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ARTICLE INFO ABSTRACT
Article history: Cement-based grout plays a significant role in the design and performance of nuclear waste repositories: used
Received 25 February 2009 correctly, it can enhance their safety. However, the high water-to-binder ratios, which are required to meet the

Accepted 17 November 2009 desired workability and injection ability at early age, lead to high porosity that may affect the durability of this

material and undermine its long-term geochemical performance.
In this paper, a new methodology is presented in order to help the process of mix design which best meets the

. compromise between these two conflicting requirements. It involves the combined use of the computer
Microstructure (B) . e . .
Durability (C) programs CEMHYP3D for thg generation of dlgltal—.lmage—based. mlcrostruct}lres and C.runchl-jlow. for the reactive
Silica Fume (D) transport calculations affecting the materials so simulated. This approach is exemplified with two grout types,
Modeling (E) namely, the so-called Standard mix 5/5, used in the upper parts of the structure, and the “low-pH” P308B, to be
injected at higher depths.
The results of the digital reconstruction of the mineralogical composition of the hardened paste are entirely
logical, as the microstructures display high degrees of hydration, large porosities and low or nil contents of
aluminium compounds.
Diffusion of solutes in the pore solution was considered to be the dominant transport process. A single scenario
was studied for both mix designs and their performances were compared. The reactive transport model
adequately reproduces the process of decalcification of the C-S-H and the precipitation of calcite, which is
corroborated by empirical observations. It was found that the evolution of the deterioration process is sensitive to
the chemical composition of groundwater, its effects being more severe when grout is set under continuous
exposure to poorly mineralized groundwater. Results obtained appear to indicate that a correct conceptualization
of the problem was accomplished and support the assumption that, in absence of more reliable empirical data, it
might constitute a useful tool to estimate the durability of cement-based structures.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction The problem just set is complex as the selection of the grout mix
design should also take into account the requirements of workability
Sealing of fractured bedrocks by means of the injection of cement- and injection ability. For the sake of illustration, an excerpt of a recent

based grout is a standard procedure to enhance the compactness of report on the subject [1] reads:
the medium and reduce its permeability, thus precluding the spread
of pollutants and minimizing groundwater inflow into tunnels. Under
prolonged contact with groundwater, however, cement-based grout
undergoes a slow, yet continuous degradation process which may
undermine its integrity in the long-term. It is therefore apparent that
the evaluation of the durability of cement-based grout is a relevant
issue to be considered in the safety assessment of nuclear waste

‘The development of low-pH cementitious grout consisted of
several tasks. First the potential systems were selected, based on
the outcome of the earlier studies and on expert judgement, and
the technical properties of some two hundred recipes (emphasis
added) were tested. The most promising recipes were then
selected for pH and leaching tests. Based on these results, the

repositories. . . . .
P most promising recipes were tested in two small pilot field-tests
in Finland.’
* Corresponding author. X . L. . L
E-mail address: juanmanuel.galindez@usc.es (J.M. Galindez). In fact, the question as to which mix is best regarding the objectives
! Tel.: +34 93 583 05 00; fax: +34 93 307 59 28. pursued remains nevertheless open, in spite of several mix designs
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having been tested over recent years. Furthermore, as pointed out by
Trotignon et al. [2], previous modelling works have not addressed the
comparative evaluation of the performance of different types of
concrete, or have only focused on Portland cement-based concrete.

In this paper, a methodological approach is presented to tackle this
issue, which is expected to help narrow the range of the “ideal” mix
design by evaluating in a simple and effective manner the long-term
geochemical performance of digitally-generated cement-based grout
microstructures. The digital simulation of the microstructure of the
hardened cement paste represents a critical juncture of the analysis
since, despite entailing a number of non-trivial assumptions, it provides
a rational method to obtain the likely constitution of a grout wherever
the conditions of hydration (and actually any data other than the
volume fractions involved in the un-hydrated mixture) are uncertain. In
other words, the present work is not intended to dissipate the
incertitude connected to the actual evolution of the process of hydration
under field conditions but, rather, to define reasonable starting points
for subsequent modelling of degradation.

The results of the simulation of the microstructure of hardened
cement paste are then linked to the evaluation of its long-term
degradation under aggressive conditions. The estimated mineralogical
and physical properties of the microstructure of cement-based grout
are input into a reactive transport model set up in order to match the
characteristics of the structure under analysis. In this case, a model
was developed in an attempt to reproduce the degree of alteration
undergone by a cylindrical grout specimen. Even though precedents
of this approach exist in previous works [3-5], this field of research
remains relatively unexplored, and it will serve well to illustrate some
of the major concerns involved in the numerical simulation of
concrete deterioration.

