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Summary

Engineered barriers in the BHK vault of the SFL repository are primarily made of cementitious
materials. Long-term performance of these barriers has been assessed in previous studies (Idiart and
Shafei 2019, Idiart and Lavifia 2019) using reactive transport models. The concrete composition was
assumed to be similar to the construction concrete employed in the SFR repository. In this work, the
performance of alternative cementitious systems has been assessed. To this end, reactive transport
simulations of concrete degradation in the BHK vault have been performed using iCP, a software
interface between Comsol Multiphysics (version 5) and PHREEQC (version 3). This report presents
the results of two-dimensional (2D) and one-dimensional (1D) reactive transport simulations over
100000 and 1 million years, respectively.

Consideration of alternative compositions of the concrete mix design implies the ability to predict
the phase assemblage of the hydrated mix. State-of-the-art models of cement hydration have been
used to estimate the mineralogical and porewater composition of the different mixes. The hydration
simulations have been based on thermodynamic modelling coupled to kinetically-controlled disso-
lution of the cement clinker and mineral additions, when present. The output of the hydration models
after full hydration (10000 days) have been used as input for the reactive transport simulations,
defining the initial composition of intact concrete. The different concrete compositions analysed
consist of:

»  Anliggningscement (i.e. CEM 142.5 N — SR 3 MH/LA) with a w/c ratio of 0.47.
 Anliggningscement with a w/c ratio of 0.63 and 320 kg/m’ concrete.

*  Anliggningscement with a w/c ratio of 0.63 and 280 kg/m’ concrete.

* Bascement Slite (i.e. CEM II/A-V 52.5 N) with a w/c ratio of 0.47 and 12.3 wt% fly ash.

» Anldggningscement containing limestone and dolomite addition with w/c of 0.49.

A literature review of how these different mix designs are expected to alter the chemical and physical
properties is also presented. Based on this, the transport properties of the intact composition of each
mix are proposed.

Degradation of concrete in the SFL repository has been studied using 1D and 2D reactive transport
models of a cross-section of the BHK vault. A total of five models are presented considering different
concrete compositions. The main concrete degradation process is driven by leaching of calcium in
all cases, leading to gradual dissolution of the main cement hydrates. Calcite precipitation is another
important process. The rate of degradation is shown to be low after 100 000 years in all simulated
cases. This is due to the small flow rates of water into the vault, together with a low initial diffusion
coefficient of the backfill. Comparison of the results of the different cases over 100000 years
shows that the impact of changing the concrete composition to the studied alternatives does not have
a significant effect on its performance. The depth of the degradation front is relatively sensitive to
concrete composition, although the results indicate that the governing factors are the initial porosity
and transport properties.

A set of 1D reactive transport models of the same five cases considers an extended period of 1 mil-
lion years. The differences between different modelled cases are much larger over this time scale in
terms of penetration of degradation fronts. After 1 million years, the full thickness of the concrete
backfill is near complete degradation in all cases. Extended calcite precipitation is predicted across
almost the entire backfill. In the 1D models, a constant increase in the Darcy velocity is observed
with time, which is due to the boundary conditions. As a result, fluid flow increases with time.

The case which considers the addition of limestone filler is the concrete mix that has the best per-
formance. According to the model results, this improvement is more related with the initially lower
porosity compared to the rest of cases than to the chemical composition of the cementitious system.
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Sammanfattning

Tekniska barridrer i BHK-salen i SFL utgérs primirt av cementbaserade material. Dessa barridrers
langsiktiga funktion har tidigare utvérderats (Idiart och Shafei 2019, Idiart och Lavifia 2019) med
hjalp av reaktiva transportmodeller. Betongsammansittningen antogs likna konstruktionsbetongen
som anvants i SFR. I detta arbete si har funktionen for alternativa cementbaserade system utvirderats.
For detta &ndamal har reaktiva transportsimuleringar av betongdegradering i BHK -salen utforts med
iCP, vilket 4r en programvara som sammankopplar Comsol Multiphysics (version 5) med PHREEQC
(version 3). I denna rapport presenteras resultaten for tva- (2D) och endimensionella (1D) reaktiva
transportsimuleringar under 100000 respektive 1 miljon ar.

En forutsittning for att dvervéga alternativa betongsammanséttningar &r att fassammanséttningen
for de hydratiserade formerna kan predikteras. ”’State-of-the-art”-modeller f6r cementhydratisering
har anvints for att skatta sammanséttning av mineralfaser och porvatten for de olika blandningarna.
Simuleringarna har baserats pd termodynamisk modellering, i kombination med kinetiskt styrd
uppldsning, av cementklinker och eventuella mineraltillsatser. Simuleringsresultaten for fullstindig
hydratisering (10000 dagar) har anvéints som indata for de reaktiva transportsimuleringarna, vilket
dérmed definierat sammanséttningen for ursprunglig intakt betong. De undersdkta betongsamman-
sédttningarna bestar av:

»  Anliggningscement (dvs CEM 142.5 N — SR 3 MH/LA) med ett vct pa 0,47.

* Anldiggningscement med ett vet pa 0,63 och 320 kg/m’ betong.

*  Anliggningscement med ett vct pa 0,63 och 280 kg/m® betong.

* Bascement Slite (dvs CEM II/A-V 52,5 N) med ett vct pd 0,47 och 12,3 vikt% flygaska.

*  Anldiggningscement med ett vct pa 0,49 och med tillsats av kalksten och dolomit.

Aven en litteraturdversikt presenteras 6ver hur dessa olika blandningsforhillanden forvintas
forandra betongens kemiska och fysikaliska egenskaper. Baserat pa detta har transportegenskaper
foreslagits for de ursprungliga betongsammanséttningarna.

Betongdegradering i SFL har studerats med hjélp av 1D och 2D reaktiva transportmodeller for ett
tvérsnitt av BHK-salen. Totalt presenteras fem modeller dér olika betongsammanséttningar beaktas.
I samtliga fall 4r lakning av kalcium den huvudsakliga drivkraften for nedbrytning av betong, vilket
leder till gradvis upplosning av de huvudsakliga cementhydraten. En annan viktig process ér utfill-
ning av kalkspat. I samtliga simulerade fall visar sig nedbrytningshastigheten vara lag efter 100000 &r.
Detta beror pa laga floden av intrdngande vatten, tillsammans med en lag initial diffusionskoefficient
for aterfyllnaden. Resultaten visar att byte till de nu undersokta betongsammanséttningarna inte har
en betydande inverkan p funktionen under 100 000 &r. Degraderingsdjupet dr relativt kénsligt for
betongsammanséttningen, men resultaten tyder pé att de styrande faktorerna &r initial porositet och
transportegenskaper.

En uppsittning av 1D reaktiva transportmodeller for motsvarande fem fall har dven utforts for en
utokad period pa 1 miljon ar. Skillnaderna, vad det géller degraderingsdjup, 4r mycket stérre mellan
modellerade fall pa denna tidsskala. I samtliga fall &r betongen, efter 1 miljon &r, néstan fullstdndigt
nedbruten genom hela dess tjocklek. Utdkad utfallning av kalkspat forvintas i néstan hela aterfyllnaden.
For 1D-modellerna observeras en monoton 6kning av Darcy-hastigheten med tiden, vilket beror pa
randvillkoren. Som ett resultat av detta okar vattenflodet genom betongen med tiden.

Det fall som utvérderar betong med kalksten som utfyllnad ger den bast funktion jaimfort med 6vriga
fall. Enligt resultaten spelar en initialt lagre porositet storre roll for forbittringen &n skillnaderna i
den kemiska sammanséttningen av det cementbaserade systemet.
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Abbreviations and notations

AFm — Group of calcium aluminate hydrates (Al,O; — Fe,O; — mono) with general formula
[Cay(ALFe)(OH)q] - X - nH,0. The most important phases are hydroxy-AFm, mono-
sulfoaluminate (or monosulfate) and monocarboaluminate (X in these cases denote
hydroxyl, sulfate and carbonate, resp.).

AFt — Group of calcium aluminate hydrates (Al,O; — Fe,0; — tri) with general formula
[Cas(ALFe)(OH)s - 12H,0], - X5 - nH,0. Ettringite is the most important member
(X in this case denote sulfate).

A/S — Aluminium-to-silica molar ratio.

ASR — Alkali-silica reaction.

BHK — Repository concept for metallic wasted based on cementitious materials as engineered
barrier.

BSE — Backscattered electrons.

C — Calcium oxide =CaO

C,S — Dicalcium silicate or belite=2CaO - SiO,

C;A — Tricalcium aluminate =3CaO - ALLO,

(O — Tricalcium silicate or alite=3CaO - SiO,

C,AF — Tetracalcium aluminoferrite =4CaO - Al,O; - Fe,0,

Ca/Si — Calcium-to-silica molar ratio (or C/S in cement chemistry notation).

C-A-S-H - Calcium aluminium silicate hydrates.

CEC — Cation exchange capacity.

CH — Portlandite = Ca(OH),

C-S-H — Calcium silicate hydrates.

FA — Fly ash.

HCP — Hydrated cement paste.

MCL — Mean chain length.

MIP — Mercury intrusion porosimetry.

OPC — Ordinary Portland cement.

PLC — Portland limestone cement.

RH — Relative humidity.

S — Silica=Si0,

SCC — Self-compacting concrete.

SCM — Supplementary cementitious materials.
SEM — Scanning electron microscopy.

SFL — Repository for long-lived radioactive waste.
SFR — Repository for short-lived radioactive waste.
w/b — Water-to-binder mass ratio.

w/c — Water-to-cement mass ratio.
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Cement chemistry notation: abbreviation of oxides

A=ALO, H=H,0 N=Na,0
C=Ca0 K=K,0 S=Si0,
F=Fe,0; M=MgO S=S0,
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1 Introduction

SKB plans to dispose of long-lived low and intermediate level waste (LILW) in a deep geological
repository, named SFL. The total capacity of SFL is estimated to 16000 m’. Approximately one third
of the waste originates from nuclear power plants in the form of neutron-irradiated components and
control rods. The remainder comes from AB SVAFO and Studsvik Nuclear AB, who manage the
legacy waste and the waste from hospitals, industry and research. Possible repository concepts for
SFL have been evaluated and Elfwing et al. (2013) proposed a repository concept to be analysed in an
evaluation of post-closure safety (SE-SFL). This study focusses on the repository concept proposed
for metallic waste, denoted BHK, which relies on the extensive use of cementitious materials for
constructing the engineered barrier system. The BHK vault will be backfilled with concrete, which
acts as a barrier against groundwater flow and contributes to a low diffusion rate and high sorption
of many radionuclides. The concrete in the barrier will furthermore create an alkaline environment,
reducing the corrosion rate of the steel and thus limiting the release rate of radionuclides.

1.1 Cement with fly ash additions

The constructions in BHK rely to a large extent on the use of cement as binder material. As
a first assumption, the Degerhamn Anldggningscement has been considered in modelling.
Anlédggningscement has been used in the construction of the SFR repository and consists of
CEM I Portland cement with the following characteristics:

» It complies with the requirements of EN 197-1:2011 focused on composition, specifications and
conformity criteria for common cements.

+ It has a low C;A content (2.0 wt%) and satisfies the requirements for sulfate resistance of SR 3
type cement in EN 197-1:2011.

It satisfies the requirements for cement with moderate heat development in accordance with
SS 134202:2006 and for low alkali cement in accordance with SS 134203:2014.

The cement provider, CEMENTA (Heidelberg Group), has communicated to SKB that at the time of
construction of the SFL repository the Anldggningscement cement may no longer be available in the
market. Instead, another cement composition, a CEM II/A-V Portland Cement named Bascement,
manufactured in Slite, will be provided by CEMENTA. Bascement (CEMENTA 2015) complies
with EN 197-1:2011 standard requirements for Portland cement with a siliceous fly ash content of
up to 20 wt%.

A consequence of this change in cement composition for future construction works is that the
numerical models of concrete degradation performed so far, for the yet to be constructed repository
components, may need to be revised. This revision needs to account for the different chemical
compositions of both cements and the resulting physical properties of the hardened cementitious
material. The expected changes in water-to-cement ratio and aggregate volume fraction of the
concrete mix as a result of the change in cement composition need to be quantified. In addition, the
differences in the cement hydrates resulting from the hydration of both cements also needs to be
modelled. A key issue for modelling the hydration of ordinary Portland cement (OPC) or blended
cements is the knowledge of the rate of reaction of the clinker phases and the supplementary cementi-
tious materials (silica fume, fly ash, etc).

1.2 Cement with limestone replacement

In addition, SKB is currently developing and testing a new type of concrete for the 2BMA of the
future SFR3 repository (Lagerblad et al. 2017). In this concrete mix, crushed ballast is used. In this
new mix, finely ground limestone is added to allow for low cement content together with a low
amount of superplasticiser. It is therefore relevant to assess how the addition of limestone (CaCO;)
affects the hydration process (cement hydrates) and physical properties of the hardened concrete
(porosity, permeability, diffusivity, etc).
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1.3 Effect of water-to-cement ratio

All calculations of the performance of concrete structures in the SFR and SFL repositories have
been based so far on the use of a water-to-cement ratio (w/c) of 0.47 (Jacobsen and Gjorv 1987,
cited in Hoglund 2001). This w/c ratio has also been used by Idiart and Shafei (2019) to study the
long-term performance of the concrete barriers in the BHK vault of the future SFL repository. Here,
the effect of changing the w/c from 0.47 to 0.63 (i.e. a 34 % increase) on the long-term performance
of concrete is assessed.

Concrete degradation in the BHK vault is expected to be mainly driven by interaction with ground-
water. Thus, concrete transport properties are the most important parameters to assess the vault
durability. These transport properties, namely hydraulic conductivity, effective diffusivity and
porosity, are highly dependent on the w/c ratio. Therefore, these dependencies need to be quantified
and their impact on long-term performance needs to be addressed.

The amount of cement hydrates also depends on the w/c ratio. Increasing the w/c ratio is associated
with a higher porosity and therefore a decrease in volume fraction of cement hydrates. The impact of
this decrease on the long-term performance and pH buffering capacity of the concrete backfill also
need to be studied.

10 SKB R-19-14



2 Objectives, scope and methodology

The objective of the present work is to assess the effect of changing the cement composition and w/c
ratio on long-term concrete degradation in BHK. The concrete compositions considered are:

» A “reference” OPC concrete with a water-to-cement ratio of 0.47,

 an OPC concrete with a water-to-cement ratio of 0.63 and 320 kg/m® concrete,
+ an OPC concrete with a water-to-cement ratio of 0.63 and 280 kg/m® concrete,
» aconcrete with fly ash as a supplementary cementitious material, and

* aconcrete with partial replacement of limestone and dolomite filler.

Reactive transport models account for (1) cement hydration, (2) groundwater flow, (3) solute
transport, and (4) chemical reactions between the concrete barriers and incoming groundwater.
Mechanical effects are not considered in this study. Their impact and couplings with reactive
transport processes are addressed in a separate work (Idiart et al. 2019).

The scope of the project is to study long-term concrete degradation of new concrete compositions
using 1D and 2D reactive transport models of a cross-section of the BHK vault. Two-dimensional
reactive transport models are used to assess the performance over the first 100000 years. In addition,
one-dimensional models are used to study concrete degradation over longer time-scales, considering
a period of 1 million years. The results of these models are compared with the outcomes of the base
case defined in Idiart and Shafei (2019) in 2D and Idiart and Lavifia (2019) in 1D. In those studies, it
was assumed that the composition of concrete to be used in SFL is the same as the one used in SFR
for construction concrete (see e.g. Hoglund 2014).

The first task has been to conduct a literature review to assess the impact of different cement and
concrete compositions on chemical and physical properties of hardened concrete. Based on the main
outcomes of this literature review, conceptual models of each concrete composition are developed,
including physical as well as chemical properties.

To model long-term degradation of hardened concrete using reactive transport models, the miner-
alogical composition of the material after hydration is needed. Idiart and Shafei (2019) considered
the same hydrated composition as Hoglund (2014). That composition was calculated using a cement
hydration model presented by Hoglund (1992), developed for OPC. In the present work, more up-to-
date cement hydration models are used, which are based on thermodynamic modelling coupled to the
kinetically controlled dissolution of the clinker and cement additions (Lothenbach et al. 2008b). This
modelling approach has the advantage that it can be applied to any cementitious system, provided
the required input data is available. Moreover, it makes use of the same geochemical calculations as
in traditional reactive transport models (e.g. Idiart and Shafei 2019) and can therefore be consistently
simulated using the same thermodynamic database. A set of cement hydration models have been
developed and simulated in the geochemical simulator PHREEQC (Parkhurst and Appelo 2013)
using the approach proposed by Lothenbach and Winnefeld (2006). A total of four hydration models
(see Table 2-1) have been developed to study the effects of changing the w/c ratio, adding fly ash,
and replacing cement with limestone (CaCOs) and dolomite (CaMg(CQ,),) filler. Furthermore, a
validation exercise of the hydration model implementation is presented in Appendix A. The fourth
model considers the same cementitious system used for SFR construction concrete (see Hoglund
2014 for more details), for comparison purposes. In addition, a verification case is also presented
(Appendix A) to compare the new implementation with the results of Lothenbach and Winnefeld
(2006).
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The composition of each cementitious system after full hydration is used as input to the reactive
transport models. The development of these long-term degradation models follows exactly the same
methodology as previously by Idiart and Shafei (2019) and Idiart and Lavifia (2019).

In total, fifteen (15) simulations have been carried out, as detailed in Table 2-1. These include
five batch (i.e. 0D) models of cement paste hydration, five reactive transport models of concrete
degradation in two dimensions (2D), and five reactive transport models of concrete degradation in
one dimension (1D). The 2D simulations consider a time span of 100000 years, while an extended
period of 1 million years is considered in the 1D models.

Table 2-1. Numerical models of the hydration and long-term degradation of different concrete
mixes in the BHK vault of SFL presented in this report. A total of fifteen (15) simulations have
been carried out.

Process Dimension Simulated time Model ID Main features
modelled
Cement paste Batch (0D) 10000 days Model 1 Anlaggningscement OPC CEM | cement
hydration (27 .4 years) (w/c ratio 0.47)
Model 2 Anlaggningscement OPC CEM | cement
(w/c ratio 0.63)

Model 3 Bascement Slite CEM I (fly ash) cement
(w/c ratio 0.47)

Model 4 Anlaggningscement CEM | with
limestone+dolomite replacement (w/c

ratio 0.49)
Verification OPC system from Lothenbach and
case Winnefeld (2006). See Appendix A
Concrete 2D 100000 years Case | Hydrated system from Model 1
degradation Case lla Hydrated system from Model 2,
cement = 320 kg/m?®
Case llb Hydrated system from Model 2,
cement = 280 kg/m?
Case lll Hydrated system from Model 3
Case IV Hydrated system from Model 4
Concrete 1D 1000000 years Case | Hydrated system from Model 1
degradation Case lla Hydrated system from Model 2,

cement = 320 kg/m?®

Case lIb Hydrated system from Model 2,
cement = 280 kg/m?®

Case lll Hydrated system from Model 3
Case IV Hydrated system from Model 4
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3 Literature review

31 Effect of fly ash addition on the properties of concrete

Fly ash (FA) is used as a supplementary cementitious material (SCM) in the production of Portland
cement. Fly ash is a by-product produced in large amounts from the combustion of coal in power
plants. The physical and chemical properties of fly ash depend on several factors, such as type of
coal combustion, type of furnace, method for off-gas desulfurization, etc. All these factors serve to
determine its behaviour in the cement system.

Differences in oxide composition of fly ashes are the base of their classification. The European
Standard EN 197-1:2011 divides fly ashes in accordance to the content of CaO:

» Siliceous fly ash (CaO content <10 wt% — labelled as V) and
* Calcareous fly ash (CaO content >10 wt% — labelled as W).

In this framework, FA can be categorised as a SCM with pozzolanic or latent hydraulic properties,
respectively.

The Bascement Slite CEM II/A-V consists of a Portland cement with a siliceous fly ash addition of
12.3 wt%, according to data provided by the manufacturer (CEMENTA 2015), see Table 3-1. Note
that FA composition is not provided by the manufacturer and thus the one reported by De Weerdt
et al. (2011), based on class F siliceous fly ash, has been used instead.

Table 3-1. Chemical composition (wt. %) of Bascement Slite and Fly ash (after De Weerdt et al.
2011).

Component Bascement Slite Fly ash
CEMII/A-V 525N Class F siliceous FA

Nomenclature Content by weight (%)

CaO 56.3 6.3

SiO, 23.5 50.0

AlL,Os 6.4 239

Fe,0, 3.4 6.0

MgO 26 21

KO 1.2 1.36

Na,O 0.3 0.58

SO, 3.5 0.40

Cl <0.1 -

Fly Ash 12.3

The siliceous FA has pozzolanic properties, meaning that in the presence of moisture, it will chemi-
cally react with calcium hydroxide at room temperature to form compounds having cementitious
properties (cement hydrates). According to literature, the averaged composition of this type of

FA shows low content of unburned elements with silicon (>25 wt%), aluminium and iron as the
major oxides (Table 3-2). Crystalline compounds are quartz, mullite and hematite. FA can also be
comprised of significant amounts of alkalis.

Table 3-2. Averaged chemical composition of siliceous type FA (from Taylor 1997).

Composition Oxide wt% Composition Oxide wt%

Sio, 48.7 MgO 1.6
Al,O4 27.9 Na,O 1.5
Fe, O, 9.5 SO, 1.2
K,O 4.2 TiO, 0.9
CaO 24 P,0Os 0.2

SKB R-19-14 13



3.1.1 Impact on the properties of fresh concrete
Workability, water demand, and water segregation (bleeding)

The workability and, especially, the compactability, flowability, and plasticity of fresh concrete are
generally improved when fly ash is added to the mix (Wesche 2004). Likewise, the use of fly ash
permits the use of a lower water content compared to OPC of the same workability. The degree
of improvement of the rheological properties of concrete with FA addition can vary significantly
depending on the nature of the SCM and other parameters of the mix. Nonetheless, as a rule of
thumb, the amount of water reduction can be approximated to at least 3 % for every 10 % of fly ash
added to the mix (Thomas 2007).

