g have been calculated to plot the stress path of each analysed point and compare
differences between “base” and “altered” models. Figure 2.2-3 presents the stress paths within the
concrete support structure and Figure 2.2-4 at different distances away into the host rock.

Concrete support structure

vertical horizontal

- 6 Stress path x=5 y=6.275 n - 6 Stress path x=6.275 y=5 o
g g 25 yeard
g s - g s e
a4 .t,_.ci-' 2
e 2 s supp. esnsnuction
2 28 years ———8——— base model 2 ———8——— base model
- B i 1 10AH - i &1 GG
_‘; - M=24 _g [': M=24

W) )
a 0 0.5 1 15 2 25 3 a8 0O 05 1 15 2 25 3 35 4 45 5

Mean effective stress p' [MPa) Mean effective stress p’ [MPa]

g Stress path x=5 y=6.15 H
5

12 Stress path x=6.15 y=5 E
yea

Deviatoric stress q [MPa]

Deviatoric stress q [MPa]
=
0 ©

E & \
]

-1 05 0 05 1 15 2 25 3
Mean effective stress p' [MPa]

0 1 2 3 4 5 6 7
Mean effective stress p' [MPa]

- Stress gath x=5 y=6.05 n = 20 Stress path x=6.05 y=5
[ a

& 5 = 2y

- 4 =15

2 N, T e cons ucson 2

g 3 210

2 2 ———8—— base model 2 5 I P p———e

E 1 ﬂl ;':ﬂg .Q‘ s g1, OGS

= 0 G o e = 2 0 ==

g 3 -2 -1 0 1 2 3 4 6 0 1 2 3 4 5 & 7 8 9 10

Mean effective stress p' [MPa] Mean effective stress p' [MPa]

Figure 2.2-3: Stress path of concrete in the analysed points.

In the vertical section of the concrete structure, it is observed that the state of stress is 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 2.2-3). As long as it is analysed closer to the inner area
of the lining, the failure limit is exceeded and the stress state changes from compression to tension.
Point B reaches failure after 2 years, while point C reaches it after 6 months. On the horizontal section,
all support structure points are in a compression stress state and remain below the failure limit during
the whole evaluated period.

In the vertical section of the rock, it is observed that the distant points from the excavation (G and H)
present stress paths in a compression stress regime and below the failure limit for moth models (Figure
2.2-4). In contrast, the closest point to the excavated zone shows a stress path that is located above the
failure limit since the beginning of the simulation. In the horizontal section, it is observed that all points
follow a stress path that exceed the failure limit. It can be inferred with these mechanical observations
that an excavation damage zone is observed in the surrounding area of excavation and this zone
extends at least 10 cm above the excavation vertically and 2 m away horizontally (not included in the
base model yet).
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Figure 2.2-4: Stress path of rock analysed points

2.2.2.5 Future work

Tests are being performed to incorporate a viscoplasticity (Drucker-Prager) constitutive approach into
the model. At a testing stage, it has been achieved to incorporate this model on the concrete support
structure, maintaining a linear elastic constitutive model in the host rock. Efforts are being made in order
to accomplish incorporating this approach in both materials within a single model.

Finally, and as mentioned above, the last phase of modelling will be achieved when the chemical effect
is coupled into a HCM model, what will be done after the chemical model is made. The status of this
phase is commented in the following section.

2.2.3 Chemical modelling

We perform reactive transport modelling of the concrete-rock chemical system to address this stage of
the work. Retraso-CODE_BRIGHT has been selected to elaborate and evaluate the precipitation or
dissolution of species in the concrete-rock interface, which could lead to variation in porosity in either
concrete or rock materials. A brief overview of the code to be used and the model to be performed are
described below.

2.2.3.1 Retraso-CODE_BRIGHT

The code Retraso-CODE_BRIGHT (RCB) is designed to model complex problems consisting of coupled
thermal, hydraulic and geochemical processes. It is developed by the Hydrogeology Research Group
(GHS) from the Department of Civil Engineering at the Technical University of Catalonia (UPC), in
collaboration with the Institute of Environmental Assessment and Water Research (IDAEA), Spanish
National Research Council (CSIC), in Barcelona, Spain.

Some of the tasks that can be performed are simulations of the flow of liquid and/or gas in a multi-phase
approach; simulations of transport (advection, dispersion and diffusion) of chemical species in the liquid
and gas phase; simulations of chemical reactions like aqueous complexation, including redox and acid-
base reactions; sorption, including cation exchange; precipitation and dissolution of minerals, those can
be considered kinetically or in equilibrium; the effects of precipitation and dissolution on porosity and
permeability; and many others, considering using one, two or three-dimensional finite elements for its
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spatial discretization in a user friendly graphic interface that can be used in both pre- and post-
processing of the data.