2. Materials

Two different mixtures have been analyzed in this work. As stated
in [6], the mix design labelled as Standard grout mix 5/5 is an example
of an injection grout for use in the upper sections of a tunnel under
construction at Olkiluoto, Finland, whereas the P308B grout is a so-
called “low-pH” grout which was developed to be injected at greater
depths and was found to be one of the most promising ones for that
purpose [7]. Mixes are listed in Table 1. Both include the sulphate-
resistant low alkaline microcement Ultrafin 16 (a product manufac-
tured by Cementa AB), which, thanks to its extremely finely ground
especially selected clinker, has excellent penetration characteristics.
Ultrafin 16 also complies with the low C3A requirement for sulphate-
resistant cement, in accordance with SS 13 42 04. C3A content is
normally restricted to 2% by weight.

Even though Ultrafin 16 is the cement positively used in the mixtures
analyzed hereafter, in this work, an additional sensitivity analysis was
carried out with respect to the particle size distribution of cement
clinker, in order to evaluate its effect on the resulting microstructure of
the hardened grout. To that aim, two additional microcements (namely
Ultrafin 12 and Injektering 30) were studied. Ultrafin 16, Ultrafin 12 and
Injektering 30 share the same chemical composition but have different

Table 1
Grout mixes to be used at ONKALO (After Holt, 2006 [6]).
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Fig. 1. Particle size distribution curves of different types of cement (product information
provided by Cementa AB).

particle size distributions. Their characteristic PSD curves were provided
by manufacturers and are shown in Fig. 1. The chemical composition of
Ultrafin 16 is, according to [8], the one given in Table 2, where all
components are expressed in weight percentages.

The lowering of pH of the pore solution is accomplished, in the case
of P308B grout, by the larger addition of silica fume and has beneficial
effects on the long-term safety because the pore water of the material
is much less reactive towards the bentonite clay that surrounds the
metal canisters of the waste repository. Silica fume was used as
GroutAid, a silica-fume-based additive developed by Elkem Materials.
The main feature of GroutAid is that its particles are extremely fine: a
typical particle size distribution is shown in Fig. 2, where it is seen that
more than 90% by weight is less than 1 um. The microscopic particle
size and pozzolanic reactivity of the so-called microsilica act to reduce
bleeding and segregation, develop stronger and less permeable grout
and increase durability and resistance to chemical attack.

In order to reduce the requirements of water, superplasticizer Mighty
150 (naphthalene sulphonate-based superplasticizer by Degussa, now
BASF Construction Chemicals) was also added to the mixture. Its
addition results in water reductions which amount to up to 30%.

3. Simulation of the microstructure of the cement-based materials

The tools provided by the Virtual Cement and Concrete Testing
Laboratory (VCCTL; http://ciks.cbt.nist.gov) have been used in order
to set up the initial state of cement grout. The main program of the
VCCTL, namely CEMHYD3D, has been described previously [9] and
was intensively tested in numerous applications [10-15].

The process of numerical generation of the final microstructure of
the hardened grout proceeds in a series of steps consisting of: 1) the
creation of the particle size distribution for both cement clinker and
silica fume (when used); 2) the generation of the initial microstructure;
3) the distribution of cement phases; and 4) the simulation of hydration.

Table 2
Chemical composition of Ultrafin 16, main component of the low alkali grout.

Component Standard grout P308B  Specific Standard grout P308B
mix 5/5 (kg) (kg) gravity mix 5/5 (dm®) (dm?®) Component Weight percentage
Water 781.00 882.00 1.00 781.00 882.00 Ca0 64.80
Ultrafin 16 664.00 372.00 3.20 207.50 116.25 Si0, 22.30
Silica fume 117.00 256.00 2.20 53.18 116.36 Al,O3 3.40
Superplasticizer 21.90 2530 - - - Fe,05 430
Water/cement 1.18 237 SO3 240
ratio Na,O -

Total 1583.90 1535.30 - 1041.68 1114.61 Others 2.80
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Fig. 2. Particle size distribution of silica fume compared to typical microcements and
ordinary Portland cement (product information provided by Elkem Materials).

3.1. Creation of the particle size distribution

By creating a particle size distribution (i.e., the mass fraction
expressed as a function of particle diameter) the number of cement
particles of each diameter to be placed in a starting three-dimensional
microstructure is specified. Two different input (PSD) files were
generated, one corresponding to the anhydrous cement itself, and the
other to the silica fume added, on the basis of data shown in Figs. 1
and 2, respectively. As said earlier, the process was repeated three
times (one each for Ultrafin 16, Ultrafin 12 and Injektering 30) for
each grout recipe (either Standard 5/5 or P308B), resulting in a total of
six different microstructures of hardened grout.

3.2. Generation of the initial microstructure

The number of pixels of a three-dimensional image of the mixture
which is assigned to each of its solid compounds was calculated from
the volumes of each component shown in Table 1, and corrected in
order to match the prescribed water-to-cement ratio for each mix
design.

A three-dimensional cement-based grout mixture microstructure
is then generated, consisting of the sum of the selected compounds in
water, namely cement clinker and silica fume, with their respective
particle size distribution. The influence of the superplasticizer can also
be modelled in a two-fold way: by enabling the flocculation into
several flocs; and by “dispersing” the particles into the initial
microstructure. Details of the process can be found in the User's
Guide of CEMHYD3D [16].