After concrete casting, there is a tendency for the solids (aggregates and cement paste) to settle and
displace the water, which is pushed upwards. Excessive bleeding may result in cracking of the con-
crete surface due to plastic settlement. It can also lead to segregation in the cementitious matrix. The
tendency of a concrete to bleed is controlled by the constituents and their proportions, particularly
the grading of the fine aggregate, the water content and the use of admixtures.

Concrete containing FA shows a reduced rate and amount of bleeding primarily due to the reduced
water demand (Gebler and Klieger 1986). An exception is when FA is used without appropriate
water reducers, in which case bleeding (and segregation) will increase compared to OPC concrete.

Setting time and kinetics of hydration

Low-calcium fly ashes are reported to extend both the initial and final setting time of concrete
(Thomas 2007, Rahhal and Talero 2004). The increasing addition of FA induces a retardation in

the setting times up to 70 % of replacement. Beyond this level, rapid setting has been observed
(Brooks et al. 2000, Naik and Singh 1997). In general, FA addition can delay the hydration of
cement. Several works have studied the evolution of the heat of cement hydration in cement blends
at different FA additions (Deschner et al. 2012, De Weerdt et al. 2011, Rahhal and Talero 2004). The
results coincide in pointing out a delayed appearance of the peak corresponding to the maximum rate
of heat of hydration (Figure 3-1).

This fact is related to a decrease of Ca®* concentration in solution due to the surface retention of this
cation by the FA, which forms AFt during the first hours of hydration. The low Ca aqueous content
delays the formation of Ca-rich layers in clinker minerals, and thus the precipitation of reaction
products, such as portlandite and C-S-H phases (Puertas et al. 2005, Fajun et al. 1985, He et al. 1984).

Shrinkage

Shrinkage of cement-based materials can occur at either early or later ages. The early-age shrinkage
takes place within the first days, while the cement is setting (Holt 2001). At rapid drying conditions,
early-age shrinkage becomes relevant as it can lead to large tensile stresses when the mix has not
gained significant strength to withstand them, leading in some to cases severe cracking (Nehdi and
Soliman 2011, Holt 2001).

The most important types of shrinkage strains affecting cementitious materials are the external
drying shrinkage and the autogenous shrinkage. Drying shrinkage is the reduction of volume due to
water loss by evaporation. Saha (2018) observed a decrease in drying shrinkage of concrete samples
with increasing FA replacement (Figure 3-2a).

Plastic shrinkage is associated with a very rapid loss of moisture from freshly laid cement, within a
few hours after placement (Khairallah 2009). The use of fly ash reduces plastic shrinkage due to the
combination of decreased bleeding and the filler effect (Wesche 2004). The causes of the early-age
shrinkage are also attributed to some additional parameters such as particle size distribution, cement
and aggregate content, and w/c ratio (Nehdi and Soliman 2011, Wesche 2004). Some research studies
indicate that the use of FA reduces the water requirement, thus reducing drying shrinkage (Malhotra
and Mehta 2005, Atig 2003). In turn, for samples with the same w/b ratio, recent studies attribute such
effect to the reduction of the rate of hydration as a result of lime content decrease in the mix (Saha
2018). In addition to these, environmental factors such as air and concrete temperature and relative
humidity (RH) also have an influence on drying shrinkage at early-age (Nehdi and Soliman 2011,
Wesche 2004, Holt 2001).
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Figure 3-1. Rate of heat of hydration (mW/g) of different FA blended cements as a function of time (hours)
from different sources (OPC results are also shown for comparison). Data from: De Weerdt et al. (2011)

— 35 wt% siliceous FA addition and w/c ratio = 0.5 (blue lines); Rahhal and Talero (2004) 20 and 40 wt%
of two types of siliceous FA addition and w/c ratio ~ 0.3 (red lines); Deschner et al. (2012) — 50 wt% of
siliceous FA addition and w/c ratio = 0.5 (green lines).
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Figure 3-2. (a) Effect of fly ash (FA) weight percent (0, 10, 20, 30 and 40 wt%) on drying shrinkage of
concrete with w/b ratio of 0.35 (adapted from Saha 2018); (b) Effect of fly ash weight percent on auto-
genous shrinkage of mortar with a w/b ratio of 1.0 by volume (adapted from Lura et al. 2003).

Autogenous shrinkage is the macroscopic volume reduction associated with cement hydration. It
results from internal chemical reactions leading to unsaturated conditions and capillary forces within
the cementitious matrix and does not involve moisture transfer to the environment (Jensen and
Hansen 2001a, Nehdi and Soliman 2011). Contribution of autogenous shrinkage to total shrinkage
becomes important in mixtures with reduced w/c ratio (Nehdi and Soliman 2011). In these mixes,
water availability for hydration reactions is limited, resulting in self-desiccation.

Chemical shrinkage is also associated with cement hydration reactions, although in this case it
occurs under water saturated conditions. It is defined as the volumetric difference between hydration
products and the unhydrated cement and water before hydration (Tazawa 2014). Some authors relate
autogenous shrinkage to an external volume change while chemical shrinkage is considered as an
internal volume reduction or change in porosity (Jensen and Hansen 2001a, Holt 2001, Tazawa 2014).

Recent studies have demonstrated that the FA-containing cements have a higher total chemical
shrinkage than OPC due to the filler effect and the pozzolanic reaction of FA, which progresses with
time (Deschner et al. 2012, De Weerdt et al. 2011 — Figure 3-13). In turn, the addition of FA is found
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to reduce autogenous shrinkage for a given w/b ratio (Lura et al. 2003 — Figure 3-2). Nevertheless, as
the addition of FA can reduce the water requirement, autogenous shrinkage can drastically increase
in blended mixtures of w/c ratio below 0.4 (Lura et al. 2003).

3.1.2 Chemical aspects
Portlandite content (pozzolanic reaction) and bound water

The presence of pozzolanic additions modifies the normal development of cement hydration. A blended
or pozzolanic cement is a mixture of Portland cement and a pozzolanic material. Examples of artificial
pozzolanic materials include fly ash, silica fume or blast furnace slag. Blended cements release calcium
hydroxide at first hydration stages and is later consumed through pozzolanic reactions, from ~7 days
and onwards. This effect is reported to increase with the extent of replacement (Figure 3-3).

Portlandite content depends on several factors such as the degree of clinker hydration, the progress
of the pozzolanic reaction, the composition of the hydrates, the FA soluble silica content and particle
fineness, or the water-to-cement and pozzolana-to-clinker ratios, among others (Bouzoubai et al.
1999, Sanchez de Rojas et al. 1993, Sharma et al. 1993).

Similarly, the bound water is also increased in FA-containing cements, mainly due to the filler effect
of the SCM. This confirms the promotion of the OPC hydration by a seeding effect whereby the FA
provides new nucleation sites within the pore space away from the particle surfaces (Thomas et al.
2009).

Hydration products

It is generally accepted that, in the pozzolanic reaction of fly ash, the Ca(OH), produced during
cement hydration reacts with the silicate and aluminate phases to produce calcium silicate and
aluminate hydrates (Taylor 1997). Thus, hydrated cements with SCM additions are generally
characterised by a higher content of C-S-H phases and a lower content of portlandite compared
to OPC (Massazza 1993, Fajun et al. 1985). C-S-H phases are composed of silicate chains held
together by calcium oxide layers forming the so-called dreierketten structure, a repeating chain of
three silica tetrahedra (Taylor 1997). The length of these chains depends on the composition of the
C-S-H phases and is typically characterised by the mean chain length (MCL). Two of these silica
tetrahedra are linked to the calcium oxide layer (pairing tetrahedra), while the third one, the bridging
tetrahedron, is linked to two pairing tetrahedra (L’Hopital et al. 2015). The structure of C-S-H is
amorphous in nature, but it keeps some structural order within a short range which is analogous to
tobermorite and jennite.
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Figure 3-3. Calcium hydroxide (portlandite) contents of Portland-fly ash cement mixes containing 0, 20, 40
and 60 wt% of low-CaO fly ash (adapted from Taylor 1997).
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The Si0, released from the FA is partly consumed in forming additional C-S-H to that formed by
clinker dissolution, and partly in lowering the C/S ratio of the C-S-H. This leads to a gradual evolu-
tion from a jennite-like towards a tobermorite-like structure (Lothenbach et al. 2011, Wesche 2004),
with an associated proliferation of bridging tetrahedra that results in an increase of the C-S-H mean
chain length (MCL - Table 3-3) (L’Hopital et al. 2015, Taylor 1997).

The chemical composition of SCM generally exhibits lower lime content than OPC, and therefore
differences in the amount and type of hydrates formed are expected (Figure 3-4a).

For cements with SCM additions with significant amounts of alumina, such as FA, an increased
formation of Al-bearing phases such as hydrogarnet, stritlingite and other hydrated calcium aluminates
is expected (Figure 3-4b). Hydrogarnet phases (C;AHg) have been detected in young blended cements
with high Al,O; (Deschner et al. 2012), but especially in older cement pastes and under high curing
temperature (Nagataki et al. 1982). The presence of strétlingite (C,ASH;) has been identified at
high quantities of FA replacement when portlandite content is depleted (Figure 3-5). According

to Damidot and Glasser (1995), these two phases are not compatible, however, the presence of
strétlingite has been observed with portlandite for a one-year old cement with 30 wt% of FA
(Escalante-Garcia and Sharp 2004).

Furthermore, experimental studies indicate that aluminium is incorporated into C-S-H tobermorite-
like structures, forming the so-called C-A-S-H phases (e.g. L’Hopital et al. 2015, Garcia-Lodeiro

et al. 2011, Andersen et al. 2006, Sun et al. 2006). A different mechamism of substitution has

been reported, i.e., tetrahedrally coordinated AI(IV) substitution at low Ca/Si ratios whereas
octahedrally coordinated Al(VI) at high ratio (L’Hopital et al. 2015, Pardal et al. 2012, Sun et al.
2006). According to Garcia-Lodeiro et al. (2011), C-A-S-H phases show a compositional range of
0.72<C/S<1.94 and 0<A/S<0.1 (Figure 3-4b), being compatible with portlandite, mono-/hemi-car-
bonates and stritlingite. The same A/S ratio was reported by L’Hdpital et al. (2015) as the maximum
limit for C-A-S-H phases, even though other authors observed higher A/S ratios up to 0.19 approx.
(Pardal et al. 2009, Sun et al. 2006).

Aluminium incorporation leads to modification of the C-S-H structure, mainly entering in the
bridging position of the silica dreierketten structure and increasing the MCL (L’Hopital et al. 2015,
Manzano et al. 2009 — Table 3-3). The impact of different FA addition on C-S-H composition in
blended cements has been evidenced by several authors (Figure 3-5).

(b)

C-A-5-H
(Garcia-Lodeiro ot al 2011)
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(Lothenbach ef al. 2011)

& st iter (C2ASH8)
. ' raetingite (i )
Siiceous hydrogamet

AFt AFm-type CIAHE C24HS CAH10

' 4 7 L A 7 4 T 4
0 10 20 30 40 50 60 70 80 80 100 0 10 20 30 40 50 60 70 &0 90 100
A0, ALO

Figure 3-4. (a) Ternary diagram (wt% based) situating the chemical constitution of the major SCM
groups (modified after Glasser et al. 1987); (b) Ternary diagram including the most common aluminium-
bearing phases occurring in cementitious materials (data from several sources). Light brown shaded
area corresponds to stability zones of C-A-S-H phases proposed by the experimental work conducted by
Garcia-Lodeiro et al. (2011), while the brown point corresponds to the suggested limits of the C-A-S-H
solid solution after Lothenbach et al. (2011).
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Figure 3-5. Modelled changes in hydrated Portland cement upon blending with fly ash, assuming complete
reaction of the Portland cement (after Lothenbach et al. 2011).

Table 3-3. Experimental parameters and characterization of experimentally obtained cement
blends with FA additions in accordance with consulted literature. Data of OPC is also included
for comparison.

System FA Age wlc C/s AIS MCL Source
(wt%) (d) (wt/wt)  (mol/mol) (mol/mol)

OPC 0 28-550 04 1.7-1.8 0.05-0.07 3.3-5.0 (a,b,c)
OPC-FA 50 28-90 0.5 14-16+04 0.15-0.16 £ 0.03 - (b)
OPC-FA 50 250-550 0.5 1.3-1.4+0.2 0.17 £0.03 - (b)
OPC-FA 30 30 - 1.57 0.2 15.6 (c)
OPC-FA 20 8 0.5 1.55 0.12 - (d)

(a) Taylor (1997).

(b) Deschner et al. (2012).
(c) Girao et al. (2010).
(d) Rayment (1982).

Pore solution

In general, the pH of the pore solution of hydrated cement pastes containing fly ash depends on the
composition of the latter in terms of alkalis, calcium, and silica (Shehata et al. 1999). The higher the
silica the higher the amount of alkalis removed from solution by the hydrates and thus the lower the
pH of the porewater. On the other hand, the higher the calcium concentration the lower the amount
of alkalis removed from the solution and therefore the higher the resulting pH.

The evolution of the composition of the pore solution of FA blended cements with hydration time is
in general similar to that of an OPC mix. However, several authors coincided in indicating important
differences that need to be considered:

» Decrease of Ca concentration in the pore solution (and the pH) after some time of hydration
compared to the reference OPC. This is related to the consumption of portlandite by the pozzolanic
reaction with fly ash (Deschner et al. 2012, De Weerdt et al. 2011, Shehata et al. 1999).

* Decrease of alkalis (Na and K) and OH™ concentration (i.e. pH) after some time of hydration
(from 7 days onwards). This is due to the enhanced binding of alkalis in the C-S-H structure (see
above) (Deschner et al. 2012, De Weerdt et al. 2011, Diamond 1981).

+ Decrease of SO,* concentrations compared to OPC not directly related to the dilution effect,
possibly due to the increase of the Al,0,/SO; ratio in the FA-containing cement (Deschner et al.
2012, De Weerdt et al. 2011).

* Increase of Al and Si concentrations compared to OPC at longer hydration time, which is
attributed to the FA dissolution (Deschner et al. 2012, Shehata et al. 1999).
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Due to the change of C-S-H composition towards lower C/S ratios and higher A/S ratios, the pore
solution shows a decreased Ca and increased Al and Si concentrations, as governed by the solubility
of C-(A)-S-H phases.

3.1.3 Impact on the properties of hardened concrete
Porosity

It is generally accepted that the pore sizes become finer as hydration proceeds (e.g. Zeng et al. 2010).
The extent of hydration and the formation of cement hydrates play a key role in the evolution

of the pore structure in cement-based materials. Even though the initial pore sizes of cements
containing fly ash are larger than OPC, after a sufficiently long hydration time (1-3 months) this
tendency is reversed (Wesche 2004) and the average pore size is reduced (e.g. Boga and Topgu 2012,
Chindaprasirt et al. 2005). For example, Gui et al. (2016) experimentally showed that a 30 % replace-
ment of OPC by FA leads to finer pores than OPC concretes (Figure 3-6) and that the pore structure
of the blended concrete has a high tortuosity and low connectivity. Pastor et al. (2016) also reported a
clear refinement of the pore size (i.e. a reduction of the contribution of large pores to the total poros-
ity) with time when adding fly ash to samples with w/b ratio of 0.5 with respect to the corresponding
OPC samples.

The total porosity is generally not reduced by the addition of fly ash. In fact, total porosity usually
increases with FA replacement at a constant w/b ratio (Pastor et al. 2016, Chindaprasirt et al. 2005).
Mercury intrusion porosimetry (MIP) measurements conducted by Zeng et al. (2010) showed

a systematic and non-negligible increase when increasing the FA replacement from 0 to 20, 40
and 60 % of total porosity in cement pastes at w/b ratio of 0.5 after 90 days of curing. The authors
obtained total porosities of 25.8, 31.5, 36.7, and 45.4 %, respectively. However, the nature, shape and
fineness of the fly ash particles may play an important role in the total porosity at a given curing time.
Sinsiri et al. (2010) showed that the finer the FA particles, the lower the total porosity. Moreover,
spherical particles seem to hydrate faster than highly irregular shaped FA, which can be attributed
to a better dispersion of the spherical particles and a higher degree of packing, leading to a reduced
porosity after 90 days of hydration (Sinsiri et al. 2010), see Figure 3-7.

Yu et al. (2017) also performed MIP measurements of OPC and FA blended cement paste samples
with 30 and 50 wt% replacement, using a water-to-binder ratio of 0.4 over a period of 3 years of
curing. Their results show that both the total and capillary porosity decrease with increasing curing
time (linearly in a semi-log scale for time). Moreover, the effect of adding 30 or 50 wt% of FA is a
clear increase in porosity compared to the OPC sample (see also Yu and Ye 2013). A 30 % replace-
ment induces an increase in porosity from 24 % for OPC to 27.5 % for the FA cement after 28 days
of curing. After 1000 days of curing the relative increase is even higher (12 % for OPC and 16.5 %
for the FA cement).

OPC-3
OPC-4
OPC-5
W<45nm
OPC-6
M 4.5-50 nm
OPC-FA-3
M 50-100 nm
OPC-FA-4
W >100 nm
OPC-FA-5
OPC-FA-6
0% 20 % 40 % 60 % 80 % 100%

Pore volume fraction (%)

Figure 3-6. Pore size distribution from mercury intrusion porosimetry (MIP) results for OPC and OPC-FA
(30 % replacement) concrete samples with w/b ratios ranging between 0.3 and 0.6 (corresponding to the
numbers after the name from 3 to 6) (adapted from Gui et al. 2016).
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Figure 3-7. Porosity of Portland cement (PC) pastes and fly ash pastes at 28 and 90 days of curing with
w/b = 0.35. (adapted from Sinsiri et al. 2010). Round-shaped and highly irregular shaped FA particles with
different sizes (coarse, medium, and fine) are shown in black and blue columns, respectively.

It should be noted that even though MIP is widely used to measure porosity in cementitious materials,
the technique has several limitations (Taylor 1997). Among others, the finest pores (smallest gel
pores below a few nm) are not accessible by this technique. In that case, if the effect of fly ash is to
produce a more refined pore structure and higher content of C-S-H, it is possible that the results for
FA cement pastes do not represent the total porosity.

Transport properties

In concrete technology, permeability and diffusion coefficient are usual indicators for the assessment
of durability of concrete structures (e.g. Baroghel-Bouny et al. 2011). It is well accepted that an
efficient way to increase the durability of concrete structures is to obtain a dense concrete with
reduced permeability and porosity. Numerous studies have been published about the durability of
fly ash concrete (Liu et al. 2017, Nath and Sarker 2011, Wesche 2004, and references therein). The
incorporation of fly ash in blended cements generally improves the resistance of concrete against the
ingress of chlorides or other external ions by reducing its permeability and/or diffusivity (Liu et al.
2017, Boga and Topgu 2012).

The permeability of concrete is intimately linked to the porosity and pore structure of the hardened
cement paste (HCP) and, to a lesser extent, to the interfacial transition zone (ITZ) between HCP and
aggregates in mortar or concrete. However, the relationship between porosity and permeability is not
straightforward. The most influential parameters on HCP permeability are the degree of hydration
and the water-to-dry mass ratio. In general, an increase of the w/c ratio leads to an increase in
permeability and a less tortuous path for diffusive solute transport.

There are several experimental studies showing that partial replacement of OPC by fly ash reduces
the permeability of concrete due to a refinement in the pore structure (Pastor et al. 2016, Baroghel-
Bouny et al. 2011, Boel et al. 2007, Thomas 2007, Wesche 2004, Thomas and Matthews 1992). On
the other hand, the experimental results of Gui et al. (2016) do not show any reduction of gas perme-
ability when replacing part of the OPC with FA. Another exception is the experimental study by
Hedegaard and Hansen (1992). According to their interpretation of the results, 1 kg of cement would
have to be replaced by ~ 3 kg of fly ash to maintain the same water tightness of the fly ash concrete.
However, they considered a curing time of 28 days, while as shown in the previous section the
refinement of porosity should continue with time. Therefore, it is likely that the benefits associated
to longer curing times could not be observed by these authors. Finally, the work by Shi et al. (2008)
also reports experimental results that do not show a reduction of gas permeability with increasing FA
content. They report an increase in permeability with fly ash content, although it is generally small,
especially for a w/b ratio of 0.35 (maximum value studied).
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During the hydration process, large voids between the cement grains are filled with hydration
products. With time, these hydration products become denser as the pozzolanic effect of fly ash in
the concrete mixture creates refined hydration products. A comparison between the permeability
of fly ash and OPC concrete samples is presented in Figure 3-8 (Thomas and Matthews 1992).
According to Baroghel-Bouny et al. (2011), the beneficial effect of fly ash on the reduction of
permeability is larger the longer the curing time. This statement has been recently confirmed using
rapid chloride migration tests (Liu et al. 2017). These authors reported systematically lower chloride
migration coefficients for longer curing times. They also showed that within the range 0-30 wt% of
fly ash replacement, the migration coefficient is lower the higher the FA replacement. A reduction of
20-25 % is reported for a FA replacement of 15 wt% compared to the OPC sample (Liu et al. 2017).
According to Krishna and Sabnis (2013), a concrete with 25 wt% FA can have a permeability that is
at least one order of magnitude lower than OPC for long enough curing times (Figure 3-9).