RCB is the result of coupling two codes: the already mentioned CODE_BRIGHT, which is designed for
the thermo-hydro-mechanical analysis of three-dimensional multiphase saline media (S. Olivella et al.,
1996) and Retraso (REactive TRAnsport of Solutes), which, as mentioned, is a code for solving 1D, 2D
or 3D reactive transport problems (Saaltink, 1997). Basically, in the coupled code RCB, a
CODE_BRIGHTmodule calculates the flow properties (i.e., Darcy flux of liquid and/or gas, saturation,
temperature, density, etc.) and passes it to a Retraso module for the calculation of reactive transport.
At this stage, RCB does not solve the mechanical problem (i.e., stresses, deformations, etc.) in
CODE_BRIGHT.

2.2.3.2 Model description

To simulate the interaction between concrete and rock, a simple one-dimensional model is performed.
The idea is to consider the main species that could react from concrete and thus are related to the
variation on porosity, according to the results observed in different studies (Kangni-Foli et al., 2021;
Soler, 2022). Then, the system must be allowed to react to achieve that reactants and products are
consistent with the problem to be solve.

In future chemical models, the precipitation of secondary species in the rock side of the problem will be
considered, and therefore, a more complete and complex chemical system in each concrete and
surrounding rock.

2.2.3.3 Model parameters

Considerations

Since the elaboration of this model requires a source of input information and there is not any ongoing
experiment or rather, a large amount of experimental data, different sources have been chosen to create
a model, an with it evaluate 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 (Mader et al. 2018).
The results of the experiment, as well as previous studies that lay the groundwork for the development
of reactive transport models, are to be used as basis for the development of this first simulation. As
assumed in the HM model, the material defining the concrete support structure is characterized by
Portland cement and the rock characteristics come from Opalinus Clay formation.

It is expected in the next few months that experimental information will be available into MAGIC’s
Interactive Database of Cement Properties (IDCP), to calibrate and validate our model or even create
new models with new data related to relevant experiments.

Dimensions
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Haost rock

Cancrete structure

Figure 2.2-5 shows a scheme of the geometry of the model. The considered section for this problem
includes 5 cm of concrete and 5 cm of rock, thus, the length of the model will be 10 cm. All domain
boundaries are considered to have a no-flux condition.

Hast rock

Concrete structure

Figure 2.2-5: 1D domain for the chemical model

Composition of concrete and rock

The initial composition of the concrete is simplified to consider only portlandite, calcium-silicate-hydrate
(C-S-H) minerals and quartz as the aggregate, in this first instance. Initially, only the changes on the
concrete side will be evaluated. At this stage, the rock will be assumed to be composed only of calcite.
Table 1.2-1 shows the initial composition selected for each mineral species.

Table 2.2-2: Initial composition of concrete and rock for calculations.

Material Mineral Vol. fr. A [m?m?]
CSH 0.091 104
CoRETERS Portlandite 0.046 104
Quartz 0.725 4.68x10?
Porosity 0.138 | @ -
Rock Calcitg 0.850 1.03x105
Porosity 0.150
r 1
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where A [m?/m?] is the specific surface available to reactive processes

The composition of concrete for the calculations is based on Lothenbach et al. (B. Lothenbach, 2011B)
and the composition of rock on Jenni et al. (2017), adapted for this simplified problem. The reactive
surface areas and porosity are based on Soler et al. (Soler, 2022).

Solution composition

The initial composition of the rock porewater is based on the composition reported by (Mader et al.,
2018), Mader (2018) and the initial concrete porewater is based on Lothenbach (2011b) for fully
hydrated cement and equilibrated with the initial cement phases. For both porewaters, the considered
ions are adapted for this simple model. Table 2.2-3 shows the compositions involved in this model.

r =

e U EURAD (Deliverable n° 16.8) - MAGIC - S/T 4-1 — 4/2 -Chemo-mechanical numerical coupling
apemisnroganme. d€VEIOPMeENt and up-scaling methods

on Radioactive Waste Management

Dissemination level: PU
Date of issue of this report: 04/04/2024

Page 47



EURAD Deliverable 16.8 — MAGIC - S/T 4-1 — 4/2 -Chemo-mechanical numerical coupling development
and up-scaling methods

Table 2.2-3 Initial composition (total molalities) of concrete and rock porewaters. Equilibrium and charge
balance constraints are indicated in parentheses.

Parameter | Concrete Rock

Na‘ [9.00x10™" 2.37x10" (charge)
K’ 2.09x10" 1.43x10°

ca” 2.49x107 (portlandite) |1.52x10”

CI 1.00x10® 2:72x10?
Si0,(aq) 5.87x10° (CSH) 1.32x10"

HCOs 8.28x107 (calcite) 1.47x10° (calcite)
T [°C] 15 15

pH |13.63 (charge) 7.50

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

Future work and parameters to define

The development of this model is at a conceptual stage, therefore, there are still parameters to be
defined properly for solutions and solid phase reactions (activity coefficients, equilibrium constants,
others). Once the different pieces of the coupling work independently, RCB will be used to solve the
coupled HMC problem. The chemically-induced concrete degradation will need to be upscaled from
aggregate to continuum scale. This upscaling will be done in collaboration with UFZ and the idea is to
use upscaling laws that correlate porosity variations with Young’s modulus changes.

Final model results will be presented in deliverable D16.9.
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