3.3. Distribution of the cement phases

Since the microstructure image created by the preceding steps is
composed of single-phase particles only, once the initial arrangement
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Table 4
Calculated volume fractions (%) by the CEMHYD3D software for every mix design and

cement particle size distribution.

Component’ Standard grout mix 5/5 P308B
UF 12 UF 16 Inj 30 UF 12 UF 16 Inj 30

Porosity 45.456 45.757 45.996 57.026 55.647 57.659
C5S 0.000 0.001 0.008 0.000 0.011 0.005
G,S 0.011 0.170 0.311 0.227 0.000 0.493
CA 0.000 0.000 0.000 0.000 0.000 4.742
C4AF 0.000 0.000 0.000 0.000 0.000 0.038
Silica fume 0.458 0.607 0.639 4.547 3.622 0.029
Ca(OH), 3.637 3.836 3.903 0.001 0.031 0.614
C-S-H 29.402 29.164 28.347 0.021 0.003 0.003
C5AHg 1173 1177 1.177 0.611 0.000 0.000
FH3 0.005 0.006 0.005 0.002 0.000 0.000
PozzC-S-H 19.856 19.282 19.615 37.566 40.686 36.417

! C-S-H= calcium silicate hydrates (C; ;SH,); FHs = iron hydroxide; PozzC-S-H = Poz-
zolanic calcium silicate hydrates (C; 1SH3 ).

of generic anhydrous particles in water has been created, the four
major phases of cement clinker (i.e., C3S, C5S, C3A and C4AF) should be
distributed amongst the cement particles.

Based on the data shown in Table 2, a Bogue calculation was used
to determine the major phases present in the clinker (Table 3).

Ideally, the three-dimensional microstructure image is filtered
using two-point correlation functions measured on the actual two-
dimensional SEM (Scanning Electron Microscopy) images of the
cement used. This is not possible in this case, for no SEM images of
Ultrafin 16 clinker are available. Instead, the assumption was made
that similar results would be obtained by distributing the major
anhydrous cement phases according to the two-dimensional pattern
described by a cement clinker whose composition matched closely
that of Ultrafin 16, as listed in Table 3. That cement is found in the
VCCTL database under the label “cementhoc”, attributed to Danish
white (low aluminate) cement. A detailed description on the process
to obtain the digital images such as the one on the picture can be
found in [17].

3.4. Simulation of the hydration

Once the anhydrous mixture was determined, the simulation of
the hydration process was performed by means of CEMHYD3D. A non-
trivial assumption was made in this respect, for the conditions to
which cement-based grout is subjected after injection differ consid-
erably from the controlled conditions the program was intended to
reproduce. In fact, whereas the latter can be set to be either saturated
or sealed, and either adiabatic, isothermal or temperature-
programmed for a given period of time (for the present case,
hydration was assumed to progress under saturated conditions and
a constant temperature of 25 °C), in-situ temperature and humidity
may change during construction periods, thus altering the rate of
hydration and increasing the risks of drying shrinkage, and the
potential for cracking, due to a higher rate of evaporation from the
fresh grout. Furthermore, grout is very sensitive and somewhat weak
during its early ages and vibrations during excavation and construc-
tion can upset the quality of grouting and of bond in fissures; this

Table 5
Table 3 Volume fractions as input into the reactive transport model. The cases studied are
Mineralogical composition of the cement clinker for Ultrafin 16. highlighted.
Anhydrous compound” Volume percentage Component Standard grout mix 5/5 P308B
GS 70.46 Porosity 45.757 55.647
GS 1542 SiOy(am) 0.607 3.622
GA 1.98 Ca(OH), 3.836 0.031
C4AF 12.14 Cy3-S-H 29.335 0.014
e o — — C11-S-H 19.282 40.686
CsS=tricalcium silicate; C,S=dicalcium silicate; C3A=tricalcium aluminate; Cos=S-H 0.000 0.000

C4AF = tetracalcium ferrite aluminate.
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Fig. 3. Scheme of the model.

could result in additional pathways for future leaching or deteriora-
tion. As a consequence, the hypothesis was made that the micro-
structural characteristics of the hydrated paste would be roughly the
same regardless of the conditions of curing if the degree of hydration
was high. Further research might be needed on this topic.

3.5. Results

Table 4 shows the obtained outputs of CEMHYD3D after a period of
hydration of more than 100 days, displaying the volume fraction
distribution of the components of the hydrated microstructure of
cement-based grout for the simulations carried out for the 6 cases
resulting from the combinations between 2 cement-grout recipes and
3 particle size distributions. The extremely low volume fractions
obtained for the anhydrous components of cement denote that the
degree of hydration reached is close to 100% for all cases. It is also
apparent that the addition of silica fume results in a large decrease of
the volume fraction of portlandite (Ca(OH),), absent for mix P308B.