As stated in Section 3.1.1, the use of FA reduces the risk of cracking due to shrinkage. This reduction
can have a positive impact for improving the durability of concrete, preventing an easy access to
deleterious species from the environment.
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Figure 3-8. Permeability to oxygen of cylindrical concretes samples (15 cm diameter x 30 cm long) with
cement contents of 250, 300 and 350 kg/m’ and cured in water for 28 days (adapted from Thomas and
Matthews 1992).
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Figure 3-9. Evolution of permeability of OPC and blended cement with 25 wt% of FA replacement with
time of curing (adapted from Krishna and Sabnis 2013).
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The diffusion coefficient is another important property for long-term performance. In general,
pozzolanic concretes are more resistant to e.g. chloride ingress because they are less permeable and
less diffusive (Liu et al. 2017, Pastor et al. 2016, Boel et al. 2007). The use of fly ash increases the
resistance of concrete to chloride ingress extending the service life of reinforced concrete exposed
to a chloride environment. It is noted that chloride ingress also depends on the binding capacity
of the cementitious system, which is a function of cement composition and CI” concentration.
Chlorides can react either with C;A to form Friedel’s salt (Zhang et al. 2013, Lannegrand et al. 2001)
or with C,AF to form an analogous iron-containing salt. The concentration of OH™ ions is the key
factor affecting the extent of chloride uptake (C1/OH ratio).

Several diffusion experiments using FA concretes are reported in the literature, mostly dealing with
chloride ingress (Liu et al. 2017, Thomas 2007 and references therein). Experiments conducted on
cement pastes indicate that addition of 20 to 30 % fly ash reduces the chloride diffusion coefficient
by between 2.5 to 10 times (Thomas 2007). A replacement of 10 % of OPC with FA can reduce the
apparent chloride diffusion coefficient by 20 % (Baroghel-Bouny et al. 2011). This effect becomes
more significant with percentage of replacement (Figure 3-10) as well as with the time of curing
since the concrete containing fly ash shows substantial reductions in chloride penetrability with time.

Compressive strength

The effect of replacing OPC with increasing amounts of low-calcium FA on compressive strength
of concrete samples is illustrated in Figure 3-11(a) (for a constant w/b ratio of 0.35 — Saha 2018). It
may be observed that as the level of replacement increases the early-age strength decreases, which
agrees with other related studies (e.g. Balakrishnan et al. 2013).

However, samples containing FA reached at least 82 % of OPC compressive strength after one year
of curing and thus an improved strength in the long-term is expected due to the pozzolanic reaction
(Saha 2018, De Weerdt et al. 2011, Thomas 2007), as shown in Figure 3-11(b).

Alkali-silica reaction (ASR)

Under hyper-alkaline conditions, there is a risk of alkali-silica reactions (ASR) between the hydroxyl
ions in the pore solution and reactive silica in the ballast material. These reactions lead to the forma-
tion of alkali-silica gels that increase in volume by uptake of water, eventually leading to cracking of
the cementitious material. The conditions required for ASR to occur are:

i. Sufficiently high alkali content (it is thought that ASR does not occur with Portland cements
containing less than 0.6 % of Na,O alkali eq., see Massazza 1993);

ii. The presence of reactive aggregates;

iii. A sufficient source of water.

Low-alkali cements and supplementary cementitious materials are frequently used to allow alkali-
silica reactive aggregate combinations to be used in concrete without damage. SCMs are known to
control ASR expansion mainly by their capacity to reduce the alkalinity of the pore solution by bind-
ing alkalis in the C-S-H phases (Thomas 2011, Hong and Glasser 1999). SCMs with high (reactive)
silica content and a low amount of CaO and alkalis, such as silica fume (SF), are considered the most
effective to reduce ASR (Thomas and Shehata 2004).

In general, the use of low-calcium fly ash reduces the potential for ASR in concrete. According to
Thomas (2007), it can control ASR in concrete at moderate levels of replacement (20 to 30 wt%)
due to the reduced concentration of alkali hydroxides in the pore solution when FA is present.
Figure 3-12 (adapted from Massazza 1993) shows the impact of different pulverised fly ashes on
the expansion by ASR. The blends showing lower expansions correspond to the fly ashes with a
lower content of alkalis in its oxide composition and a higher surface area (fineness).
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Figure 3-10. (a) Effect of FA content on (a) the chloride penetration at different ages and percentage of FA
replacement (adapted from Thomas 2007). (b) Apparent chloride diffusion coefficient (m’/s) measured by
migration tests under an external electrical field on saturated mortar samples (w/b = 0.45), after 90-day or
180-day water curing (adapted from Baroghel-Bouny et al. 2011).
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Figure 3-11. (a) Compressive strength development of concrete samples with several FA replacements (0,
10, 20, 30 and 40 wt%) at the same w/b ratio of 0.35 (from Saha 2018); (b) Theoretical effect of fly ash on
compressive strength development of concrete (adapted from Thomas 2007).
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Figure 3-12. Expansion associated to ASR for specimens in which part of the aggregate is replaced by an
equal volume of FA such that FA/(cement + FA) = 0.3 by weight (adapted from Massazza 1993). FA = 1,
2, 3 and 7 correspond to different pulverised fly ashes, with differing oxide composition and fineness.
w/c=water-to-cement ratio. a/c=aggregate-to-cement ratio.
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Sulfate attack and carbonation

Sulfate-rich groundwater can impair long-term performance of concrete if it reacts with aluminates
and calcium hydrates to form expansive ettringite and/or gypsum. Likewise, severe damage can
originate from a combined attack by sulfate and carbonate at low temperature, leading to thaumasite
formation by reaction with monosulfate/ettringite (AFm/AFt phases, respectively), where silica from
C-S-H gel replaces aluminate.

The use of low-calcium FA can increase the resistance of concrete when exposed to sulfate-rich

soils or groundwater. It is well-known that reducing the source of aluminates and portlandite from the
cementitious matrix is one of the best ways to minimise the risk of external sulfate attack (Massazza
1993). To this end, low C;A contents are needed in the clinker. Pozzolanic cements (see Section 3.1.2)
reduce the C;A content of the clinker by dilution with pozzolana and because the pastes contain
lower amounts of available portlandite. Moreover, the finer pore structure and reduced transport
properties also increase the resistance to external sulfate attack.

Carbon dioxide dissolved in the porewater produces carbonates by consuming OH ions, thus
lowering the pH. Carbonates react with Ca** to produce calcite. The required OH™ and Ca*" ions are
obtained from portlandite dissolution and C-S-H decalcification. To some extent, carbonation is
beneficial to concrete durability because the formation of calcite entails a reduction of porosity and
diffusivity, leading in turn to a reduction of the leaching kinetics (Galén et al. 2011, Moranville et al.
2004). In turn, longer exposures or larger concentrations of dissolved carbonates in the groundwater
could also lead to gradual dissolution of C-S-H phases, with an associated increase in porosity, and
possibly to cracking (Rimmelé et al. 2008, Kutchko et al. 2007).

FA-containing cements are characterised by lower portlandite content. In this regard, it has been
reported that fly ash increases the carbonation rate compared to OPC and such increase is more
pronounced at higher levels of replacement and in poorly-cured concrete of low strength (Bouzoubaa
et al. 2010, Thomas 2007 and references therein). Liu et al. (2016) reported an increase of the
carbonation depth after 28 days from 1.1 mm for OPC to 4.4 and 7.6 mm for samples with 15 and
30 % FA replacement.

3.2 Effect of imestone addition on OPC and fly ash

blended cements
Portland-limestone cements are the most widely used cements in Europe. Two classes exist in EN
197-1 designated as CEM II/(A or B)-L and CEM II/(A or B)-LL in which the maximum contents
of limestone are 20 and 35 %, respectively. However, limestone is widely used as well in all other
European common cement types as a minor additional constituent (0—5 wt%).
Limestone content in standardised cement blends must meet normative requirements such as:
* The purity of the limestone should be greater than 75 wt% of CaCOs.

+ Its total clay content must not exceed 1.2 wt% of limestone.

* The organic content analysed by TOC must be below 0.2 and 0.5 wt% for L and LL types,
respectively.

3.2.1 Impact on the properties of fresh concrete
Workability and water segregation (bleeding)

There are conflicting results in the published literature regarding the effect of limestone additions on
water demand and workability. Much of these effects can be related to the particle size distribution
of the limestone in relation to the cement. Generally, fine limestone particles can enhance the overall
particle packing of the binder materials resulting in less space for water between the solid grains.
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Bleeding has a strong dependence on binder particles surface area. As the surface area increases, the
affinity for water absorption increases. Thus, independently of the limestone replacement, increasing
fineness of limestone decreases tendency for bleeding (Hooton et al. 2007 and references therein).

Setting time and kinetics of hydration

In general, the addition of limestone accelerates the hydration reactions and thus the setting time of
the OPC and cement blends with FA (Georgescu and Saca 2009, Péra et al. 1999). There is a consen-
sus about the fact that limestone particle size is a key factor affecting setting time of cement pastes.

Tanesi et al. (2013) observed that both initial and final setting times of mixtures with 30 wt% of
FA and 10 wt% of limestone were equivalent to OPCs. A combination of limestone and fly ash
in blended cements seems to have beneficial effects with respect to both early and late strength
development.

The presence of limestone in cementitious systems amplifies the main peak of the rate of heat of
hydration corresponding to the accelerating period. The reason is that the limestone can also partici-
pate in reactions of the aluminate phases in these systems, producing carboaluminates in contrast to
the conventional formation of sulfoaluminate hydrates (De Weerdt et al. 2011). Péra et al. (1999)
observed a doubled heat production when 50 % of CaCO;replaces OPC. The cumulative heat release
is higher in the presence of limestone, which has been associated to the increased filler effect, i.e.
additional surfaces are provided for the nucleation and growth of reaction products (Tanesi et al.
2013).

Shrinkage

Experimental evidence shows that Portland cements containing limestone (PLC) have similar
early-age shrinkage, stress development, and cracking behaviour as OPC despite the higher fineness
of the PLC (Barrett et al. 2014). In turn, the replacement of 5 wt% by limestone results in a higher
chemical shrinkage compared to FA-containing blends (Figure 3-13). This increase was observed
by several authors, who attributed it to the influence of limestone powder on the type of hydrates
formed, which in turn affects the strength development and porosity. (Deschner et al. 2012, De
Weerdt et al. 2011, Hirao et al. 2007).
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Figure 3-13. Chemical shrinkage of OPC, OPC-F1, OPC—F2 and OPC-F1 with limestone, normalised to
the mass of OPC (adapted from Deschner et al. 2012).
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3.2.2 Chemical aspects
Hydration products

The replacement of 5 wt% by limestone does not result in a significant change of the portlandite
content (Deschner et al. 2012, De Weerdt et al. 2011). A substantial increase of bound water has
been observed, which is more significant at longer hydration times. This seems to be related to the
stabilisation of water-rich hydration products, i.e. ettringite and monocarbonate.

Thermodynamic calculations as well as experimental observations indicate that in the presence

of small amounts of limestone, monocarbonate forms instead of monosulfoaluminate (Deschner

et al. 2012, De Weerdt et al. 2011, Lothenbach et al. 2008a, Catinaud et al. 2000). Experimental
measurements on PLC with 50 % of limestone substitution indicate the presence of carboaluminate
and carbosilicate after 60 days of hydration, and disappearance of signals corresponding to monosul-
foaluminate (Péra et al. 1999). Therefore, it can be expected that hydroxide and sulfate anions could
be released from AFm phases in the presence of limestone or other calcium carbonate form even at
low carbonate activity (Matschei et al. 2007a).

Figure 3-14 shows thermodynamic modelling results of the hydration evolution over time for OPC,
PC-containing fly ash or limestone, and PC-fly ash-lime ternary blend (De Weerdt et al. 2011). The
effect of limestone powder on the hydration of OPC and OPC-FA systems is noticeable already after
1 day of hydration. The type and amount of AFm and AFt phases are different in this case. In the
absence of limestone, ettringite eventually destabilises to form monosulfoaluminate, followed by
hydrogarnet. On the other hand, addition of limestone leads to the formation of monocarbonate at
the expense of monosulfoaluminate, thus indirectly promoting ettringite formation. This is due to
the reaction of CO,*> with monosulfoaluminate in the presence of portlandite to produce ettringite
and hemicarbonates. Further reaction with CO,>" transforms hemicarbonates into monocarbonates
(Taylor 1997).
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Figure 3-14. The volume of the different phases as function of time in hydrating cement pastes modelled by
GEMS (a) OPC; (b) OPC-L 95/5; (c) OPC-FA 65/35; (d) OPC-FA-L 65/30/5 (from De Weerdt et al. 2011).
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The effect of limestone powder is amplified in the FA-containing cement as limestone interacts with
the AFm phases, which content is higher (due to its lower SOs/Al,O; ratio arising from the additional
alumina). The changes in AFm phases are clearly reflected in the sulfate concentrations of the pore
solution (see next section).

Pore solution

According to consulted literature, the evolution of the system pH does not seem to be affected by
limestone additions up to 5 wt% (De Weerdt et al. 2011 — Figure 3-15a). The main difference in
pore solution composition between OPC and OPC-FA, and the limestone containing equivalents
is the sulfate concentration. Including 5 wt% of limestone in the mixture significantly increases
SO; concentration, which indicates a change in the sulfate containing AFm and AFt phases. These
observations agree with previous reports (Lothenbach et al. 2008a).

3.2.3 Impact on the properties of hardened concrete
Porosity and transport properties

According to Schmidt et al. (2009), the addition of small amounts of limestone (< 5 %) decreases
porosity of hardened concrete as it stabilises ettringite in the hydrated cement. On the other hand,
higher fractions of substitution of cement (with or without FA) by limestone lead to an increase in
porosity (Elgalhud et al. 2016, da Silva and de Brito 2015). Figure 3-16 presents a large compilation on
experimental data of the effect of limestone replacement on cement paste samples (Elgalhud et al. 2016).
It may be observed that limestone replacement levels smaller than approximately 30 % have the
effect of reducing porosity, while larger values have the opposite effect on porosity. The minimum
porosity values are reached for a replacement of ~ 15 %. The experiments by Tsivilis et al. (2000)

on cement mortars confirm this tendency with porosities of 15.3, 11.6, 12.2, 12.5, and 13.1 % for
limestone replacements of 0, 10, 15, 20, and 35 %, respectively. Figure 3-18b shows porosities for
large additions of limestone in binary and ternary systems, showing higher values than the reference
OPC samples in all cases (da Silva and de Brito 2015).

One plausible reason for this change in tendency has been explored by means of thermodynamic
modelling in Matschei et al. (2007b) and Zajac et al. (2014). Their results, presented in Figure 3-17,
indicate that there is a minimal porosity for a threshold value of limestone addition to the mix
(represented in the figure by the CO,/Al,O; solid molar ratio (C-S-H not included in the figure due
to little variation with limestone addition). The additional ettringite (AFt) formed during carbonation
increases the total molar volume of cement hydrates for small amounts of limestone replacement.
This results in an enhanced space-filling and a reduction of porosity of hardened cement pastes
(Figure 3-17). Additional replacement of limestone leads to an increased porosity in the model
(Zajac et al. 2014, Matschei et al. 2007b).
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Figure 3-15. (a) Evolution of pH of the system and (b) SO; concentration in the pore solution as a function
of curing time. OPC stands for plain cement;, OPC-L stands for cement with lime additions of 5 wt%,
OPC-FA stands for cement with FA additions of 35 wt%,; OPC-FA-L stands for cement with FA and lime
additions of 30 wt% and 5 wt%, respectively (adapted from De Weerdt et al. 2011).
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Figure 3-17. Volume changes of hydrate phases of a hydrated model mixture consisting of C;4, CH and
fixed SO3/ALL,O; ratio (= 1) against changing carbonate ratios (COy/AL,0;) at 25 °C. MS-ss stands for
monosulfate solid solution (from Matschei et al. 2007b).

Permeability of concrete is linked to the pore structure and depends on the degree of hydration

and the water-to-dry mass ratio. According to published results, small amounts of limestone addition
(<30 %) have a positive effect in reducing the water permeability of concrete, both in binary systems
with OPC and in ternary systems with OPC and FA (Figure 3-18a). Other studies have found little
impact in gas and liquid permeability (<50 % changes) for limestone replacements between 10 and

35 % compared to the OPC reference sample (Tsivilis et al. 2003). According to Ingram and Daugherty
(1991), an addition lower than 10 to 15 wt% does not have a significant effect on permeability.

In the study conducted by Tanesi et al. (2013) a significant improvement was observed in the transport
properties of fly ash concrete when limestone was added. The authors indicated that with 10 wt% of
limestone addition the measured resistance to chloride penetration increased by 50 % compared with
FA-containing mixtures with the same cement replacement but no limestone powder. On the other
hand, Irassar et al. (2001) measured chloride profiles from immersion tests in 3 % NaCl solution

of concretes samples made of OPC with 0, 10, and 20 wt% limestone replacements. The apparent
chloride diffusion coefficients determined from these profiles showed a clear increase with
increasing limestone content (up to 2 to 3 times, depending on the w/c ratio).
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The review of Tennis et al. (2011) presents experimental results from other researchers that tend to
confirm that small limestone additions (<15 wt%) can be beneficial in decreasing the diffusion coef-
ficient and/or the permeability of concrete. However, larger additions generally lead to an increase in
the (chloride) diffusion coefficient (Tennis et al. 2011 and references therein). This is also confirmed
by Ramezanianpour et al. (2009) on the basis of rapid chloride ions permeability tests.

Compressive strength

The compressive strength tends to increase slightly when 5 wt% of limestone is added to either
OPC or OPC-FA (Figure 3-19a). This is in line with the observations on the molar volume explained
in the previous section. Likewise, limestone addition also proves to affect the velocity of strength
development compared to OPC-FA, which agrees with the faster kinetics of hydration observed

for these mixtures (see Section 3.1.1). Further, in a comprehensive study by Bentz et al. (2012), a
direct relationship between compressive strength development and cumulative heat release is clearly
observed. Other works (e.g. Tanesi et al. 2013) pointed that the addition of limestone serves to partly
regain the loss in compressive strength at all ages of FA-containing blends (Figure 3-19b).
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Figure 3-18. (a) Permeability (10~ m/s) and (b) volume fraction of pores (%) obtained from scanning
electron microscopy (SEM) with backscattered electrons (BSE) image analysis for different self-compacting
concrete (SCC) mixes after 91 days of curing (adapted from da Silva and de Brito 2015). 100C: 100 % OPC;
30LE 60LF, and 70LF: 30, 60 and 70 wt% limestone filler; 30FA, 60FA, and 70FA: 30, 60 and 70 wt% fly
ash; 10FA20LF: 10 % fly ash and 20 % limestone filler; 20FAIOLF: 20 % fly ash and 10 % limestone filler;
20FA40LF: 20 % fly ash and 40 % limestone filler; 40FA20LF: 40 % fly ash and 20 % limestone filler.
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Figure 3-19. (a) Compressive strength of mortar samples of different composition at different curing times.
OPC-L: cement with 5 wt% lime addition; OPC-FA: cement with 35 wt% FA addition; OPC-FA-L: cement
with 30 wt% FA and 5 wt% lime additions (adapted from De Weerdt et al. 2011); (b) Compressive strength
development for mixtures containing Class F (low Ca content) fly ash (adapted from Tanesi et al. 2013).
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The strength can be maintained or even increased in pastes containing up to 10 wt% limestone (Péra
et al. 1999). However, lower compressive and flexural strengths are obtained for cement systems
with higher limestone replacement (Bederina et al. 2011, Péra et al. 1999 — Figure 3-20a). Lollini

et al. (2014) studied the compressive strength properties of OPC with ground limestone replacements
of 15-30 wt% of binder at different w/b ratios (0.42-0.61) and binder content (250400 kg/m’).
They reported lower compressive strengths for PLC with 15 and 30 % compared to OPC at the
same curing time and w/b ratio (Figure 3-20b). Such decrease is maintained in limestone containing
mixtures even at different w/b ratios compared to OPC.

Sulfate attack and carbonation

According to Irassar (2009), the risk of external sulfate attack of mixtures containing limestone
filler is associated with the resistance to the ingress of sulfate ions, the same as in OPC samples.
This means that the governing factor is the transport properties of concrete. Therefore, when a low
proportion (<15 wt%) of limestone is used, no significant changes occur in sulfate resistance mixes
compared to OPC. On the other hand, a large proportion (> 15 wt%) can impair sulfate resistance
(Irassar 2009). The reaction sequence in cement blends with limestone is essentially the same as
in the case of OPC, with the main difference that, at later stages, thaumasite is formed from the
decomposition of the ettringite first formed at ambient temperature. Schmidt et al. (2009) indicate
that Portland cements containing a few percent of limestone show a better resistance against sulfate
attack. The availability of aluminate hydrates and calcium hydroxide in the paste is similar to the
samples with no limestone. However, at low levels of filler replacement, porosity is reduced, leading
to a lower diffusivity and thus to a better resistance against sulfate attack.

Regarding carbonation, limestone-containing binary cements tend to slightly reduce the buffering
capacity towards external subsequent carbonation (e.g. atmospheric carbonation) as a result of lower
portlandite content (Matschei et al. 2007b). Dhir et al. (2007) reported a considerable negative impact
of the addition of limestone on carbonation depth (Figure 3-21a). Lollini et al. (2014) also observed
that higher degree of carbonation is obtained in Portland-limestone cement (PLC) systems compared
to OPC. They reported more than double carbonation in specimens with 30 wt% of limestone addi-
tions compared to OPC at 28 days of hydration (Figure 3-21b). These results are comparable to the
ones reported by Liu et al. (2016) for FA-containing cement samples (see Section 3.1.3).

Although the present literature review has not found related works on ternary PC-FA-L blends, it

is expected that the combination of FA and limestone leads to materials with a reduced portlandite
content and thus with higher sensitivity towards carbonation. Nonetheless, the reduced porosity from
calcite formation could at least in part compensate the loss in buffering capacity.
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Figure 3-20. (a) Compressive strength as a function of the limestone wt% replacement (adapted from
Bederina et al. 2011). (b) Compressive strength of concrete as a function of curing time, w/b ratio, type of
binder and binder dosage (e.g. 0.42/400 means w/b = 0.42 and b = 400 kg/m’) (adapted from Lollini et al.
2014).
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Figure 3-21. (a) Carbonation resistance of OPC concretes with different levels of replacement by limestone
at equivalent w/c ratio considering an exposure to 0.035 % CO, for 1 year (adapted from Dhir et al. 2007).
(b) Accelerated carbonation coefficient of concrete (K cc accounting for carbonation depth from acceler-
ated tests) as function of curing time, w/b ratio, type of binder and dosage: 0.42/400 means w/b = 0.42 and
b = 400 kg/m’ (adapted from Lollini et al. 2014).

3.3 Effect of water-to-cement ratio on concrete properties

The concrete with w/c ratio of 0.63 has different mixing proportions to the previously modelled
concretes for the BHK vault. To characterise its transport properties, a literature review is presented
here that is based on referenced methodologies in previous SKB reports and recent experimental data
as well as analytical models available.

3.3.1 Porosity

There is a large body of experimental data relating the w/c ratio of a concrete mix to its resulting poros-
ity after hydration. However, this relation can be significantly affected by the concrete mix design: mass
of water, cement, and aggregates, chemical composition of cement, or possible additions and additives.
The focus here is on the effect of w/c ratio on porosity. To this end, a review of different available poros-
ity models that use the w/c ratio as a parameter is presented below.

First, the semi-empirical model presented by Hoglund (1992) for OPC is presented. The model is based on
a set of equations to calculate the capillary (cap), gel (gel), and contraction (cont) porosity values:

(w,—0.39-a-c¢)

W —039-a-9) (3-1)
¢ p pwater
(gt = 0.15 - 0.90 - —— (3-2)
pWater
a-c
beone = 0.0625 - (3-3)
pWater

In the above equations, a is the degree of hydration, ¢ the cement content (kg/m?), w, the water content
(kg/m?), and py.. the density of water (kg/m®). It is noted that the total capillary porosity is the sum of
Peap T Deon- The density of the cement clinker is assumed to be 3100 kg/m’. The parameter 0.39 is the
minimum wy/c ratio for complete hydration after Hoglund (1992). The total porosity is given by:

¢tot = ¢cap + ¢ge1 + ¢cont (3_4)

The parameters used for the concrete mix from the 1BMA vault in the SFR repository presented e.g. in
(Hoglund 2001, 2014) are wy/c =0.47, w,=164.5 kg/m®, ¢ =350 kg/m’. These values yield a total poros-
ity 0of 0.0991 (similar to Hoglund 2001) when o =0.97.

The second porosity model is the well-known Powers model (Powers 1960, Jensen and Hansen 2001b).
This model for OPC cement pastes is based on a mass and volumetric balance of the components (water,
hydrated phases and unhydrated binder) and calculates porosity as the sum of gel, capillary and chemical
shrinkage contributions, yielding:

w w
Bt = ——— 053 @ (1 — ) (3-5)
ot 24032 24032

SKB R-19-14 31



This model results in a porosity of 0.38 for a hardened cement paste with a w/c ratio of 0.47 and
considering full hydration (a = 1). This results in a value of 0.1132 for the studied concrete mix (see
Equation 4-14).

The third model is based on volume differences between reactants and reaction products (Lothenbach
et al. 2010b) and the hydration model presented by Hoglund (1992). The hydration model is based
on a set of predefined chemical reactions with sequential corrections to calculate the volume of
hydrates from the unhydrated cement composition (clinker phases). This approach uses as input the
aggregate and unhydrated cement volume in the mixture. Porosity is evaluated as the empty volume
left considering aggregates and unhydrated and hydrated cement phases. Thus, this third model is
more complete in the sense that it accounts for a higher number of parameters (aggregates and
unhydrated clinker volumes, see Equation 3-6).

Vclinker,O + Vwater,O — Vclinker,h — Vhydrates,h

Dror = (3—6)

Vclinker,o + Vwater,O + Vaggregate
First, the hydration model is used to calculate the volume of hydrates from the concrete mix (using the
Degerhamn Anlidggningscement presented in Chapter 4 and previously by Hoglund 2001). Porosity
is simply the difference between total and solid volume fractions. The results of the hydration model
are presented in Table 3-5. The resulting porosity is 0.105.

Porosity values resulting from the three models presented above are summarised in Table 3-4 for
comparison purposes. A relatively good agreement is found between the three models.

Table 3-4. Summary of porosity values (m*m?®) for an OPC concrete with w/c = 0.47, as obtained
with different models, and comparison with previously reported values. Total capillary porosity
is the sum of capillary and contraction pores.

Model for estimating porosity Modelled results*

Capillary pores 0.032 (0.03)
Gel pores 0.046 (0.047)
Contraction pores 0.021 (0.022)
Total porosity 0.099 (0.099)
Powers model 0.113

Volume difference model 0.105

* In parentheses, the values reported by Hoglund (2014).

Table 3-5. Results of the hydration model presented by Héglund (1992) in terms of cement
hydrates. Composition of OPC before and after hydration. Values in parentheses extracted
from Hoglund (2014).

Clinker composition (wt%) Hydrated products (mol/L porewater)
C:S 64.4 CsFHs 1.0184 (1.020)
C,S 10.9 C3AHs 0.2422 (0.2424)
C:A 2.5 Monosulfoaluminate 0.9714 (0.9722)
C,AF 13.9 Ettringite 0 (0)
CS8H, 3.7 C-S-H1.8 12.3573 (12.39)
CaCO;, 0.9 Portlandite 10.4382 (10.48)
Brucite 0.6140 (0.6149)
Calcite 0.31791 (0.6367)

The relation between w/c ratio and porosity as calculated with the models presented above is plotted
in Figure 3-22. Porosity is calculated using the three different cement contents (280, 320, and

350 kg/m’). The volume differences model (third model) is used to calculate porosity for w/c ratios
0f 0.47 (Table 3-4) and 0.63 for due to the fact that the hydration model (Hoglund 1992) needs to be
calculated on a case-by-case basis. Calculations related with the concrete mixes with w/c=0.63 can
be found in Appendix D.
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A nearly linear relation can be observed in Figure 3-22 for w/c ratios higher than 0.4. The calcula-
tions consider a degree of hydration equal to 1. The different models yield comparable values, although
at high w/c ratio (0.63) the volume differences model predicts a lower porosity compared to the other
two models. This may be due to a larger volume of hydrates in this case compared to what is
assumed in the semi-empirical models.

3.3.2 Permeability

Numerous studies about the impact of water-to-cement ratio on cement paste and concrete perme-
ability can be found in the literature (Ahmad et al. 2012, Nokken and Hooton 2008, Halamickova
et al. 1995, Lagerblad and Tragardh 1995). The common trend between these different studies is
the increase of permeability with an increase in w/c ratio. However, a significant dispersion can be
observed in the results when comparing different sources. This is due to the different experimental
conditions considered in each study, the different setups to measure permeability, and the different
materials (cement paste or concrete, mineral additions, etc). The compilation of recent experimental
data presented below relating permeability of concrete to w/c ratio is based on the studies presented
by Nokken and Hooton (2008) and Ahmad et al. (2012). Using an exponential type fitting curve on
the average values, a concrete with w/c ratio of 0.63 should be around 1x 10" m/s (Figure 3-23).
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Figure 3-22. Porosity (-) as a function of w/c ratio for concrete mixes with different cement contents as
calculated with three different models.
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Figure 3-23. Hydraulic conductivity (m/s) as a function of w/c ratio: experimental data from Nokken and
Hooton (2008) and Ahmad et al. (2012) and curve fitting (this work).
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This value is close to that defined for intact concrete (1 x 107" m/s) in previous SKB reports
(Hoglund and Bengtsson 1991). Modelled values for the BHK vault take into consideration the
effect of traversing fractures in the concrete structure from the beginning, yielding an initial value
of 8.30 x 107" m/s. The formulation used to calculate the hydraulic conductivity of the fractured
concrete is detailed elsewhere (Hoglund 2014). This formulation is sensitive to the presence of
fractures due to their very high hydraulic conductivity (1.0 x 10~ m/s or higher) compared to intact
concrete. This fact reduces the impact of the hydraulic conductivity of intact concrete to the value
of fractured concrete. The hydraulic conductivity value considered at present by SKB for intact
concrete is 1 x 107" my/s.

3.3.3 Effective diffusion coefficient

In general, the effect of increasing the w/c ratio of cementitious materials is an increase in the effective
diffusion coefficient (Patel et al. 2016). Reviewed experimental data are based on the works of Larbi
et al. (2016), Spiesz and Browers (2013), and Yeih et al. (1994); all of them showing an increase
in diffusion coefficient with increasing w/c ratio. Irassar et al. (2001) also determined the apparent
chloride diffusion coefficient from immersion tests of concrete samples for different w/c ratios.
The diffusion coefficient values for w/c ratios of 0.4, 0.5, and 0.6 were 5.0 x 1072, 6.9 x10™'%, and
25.7x 10> m%/s, respectively. This means an increase of 3.7 times when increasing the w/c ratio
from 0.5 to 0.6. Larbi et al. (2016) measured the effective diffusion coefficient of tritiated water
(used as conservative tracer) in cement mortars with a sand volume fraction of 50 % and different
w/c ratios. The effective diffusion coefficient values for w/c ratios of 0.3, 0.35, 0.4, and 0.5 were
721107, 1.50x 1072 1.45x 107", and 2.68 x 10"'? m?/s, respectively. This means an increase of
1.84 times when increasing the w/c ratio from 0.4 to 0.5.

The recent review of diffusivity experimental data carried out by Patel et al. (2016) confirm these
findings. They compiled experimental data on hardened cement pastes, mortar, and concrete for
different w/c ratios measured by different techniques. Clear trends between diffusivity and w/c ratio
were determined, fitted using an exponential law. For example, fitting of the data obtained on cement
pastes using the through-diffusion technique show an increase from 3.3x 107 to 1.2x 107" m?/s
(assuming a diffusivity in free solution of 1x 10 m?/s) for an increase of the w/c ratio from 0.47 to
0.63, i.e. an increase of 3.6 times. For mortar and concrete, relatively larger scatter of experimental data
as compared to cement paste is observed. This scatter, more significant at low w/c ratios was attributed
to differences in cement compositions, curing, maturity and experimental protocols and techniques
(Patel et al. 2016).

An interesting study is the compilation of diffusion coefficients by Deby et al. (2009). They proposed
a simple expression to fit a set of 40 experimentally determined chloride diffusion coefficients as a
function of porosity of cement paste (Figure 3-24).
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Figure 3-24. Effective diffusion coefficient (m’/s) of cement paste as a function of porosity: experimental data
for OPC (see references in Deby et al. 2009) and empirical Equation 3-7 (adapted from Deby et al. 2009).
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This empirical relation reads
De,hcp = el3¢hm_31 (3-7)

where D, ., and ¢y, are the effective diffusion coefficient and porosity of hardened cement paste,
respectively. Deby (2008) calculated porosity as a function of the w/c ratio (see also Section 3.3.1)
of each sample using the well-known Powers model (e.g. Taylor 1997):

w/c w/c )

wic +03z 033 —exp(=33-w/c)] (1 “w/c+032

d)hcp = (3-8)
They furthermore calculated the diffusion coefficient of concrete from the cement paste value (assum-

ing a non-diffusive ballast) and the relation previously proposed by Bruggeman (1935):

3/2
De,conc = De,hcpvhép (3-9)

where vy, (-) is the solid volume fraction of hardened cement paste. It is noted that other researchers
have found that the exponent in Equation 3-9 is much closer to 1 than to 3/2, resulting in a linear rela-
tion between diffusivity and ballast content (Larbi et al. 2016, Patel et al. 2016).

Plugging in Equations 3-7 and 3-8 into Equation 3-9, an expression of the diffusion coefficient of concrete
as a function of w/c ratio and aggregate volume fraction (1 — v,) is obtained. This expression is plotted in
Figure 3-25 considering an aggregate volume fraction of 0.7 m*/m’ of concrete, which is a typical value
for concrete. This empirical function agrees well not only with the experiments reported by Deby et al.
(2009), but also with more recent available experimental data compiled as part of the present study
(Yeih et al. 1994, Irassar et al. 2001, Spiesz and Brouwers 2013, Kim et al. 2014, Larbi et al. 2016).
Following the approach by Spiesz and Brouwers (2013), the data from Irassar et al. (2001) has been
transformed into effective diffusivity by multiplying by concrete porosity and assuming a retardation
factor of 1. Concrete porosity is estimated from w/c ratio using Equation 3-8 and an aggregate volume
fraction (assumed to be non-porous) of 0.7. In turn, the results of Kim et al. (2014) are also multiplied
by concrete porosity (reported in the paper) to obtain the effective diffusivity.

The value of the effective diffusivity for a w/c ratio of 0.6 given by this empirical function is approxi-
mately 3.5 1072 m?/s. This value is only slightly higher than the one used in previous studies (Héglund
2014, Idiart and Shafei 2019) for an intact concrete with a w/c ratio of 0.47, i.e. 3x 107> m*/s. Hoglund
(2014) proposed a simple model to account for the effect of traversing fractures and calculated a value
of 3.5x 107> m%s for concrete with one traversing fracture per metre with an aperture of 10 microns.
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1E-11 L O Spiesz & Brouwers o

F A Yeih etal. A

[+ Kim et al. Q

D, (m?/s)

1E-12

1E-13 . .
0.2 0.4 0.6 0.8

w/c ratio (-)

Figure 3-25. Effective diffusion coefficient (m’/s) of cement paste as a function of w/c ratio: experimental
data from Larbi et al. (2016), Irassar et al. (2001), Yeih et al. (1994), Spiesz and Brouwers (2013) and Kim
et al. (2014), and empirical formula by Deby et al. (2009).
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In previous studies by SKB (Hoglund and Bengtsson 1991), the effective diffusion coefficient of
concrete was characterised by the following equation:

D =¢ - Dg - 6q/7? (3-10)

where ¢ is the porosity (-), D, (m?/s) the diffusivity in unconfined water, d, (-) is a constrictivity
factor describing the number of narrow passages in the pore structure, and 7 (-) is a tortuosity
factor. Hoglund and Bengtsson (1991) assumed a porosity of 0.15, a value of 5,/ of 0.01, and
D,=2x10" m?s, resulting in an effective diffusion coefficient of 3 x 10™'> m*/s for intact concrete.
However, the w/c ratio is not specified in that work.

In 2000 and 2011, two inspections of the concrete structures of the SFR repository were undertaken
(see Hoglund 2014 and references therein). Based on the fractures data from the inspections and the
model presented by Hoglund (2014) to account for the effect of traversing fractures on diffusivity,
an overall effective diffusivity of the concrete walls in IBMA between 3.14 and 3.5 x 10'* m?/s was
found (assuming that intact concrete has a D, of 3 x 107> m%/s).

The experimental data and calculated values of the effective diffusion coefficient for different w/c
ratios presented above show a relatively large dispersion. This analysis seems to indicate that the
value of 3.0 x 10> m?/s used so far for an intact concrete with a w/c ratio of 0.47 may also be suited
for a w/c ratio of 0.63.

3.4 Conclusions

Table 3-6 provides a summary of the impact of fly ash addition, when used at moderate levels of
replacement, on the properties and durability performance of concrete. For comparison, the effects
of adding limestone to cementitious systems (with or without FA) are also included to highlight the
most remarkable differences expected between cement compositions.

Overall, the effect of increasing the water-to-cement ratio of an OPC mix is to increase porosity and
decrease the amount of cement hydrates per unit volume of concrete. As a result of the more porous
microstructure, the hydraulic conductivity and effective diffusivity are also increased. Consequently,
durability of mixes with high w/c ratios is lower.
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Table 3-6. Summary of the impact of fly ash addition (moderate levels of replacement) and limestone on the properties and durability performance of concrete.

Property / Parameter

Effect of siliceous fly ash addition on PC

Effect of limestone addition on PC and PC-FA

Rheological properties and
water demand

Water segregation (bleeding)
Shrinkage

Setting time
Heat of hydration

Portlandite content
Bound water
Hydration products

Pore solution

Compressive strength

Permeability and porosity

Chloride penetration

Alkali-silica reaction (ASR)
Sulfate attack

Carbonation

Improved workability and reduced water demand

Reduced rate and amount of bleeding

Reduced plastic, drying and autogenous (at w/c ratio approx. >0.4) shrinkage; increased

chemical shrinkage
Extended setting time and delayed initial and final set of concrete

Lowered maximum heat dissipation rate and total amount of heat evolved

Decreased portlandite content in the long term compared to OPC
Increased bound water

- Increased formation of more polymerised C-S-H gels with low Ca/Si ratio
- Higher A/S ratios: Al enters C-S-H forming C-A-S-H gels

- Reduction of ettringite content in favour of AFm precipitation

- Other Al-containing phases are stable: hydrogarnet phase at longer curing time and
stratlingite at higher FA content

- Decreased Ca concentrations and pH after few days of hydration by pozzolanic
reaction.

- Decreased Na, K, and OH™ concentrations by C-S-H and C-A-S-H formation
- Decreased sulfate conc. due to increased total Al,O4/SO; ratio

- Increased Al and Si concentrations

Reduces early strength development and increases the long-term strength

Reduces the permeability of concrete due to a refinement in the pore structure

Increase the resistance to chloride diffusion and reduces potential steel corrosion in
reinforcements

Reduces the potential ASR in concrete and its potential expansion
Increase the resistance to sulfate attack

Fly ash increases the carbonation rate compared to OPC being more pronounced at
higher levels of replacement

Effect related to particle size distribution

Effect related to particle size distribution

Slightly increases chemical shrinkage on PC-FA systems. No signifi-
cant influence on PC

Limestone powder accelerates PC setting time and mitigates the
excessive setting time delays produced in PC-FA cement blends

Limestone amplifies the maximum heat dissipation rate and the total
amount of heat evolved in binary and ternary blends

No significant changes in PC or PC-FA cements
Increased bound water

- Limestone stabilises AFm-CO; phases: hemicarbonate at early ages
and monocarbonate at longer times.

- Destabilization of AFm-SO, and promotion of ettringite
- Formation of solid solutions from the partial replacement of hydroxyl
anions by sulfate and carbonate

- Significantly increased of sulfate concentration compared to PC and
PC-FA blends due to changes in the sulfate-containing AFm and AFt
phases

- No relevant changes are noticed for other cations or pH

- Increases compressive strength with < 5 wt% limestone and
decreases it above this value of replacement

- Improves early strength development lacking in FA-bearing cement

Limestone addition up to 5 wt% reduces permeability and porosity
due to a volume increase of hydrate phases. Higher additions have an
opposite effect

Significant improvement of the resistance of fly ash concrete when
limestone is added

No significant change reported

Similar resistance against sulfate attack than OPC. Low level of
replacement (< 5 wt%) can increase resistance to sulfate attack.

Limestone addition decreases the resistance to carbonation, but it is
overweighed by a reduced permeability at low levels of replacement.







4 Thermodynamic modelling of cement hydration

Modelling of cement hydration from its fresh state towards hardened cement paste is a challenging
task. Different methods and approaches have been proposed in the past and are currently used to
determine the chemical composition of the material and its microstructure. A comprehensive review
of models that simulate the development of cement paste microstructure during hydration is presented
elsewhere (Thomas et al. 2011).

In this work, focus is on long-term performance of hardened concrete used as engineered barriers. In
this context, the motivation of using a hydration model is to predict the mineral phase assemblage and
porewater composition of the hardened material starting from a concrete mix design. Calculation of
the development of the microstructure during hydration is thus not an essential feature in this work.
If a different concrete mix is used, for example replacing part of the cement by a supplementary
cementitious material or changing the water-to-cement ratio, the hydration model can be used to
estimate the chemical composition of the hardened material.

Several models have been proposed in the past to estimate the mineral phase assemblage of the
hardened material starting from the mix design (e.g. Jennings and Tennis 1994, Hoglund 1992).
These models provide concentrations of the main cement hydrates of the hardened material as

a function of time and the composition of the cement clinker and w/c ratio. They are based on

a pre-defined sequence of chemical reactions starting from clinker dissolution and ending up in
formation of cement hydrates. However, these models do not solve these chemical reactions based
on the law-of-mass-action, as in traditional geochemical simulators (Parkhurst and Appelo 2013).
Consequently, they do not provide any information on the porewater composition.

More recent advances in thermodynamic modelling applied to cement science have significantly
increased confidence in the prediction of cement hydration chemical processes. To this end, geochemi-
cal simulators, such as GEMS or PHREEQC can be used, coupled to cement-specific thermodynamic
data. Reviews of recent advances in this field can be found elsewhere (Lothenbach et al. 2011,
Damidot et al. 2011, Lothenbach et al. 2010a). For instance, Lothenbach et al. (2008b) studied

the influence of temperature on cement hydration using thermodynamic modelling. Their results
compared very well with experimental data of hydration experiments. The effects of supplementary
cementitious materials (SCM) on cement hydration have also been addressed with thermodynamic
modelling (e.g. Elakneswaran et al. 2016, De Weerdt et al. 2011, Lothenbach et al. 2011). An attempt
to couple thermodynamic modelling of cement hydration to a microstructure development model has
been proposed by Bullard et al. (2011).