The higher water-to-binder ratio (see Table 1) is reflected in the
higher porosity of the mix design P308B. Even though volume
fractions assigned to each mineral (and, therefore, also to porosity)
vary considerably as a function of the mix design considered, the
influence of the particle size distribution of cement clinker is of lesser
relevance. Yet, simulations are consistent, as finer clinker particles are
associated with higher degrees of hydration and, therefore, to smaller
porosities. It is also worth pointing out the low content of aluminium
compounds remaining, to which both the use of sulphate-resistant
cement and the addition of silica fume have contributed.

The volume fractions obtained were regrouped in order to meet
the requirements of the future reactive transport model that will be
used to simulate the cement degradation process. Some hypotheses
were made in the process: firstly, the anhydrous calcium compounds
remaining were grouped together with calcium silicate hydrates. This
entails the assumption that anhydrous compounds, initially preserved

Table 6
Chemical composition of boundary water: Borehole KLX02 at a depth of —452.5 m.a.s.l.
[24].

Component Concentration (mol/L) Concentration (mol/L) (see Section 4)
pH 7.8 7.8

Si03(aq) 1.43E-04 1.43E-04

Na*t 1.70E-02 1.70E-02

K* 9.64E-05 9.64E-05

GaZas 3.30E-03 3.30E-03

Mg?* 4.19E-04 4.19E-04

HCO3 2.14E-03 2.14E-04

S05~ 1.51E-03 1.51E-03

from the contact with water by surrounding hydrated cement, will be
exposed as soon as outer layers dissolve, thus turning into hydrated
products themselves.

Furthermore, katoite (CazAly(SiO4)3.x(OH™ )ax, With x=1.5 to 3)
and FHs; were not considered in the initial microstructures. In fact,
aluminium system is not simulated in the current version of the
reactive transport model for grout degradation since the amount of
aluminium phases in the hydrated cement grouts considered in this
work is very small. These considerations notwithstanding, neglecting
aluminium and iron compounds responds to an attempt to simplify
the reactive transport model rather than to the acknowledgment of
their actual relevance.

Table 7
Hydrogeochemical reactions considered in the reactive transport model.
Homogeneous hydrogeochemical reactions Log K
H*+O0H™ —H,0 +13.9951
CaHCOF — Ca®* +HCO3 —1.0467
CaS04(aq) — Ca* + 504%™ —2.1111
NaHCO3(,q) — HCO3 +Na™ —0.1541
NaSOz — Na* +S0%~ —0.8200
NaCO3 —CO3~ +Na™ —0.5144
NaOH5q)+ H* — H,0+Na™ +14.1800
NaHSi03(aq)+H" < Hy0 + Na* +Si0y(aq) +8.3040
KOH (aq) + H™ — H,0 + K* +14.4600
KSOz —K* +S03~ —0.8796
CO2(aq) + H20 — H* + HCO3 —6.3447
CO0%3~ +H"™ —HCO3 +10.3288
CaC03(aq) + H™ — Ca?* + HCO3 +7.0017
CaOH* +H* — Ca?* +H,0 +12.8500
H,S04(aq) — SO5~ +2H T +1.0200
HSO; —H™ +505~ —1.9791
H,Si03 + 2H " — SiO5(aq) + 2H,0 +22.9116
Hy(H,Si04)3~ +4H™ «— 4Si0,(,q) + 8H,0 +35.9400
Ho(H2Si04)3~ + 2H™ — 4Si05(aq) + 8H,0 +13.6400
HSiO3 +H* — Si02(aq) +H20 +9.9525
KHSO4(aq)+ H" — H" + K" +503 + —0.8136
Mineral processes Log K Molar volume (cm?/
mol)

Ca(OH); +2H™ — Ca®* + 2H,0 +22.5552 33.056
Cog-S-H+ 1.6H" — 1.8H,0 + SiO2(aq) +10.8614" 101.800

+0.8Ca*"
Cy.1-S-H+22H" —2.1H,0 +S5i05(,q)  +16.5014"  101.800

+1.1Ca%"
Cy.5-S-H+3.6H" — 2.8H50 + Si03(aq) +324814°  108.000

+1.8Ca%*
Si03(s) < SiOa(aq) —2.7136 29.000
CaCOs(5) +H* — Ca?* +HCO3 +1.8487 36.934

* The solubility product was deduced from data reported by Stronach and Glasser
[25] and Westall et al. [26].
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At this point, it is also worth noting that, because of C-S-H
comprising a wide variety of phases, ranging from cryptocrystalline to
nearly amorphous and variable solid solution compositions of different
Ca/Si ratios, their thermodynamic behaviour is extremely complex. A
remarkably large amount of effort has been devoted in recent years to
the characterization of C-S-H. Nevertheless, as was opportunely
pointed out in [18], a phenomenological framework is lacking which
is able to synthesize the current knowledge of C-S-H in terms of the
variations of significant parameters such as the calcium-to-silica ratio,
the silicate structure and the contents of Si—-OH and Ca—-OH. Moreover,
such factors as the composition of cement, the water-to-cement ratio,
the curing temperature, the degree of hydration, and the presence of
chemical and mineral admixtures add to the inherent complexity of the
task in question.

A plethora of modelling techniques was developed as a consequence,
the description of which is beyond the scope of this work and can be found
elsewhere [19]. One of them consists of considering C-S-H to be an
assemblage of different mineral phases, characterized by diverse calcium-
to-silica ratios and solubility products. This approach has already been
taken in previous investigations [5,20] and it involves a simplified
representation of the actual thermodynamic behaviour of C-S-H.

In Table 5, the volume fractions considered for every case,
arranged according to the assumptions made above concerning the
use of either cement (Ultrafin 12, Ultrafin 16 or Injektering 30), are
listed. In view that the composition of the hydrated paste is not
remarkably sensitive to the size distribution curves of cement clinker,
only one microstructure of each recipe (the one corresponding to
Ultrafin 16 particle size distribution) has been considered for
subsequent reactive transport modelling of grout degradation.
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4. Reactive transport modelling
4.1. Conceptual model for the degradation of cement-based grout

Under the assumption of local chemical equilibrium, which has
proved to hold for most practical cases involving diffusion of ions in
cementitious materials [21], the reactive transport problem may be
formulated in terms of a mixed set of equations, comprising both
algebraic and partial differential equations. In view of the intrinsic
microstructural complexity of the hardened cement paste, the scale
over which the integration of differential equations is performed
becomes a matter of concern. In this respect, paths have diverged. On
the one hand, the problem might indeed be solved at a microscopic
scale, which implies the digital simulation of the pore structure of
cement systems based, for instance, on microstructural information
obtained by means of experimental procedures (e.g., mercury
intrusion porosimetry). On the other hand, a Representative Elemen-
tary Volume (REV) might be defined, such that its properties can
properly describe the heterogeneous material which is composed of.
Using this method the most relevant variables are averaged over such
volume, thus relaxing the need for detailed knowledge of the
microstructure of the material. Such average properties can easily
be measured in practice. The validity of this approach, often referred
to as the homogenization technique, lies on the adequacy of the
definition of the REV for the problem of interest. This is attained when,
regardless of its location within the domain, the REV always contains
persistent volumes of solid and voids [22]. This latter approach was
the one taken in this work for the resolution of the reactive transport
problem. Indeed, in this case, the size of the REV is given by the three-
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Fig. 4. Mineral constitution of Standard 5/5 injection grout after (A) 0.25 year, (B) 1 year, (C) 50 years and (D) 1000 years.
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dimensional picture obtained by the digital-image-based cement
hydration modelling software, i.e., 100 um x 100 um x 100 pm [23].

4.2. Description of the scenario under study

A model was developed which is intended to simulate the
degradation of a long drill hole for grout injection in fractured granite,
as the one depicted in Fig. 3, for a typical cross-section of a tunnel
(Fig. 3A). If the hole is long enough, the degradation induced by
leaching would progress in a radial direction from the surface towards
its centre, i.e., the assumption of axisymmetry would hold, and a one-
dimensional axisymmetric model would be sufficient. Fig. 3B shows a
slice of the cylindrical drill hole (filled with cement-based grout up to
2.50 cm from the central axis) surrounded by a thick granite layer. The
scheme considered for the simulations on which degradation will be
analyzed, is depicted in Fig. 3C.
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Fig. 5. Concentration of (A) calcium and (B) silica, and (C) pH in the pore water of the
Standard 5/5 injection grout specimen.

The numerical resolution of the problem was based on a finite-
element scheme. Grout was discretized into a one-dimensional mesh
consisting of 50 elements with a uniform length of 0.05 cm.

In a worst case scenario, interstitial granite water might be
constantly renewed through the fractures of the bedrock and, as a
consequence, the hyperalkaline front spreading away from the grout
specimen will dilute into the large volume of groundwater. Such
scenario can be represented by fixing the chemical composition of water
at the outer surface of grout to equal the chemical composition of the
surrounding rock (i.e., imposing a boundary condition of the Dirichlet
type). Some aspects of the simulation must then be acknowledged:

1) The model entails the assumption that the volume of grout is not
relevant to induce a significant hyperalkaline plume in the
surroundings.

2) The conditions are aggressive for grout (similar boundary condi-
tions were applied in an analogous problem presented in [2]) but
hardly critical for its surroundings, since their likely sphere of
influence is constrained.

Granite was assumed to be unreactive. The chemical composition
of the boundary water was assumed to match a water sample of the
Laxemar area (Sweden) at a depth of 500 m, a characteristic depth
often considered for a nuclear waste repository (see Table 6).

A total of 21 homogeneous hydrogeochemical reactions and 6
mineral processes were considered in the modelling and are listed in
Table 7.

Molar volumes of C-S-H species are taken from [23].