The basic principle of thermodynamic modelling of cement hydration is to consider that the clinker
phases and SCM dissolve under kinetically-controlled conditions when contacted with water. The
formation of cement hydrates is generally much faster than the dissolution of the clinker. Therefore,
precipitation reactions are considered under thermodynamic equilibrium conditions. The advantages
of this approach are that not only the concentrations of cement hydrates are obtained, but also the
porewater composition. Moreover, these models can be more easily adapted to variations in the
cement mix design. Finally, the outcome of the model at a given hydration time can be directly used as
input for reactive transport models of long-term performance of cementitious barriers, as in this work.

41 Conceptual models and numerical implementation

Different models can be found in the literature to quantify the dissolution rates of the clinker phases
of unhydrated cement. The phenomenological approach developed by Parrot and Killoh (1984) is
used in the present work, based on the extensive work performed by Lothenbach and co-workers on
this topic (e.g. Lothenbach et al. 2008a, b, Lothenbach and Winnefeld 2006). With this approach,
the dissolution of the four main clinker compounds (i.e. C;S, C,S, C;A and C,AF using cement
chemistry notation) is described independently. The overall hydration degree is calculated from the
degree of hydration of each clinker phase (o;) and its mass fraction (f;) as follows:

a¢(hyd) = fe sac,s + fo,s0c,s + fo,ac,a + fo, artc,ar 4-1)
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The overall degree of hydration o,(hyd) of cement — defined as the ratio of mineral reacted to its ini-
tial content — is assumed to be the sum of the degree of hydration of the single cement constituents.
Based on X-ray measurements, Parrot and Killoh (1984) derived empirical expressions to explain the
controlling rate of hydration of a single clinker compound. The dissolution rate at a given time is set
as the minimum from a set of three rates corresponding to different mechanisms and defined as:

K
Nucleation and growth: R, = N—l (1 - a)[~In(1 — a,)]@"ND (4-2)
1

K,(1 - at)2/3

Diffusion: R2 = m
t

(4-3)

Shell formation: R3 = K5(1 — a,)™3 (4-4)

In these equations, the empirical parameters K; and N; are based on the work by Parrot and Killoh
(1984) and optimised by Lothenbach et al. (2008b). The rate of hydration degree (days ') for a single
clinker constituent is calculated as:

A ﬁ(l_l)
Rpya = min(Ry, Ry, R3) - fiy/c - Bru T eRT\To T (4-5)
0

In the above equation, R is the universal gas constant (8.314 J-mol™-K™"), 7 (K) and T, (293.15 K)
are the absolute and reference temperatures, E, (J/mol) is the activation energy, and 4 and 4, (m*/kg)
are the surface area of the actual cement and a reference value, respectively. The value of 4, is
385 m%/kg (Dalziel and Gutteridge 1986), while the value of 4 for each cement type is given in
Table 4-3. Finally, Bry (-) is an empirical parameter that takes into account the influence of relative
humidity (RH):

Bry = (RHO;(;SS)AL (4-6)

In the present study, RH remains equal to 1 throughout the simulation and thus Bgy= 1. The kinetics
of hydration is strongly dependent upon the water-to-cement ratio (w/c). At advanced states of
hydration, the lack of larger pores available for hydration products formation may lead to the cease
of the process. Therefore, Parrot and Killoh (1984) included a function f,, that relates the influence
of w/c ratio to the rate of hydration according to the following relation:

(4-7)

w/c

_ {[1 +3333 (H% - at)r lap > H%
1 | otherwise

In this equation, H stands for the critical degree of hydration of each clinker constituent (Table 4-1).
The degree of hydration at a given time in days for each clinker phase is then expressed as:

0(t = O(t_l + At Rt—l (4_8)

The overall rate of cement hydration is then calculated by means of weighted averaging as shown in

Equation 4-1.

Several hydration models have been developed and implemented in PHREEQC to account for
different types of cement compositions and/or mixing conditions. In particular, the following
hydration models are presented:

1. Anldggningscement (CEM 142.5 N — SR 3 MH/LA) with a w/c ratio of 0.47.
2. Anliggningscement (CEM 142.5 N — SR 3 MH/LA) with a w/c ratio of 0.63.
3. Bascement Slite (CEM II/A-V 52.5 N) with a w/c ratio of 0.47.
4

. Anliggningscement (CEM 142.5 N — SR 3 MH/LA) containing limestone and dolomite addition
with w/c ratio of 0.49.

Free lime, alkali sulfates, and gypsum initially present in the unhydrated system have no kinetic con-
straints and their dissolution is defined from thermodynamic equilibrium with the porewater. Clinker
minerals are uniformly and progressively dissolved as a function of time according to previously
shown equations, releasing chemical species to the pore solution which give rise to precipitation/
dissolution reactions of hydrated phases during the course of the hydration process.
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Fly ash dissolution is also kinetically controlled. The reaction rate adopted in this study is obtained
from the experimental study conducted by Ben Haha et al. (2010):

y =—-15+10In(t + 4.5) (4-9)

where y stands for the percentage of reacted FA (wt%) and ¢ for time (in days). The composition of
the hydrate assemblage was predicted based on the degree of reaction of the cement clinker phases
together with that of fly ash as a function of time. It is noted that, all constituents of both the clinker
phases and the fly ash are assumed to dissolve homogeneously.

The addition of limestone to the concrete mix is also studied here. Dissolution of limestone (calcite)
is assumed under thermodynamic equilibrium.

Numerical calculations are performed at a constant temperature of 25 °C using PHREEQC v.3.3.3
(Parkhurst and Appelo 2013). The reactions described above for dissolution of the clinker phases are
implemented as kinetic reactions, while cement hydrates are assumed to form under thermodynamic
equilibrium. The thermodynamic database used in the simulations is a PHREEQC-compatible
version of Cemdata07 (Lothenbach et al. 2008, Jacques 2009) with supplementary thermodynamic
data (for more details, see Sections 4.1.1, 4.1.3 and 4.1.4) and using the extended Debye-Hiickel
model for ionic strength correction.

411 Cementitious initial phase composition

The list of parameters used to calculate the kinetics of dissolution of the individual clinker phases as
a function of time are gathered in Table 4-1.

Table 4-1. Summary of parameters used in the calculations for the different clinker phase
hydration after Parrot and Killoh (1984) and Lothenbach et al. (2008b).

Mechanisms Parameter Alite Belite Aluminate Ferrite
Nucleation and growth Ky 1.50 0.50 1.00 0.37
N, 0.70 1.00 0.85 0.70
Diffusion K, 0.05 0.02 0.04 0.015
Shell formation Ks 1.10 0.70 1.00 0.40
N3 3.30 5.00 3.20 3.70
H 2.00 1.55 1.80 1.65
E, (J/mol) 41570 20785 54040 34087

Two different cement compositions from the manufacturer CEMENTA are analysed, i.e.
Anlédggningscement — an ordinary Portland cement (CEM-I) and Bascement Slite — a blended
Portland cement with addition of fly ash (CEMENTA 2015). Compositions of both types of cement
as provided by the manufacturer are shown in Table 4-2. The fly ash chemical and crystalline
composition is not provided by the manufacturer. Therefore, the composition of fly ash is obtained
from De Weerdt et al. (2011), based on class F siliceous fly ash.

The calculated composition and parameters used as input data for modelling the hydration of the
different cements is shown in Table 4-3. Note that the mineral composition of Bascement Slite was
not fully provided by the manufacturer and thus it was calculated from Bogue’s formulas (Bogue
1929). To obtain the initial clinker composition to be used as input data in the model, fly ash chemi-
cal composition was deduced from the total oxide cement composition assuming 12.3 % by mass
replacement.
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Table 4-2. Chemical and mineral composition (wt%) of Anlaggningscement and Bascement
Slite (data provided by manufacturer). Fly ash chemical and crystalline composition used in
Bascement Slite as SCM addition (from De Weerdt et al. 2011).

Component Anlaggningscement Bascement Slite Fly ash
Nomenclature (weight%) CEM142.5N - SR 3 MH/LA CEM Il/A-V 52.5 N Class F siliceous FA
CaO 64 56.3 6.3
Sio, 21 235 50.0
Al,O, 3.5 6.4 23.9
Fe,O; 4.6 34 6.0
MgO 0.7 26 2.1
K,O 0.62 1.2 1.36
Na,O 0.07 0.3 0.58
SO, 2.2 3.5 0.40
Cl <0.1 <0.1 -
Free CaCO; 0.9 - -
C,S 64.4 - -
C,S 10.9 - -
C,A 2.5 54 -
C,AF 13.9 - -
CS8H, 3.7 - -
CaCO0,+CS8H, 4.6 4.8 -
Alkalis, N+K 0.7 1.1 -
Fly Ash - 12.3 -
Quartz - - 12.3
Calcite - - 0.4
Hematite - - 0.6
Anhydrite - - 0.4
Mullite - - 18.3

Table 4-3. Initial cementitious composition and parameters used as input data for the hydration
modelling (composition is given in mol/kgw).

Hydration model 1 2 3 4
Nomenclature Anlaggningscement Anlaggningscement Bascement Anlaggningscement +
(mol/kGuwater) (w/c =0.47) (w/c =0.63) Slite Limestone/Dolomite
C;S 6.001 4.477 5.502 5.756
C,S 1.347 1.005 0.644 1.292
C,A 0.197@ 0.147 0.425 0.189
C.,AF 0.609 0.454 0.355 0.584
K,O® 0.136 0.101 0.149 0.130
Na,O® 0.022 0.016 0.049 0.021
MgO® 0.369 0.276 1.236 0.355
SO,® - - 0.332 -

Ca0o 0.1910 0.1425 - 0.1832
CaCoO;, 0.1913 0.1427 0.3751 0.1835
CaS0,2H,0 0.4572 0.3411 0.3751 0.4386
K;SO, 0.0042 0.0031 0.0824© 0.0040
Na,SO, 0.0022 0.0017 0.0282¢ 0.0022
CaMg(CO,), - - - 1.1517
FA - - 0.4432 -
Limestone (added) - - - 8.2834
w/c ratio 0.47 0.63 0.47 0.32¢)
T (K) 298 298 298 298
RH 1.00 1.00 1.00 1.00
Blaine surface (m?%kg)® 310 310 450 310

(a) Maximum value assumed to be close to 100 %. (b) Present in major clinker phases as minor constituents. (c) Included
additional 3 wt% (after Taylor 1997) from alkali readily soluble in FA composition. (d) Main composition of Myanit10® product,
manufactured from a crystalline dolomite in Sala, Sweden. (e) Limestone and dolomite additions assumed as binder (see
Table 4-7). (f) Data from cement producers.
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Alkali distribution

The alkali content in the mix is distributed within oxides present in the unhydrated clinker minerals
and readily soluble sulfates. According to Taylor (1997), a certain specific percentage of the total Na,O
and K,O content can be assumed to be readily soluble alkali sulfates (30 and 70 wt%, respectively).
However, the amount of gypsum (CaSO,-2H,0) in Anldggningscement, as provided by the manufac-
turer, is significantly high. Thus, only a small amount of SO, was assumed here to be initially present
in K,SO, and Na,SO, for Anldggningscement (Table 4-2). Most of the alkali content was included
as oxides, specifically distributed between the clinker phases according to Table 4-4. These oxides
(Na,O and K,O, but also MgO and SO;) are gradually released in solution during hydration, as
clinker minerals dissolve (Equations 4-1 to 4-8).

Note that thermodynamic data of K,SO, and Na,SO, are missing in CEMDATAO07 and therefore the
equilibrium constants reported by Robie and Hemingway (1995) have been used instead, as included
in the new version of CEMDATA (Lothenbach et al. 2018).

Table 4-4. Typical composition of minor constituents in Portland cement clinker (wt%),
after Taylor (1997).

Clinker phase Na,O K,0 MgO SO,

Alite 0.1 0.1 1.1 0.1
Belite 0.1 0.9 0.5 0.2
Aluminate 1.0 0.7 14 0.0
Ferrite 0.1 0.2 3.0 0.0
41.2 Fly ash

The crystalline composition of the type F siliceous fly ash (FA) has been measured by De Weerdt
et al. (2011) by means of XRD-Rietveld analysis. As shown in Table 4-2, mullite, quartz, hematite,
calcite and anhydrite are present in FA. The composition of the (reactive) glass phase given in
Table 4-5 was calculated by subtracting the oxides present in the crystalline phases of FA from the
total amount of oxides present in the FA as determined by XRF (Table 4-2). From this composition,
the stoichiometry of fly ash was then calculated, and the dissolution reaction was included in the
model with an associated kinetic rate (Equation 4-9).

Table 4-5. Composition (in wt% and mol/kg,...) of reactive glass phase of the fly ash as obtained
from XRD and XRF analyses by De Weerdt et al. (2011).

Nomenclature Class F siliceous FA
wt% mol/kgyater
CaO 5.91 0.443
SiO, 34.04 2.383
Al,O, 9.26 0.382
Fe,0, 5.40 0.142
MgO 2.10 0.219
K,O 1.36 0.061
Na,O 0.58 0.039
SO, 0.17 0.009
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4.1.3 Cement with limestone and dolomite additions

Composition of this type of cement is based on CEM 1 42.5 N with the addition of two commercially
available products, i.e. Omyacarb 2-GU and Myanit10 (Table 4-6). The former contains 98 wt% of
CaCQO; and the latter is constituted mainly by dolomite (CaMg(CO3),).

Table 4-6. Compositions of the commercially available products added to Anlaggningscement
cement, as given by the manufacturers.

Myanit 10 oxides Composition Omyacarb 2-GU oxides Composition
(Wt%) (Wt%)

CaO 29.4 CaCoO;, 98.0

MgO 21.0 Fe,O; 0.2

SiO, 3.5 Insoluble 2.0

Fe,0s 0.5

LOI* 44.3

*LOI: loss of ignition (including CO, from carbonates).

Table 4-7 shows the binder composition of this type of cement in kg/m® and wt% contribution of
each component to the total sum of binder. Note that in this case the water-to-binder ratio is 0.32.
The initial composition shown in Table 4-3 was obtained from the chemical composition and mass
fraction of each material. A total calcite composition was assumed for Omyacarb 2-GU and added
to the CaCO; content from the clinker phases. In turn, a pure dolomite composition was assumed
for Myanit10 due to its low silica and hematite content. Dolomite was included as an initial phase
in equilibrium with the pore solution. The equilibrium constant for CaMg(CQO,), is not included in
CEMDATA and thus the value by Robie and Hemingway (1995) was used (see Appendix B).

Table 4-7. Binder composition in kg/m® and wt% from the manufacturer. Note that the quantity
of additives was not included in the calculations and thus excluded from the binder.

Binder component Composition
kg/m?® wt%
Cement (clinker) 320.0 66.2
Omyacarb 2-GU 130.0 26.9@
Myanit 10 33.3 6.9®
Additives 3.96 -
Sum binder 483.3 100.0

(a) Considered as CaCO; in the calculations.
(b) Considered as CaMg(COs), in the calculations.
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41.4 Selected phase assemblage

The most common hydrates for an Ordinary Portland Cement are C-S-H phases of different Ca/Si
ratios, portlandite (CH), ettringite (AFt-SO,), monosulfoaluminate (AFm-SQO,), and hydrogarnet
(HG), see also Sections 3.1.2 and 3.2.2. Depending on the curing time, unreacted clinker phases are
generally also present.

As mentioned in Section 3.1.2, blending cements with supplementary cementitiuos materials (SCM)
normally leads to a decrease of the amount of portlandite and the formation of lower C/S ratio
C-S-H gels (Lothenbach et al. 2011, Massazza 1993, Fajun et al. 1985). If the additions include
high amounts of Al as in the case of fly ash, this favours the formation of Al-containing phases such
as strétlingite and hydrogarnet among other hydrated calcium aluminates. A certain amount of Al

is also incorporated into C-S-H structures forming the so-called C-A-S-H phases (L’Hopital et al.
2015, Garcia-Lodeiro et al. 2011). They correspond to solid solutions with a compositional range

0f 0.72 < Ca0/Si0, <1.94 and 0 < Al,04/Si0, <0.1, being compatible with portlandite, AFm-type
phases, carboaluminates and strétlingite with varying CaO/SiO, and Al,04/Si0, ratios (Garcia-Lodeiro
etal. 2011).

There is little information in the literature concerning what kind of hydrate structures that might
form in Portland cement — dolomite — limestone mixtures. In a system containing dolomite (i.e.
Myanit 10), a higher magnesium content is expected to favour the precipitation of hydrotalcite-like
structures. Under certain conditions, Mg may also partially substitute calcium in C-S-H phases,
forming the so-called M-S-H phases (Nocun-Weczelik et al. 2013). A solid solution model of M-S-H
with two end-members is used in the hydration models to account for the potential formation of
these phases of variable Mg/Si ratio. To this end, the equilibrium constants reported by Nied et al.
(2016) have been included in the thermodynamic database.

Based on the chemical composition, Table 4-8 comprises the total set of minerals allowed to precipi-
tate and dissolve as equilibrium phases and solid solutions during the hydration process for the different
cement type or conditions modelled in the present study.

A total of nine (9) solid solutions are used in the models in an attempt to reproduce the study carried
out by Lothenbach and co-workers (Lothenbach et al. 2008b, 2006). This is the case of:

* C-S-H phases with two concurrent solid solution systems, i.e. CSH-I, with the end-members
Si0O,(am) and tobermorite-1 and CSH-II, with the end-members jennite and tobermorite-II;

» AFt solid solution with three end-members, i.e. ettringite, tricarboaluminate and Fe-ettringite;

*  AFm-OH-SO; solid solution with eight end-members, including stritlingite and monosulfoalumi-
nate (not included in the model with limestone and dolomite additions since it is not expected to
form in this system).

* AFm-monocarbo, AFm-hemicarbo and Hydrogarnet solid solutions, with two end-members each,
to account for both Al and Fe content.

* In the case of blended cement with FA a C(A)SH-II solid solution model of four end-members
is proposed, following the work by Elakneswaran et al. (2016) and De Weerdt et al. (2011). To
this end, two end-members with CaO/SiO, ratios of 0.125 and 0.85 and Al,O,/Si0, ratio of ~0.13
were included in the CSH-II(ss) model (ss stands for solid solution hereafter).

* For OPC containing additions of limestone and dolomite, an MSH solid solution is used with two
end-members with MgO/SiO, ratios of 1.50 and 0.75 (Table 4-8).
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Table 4-8. Set of selected phases allowed to precipitate in the models of cement hydration. Solid
solutions are defined by two or more end-members after the models proposed by Lothenbach
and Winnefeld (2006). Thermodynamic database: CEMDATAO7 (the source of thermodynamic

data missing in the employed version is provided at the footnote).

Hydration model 1-2 3 4
Anlaggningscement Bascement Anldggningscement (with
(wl/c ratio 0.47 and 0.63) Slite Limestone and Dolomite)

Equilibrium phases Chemical formula

Portlandite Ca(OH), v v v

Brucite Mg(OH), v v v

Hydrotalcite OH Mg,Al,(OH)4 - 3H,0 v v v

Hydrotalcite C Mg.Al,(OH);,CO; - 3H,0 v v v

Syngenite K,Ca(S0,), - H,O v v v

CAHyo CaAl,(OH)s - 6H,0 v v v

Gibbsite (am) Al(OH), v v v

Ferrihydrite (mic) Fe(OH), 4 4 v

Solid Solutions End-member formula

CSH-I v v v

SiO, (am) SiO,

CSHtob1 (Ca0)y(Si0,)24(H;0)32

CSH-II v x v

C-S-H jennite (Ca0);67(Si0,)(H,0)s.1

C-S-H tobermorite (Ca0),83(Si0Oz)(H.0)13

AFt v v v

Ettringite CagAly(SO,)3(OH);, - 26H,0

Tricarboaluminate CagAly(CO;3)3(OH)y, - 26H,0

Fe-ettringite CagFey(SO,)3(OH)y, - 26H,0

AFm-OH-SO, v v %

C,AH,3 Ca,Aly(OH),, - 6H,0

C,FH; Ca,Fe,(OH)44 - 6H,0

C,AHg CayAl,(OH),, - 3H,0

C,FHs Ca,Fe,(OH), - 3H,0

Stratlingite Ca,Al,SiO,(OH),, - 3H,0

Fe-stratlingite Ca,Fe,SiO,(OH)y, - 3H,0

Monosulfoaluminate  Ca,Al,(SO,)(OH),, - 6H,0

Fe-monosulfate Ca,Fe,(S0,)(OH), - 6H,0

AFm-monocarbo v v v

Monocarboaluminate Ca,Al,(CO3)(OH),, - 5H,0

Fe-monocarbonate Ca,Fe,(CO;)(OH);, - 5H,0

AFm-hemicarbo v x x

Hemicarboaluminate Ca,Al,(COs)e5(OH)y5 - 5.5H,0

Fe-hemicarbonate Ca,Fey(C0O;3)05(0OH)y3 - 5.5H,0

Hydrogarnet v v x

Hydrogarnet OH CazAly(OH),,

Hydrogarnet Fe CazFe,(OH),,

C(A)SH-1I? x v x

C-S-H jennite® (Ca0),6(Si0,)(H20)24

C-S-H tobermorite®  (Ca0)yg3(SiO,)(H20)15

C-A-S-H1.25 (Ca0)1.25(A1203)0.125(Si02)(H20) 1 63

C'A‘S‘H_O-84 (CaO) A|203)O.156(Si02)1.188(H20)1.67

MSH® x x v

MSH1.5 (MgO), 5(SiO;)(H20)15

MSHO0.75 (MgOQ)0.75(SiO,)(H20)0.75

a) Data from Myers et al. (2014) and reported in Elakneswaran et al. (2016).
b) Data from Nied et al. (2016) and included in CEMDATA18.