4.3. Numerical tools

The numerical modelling tool CrunchFlow is a computer program
for multicomponent reactive transport in porous media. CrunchFlow
is an enhanced version of the GIMRT/OS3D package [27,28] which can
be used for reactive transport problems of arbitrary complexity and
size (i.e., there is no a priori restriction on the number of species or
reactions considered). Some of its main features include the
simulation of advective, dispersive, and diffusive transport in up to
two dimension using the global implicit (GIMRT) option; non-
isothermal transport and reaction; multicomponent aqueous com-
plexation; kinetically-controlled mineral precipitation and dissolu-
tion; and reaction-induced porosity and permeability feedback to
both diffusion and flow. The reader is referred to the User's Guide of
CrunchFlow [29] for a more comprehensive discussion of the
conceptual and mathematical foundations of reactive transport
models.
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Fig. 6. Evolution of porosity with time for the Standard 5/5 injection grout specimen.
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For the sake of simplification, physical adsorption of ionic species
at the mineral phases and electrostatic effects were neglected.
CrunchFlow makes use of the relationship given in Eq. (1) [30]:

d)m
Deit = £ Do

(1)
Where D denotes the effective diffusion coefficient; Dg=2.20E-
09 m?/s, the diffusion coefficient in pure water; and the parameters F and
m are respectively the formation factor and the cementation exponent.
Research on computer-simulated microstructures of cement-
based materials, though, has shown that a more precise expression
for the diffusion coefficient would be [31]:

Der = [0.001 + 0.07¢° + 1.8H(d—dc) (d—dc)’Dg (2)

Where ¢.=0.18 represents the critical capillary porosity of the
material; and H(¢dr— &) is the Heavyside function.

The parameters F and m were therefore estimated by fitting the
curve ¢ vs. Degr obtained with Eq. (1) to the one described by Eq. (2),
for the range of porosities of the grout under study. The values
calculated in this manner were m=2.55 and F=0.78.

4.4. Results

4.4.1. Case I: Standard grout mix 5/5

One feature of the evolution of the degradation front for the grout
specimen made up of Standard grout mix 5/5 (Fig. 4) is the complete
depletion of portlandite from a 1.25-cm-thick superficial layer at
approximately 50 years of simulation. This is consistent with the
widely accepted observation that portlandite is the first solid species
to totally dissolve [5,32,33].

On the other hand, the process of decalcification of C-S-H (which is
denoted by the gradual shift of their calcium-to-silica ratio from high
values towards lower ones) is reproduced by the increase of the relative
proportion of C;;-S-H in detriment of C;g-S-H, induced by the
simultaneous dissolution of C; g~S-H and the precipitation of C; ;-S-H.
This phenomenon is particularly evident in the proximity of the exposed
surface, butit also takes place in inner regions of the grout specimen. The
process of decalcification of C-S-H is, however, not entirely detrimental
for the integrity of the grout specimen, since the emerging C;{-S-H
appears to be significantly more stable than C;g-S-H under the new
geochemical conditions of the pore solution.

The progress of deterioration is therefore not entirely related to
the advance of a sharp front but, rather, to the gradual alteration of the
governing equilibrium between a changing pore solution and the
reacting solid phase, which undergoes the dissolution of the richer
calcium-containing mineral phases of grout. Another noteworthy
feature of degradation is the precipitation of calcite on the exposed
surface of the specimen (arising from the presence of bicarbonates in
the surrounding groundwater, in combination with the calcium ions
which are released outwards from the core of the specimen), which
tends to fill the capillary pores. This is corroborated by empirical
observations reported in previous works [34,35]. The clogging of the
pore network also has a beneficial effect on the lowering of the
diffusion rate and, as a consequence, on the decrease of the rate of
advance of the front of dissolution of portlandite. This holds true to
such extent that after less than 50 years, the surface of the specimen is
completely sealed, hindering the further advance of deterioration. The
snapshots at simulation times of 50 years and later suggest that a new
equilibrium stage was reached where dissolution of portlandite has
halted its progress, and no further decalcification of C-S-H is seen.

In strong agreement with observations made by [5] for ordinary
Portland cements, calcium concentration rises sharply up to 1.80E-
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Fig. 8. Concentration of (A) calcium and (B) silica, and (C) pH in the pore water of the
P308B injection grout specimen.

02 mol/L after less than a year of exposure (Fig. 5A). In that work, this
process is attributed to the depletion of alkali ions from the pore
solution, due to diffusive fluxes, and the subsequent replacement by
calcium ions, released from the cement paste through portlandite
dissolution. The decalcification of C-S-H adds to this effect. Whereas
pH stays relatively stable at 12.35 (Fig. 5C), at later stages of
deterioration, calcium ions are leached outwards due to the
concentration gradient which is established between the pore
solution and the boundary groundwater. This phenomenon continues
as long as there is some pore space remaining connecting the pore
solution to the environment, i.e., until the “barrier” of calcite which
forms on the surface of the specimen does not hinder the transport of
species. By sealing the pores, calcite isolates the pore solution from its
environment, and therefore enables calcium to increase uniformly
along the entire depth of the specimen.
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Fig. 9. Evolution of porosity with time for the P308B injection grout specimen.