(
(
(c) Solid solution not included in the hydration model 4 since it is not expected to form in this system.
(d) C-S-H jennite and C-S-H tobermorite correspond to CSHjen and CSHtob2 in CEMDATAOQ7.
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4.1.5 Alkali uptake approach

As stated in Chapter 3, alkalis can be incorporated into the C-S-H structure. The alkali retention
within the precipitating C-S-H/C-A-S-H gels during cement hydration is modelled here by means

of cation exchange processes between Ca’" and K'/Na" as shown in Table 4-9. Modelling of alkali
uptake in cement paste by cation exchange reactions has been already proposed in the past by other
researchers (Savage et al. 2011, Hoglund 2001). As much as possible, the experimental results reported
by Vollpracht et al. (2016) have been used as a data source for calibration purposes. The selectivity coef-
ficients reported in Savage et al. (2011) have been modified accordingly to obtain realistic values of pH
and Ca concentration, representative of an OPC which can be used later in the reactive transport models.

Table 4-9. Cation exchange selectivity coefficients (log K) used in the models to represent alkali
uptake. Modified from Savage et al. (2011).

Reaction log K
2X +Ca?*=X,Ca 0.0
2X + 2K =2 XK, -2.6
2X +2Na*"=X;Na, -1.8

Likewise, the cation exchange capacity (CEC) for each case was adapted to fit the experimental
data, and corresponded to ~ 10 % of the total molar amount of C-S-H (plus C-A-S-H, when present)
produced at the end of hydration (Table 4-10). It is worth noting that the CEC in each model is
kinetically controlled (i.e. the CEC increases with time). In this way, the CEC is associated to the
hydration of the clinker phases, to account for the increasing content of C-S-H/C-A-S-H gels in
which alkalis are incorporated.

Table 4-10. Cation exchange capacity (CEC) adopted in the model to account for the alkali bind-
ing in the hydration models.

Hydration models Description CEC (mol/kgyater)
1 Anlaggningscement (w/c ratio 0.47) 0.717
2 Anlaggningscement (w/c ratio 0.63) 0.534
3 Bascement Slite 0.823
4 Anlaggningscement + limestone/dolomite 0.688

4.1.6 Porosity and concrete composition

Cement hydration not only defines the chemical composition of the hardened material, but also

its physical properties. The results of the hydration models of cement paste in terms of mineral
phase assemblage and water consumption can be used to calculate the total porosity as a function

of time. These results can be used to calculate the porosity of concrete by considering the dilution
effect of adding the aggregates to the mix. Concrete mixes for the different models are presented in
Table 4-11. The volume fractions (V) of each mineral phase (7) in concrete (conc) is calculated from
its respective value in the hardened cement paste (hcp) using the aggregates (aggr) volume fraction:

vEene = P - (1 - 1) (4-10)

The aggregates volume fraction is calculated with the data in Table 4-11 and is equal to 0.70 + 0.03,
depending on the concrete mix. The total porosity of hardened cement paste (¢y.,) can be decom-
posed at any given time (¢) as the sum of capillary (¢.,), gel (4..), and chemical shrinkage (4.;)
porosities:

¢)hcp(t) = ¢)cap(t) + ¢gel(t) + ¢ch(t) (4-1 1)

Total porosity is calculated using the following expression:

Vbinder,O + Vwater,O - Vbinder,h - Vhydrates,h

Prep(t) = (4-12)

Vbinder,O + Vwater,O + Vadditives,O
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where V. (L) is the remaining water volume, Vyyawes (L) accounts for all the hydrated phases, and
Vinger (L) corresponds to the volume of the unhydrated binder phases.

Gel porosity is calculated through the volumetric difference between the hydrated and dehydrated
amorphous phases C-S-H and C-A-S-H (e.g. Lothenbach et al. 2008b), as predicted by the hydration
model. Their molar volumes are listed in Table 4-12. C-S-H values are taken from Lothenbach et al.
(2008b), while the molar volumes of C-A-S-H phases are assumed equal to those of C-S-H phases.
The molar volumes of all minerals used in the calculations are listed in Appendix B.

Chemical shrinkage (¢.,) is the result of the volumetric difference between the reactants (concrete
mix before hydration) and the reaction products (concrete composition after hydration). @, is then
calculated as the difference between the total porosity (¢s.,) and the volume fraction of the remaining
evaporable water after hydration (¢,,):

ben = ¢hcp — b (4'13)

Once the total, gel and chemical shrinkage porosities are known, capillary porosity is calculated
from Equation 4-11. Analogously to Equation 4-10, concrete porosity is calculated (assuming a
non-porous aggregate) as:

Peonc () = Prep(t) - (1 = V2997) (4-14)

Table 4-11. Mixing proportions for concretes (see Table 2-1 for model description), amount given
in kg/m?® of concrete, and density assumed for each material.

Component Density (kg/m?) Model 1 Model 2a Model 2b Model 3 Model 4
Cement 3100@® 350 320 280 307 320
Water 1000 164.5 201.6 176.4 164.5 156.8
Ballast 2600 1829 1807.5 1906.5 1829 1751.9
Additives 1120 3.087 3.087 3.087 3.087 3.96
Flyash 2490@ - - - 43.05 -
Omyacarb 2-GU 2710 - - - - 130
Myanit 10 28500 - - - - 33.3
w/c ratio 0.47 0.63 0.63 0.54 0.49
w/b ratio 0.47 0.63 0.63 0.47 0.32

(a) From Hoglund (1992), (b) assumed, (c) manufacturer data for Sika Plastiment BV-40, except for model 4, for which
no information about additives is available (a value of 1.3 kg/m® is assumed), (d) De Weerdt et al. (2011), (e) density of
calcite, (f) from manufacturer (density of dolomite).

Table 4-12. Molar volumes (cm3/mol) of hydrated and dehydrated amorphous phases used to
calculate mineral volumes and porosity. C-S-H values from Lothenbach et al. (2008b). C-A-S-H
phases assumed equal to C-S-H phases.

State C-S-H jennite  C-S-H tobermorite = C-A-S-H 1.25 C-A-S-H 0.84
Hydrated 102 77 102 77
Dehydrated 78 59 78 59

4.2 Results

This section presents the results of the 4 hydration models simulated. To verify the implementation
of the modelling approach in PHREEQC, a benchmark case has been simulated and compared with
the results of the hydration of an OPC mix presented by Lothenbach and Winnefeld (2006). This
benchmark is presented and discussed in Appendix A.
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4.21 Hydration models 1 and 2 (CEM-l 42.5 N — SR, w/c ratio 0.47 and 0.63)

Figure 4-1 shows a comparison of the evolution of alkalis concentration between experimental

data from Vollpracht et al. (2016) and the hydration models 1 and 2 for similar ranges of total mass
content (0.07 and 0.62 wt% of Na and K, respectively) and w/c ratios (note that data is compared to
the closest w/c ratio reported, i.e. 0.50 and 0.60). Part of the alkalis are adsorbed onto C-S-H phases.
However, the consumption of water during hydration, as well as the continuous release of Na and K
present in the clinker phases, leads to a net increase in their concentration over time. Alkali concen-
tration is dependent on the w/c ratio: the lower the w/c ratio, the higher the dissolved concentration.

Figure 4-2 compares the chemical aqueous composition obtained with the hydration models 1 and 2
with experimental data (Vollpracht et al. 2016). Figure 4-2a shows that the concentration of hydroxyl
ions increases over time as a result of the rise in alkali dissolved content (Figure 4-1). Such increase
is slightly lower in the case of the system with higher w/c ratio (0.63) because of the dilution effect,
which is evidenced in the pH values as well (e.g. 13.34 vs. 13.30). Calcium fate also depends on
the alkali concentration (controlling OH™ content) since its concentration is governed by portlandite
solubility. In this way, Ca dissolved content is inversely proportional to OH™ concentrations, and
therefore higher for w/c ratio 0.63 (Figure 4-2b). The evolution of sulfate is similar to Ca showing a
steep drop in its concentration before one day of hydration due to gypsum total dissolution and AFt
(ss) becoming its solubility-limiting phase (Figure 4-2c¢). A subsequent step in sulfate concentration
is observed from approx. 10 days onwards when ettringite is depleted and AFm-OH-SO, (ss)
governs its solubility in solution. Ca concentration decreases with increasing OH™ concentrations
following a logarithmic trend to maintain equilibrium with portlandite and gypsum at early age, and
only with portlandite at longer hydration times (Figure 4-2d).
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Figure 4-1. Evolution of alkali concentration during hydration as a function of time for OPC pastes.
Symbols stand for analysed concentration in the porewater depending on the total mass content (from
Vollpracht et al. 2016). Lines stand for simulated results in the present study for Anldggningscement with
w/c ratio 0.47 (a—b) and w/c ratio 0.63 (c—d).
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Figure 4-2. (a—c) Evolution of hydroxyl ions, calcium and sulfate concentration along hydration time for
OPC pastes. (d) Calcium concentrations as a function of OH™ concentration. Symbols stand for experimen-
tally determined concentrations in the porewater at different hydration times and w/c ratios (from Vollpracht
et al. 2016). Results of hydration model 1 (w/c ratio 0.47, dotted lines) and 2 (w/c ratio 0.63, dashed lines).

The previously shown evolution of the pore solution reflects the changes occurred in the phase
assemblage. The results of the hydration model 1 (w/c=0.47) in terms of the evolution of solid
phases are presented in Figure 4-3 and Figure 4-4. Figure 4-5 and Figure 4-6 present the solid phases
of the hydration model 2 (w/c=0.63). During the first instants of cement hydration, there is an
oversaturation of gypsum, portlandite, ettringite, C-S-H phases and calcite. Upon further hydration,
ettringite destabilises to give rise to monosulfoaluminate (as chief end-member of AFm-OH-SO, solid
solution) and hydrogarnet(ss). Towards the end of the simulation (e.g. 10000 days), stable phases/solid
solutions are portlandite, CSH-II(ss), AFm-OH-SO,(ss), hydrogarnet(ss), AFm-monocarbo(ss) and
hydrotalcite-OH. In general, these model results agree closely with other reported models found in
the literature for similar type of cement and conditions (De Weerdt et al. 2011, Savage et al. 2011,
Lothenbach et al. 2008b, Lothenbach et al. 2006 and references therein).
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Figure 4-3. Evolution of the hydrated solid phase assemblage as a function of time in the hydration
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Figure 4-6. Results of hydration model 2 (Anldggningscement, w/c = 0.63): cumulative mole fraction (%)
of solid phases as a function of hydration time.

The differences between the results of hydration models 1 and 2 are very small in terms of the
relative mass fraction proportion of minerals. As result of the dilution effect when increasing the w/c
ratio, lower mass content of hydrated phase forms for a w/c ratio of 0.63, representing an averaged
75 % of the molar content (per kg water) formed at w/c ratio of 0.47. The kinetics of hydration is
similar in both models. This can be expected, given that the clinker dissolution kinetics used here
(Section 4.1) are independent of the w/c ratio, as long as the factor f,,. in Equation 4-7 is equal to
1, which is the case here for hydration degrees lower than ~ 0.74. Readily soluble phases in the
unhydrated cement may dissolve faster for higher liquid/solid ratios (or w/c ratios). However, this
does not seem to impact the overall hydration kinetics.
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4.2.2 Hydration model 3 (CEM Il/A-V 52.5 N)

The calculated evolution of Na and K with hydration time falls within the range of reported
experimental data for similar w/b ratio at equivalent range of FA addition (Figure 4-7). The model
predicts higher concentrations of alkalis in this case compared to the OPC system with the same w/c
ratio (hydration model 1) at early hydration times. This is attributed to the relatively higher content
of readily soluble alkalis. In turn, at longer hydration times, the concentration is still higher for this
type of cement blends. According to the consulted literature (Deschner et al. 2012, De Weerdt et al.
2011, Diamond 1981), the expected outcome is a decrease of the alkali content after some time of
hydration due to the formation of C-S-H with lower C/S ratio, as well as C-A-S-H phases, with
higher adsorption capacity for alkali than C-S-H with high C/S ratio (Section 3.1.2). The retention
of alkalis in this type of cements tends to increase with the curing time as well as the amount of FA
replacement. The results obtained in the present case for CEM II/A-V (Bascement Slite) show a pH
slightly higher than OPC. This can be attributed to (i) the higher alkali total content in the clinker
(0.07 vs. 0.30 wt% of Na,O and 0.62 vs. 1.20 wt% of K,O for OPC and OPC-FA, respectively) and
(i) the low level of FA replacement (12.3 wt%).

An increase of the hydroxyl ion content in the porewater limits the solubility of portlandite and con-
sequently Ca concentration is lower than in OPC at early hydration ages (Figure 4-8a-b). At longer
times, the dissolved Ca concentration is further reduced due to pozzolanic reaction. Such reduction
affects sulfate concentration, which increases accordingly (Figure 4-8c), being higher than in the OPC
(hydration model 1). An increase of Al concentration could be expected as a result of FA dissolution,
with a high Al content. However, the uptake of Al into the C-S-H to form C-A-S-H phases leads in
the model to a very similar concentration compared to OPC (Figure 4-8d).

The results of the hydration model 3 (Bascement Slite cement, w/b=0.47) are presented in terms of
the evolution of solid phases in Figure 4-9 and Figure 4-10. The same solid phases as those observed
in the OPC are predicted to precipitate at early hydration times. Upon further hydration, ettringite
does not completely dissolve under AFm-OH-SO,(ss) precipitation since there is enough dissolved
sulfate for these two phases to co-exist. The model predicts a reduction of portlandite content over
time and an increase of C-(A)-S-H solid solution because of the pozzolanic reaction. The dissolution
kinetics of the FA limits this reaction to take place at early times and thus pozzolanic reaction only
becomes relevant at longer hydration times. These results are in line with other cement hydration
studies of similar systems (Deschner et al. 2013, 2012, De Weerdt et al. 2011, Lothenbach et al.
2011, Massazza 1993, Fajun et al. 1985), which indicate an increase of C-S-H phases with lower C/S
ratio and a lowering of portlandite content. These changes in the solid phase assemblage are reflected
in the decrease of dissolved calcium concentrations indicated in Figure 4-8b.
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Figure 4-7. Evolution of alkalis concentration, K (a) and Na (b), along hydration time for cement
pastes containing FA: model results of hydration model 3 (dashed lines) and measured concentrations
(symbols). Measured data corresponds to the porewater of CEM I with 10-20 wt% of FA additions and
K,0 = 0.76-1.03 wt% and Na,0 = 0.20-0.31 wt% at different w/b ratio (Vollpracht et al. 2016).
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Figure 4-8. Comparison of the evolution of (a) hydroxyl ions, (b) calcium, (c) sulfate, and (d) aluminium
concentrations (mol/L) with hydration time (days) between experimental data (symbols, from Vollpracht
et al. 2016) and the hydration model 3 (coloured dashed lines). Hydration model 1 (red dotted line) for
comparison of aluminium evolution due to lack of experimental data. Experimental results for different
water-to-binder ratio and level of FA replacement are shown.
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Figure 4-9. Evolution of the hydrated solid phase assemblage as a function of time in the hydration model 3
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Figure 4-10. Results of hydration model 2 (Bascement Slite, w/b = 0.47): cumulative mole fraction (%) of
solid phases as a function of hydration time (days).

At the end of simulation (10000 days), stable phases/solid solutions are portlandite (significantly
reduced compared to OPC (8.41 vs. 4.90 mol/kgw), hydrotalcite-OH, AFm-OH-SO,(ss), AFm-
monocarbo(ss), AFt(ss) and C(A)SH-II(ss). Approximately the same C-S-H jennite and C-S-H
tobermorite end-members content forms in this case compared to OPC. However, a substantial
precipitation of CASH_1.25 end-member can be observed which explains the increased C-(A)-S-H
solid solution total content in the system.

4.2.3 Hydration model 4 (CEM | 42.5 N - SR with limestone/dolomite addition)

Figure 4-11a-d shows the simulated evolution of relevant species concentration and pH as a function
of time for the hydration model 4, containing Anldggningscement with additions of limestone and
dolomite. For comparative purposes, the results obtained with the plain CEM I (OPC - hydration
model 1) are also shown in the figures.

Similar evolution of alkalis is predicted in the porewater compared to the OPC system, which is
attributed to the similar water-to-cement ratio employed (0.47 in OPC vs. 0.49 in the present case).
This is also evidenced in the pH, which evolves similarly from 2—3 hours of hydration onwards.
Different values of pH at very early age of hydration (<0.1 days) are due to calcium concentration,
which is controlled by calcite in the present case and by portlandite in the OPC system. Thereafter,
Ca dissolved content evolves in a similar way. Regarding sulfate, the concentration at initial times
depends on calcium content, while at longer hydration time, different solubility controlling phases
can explain the remarkable variation of this anion in solution. Ettringite is the solubility controlling
phase in the present case, while in the case of OPC it is monosulfoaluminate.

Likewise, Al concentration differs from the OPC because ettringite (AFt) and monocarbo
(AFm-monocarbo) are present instead of monosulfoaluminate (AFm-OH-SO,), which entails lower
Al concentration. With respect to carbonate, there is a sharply different evolution from 2-3 days
onwards, i.e. calcite governs C(IV) solubility in this system which increases due to hydroxyl increase,
whereas in OPC it undergoes a drop in the concentration when calcite is exhausted and monocarbon-
ate becomes the solubility-controlling phase. The presence of dolomite increases dissolved magnesium
concentration compared to OPC, which is especially relevant at initial hydration times, where brucite
and MSH(ss) govern its solubility. At longer hydration times, hydrotalcite-OH controls Mg solubility
at around 1x 10°* M until the end of the simulation. Concentrations of other ions are not affected to a
great extent by the presence of limestone and dolomite. These results agree with previous work from
the literature (see Section 3.2).
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Figure 4-11. Evolution of alkali (a); pH and carbonate (b); calcium and sulfate (c); aluminium and
magnesium (d) concentrations along hydration time (days) for Anldggningscement with limestone and
dolomite additions (w/b ratio 0.32 - Solid lines). For comparison purposes, results the hydration model 1
(w/c = 0.47) are also shown (dotted lines).

These observations in the porewater chemistry are clearly reflected on the evolution of solid phases
presented in Figure 4-12 and Figure 4-13. The first instants of this type of cement hydration are gov-
erned by calcite, dolomite, gypsum and brucite. The initial content of lime promotes brucite and calcite
formation from the beginning of the hydration process. Thus, portlandite formation is slightly delayed
by ~ 1 hour. Dolomite continuous dissolution boosts the formation of brucite and MSH(ss) phases until its
total depletion within ~ 4.5 hours of hydration. The carbonate released by dolomite dissolution precipi-
tates as calcite, which reaches its maximum content at approx. 2.5 hours of hydration (10.77 mol/kgw).
Thereafter, it follows a steady decrease resulting in monocarboaluminate (AFm-monocarbo(ss)) precipi-
tation. The high Mg concentration leads to MSH(ss) formation at initial hydration times. However, after
1 day of hydration, this solid solution destabilises to favour hydrotalcite-OH formation.

Contrary to the OPC system, ettringite (as the main end-member of AFt) remains stable and mono-
sulfoaluminate among other chief end-members of AFm-OH-SO, solid solution are not prone to
form during the hydration of this type of cement (saturation index below zero). This means that the
presence of limestone leads to formation of monocarboaluminate (as the main end-member of AFm-
monocarbo(ss)) with an associated destabilization of monosulfoaluminate in favour of ettringite. In
absence (or lower content) of limestone, the formation of monosulfoaluminate and a reduction of the
amount of ettringite is predicted with time. These results are in agreement with Section 3.2 and with
consulted literature (De Weerdt et al. 2011, Lothenbach, et al. 2008a, Matschei et al. 2007a, b).

At the end of simulation (10000 days), stable phases/solid solutions are portlandite and C-S-H (type II)
with 60 to 65 % of the total content formed in OPC. This agrees quite well with the clinker replacement
shown in Table 4-7. Other phases are calcite, AFm-monocarbo(ss), AFt(ss) and hydrotalcite-OH, which
content has increased compared to OPC due to limestone and dolomite addition.
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Figure 4-13. Cumulative mole fraction (%) as a function of hydration time for Anldggningscement hydra-
tion with additions of limestone and dolomite (w/b ratio 0.32). Note that Omyacarb content was assumed
within calcite composition and Myanitl(0 assumed as dolomite.

4.2.4 Evolution of porosity

The results in terms of porosity evolution of all the hydration models calculated as presented in
Section 4.1.6 are presented in Figure 4-14. Model 2 corresponds to the case of an OPC system with
a w/c ratio of 0.63. Due to the lack of a complete dataset regarding the concrete mix, two different
cases are considered, as detailed in Appendix D (different cement contents are used).

A decreasing trend as a function of hydration time is observed in all simulated cases. The final
porosity (i.e. after 10000 days of hydration) is almost half of the initial porosity right after mixing
for models 1 and 3. On the other hand, in the rest of hydration models the reduction is smaller and
the final porosity represents 65 % of the initial value.
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For the hydration model 1 (CEM I with w/c =0.47), the total porosity after 28 days is 0.1085, while
after 10000 days this value is reduced to 0.0935. Increasing the w/c ratio to 0.63 can have a different
impact depending on the mix design (models 2a and 2b). However, both mix designs lead to higher
total porosity values (0.1297 and 0.1135 for models 2a and 2b, respectively). Differences between
the ratio @ney/Peoncrere are clearly shown between these 2 models, highlighting the importance of
aggregate volumetric content. Using a binary mix with fly ash (hydration model 3) leads to a slightly
lower porosity (i.e. 0.0879) after 10000 days compared to OPC with similar w/c ratio. The addition
of limestone and dolomite also impacts porosity, in this case leading to a significantly lower value
after 10000 days. This is due to the lower volume of cement resulting from the addition of filler.
Table 4-13 presents the values of each porosity type for all simulated cases after 10000 days.

Table 4-13. Porosity values after 10 000 days of hydration for the 5 different concrete mixtures.

Porosities Model 1 Model 2a Model 2b Model 3 Model 4

¢cap 0.120 0.266 0.266 0.085 0.076
¢gel 0.098 0.081 0.081 0.108 0.079
Pen 0.096 0.073 0.073 0.089 0.086
¢hcp 0.314 0.421 0.421 0.283 0.240
Peoncrete 0.094 0.130 0.114 0.088 0.077

The porosity values obtained after 10000 days of hydration for models 1, 2a and 2b can be compared
to the results of the three models presented in Section 3.3.1 to calculate porosity (Table 3-4 and
Appendix D). It may be observed that a relatively good agreement is found between the approach
presented in this section and the models in Section 3.3.1. Small differences between models are a
consequence of the different hydration models used and the quantification of gel porosity (i.e. if it is
directly linked with C-S-H amount or not).
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Figure 4-14. Evolution of porosity as a function of time for the five hydration models.
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4.2.5 Final mineral assemblages

The results of the hydration models are used as input data for chemical calculations in the long-term
reactive transport models of concrete degradation described in Chapter 5. A complete description of
the mineralogical phase assemblage of each hydration model is presented in Table 4-14.

Table 4-14. Mineralogical phase assemblage of the concrete backfill: primary minerals and
exchanger composition concentration for the 4 hydration models. Units given in mol/kger-

Primary minerals Model 1 Model 2 Model 3 Model 4
Equilibrium phases

Portlandite 8.410 6.200 4.896 7.549
Hydrotalcite OH 0.091 0.069 0.349 0.375
Calcite 0 0 0 9.968
C-S-H solid solution

C-S-H jennite 6.200 4.630 - 6.040
C-S-H tobermorite 0.909 0.677 - 0.884
C-(A)-S-H solid solution

C-S-H jennite* - - 5.990 -
C-S-H tobermorite* - - 0.875 -
C-A-S-H 1.25 - - 1.064 -
C-A-S-H 1.0 - - 0.026 -
M-S-H solid solution

M-S-H 1.5 - - - 0
M-S-H 0.75 - - - 0

AFt solid solution

Ettringite 0 0 0.078 0.148
Tricarboaluminate 0 0 42x107 7.3x10°
Fe-ettringite 0 0 9.4x107  4.2x107°
AFm solid solution |

Monocarboaluminate 0.110 0.083 0.186 0.234
Fe-monocarbonate 0.081 0.060 0.189 0.569

AFm solid solution I

C,AH;3 0.043 0.026 - -
C,FHy; 0.029 0.017 - -
C,AHg 0.002 0.001 - -
C,FH, 0.001 0.001 - -
Stratlingite 0.070 0.047 0.008 -
Fe-stratlingite 0.048 0.031 0.007 -
Monosulfoaluminate 0.290 0.218 0.318 -
Fe-monosulfate 0.173 0.127 0.264 -

Hydrogarnet solid solution

Hydrogarnet OH 0.183 0.157 0 0
Hydrogarnet Fe 0.261 0.218 0 0
Un-hydrated phases

Alite 0.025 0.024 0.031 0.032
Aluminate 0.001 0.001 0.001 0.001
Belite 0.096 0.072 0.041 0.093
Ferrite 0.015 1.8x10°  0.007 0.015
Exchanger composition

CaX; 0.248 0.209 0.100 0.235
KX, 0.094 0.049 0.219 0.093
Na,X, 0.017 0.009 0.093 0.017

* C-S-H jennite and C-S-H tobermorite correspond to CSHjen and CSHtob2 in CEMDATAOQ7.
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5 Modelling of reactive transport processes

To assess the potential degradation in the long term of the concrete barriers of the BHK vault in SFL,
two sets of reactive transport models are presented. The main goal is to compare the long-term per-
formance of different concrete mixtures under repository conditions. Concrete degradation is mainly
driven by its interaction with groundwater. Numerical models coupling fluid flow, solute transport
and chemical reactions have been performed using iCP (Nardi et al. 2014).

5.1 Conceptual models and numerical implementation

From the results of the cement hydration models of the four different cementitious systems, five
concrete mixes are tested using reactive transport modelling. Case I, Ila, IIb, III, and IV correspond
respectively to Models 1, 2a, 2b, 3, and 4 (see Table 2-1). Case I corresponds to the CEM 142.5 N
(OPC) mixture with a w/c ratio of 0.47. This concrete mix is equivalent to the concrete studied

in Hoglund (2014), Idiart and Shafei (2019) and Idiart and Lavifia (2019). The difference is that
the composition of the hydrated system is obtained in this case using the approach presented in
Chapter 4. The goal is to study the influence of different hydration models of a similar concrete mix
on the long-term performance of the barrier.

To study concrete degradation, two different sets of models are conceptualised, see Figure 5-1. The
first one describes a 2D geometry corresponding to a typical cross-section of the BHK concrete vault
of the SFL repository (Idiart and Shafei 2019). The second one is focused on the concrete domain,
considering a 1D line across the left-hand side of the concrete backfill (Idiart and Lavifia 2019).

Concrete
Backfill

20.6 m

W

Waste

28m 15m

v
v

24m

Figure 5-1. 2D cross-section of BHK vault and dimensions in metres (m), including three domains: host
rock, concrete backfill and waste. Blue line representing the concrete backfill section modelled in the 1D
simulations.
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5.1.1 2D models of a BHK cross-section

The model considers three different domains: the host rock, the concrete backfill and the waste
domain. Their distribution and complete geometry is extracted from Idiart and Shafei (2019) and
presented in Figure 5-1. The host rock is considered for groundwater flow purposes and therefore
chemical reactions and solute transport are not taken into account in this domain. The radioactive
waste is modelled as a homogeneous cementitious material, assuming that the only chemically active
material in this domain is concrete. Based on the current BHK vault design and its composition,

the volume of concrete occupying the waste domain has been calculated (P¢kala et al. 2015). Each
simulation case considers the same concrete mix in each domain (i.e. backfill and waste), although
with different volume fractions to account for the fact that the volume of concrete per unit volume
of waste domain is smaller than unity.

Flow and transport initial properties are defined in Table 5-1, summarizing the hydraulic conduc-
tivity, K (m/s), and effective diffusion coefficient, D, (m*/s). In the rock domain, these values remain
constant during the simulation, while in the concrete backfill and waste they may evolve as a function
of degradation. The time-dependent evolution of transport properties is the main coupling between
chemistry and physics. Changes in transport properties are governed by porosity variations resulting
from chemical reactions leading to mineral dissolution and precipitation.

Hydraulic conductivity variation with porosity is modelled through the well-known Kozeny-Carman
relation (Carman 1937):

(-9 ¢°
K =K —_— 5-1
@ = K(90) 5" gy (5-1)
where, K(¢) is the hydraulic conductivity (m/s), ¢ is the porosity (m*/m?), ¢, is 0.11, and K(¢,) is the
hydraulic conductivity (m/s) associated with ¢,. Dependence of the effective diffusion coefficient
(m?/s) on porosity follows the equation:

5\
D, = T¢0D0 <_> (5-2)
P

where 7 (-) is the tortuosity of the porous medium, ¢, is 0.11, and D, (m?/s) is the diffusion coef-
ficient in free water, assumed to be 1.0 x 10 m?/s. Porosity is updated by mineral dissolution/
precipitation reactions:

M
p=1- Z CiVm,i = Vinert (5-3)

i=1
where ¢; is the /™ mineral concentration (mol/L of medium), V,,; is the molar volume of i mineral
(L/mol), and Vi, (-) is the volume fraction of inert minerals such as the aggregates in concrete.
These porosity values do not account for the clogging effects of carbonation (i.e. calcite precipitation).
Although clogging is expected to reduce porosity and thus the transport properties, there is a substantial
uncertainty on the effectiveness of this process to totally seal the pores and avoid further interaction.
Accounting for clogging in this type of modelling scheme could lead to sealing against flow and trans-
port, which may not be a conservative assumption from a safety point of view. However, a sensitivity
case accounting for this effect is considered for Case 1. For the reference concrete mix, i.e. CEM I
with 0.47 w/c ratio (Case 1), initial values of porosity, hydraulic conductivity, and effective diffusion
coefficient are (e.g. Idiart and Shafei 2019): 0.11, 8.3x 107" m/s and 3.5x 107> m?/s, respectively.

To allow a more effective comparison, transport properties of all simulated cases follow the same
relations (Equations 5-1 to 5-3). This means that the initial transport properties of each case are
calculated using its respective initial porosity in Table 5-1, while the parameter ¢, in Equations 5-1
and 5-2 can be interpreted as a reference porosity value, fixed to 0.11. Parameters K(¢,) and 7 in
Equations 5-1 and 5-2, respectively, are also considered as constants.

The use of these equations to scale transport properties of different concrete mixes only on the basis
of porosity is considered as a first approximation. This is mainly motivated by the lack of experi-
mental data regarding specific relations between porosity/microstructure and transport properties for
the studied concrete mixes under a wide range of degradation states. The models presented in this
report would certainly benefit from dedicated studies to assess these relations.
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The chemical composition of concrete in each case is based on the results obtained from the hydra-
tion models of each cement type presented in Chapter 4. The initial conditions of the cementitious
systems in the reactive transport models are based on the final phase assemblages gathered in
Table 4-14 resulting from the hydration models. To this end, several simplifications are considered
in the final phase assemblages to obtain the initial conditions:

1. Iron is removed from the system to avoid numerical convergence issues (see Idiart and Shafei
2019 or Jacques 2009).

2. The solid solutions where an iron-bearing phase is present are removed from the model and
replaced by a single phase lumping the concentrations of the solid solution:

a. The AFt solid solution is replaced by ettringite, while the concentration of Fe-ettringite is
lumped with that of ettringite, and tricarboaluminate is removed from the system (negligible
concentrations in all cases).

b. AFm I solid solution is replaced by monocarboaluminate.

c. Hydrogarnet solid solution is replaced by hydrogarnet OH.

d. AFm II solid solution is replaced by the monosulfoaluminate.

3. The rest of end-members of the solid solutions with iron-bearing phases are set to zero concentra-
tions and considered in the reactive transport models as secondary minerals (Table 5-4).

4. The remaining phases and solid solutions (C-S-H, C-A-S-H) remain unaltered.

The initial phase assemblages of the concrete backfill and waste domain in each simulation case are
given in Table 5-2 and Table 5-3, respectively. The same thermodynamic database as the one used
in Chapter 4 is considered here. The solid solutions involving C-S-H and C-A-S-H phases are kept
in the reactive transport models. These two solid solutions are not containing Fe bearing phases and
are of major importance to assess concrete degradation. Primary mineral phases and solid solutions
for the concrete backfill and waste domain are presented in Table 4-14 and Table 5-3 as well as their
cation exchanger composition to represent alkali uptake in cement paste. It is noted that, similar

to Idiart and Shafei (2019), the waste domain is assumed to be composed of the same concrete as
the backfill domain for modelling purposes. The difference is that the amount of concrete per unit
volume of waste domain is lower than in the concrete backfill to take into account the presence of
other materials (which are considered as inert in these models).

Secondary minerals, i.e. those allowed to precipitate, are shown in Table 5-4. Concrete porewater
compositions for the different cases (in equilibrium with the initial mineral phase assemblage)

and groundwater composition are presented in Table 5-5. The granitic groundwater composition is
assumed to remain constant in time (as modelled in Idiart and Shafei 2019). This is certainly a sim-
plification for the studied period, and the impact of a variable chemical composition of groundwater
should be assessed in future studies. However, this is out of the scope of this work.

Table 5-1. Physicall/transport properties for the different concretes, deduced from hydration
model results.

Porosity, ¢ Tortuosity, = D, (m%s) K (¢po) (m/s) K (m/s)

Host rock 0.3 - - - 5.00x107°
Waste 0.3 1.1600* 3.50x107" 1.00x107" 1.00x1077
Concrete domains for each simulated case

Case | 0.110 0.0318 3.50%x 107" 8.30x 107" 8.30x 107"
Case lla 0.130 0.0318 5.28x107" 8.30x107"° 1.42x107°
Case llb 0.114 0.0318 3.79x107" 8.30x107"° 9.19x107"
Case lll 0.088 0.0318 2.00x107" 8.30x107"° 4.05%x107"
Case IV 0.077 0.0318 1.42x107" 8.30x 107" 2.60x 107"

* Note that 7 is a result of imposing ¢ and D, values extracted from Idiart and Shafei (2019) in Equation 5-2.
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Table 5-2. Mineralogical phase assemblage of concrete backfills, deduced from hydration model
results. Concentration units given in mol/L of medium.

Primary minerals Case | Case lla Case llb Case lll Case IV
Equilibrium phases
Portlandite 1.422 1.198 1.048 0.826 1.205
Hydrotalcite OH 0.016 0.014 0.012 0.059 0.059
Calcite 0.000 0.000 0.000 0.000 1.591
Monocarboaluminate 0.033 0.028 0.025 0.063 0.013
Ettringite 0.000 0.000 0.000 0.013 0.024
Monosulfoaluminate 0.081 0.068 0.060 0.099 0.000
Hydrogarnet OH 0.111 0.098 0.086 0.000 0.000
Solid solutions
1 C-S-Hjennite 1.100 0.930 0.814 - 0.964
C-S-H tobermorite 0.161 0.137 0.120 - 0.141
2 C-S-H jennite - - - 1.000 -
C-S-H tobermorite - - - 0.142 -
C-A-S-H 1.25 - - - 0.194 -
C-A-S-H 0.84 - - - 0.005 -
Porosity 0.110 0.130 0.114 0.088 0.077
Inert fraction 0.694 0.704 0.741 0.714 0.708
Exchanger composition
CaX, 0.04286 0.04150 0.03632 0.01701 0.03734
KoXs 0.01657 0.00966 0.00845 0.03680 0.00149
Na,X, 0.00292 0.00175 0.00153 0.01560 0.00266

Table 5-3. Mineralogical phase assemblage of waste radioactive domains. Concentration units
given in mol/L of medium.

Primary minerals Case | Case lla Case llb Casellll Case IV
Equilibrium phases
Portlandite 0.742 0.625 0.547 0.431 0.629
Hydrotalcite OH 0.008 0.007 0.006 0.031 0.031
Calcite 0.000 0.000 0.000 0.000 0.831
Monocarboaluminate 0.017 0.015 0.013 0.033 0.007
Ettringite 0.000 0.000 0.000 0.007 0.009
Monosulfoaluminate 0.042 0.036 0.031 0.051 0.000
Hydrogarnet OH 0.058 0.051 0.045 0.000 0.000
Solid solutions
1 C-S-H jennite 0.5742 0.4855 0.4249 - 0.5032
C-S-H tobermorite 0.08404 0.07151 0.06264 - 0.0736
2 C-S-H jennite - - - 0.5220 -
C-S-H tobermorite - - - 0.07412 -
C-A-S-H 1.25 - - - 0.1013 -
C-A-S-H 0.84 - - - 0.00245 -
Porosity 0.300 0.300 0.300 0.300 0.300
Inert fraction 0.598 0.613 0.624 0.596 0.588
Exchanger composition
CaX, 0.02237 0.02166 0.01896 0.00888 0.01949
KoXs 0.00864 0.00504 0.00441 0.01921 0.00078
Na,X, 0.00152 0.00091 0.00080 0.00814 0.00139
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Table 5-4. List of secondary minerals allowed to precipitate.

Secondary minerals

Brucite

CAH,,
Gypsum
Hydrotalcite C
Tricarboaluminate
C,AHy;

C,AH,
Stratlingite
Syngenite
Thaumasite
Dolomite*
SiO,(am)

*Only in Case IV.

Table 5-5. Granitic groundwater (ldiart and Shafei 2019) and concrete porewater compositions
(deduced from hydration model results). Temperature is 25 °C.

Groundwater Case | Case lla Case llb Case lll Case IV
pH 8.64 13.33 13.26 13.26 13.54 13.32
lonic strength (M) 0.007 0.2482 0.2182 0.2180 0.4070 0.1970
Species (totals) Concentration (M)
Al 1.21x10°® 6.830x10™ 5.787x10™ 5.787x10™ 4.976x10™ 5.744%x107°
C 6.91x10™* 7.256x 1077 5.254x107" 5.254x107" 1.081x10°® 9.438x10°°
Ca 5.26x10™ 1.228%x107° 1.494%x107° 1.494x107 7.454x10™ 1.290%x10°°
(¢]] 4.53x107° 0.0 0.0 0.0 0.0 0.0
K 7.60%x10° 2.164x10™ 1.930x107" 1.930x107" 3.506x10™" 2.261x10™
Mg 1.48x10™ 5.109x107"° 5.932x107 5932x107"° 5.010x107"° 1.786%x107°
Na 4.79%x107° 3.709% 1072 3.334x1072 3.334x1072 9.466x 1072 3.892x 107
S(VI) 3.73x10™ 1.461x10™ 1.024x10™* 1.024%x10™* 2.227x107° 1.877x107°
Si 1.42x10™ 6.342x107° 5.532x107° 5.532x107° 9.327x107° 6.222x107°

Spatial discretization is shown in Figure 5-2. The finite element mesh considers 12 550 triangular
elements, divided into: 4 504 for the host rock, 6 284 for the concrete backfill and 1762 for the waste
domain. The maximum element size is 0.6 m in the rock domain near the boundaries of the model
(where no chemical reactions are considered) and the centre part of the waste domain (where degra-
dation is expected to be minimal). The minimum size is set to 0.3 m and used in the discretization of
the concrete wall.

The total simulation time is set to 100000 years. Temporal discretization obeys two criteria. The first
restriction is the von Neumann stability criterion for preventing numerical oscillations:
ar < 2 54

<7D, (5-4)
where 4t (s) is the time step size, Ax (m) is the finite element size, and D, (m?/s) is the dispersion-
diffusion tensor. The second criterion limits the time stepping depending on adjacent grid points Ax;
(m) and interstitial velocity v (m/s). The Courant number (C,) is defined as:

vAt Ax;

C, = ron <1 or At <— (5-5)
With the current 2D model parameters, time step limiting criteria lead to values presented in
Table 5-6. Maximum time steps are calculated for the concrete backfill (smallest element size). The
time step selected to define communication steps between Comsol and PHREEQC is set to 3.5 years
for the first 50 000 years and to 2.5 years for the second halve of the study period.
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Figure 5-2. Finite element mesh used in the iCP simulations for the 2D cross-section of BHK vault.
Including three domains: host rock, concrete backfill (blue) and waste.

Table 5-6. Maximum theoretical time-step size (in years) according to von Neumann and Courant
criteria for the given spatial discretization and material properties of the 2D model.

Criterion Casell Case lla Case llb Case lll Case IV
von Neumann 448 35.0 42.8 62.7 77.2
Courant 101.6 119.8 104.8 81.3 70.8

Two boundary conditions for groundwater flow are imposed. An inlet boundary condition is set at
the left boundary of the rock domains and a fixed hydraulic head condition (0 m) is set at the right
boundary. The inlet boundary condition sets a normal inflow velocity equal to 1.03 x 10" m/s. This
velocity corresponds to an average flow, taken from the results obtained by Abarca et al. (2016). It
is consistent with the flow conditions used by Idiart and Shafei (2019). The inlet boundary condition
follows the following expression:

-np-u= pUO (5-6)

where U, is the normal inflow velocity (1.03 x 10" m/s), n is the vector normal to the boundary
surface, p (kg/m?) is the fluid density, and u (m/s) is the velocity at the boundary.

Reactive transport is only solved for in the concrete and waste domains. The boundary condition for
solute transport is then located along the full rock-concrete interface. A Dirichlet boundary condition
sets the groundwater composition at this interface (see Table 5-5).

5.1.2 1D models of concrete backfill

The conceptual model of a set of 1D reactive transport simulations of the degradation of the same
concrete compositions as for the 2D models is presented here. The main difference is that these 1D
models are used to study degradation of the concrete backfill over a 1-million-year time period.
These models are focused on the concrete backfill and do not account for the rock or waste domains.

Figure 5-1 shows the 1D geometry and the discretization. It consists of a line cutting the left-hand
side of the concrete backfill, bounded by the contact with the rock (left) and the waste domains
(right). Flow, transport and chemistry are coupled in the same way as in the 2D models. Chemical
dissolution/precipitation processes determine the porosity which, in turn, affects transport properties.
Initial values for concrete parameters are shown in Table 5-1.
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The mineralogical phase assemblages, resulting from the hydration models, are the same as for the
2D models. Concrete composition, secondary minerals, porewater and groundwater are described

in Table 4-14, Table 5-4 and Table 5-5. The groundwater composition is fixed at the left boundary

of the model, assuming fast renewal of groundwater. For the right boundary, an outflow boundary

condition for concentration is imposed:

n-(-D,Vc) =0 (5-7)
where ¢ (M) is the solute concentration vector.

Moreover, a fixed pressure gradient is imposed across the modelled domain so that the initial velocity
of Case I is 1.03 x 107" m/s. The rest of cases have slightly different initial velocities depending

on their initial hydraulic conductivity (Table 5-1). Initial velocities for each 1D case are given in
Table 5-7. This assumption is considered to resemble the 2D groundwater flow field, in which

the initial Darcy velocities across the left concrete backfill are reduced for lower initial hydraulic
conductivities. The Darcy velocity, proportional to the equivalent hydraulic conductivity of the 1D
domain, increases as degradation proceeds (Idiart and Lavifia 2019).

Table 5-7. Initial hydraulic conductivity (m/s), Darcy velocity (q, m/s) for each 1D case.

K (ml/s) q (m/s)

Case | 8.30x 107" 1.03x10™"
Case lla 1.42x107° 1.76x107"
Case lIb 9.19x 107 1.14x10™"
Case lll 4.05x107"° 5.03x107"2
Case IV 2.60x107" 3.22x107"2

Spatial discretization consists of a total number of 28 finite elements of 0.1 m size (Figure 5-3),

i.e. 3 times more refined than the 2D simulations. The total simulation time of 1 million years is
discretised using time steps of 5 years for the operator splitting. This constant communication time
steps between Comsol and PHREEQC have been setup considering the von Neumann and Courant
criteria. The different spatial discretisation between models lead to different limiting time step values
(Table 5-8).