Fig. 6 shows the evolution of the porosity in successive profiles
obtained after different times of simulation. It is apparent that the
increase of the porosity is related to a great extent to the dissolution of
portlandite, which progresses towards the centre of the grout specimen,
and the precipitation of a large amount of calcite on the exposed surface,
which tends to seal the pore network. After 1000 years of simulation,
however, it is seen that the most dramatic effects of deterioration are
confined to 1.5 cm from the exposed surface. The core of the specimen
remains virtually unaltered.

4.4.2. Case II: P308B grout mix

The results of the simulation of the deterioration of P308B grout are
shown in Fig. 7, in terms of the evolution of the mineral phases. As can be
observed, in absence of portlandite, the process of deterioration is
reflected mainly on the decalcification of C-S-H. It is apparent that the
behaviour of the solid phase in response to the changes that the entry of
external groundwater induces on the geochemical properties of the
pore solution is two-fold. On the one hand, the process of decalcification
(i.e., the dissolution of C; ;-S-H and the precipitation of Cqg-S-H) leads
to almost the complete disintegration of the material in the vicinity of
the exposed surface. On the other hand, the process of decalcification
involves the evolution of the C-S-H from calcium-richer, more soluble
phases towards more stable compounds under low-pH conditions. As a
consequence, the front of deterioration advances at a low rate and the
most dramatic effects of degradation are confined to less than 0.5 cm
after 1000 years. Moreover, the higher amount of Cyg-S-H precipitated
induces the decrease of the porosity, thus further hindering the progress
of degradation. As can be seen, calcite tends to fill the space of the
original position of the surface of the specimen and stays isolated from
the core of the specimen. Whether this is mechanically possible remains
an open question to which it is not possible to give a definite answer
with the results obtained at hand. However, a rational analysis based
upon physical, rather than numerical, considerations would enable to
hypothesize that calcite should precipitate around the actual surface of
the solid, wherever its position, around which the initial crystals may
nucleate. In that scenario, the trend observed in the sequence shown in
Fig. 7 allows one to envisage a final less porous material made up of a
large amount of C-S-H with a calcium-to-silica ratio of Ca/Si=0.8,
protected by a relatively thick layer of calcite.

The properties of the P308B cement and, in general, of low-pH
cement grouts become apparent from Fig. 8. The pore solution in
contact with such grout is characterized by lower contents of calcium
and higher concentrations of silica with respect to Ordinary Portland
cements. The numerical simulations also reproduce the significantly
lower value of pH (Fig. 8C) obtained as a consequence of the addition
of silica fume into the dry mixture. As in the previous case, the barrier
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of calcite formed on the surface of the specimen shields the pore
solution from the environment. The pH of the pore solution drops
then down to approximately 9.8 once the equilibrium stage is
attained.

The porosity of the grout specimen undergoes a dramatic increase
near the surface, which virtually leads to the disintegration of the
material (Fig. 9). As discussed above, the transformation of C; ;-S-H
into larger quantities Cog-S-H induces the decrease of the porosity in
inner regions of the specimen, thus preventing the disintegration
from advancing inwards. The associated decrease of the diffusion rate,
along with the formation of a protective layer of calcite on the surface
and the lower solubility of Cog-S-H, eventually settle into a state of
pseudo-equilibrium at a certain distance from the exposed surface
safeguarding the integrity of the core of the specimen.

5. Testing the hydrochemical boundary condition

After the construction of the tunnel, the composition of groundwater
at high depths (which, under undisturbed conditions is well known and
might remain essentially constant) may undergo substantial variations
as a consequence of different types of water flowing towards the tunnel
as if towards a sink and mixing with deep groundwater. Given that the
most suitable locations for deposit tunnels that are currently under
consideration are generally to be found in coastal areas, different
mixings between fresh waters of meteoric origin, marine waters and
deep brines are possible at the depth of the tunnel. In turn, the actual
composition of the boundary water determines the rate of advance of
the front of degradation. In view of this, additional simulations were
performed in order to get a notion of the sensitivity of the results with
respect to the chemical composition of groundwater and, in particular,
with respect to the content of bicarbonate, which was found to dampen
the rate of degradation by contributing to the formation of calcite. Such
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sensitivity analyses might prove fruitful in estimating the range over
which the actual rate of degradation can vary and, in particular, the
maximum values that can occur. The additional simulations were
carried out for both Standard 5/5 cement and P308B cement grout
specimens exposed to a boundary water whose chemical composition is
described in the third column of Table 6. Its main feature, with respect to
the one of the reference cases, is that the content of HCO3™ is one order of
magnitude lower, which may be due to a greater contribution of
meteoric water.

5.1. Case I: Standard 5/5 cement

As can be observed (Fig. 10), the effects of the relative lack of
bicarbonate in groundwater has deleterious effects on grout since, by
preventing the formation of a calcite “barrier” (although calcite does
precipitate, it does not seal the pores tightly), it accelerates the processes
of dissolution of portlandite and the decalcification of C-S-H. Indeed,
after less than 50 years of exposure, portlandite is completely exhausted
and the remaining fraction of C-S-H recedes approximately 1 cm from
the initial position of the surface. Towards the inner regions of the
specimen, the effects of degradation are seen as a larger proportion of
Cos-S-H in the solid phase, which reflects a higher degree of
decalcification. The process appears to be of an unstable nature since,
apart from the precipitation of calcite, the lower solubility of Cqg—S-H,
and their dampening effect on the rate of degradation, there are no signs
of a new equilibrium state. In other words, the deterioration would
progress, though at lower rates, indefinitely.

Fig. 11 shows the gradual decrease that affects the concentration of
calcium at earlier simulation times, due to the diffusive fluxes induced
by the concentration gradient between the boundary and the pore
waters. After 50 years of simulation, a concentration of approximately
4E-03 mol/L is reached, which is comparable to that observed in Fig. 8,
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Fig. 10. Mineral constitution of Standard 5/5 injection grout after (A) 0.25 year, (B) 1 year, (C) 50 years and (D) 1000 years.
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and in accordance with the prominence of C-S-H phases with lower
Ca/Si ratios that remain. The evolution of pH (Fig. 11) follows a similar
pattern: the typically high value of 12.35 drops down to 10.7 after
50 years of exposure.

As said above, in the present case, degradation progresses as a
sharp front, due to the dissolution of C-S-H and the steep increase of
the porosity, up to nearly 100% (Fig. 12). Distinct from the reference
case (Case ), as well as the changes in the microstructure of grout, the
most noteworthy effect of deterioration is the reduction of the
effective diameter of the grout specimen, by disintegration of the
outer solid layers.

5.2. Case II: P308B cement

As Fig. 13 shows, the durability of grout might be dramatically
damaged by the lower bicarbonate in groundwater. Indeed, the
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Fig. 11. Concentration of (A) calcium and (B) silica, and (C) pH in the pore water of the
Standard 5/5 injection grout specimen.
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Fig. 12. Evolution of porosity with time for the Standard 5/5 injection grout specimen.

process of degradation is accelerated to such extent that the grout
specimen is completely disintegrated after a few years (less than 50)
of exposure.

Given that the availability of bicarbonates precludes the formation
of a calcite layer, the core of the grout specimen cannot be preserved
from the exposure to groundwater, and calcium-containing mineral
phases are steadily degraded. In this manner, it can be concluded that
the service life of grout is intimately linked to the precipitation of
calcite on the surface.

6. Conclusions

A new methodological approach to a rational study of the
optimum mix design for injection grout was presented. Although
not intended to dissipate the uncertainties connected to the actual
evolution of the process of hydration under field conditions, the
method is, in fact, useful with views to define reasonable starting
points for modelling of degradation. In turn, reactive transport models
would provide insight into the performance of the mixtures analyzed
in the long-term and guide the pursuit in a practical and effective
manner.

The microstructure of the hardened paste was simulated by
digital-image-based algorithms, on the basis of typical mix designs.
Simulated microstructures have been linked to reactive solute
transport models to evaluate the durability of two different types of
cement-based grout in contact with granitic groundwater.

Results of the microstructure simulations match the characteristic
properties expected from injection grout. Computed microstructures
display a high degree of hydration, high porosity (i.e., between 40%
and 60%), low contents of aluminium compounds, (including nil
amounts of ettringite and hydrogarnet) and, for the P308B grout, low
contents of portlandite due to the addition of silica fume. Further-
more, the pH of the pore solution in equilibrium with the solid phases
in that case (P308B grout), obtained by means of geochemical
speciation, is in the range of typical low-pH cements.

The reactive transport model was aimed at evaluating the
degradation of a long drill hole for grout injection surrounded by a
relatively thick layer of highly porous granite, and immersed in
seawater.

Simulations were carried out for the two mix designs considered
and for a boundary water with a chemical composition typical of the
Laxemar area (Sweden) at the projected depth of a repository for
nuclear spent fuel. They were repeated for a different water in which
the content of bicarbonates was reduced by one order of magnitude.

The results obtained show that the process of deterioration is
related to two main phenomena, namely, the decalcification of
mineral phases (which involves the depletion of portlandite, when
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Fig. 13. Mineral constitution of P308B injection grout after (A) 0.25 year, (B) 1 year, (C) 50 years and (D) 100 years.

available) and the precipitation of calcite. It is seen that, under the
exposure of typical Laxemar groundwater, the durability of both grout
mixes will be guaranteed for thousands of years. However, the
sensitivity analysis shows that groundwaters with low bicarbonate
concentrations could accelerate dramatically the degradation process,
this effect being related to the absence of calcite precipitation.
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