Table 5-8. Maximum theoretical initial time-step size (years)according to von Neumann
(Equation 5-4) and Courant (Equation 5-5) criterions for the given spatial discretization and mate-
rial properties from the 1D model.

Criterion Case | Case lla Case llb Case lll Case IV
von Neumann 5.0 3.9 4.8 7.0 8.6
Courant 33.2 39.9 34.9 271 23.6
o
Outer backfill Inner backfill
T T T T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8 2 2.2 2.4 2.6 2.8

Figure 5-3. Finite element mesh used in the 1D iCP simulations and control volumes definition. Dimension
expressed in metre (m).
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5.2 Results for 2D models of a BHK cross-section

This section presents the results of the five simulation cases of concrete degradation in a typical
BHK cross-section. A comparison between the different cases is done to determine the impact of
different concrete mixes on long-term performance. First, a complete set of results for Case I is
presented and discussed in more detail. Thereafter, the analysis of the remaining simulation cases
is focused on the main characteristics and differences compared to Case 1.

5.21 Casel

The 2D distribution of the mineralogical phase assemblage of Case I after 100000 years is summarised
in Figure 5-4 through Figure 5-6. This case is similar to the base case presented in Idiart and Shafei
(2019), with the difference that the mineralogical phase assemblage is calculated using the hydration
model of Section 4.2.1 instead of that presented by Hoglund (1992). The same degradation patterns
can be observed. The mineral dissolution front begins at the rock-concrete interface and evolves
towards the interior of the concrete backfill. Degradation proceeds somewhat faster on the left side
due to groundwater flow. After 100000 years, the dissolution depth on the left side of the concrete
backfill is 0.94 m for portlandite, 0.24 m for C-S-H jennite, and 0.7 m for hydrogarnet OH. C-S-H
tobermorite precipitates in the first 1.16 m, although it completely dissolves at the interface with the
rock. Monocarboaluminates and monosulfoaluminates also dissolved completely along the first 0.46
and 0.7 m from the interface with the rock, respectively (Figure 5-5). On the other hand, hydro-
talcite OH remains stable after 100000 years and a small amount precipitates near the interface
with the rock.

x1072
4.5 0.08
4 0.07
3.5 0.06
0.05
2.5
0.04
Portlandite 15 0.03
1 0.02
0.5 0.01
0 0

w

N

C-S-H tobermorite . Hydrogarnet OH

Figure 5-4. Case I results: 2D spatial distribution of portlandite, C-S-H phases (end members of a solid
solution), and hydrogarnet OH after 100000 years, expressed in volume fraction (-). The dimensions are
specified in Figure 5-1.
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Figure 5-5 and Figure 5-6 show the formation of secondary minerals in the concrete backfill after
100000 years as a result of interaction with groundwater. First, an ettringite precipitation front is
observed (up to 0.02 volume fraction), together with an important formation of stritlingite (up to
0.055 volume fraction, given its relatively large molar volume, i.e. 216 cm*/mol). These phases
consume the aluminium released by dissolution of monocarboaluminates and monosulfoaluminates.
A small amount of thaumasite forms afterwards, followed by calcite formation at the interface with
the rock and extending into the concrete backfill.

Figure 5-7 shows a 1D profile along the concrete backfill (see location in Figure 5-1) of the miner-
alogical phase assemblage after 100000 years. This figure shows the sequence of mineral dissolution
and precipitation described above. The porosity profile is also shown. In addition, the results of a
sensitivity case are also presented in this figure. The only difference with Case I is that in this sensi-
tivity case, porosity is calculated assuming that calcite formation has an impact on porosity clogging.
Comparison of the results of Case I and the sensitivity case show that after 100000 years the results
are very similar in terms of degradation sequence and penetration depth of the degradation front. The
main difference is of course the porosity profile in the regions where calcite formation is predicted.
In the sensitivity case, maximum porosity is around 0.255 due to the effect of calcite, while in Case I
itis 0.30.

x10"? x1072
2
1.8 2.5
1.6
1.4 2
111.2
1.5
1
. 0.8 .
Monocarboaluminate Monosulfoaluminate 1
0.6
0.4 0.5
0.2
(] 0
x1072

2
18 0.05
1.6
0.04
11.4
1.2
0.03
1
0.8
Ettringite 0.6 Thaumasite 0.02
0.4 0.01
0.2
0 0

Figure 5-5. Case I results: 2D spatial distribution of monocarboaluminate, monosulfoaluminate, and
hydrotalcite OH after 100000 years, expressed in volume fraction (-). The dimensions are specified in
Figure 5-1.
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Figure 5-6. Case I results: 2D spatial distribution of ettringite, strdtlingite, thaumasite, and calcite after
100000 years, expressed in volume fraction (). The dimensions are specified in Figure 5-1.
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Figure 5-7. Case I results. Mineral volume fractions (-) and porosity after 100000 years, spatial distribu-
tion in the concrete backfill (length in m). Results of a sensitivity case that considers porosity reduction due
to calcite formation are also shown.
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Mineralogical alteration has an important impact on porosity distribution, as shown in Figure 5-8
(see also Figure 5-20). The initial value of porosity (0.11) increases up to 0.30 at the concrete-rock
interface. This is the maximum porosity that can be achieved with the current setup, which considers
an inert volume fraction of ~0.7 (Table 5-2). Note that calcite is not accounted for in the calculation
of porosity (see discussion in Section 5.1.1). The extent of increase in porosity along the concrete
backfill is up to 1.20 m from the interface with the rock. The remaining concrete backfill has a
porosity that is equal to the initial value.

The pH distribution after 100000 years is also shown in Figure 5-8. Total leaching of the alkalis
from the pore solution of the concrete backfill and waste domain leads to a maximum pH that is
reduced from the initial value of 13.33 to 12.50 after 100000 years (corresponding to equilibrium
with portlandite). On the other hand, the pH at the concrete-rock interface drops to values around 8.5
that correspond to the groundwater composition.

Final values for transport properties are presented in Figure 5-9 in terms of effective diffusion
coefficient and hydraulic conductivity. Maximum values at the interface with the host rock are
D.=45x10" m¥s and K=2.9x 1078 m/s.

In the following, selected results of simulation Cases II to IV are presented and compared with
Case L.
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Figure 5-8. Case I results: 2D spatial distribution of porosity and pH after 100000 years. The dimensions
are specified in Figure 5-1.
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Figure 5-9. Case I results: 2D spatial distribution of effective diffusion coefficient (m’/s) and hydraulic
conductivity (m/s) after 100000 years. The dimensions are specified in Figure 5-1.
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5.2.2 Casell

Case II considers the same cement composition as Case I, the main difference being the increase in
water-to-cement ratio from 0.47 (Case I) to 0.63 (Case II). Two cases with a w/c ratio of 0.63 have
been simulated, either using 320 (Case Ila) or 280 (Case IIb) kg of cement per m® of concrete in the
concrete mix. These cases have the same phase assemblage as Case I, but with a reduction of the
mineral concentrations due to a higher w/c ratio (Table 5-2). This reduction is of ~15 % in Case Ila
and ~25 % in Case IIb. Different aggregate volume fractions are also used in each case (Table 5-2),
which has an impact on concrete initial porosity. Initial porosity values are 0.11, 0.1297 and 0.1135
for Case I, Case Ila and Case IIb, respectively. The inert mineral fraction accounting for ballast
content is also different, being ~0.70 for the first two cases and over 0.74 for Case IIb.

The results of Case 1la (Figure 5-10) and Case IIb (Figure 5-11) are therefore very similar to

Case I in terms of degradation sequence. The lower volume fraction of the initial cement hydrates
compared to Case I also has the effect of reducing the volume fraction of secondary minerals
formed. Moreover, higher initial porosities lead to increased values for transport properties, thereby
increasing the rate of degradation. As a result, the main effect of increasing the w/c ratio is a larger
penetration of the degradation front. However, this is more evident at longer times (see Section 5.3).
The differences between Case Ila and Case IIb are small despite the differences in initial porosity
and phase assemblage concentrations. Again, larger differences are observed after longer times

(see Section 5.3).
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Figure 5-10. Results of Case Ila. Mineral volume fractions (-) and porosity (-) after 100000 years, spatial
distribution in the concrete backfill (length in m).
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Figure 5-11. Results of Case IIb. Mineral volume fractions (-) and porosity (=) after 100000 years, spatial
distribution in the concrete backfill (length in m).
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5.2.3 Caselll

Case III considers the use of Bascement Slite, which is a CEM 1I with 12.3 wt% of fly ash. This case
differs from Case I due to its initially different hydrate phase assemblage. Figure 5-12 shows the 2D

distribution of minerals of Case III after 100000 years. The formation of C-A-S-H phases is a distin-
guishing feature in this case (especially the one with highest Ca/Si ratio). As a result, less strétlingite
is formed.
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Figure 5-12. Case Il results: 2D spatial distribution of C-S-H and C-A-S-H phases, and ettringite and
monosulfoaluminate after 100000 years, expressed in volume fraction (-). The dimensions are specified in
Figure 5-1.
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Monosulfoaluminate and monocarboaluminate are destabilised near the groundwater source, dis-
solving completely in the first 0.7 m and 0.5 m, respectively (Figure 5-13). As a result, ettringite
forms in this region, with larger volume fractions than in Case I (up to 0.044 in this case), although
ettringite is initially present in Case III. A very small amount of thaumasite is also formed in a
narrow region behind the ettringite precipitation front. Later, ettringite dissolves from the interface
with the host rock, with the dissolution front at 0.24 m from this interface. Portlandite also dissolves
completely in the first 0.94 m (Figure 5-13). As in Case I, mineral dissolution/precipitation reac-
tions occur to a larger extent on the left side of the concrete backfill, which is due to the effect of
groundwater flow.

5.2.4 CaselV

The effect of a large replacement of cement with limestone (26.9 wt%) and dolomite (6.9 wt%)

in the concrete mix on long-term degradation is studied in Case IV. The hydrated composition of
concrete contains in this case an initial volume fraction of calcite of 0.059 (dolomite is completely
dissolved during hydration, partly forming additional calcite, see Section 4.2.3). In this case,
important differences can be found with respect to the OPC CEM I cases (Case I and Case Ila and
IIb). The addition of limestone filler leads to a lower porosity than the OPC system, resulting in
lower hydraulic conductivity and diffusivity values.

The results show an ettringite dissolution front, followed by a thaumasite precipitation front with
higher volume fraction (Figure 5-14 and Figure 5-15). However, after 100000 years this can only
be observed on the left-hand side of the concrete backfill (Figure 5-14). On the other hand, ettringite
follows a clear non-symmetric pattern and dissolves more slowly on the right side.

Calcite distribution shows a precipitation peak at the interface with the host rock (Figure 5-14 and
Figure 5-15). After 100000 years stritlingite does not form as a result of the degradation sequence,
as opposed to Case 1. A more detailed comparison is given in the next section.

5.2.5 Comparison of results

The comparison of the different simulation cases is summarised in this section with a set of 1D pro-
files (see Figure 5-1) of key minerals and parameters after 100000 years. Figure 5-16 to Figure 5-18
present a comparison between the five models of the distribution of portlandite, C-S-H jennite and
C-S-H tobermorite gels, respectively. Note that initial volume fractions are different for each case
(Table 5-2). As can be observed, no significant differences in the degradation fronts can be identified
for Cases I to III after 100000 years of interaction with groundwater.

An exception is Case 1V, in which the portlandite dissolution front (Figure 5-16) advances slower
than in other cases due to the significantly lower porosity (see Figure 5-20). In all cases portlandite
is present in more than a half of the backfill thickness.
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Figure 5-13. Case IIlI. Mineral volume fractions (-) and porosity (-) after 100000 years, spatial distribution
in the concrete backfill (length in m).
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100000 years, expressed in volume fraction (-). The dimensions are specified in Figure 5-1.
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Figure 5-15. Case IV. Mineral volume fractions (-) and porosity (-) after 100000 years, spatial distribution
in the concrete backfill (length in m).
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The high Ca/Si ratio end-member of the C-S-H solid solution, i.e. C-S-H jennite, shows a dissolution
pattern that is more homogeneously distributed along the backfill thickness in all cases (Figure 5-17).
The initial difference in volume fraction between modelled cases does not have a significant impact
on the front of complete dissolution. However, the cases with higher initial volume fraction have

a sharper dissolution front (Figure 5-17). The profiles of the low Ca/Si ratio end-member of the
C-S-H solid solution, i.e. C-S-H tobermorite, are of course linked to jennite dissolution profiles
(Figure 5-18). In all cases the peak value is around 0.05 and is located between 0.24 m and 0.48 m
from the rock interface. The only case with a smaller peak value is Case IIb, which is due to the
lower initial volume fraction of C-S-H gel.

Figure 5-19 presents the 1D profiles of pH after 100000 years, which shows a remarkable agree-
ment between all the simulation cases despite their different mineralogical compositions. This is
not surprising given the similarities between the different portlandite and C-S-H gels profiles. In
Case IV, pH values are slightly higher due to the lower values of transport properties.
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Figure 5-16. Portlandite dissolution fronts in terms of volume fraction after 100000 years, spatial distribu-
tion in the concrete backfill (length in m) for the 5 simulated cases.
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Figure 5-17. C-S-H jennite dissolution fronts in terms of volume fraction after 100000 years, spatial
distribution in the concrete backfill (length in m) for the 5 simulated cases.
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Figure 5-18. C-S-H tobermorite profiles in terms of volume fraction after 100000 years, spatial distribu-
tion in the concrete backfill (length in m) for the 5 simulated cases.
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Figure 5-19. pH (-) spatial distribution in the concrete backfill after 100000 years, comparison between
the results of the 5 simulated cases.

Comparison plots of porosity and transport properties, i.e. effective diffusion coefficient and
hydraulic conductivity, are presented in Figure 5-20, Figure 5-21 and Figure 5-22, respectively.
Qualitatively, very similar porosity profiles between modelled cases are observed in Figure 5-20.
On the right-hand side, the initial porosity values are shown, and the influence of different concrete
mixes is more noticeable. Case IV is the case with initially lowest porosity and thus where the
degradation front has the lowest impact on porosity increase. Highest porosity values are observed
at the concrete-rock interface, where interaction with groundwater is highest. Values at this interface
correspond to the situation where no reactive minerals are left, and only the inert mineral fraction
remains (mainly the aggregates). Note that the maximum porosity of Case Ila and Case I1b differs
due to their different aggregate volume fractions (0.7 in Case Ila and 0.74 in Case IIb), which result
from different concrete mixes. Maximum values reached in Case IV (with limestone addition) are
lower due to the substantial volume fraction initially occupied by calcite that remains intact.

The effective diffusion coefficient (m*/s) in Figure 5-21 and the hydraulic conductivity (m/s) in
Figure 5-22 follow a distribution similar to the porosity profiles, which is due to the direct relation
between these parameters (Equation 5-1 and 5-2).
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Figure 5-20. Porosity (-) spatial distribution in the concrete backfill after 100000 years, comparison
between the results of the 5 simulated cases.
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Figure 5-21. Effective diffusion coefficient (m’/s) spatial distribution in the concrete backfill after
100000 years, comparison between the results of the 5 simulated cases.
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Figure 5-22. Hydraulic conductivity (m/s) spatial distribution in the concrete backfill after 100000 years,
comparison between the results of the 5 simulated cases.
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5.3 Results for 1D models of concrete backfill

This section presents the results of the 1D reactive transport simulations over 1 million years
(Table 2-1). The same modelling cases as in Section 5.2 are simulated in terms of concrete compo-
sition, from Case I to Case I'V. As in Section 5.2, a complete description of Case I results is shown
first. Thereafter, comparison between the five different concretes is made in terms of distribution of
specific minerals and equivalent key parameters.

5.3.1 Casel

An in-depth description of the degradation processes for Case I is given from Figure 5-23 to
Figure 5-28. First, mineral dissolution/precipitation is analysed. In Figure 5-23 the mineral assem-
blage in the concrete backfill is shown at different times. After half million years of degradation,
portlandite and C-S-H jennite are completely depleted, while C-S-H tobermorite is completely
dissolved in the first 0.8 m from the concrete-rock interface.

A large amount of calcite precipitates close to the interface with the host rock. After several hundreds
of thousands of years, smaller fractions of calcite also form along almost the entire thickness of the
backfill, where also hydrotalcite C forms. It is noted that calcite formation as a result of carbonation
is not accounted for in porosity calculations. This assumption is considered to yield a conservative
estimate of the fluid flow and transport properties, by not relying on the positive effect of carbona-
tion on decreasing the transport properties (see discussion in Section 5.1.1).

Strétlingite and ettringite formation are also important in the simulation. After 500000 years, their
precipitation fronts reach the backfill-waste interface, while their redissolution fronts are located
at 1 m and 2 m from the rock interface, respectively. Hydrotalcites also form at advanced states of
degradation, between 0.2 m and 0.6 m after 500000 years.

The mineral assemblage after 1 million years shows a near complete degradation of the concrete
backfill, with a small fraction of C-S-H tobermorite in the last 0.5 m. Otherwise, calcite and small
amounts of hydrotalcites and brucite are the only phases present.

Similar conclusions can be drawn from the results in terms of time evolution. Figure 5-24 shows the
time evolution of the mineral phases at 1.4 m and 2.8 m from the concrete rock interface.

The degradation sequence can be clearly identified from this figure. This sequence is similar at both
observation points, though the time scales are different. The first mineral to dissolve is portlandite,
which is completely depleted at 1.4 m after 200000 years. Complete portlandite dissolution triggers
the decalcification process of the C-S-H gel solid solution. C-S-H jennite starts dissolving after
200000 years and is completely depleted after 420 000 years. On the other hand, C-S-H tobermorite
starts precipitating after 200000 years and continues to form during several hundreds of thousands
of years until reaching a volume fraction of 0.094. C-S-H tobermorite volume fraction reaches

its maximum with strétlingite depletion and then gradually dissolves until complete depletion

after 800000 years. Portlandite depletion also triggers a rapid dissolution of hydrogarnet OH and
stréitlingite formation. Following hydrogarnet OH depletion after 230000 years, monosulfoaluminate
also starts dissolving and triggers ettringite formation which lasts for 200 000 more years. A small
amount of thaumasite formation is also predicted. Monocarboaluminate dissolves in 300 000 years,
followed by a small amount of calcite precipitation. Calcite rapidly redissolves, the dissolved carbon
giving rise to thaumasite formation. In turn, after half million years, thaumasite starts dissolving and
calcite forms again, but this time as a result of the carbonation process. Hydrotalcite (in its OH and C
form) is the most stable mineral of the system and remains throughout the simulated time.

The pH evolution at x=1.4 m in Figure 5-24 is intimately linked to the dissolution/precipitation
sequence described above. After a relatively rapid leaching of alkalis in less than 10000 years,
pH drops from the initial value of 13.3 to 12.5, with the pore solution being in equilibrium with
portlandite. After complete portlandite dissolution (at 200000 years), pH shows a decreasing trend
following the evolution of the C-S-H solid solution. A stabilization at pH 10.5 is reached once the
C-S-H solid solution is fully composed of C-S-H tobermorite, after 480000 years. The pH value
remains stable at 10.5 as long as there is C-S-H tobermorite present. Complete dissolution of this
phase is predicted after 800000 years. At this point, pH continues its decreasing trend until reaching
a value that is the same as the pH of the groundwater.
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Figure 5-23. Case [ results. Spatial distribution (length in m) in the concrete backfill of mineral volume
fractions at different times (250000, 500000 and 1 million years).

A different temporal evolution of the same sequence of mineral assemblage is observed at x=2.8 m,
i.e. the backfill-waste interface (Figure 5-24). The degradation process is qualitatively the same
than at x=1.4 m, but with two noticeable differences. The distance between the two points results
in a lower degree of degradation at x=2.8 m, and after 1 million years the degradation sequence is
not complete at this point. C-S-H tobermorite and hydrotalcite OH do not dissolve and thus small
values of calcite are observed. The second and most important difference is the higher degradation
rate compared to the first observation point. Although degradation starts later, the time between the
start of portlandite dissolution and complete depletion of C-S-H jennite is significantly reduced.
Dissolution of the main primary minerals and precipitation of secondary ones occur in a time frame
of ~50000 years. This is explained by an increase of the Darcy velocity across the concrete backfill
with time. The rate of degradation processes at a given point is closely related to the distance to the
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groundwater source. The increase of the Darcy velocity is of course a consequence of the increase in
porosity and evolution of transport properties. The time frame between complete depletion of portlandite
and C-S-H jennite at x=2.8 m is roughly half of the time needed at x=1.4 m. In turn, water interstitial
velocity duplicates during the time between these two points reach portlandite dissolution.

Figure 5-25 shows 1D profiles of pH values at different times from 0 to 1 million years. pH evolution with
time is directly related with the depletion and appearance of the different mineral phases (Figure 5-23).
pH values decrease from the initial value of 13.3 to 12.5 in the entire domain, due to leaching of the alkalis
before 100000 years. The value of 12.5 corresponds to the equilibrium with portlandite. Thereafter, pro-
gressive decalcification of C-S-H with higher C/S ratio governs the system pH until the total depletion of
C-S-H jennite, which gives rise to a period wherein pH is buffered around 10.5 controlled by C-S-H
with lower C/S (tobermorite). Dissolution of tobermorite leads to a situation in which pH follows an
eventual decrease as it is mainly controlled by calcite and finally groundwater composition.

Porosity evolution resulting from mineral volume changes is shown in Figure 5-26. Maximum values
of porosity of 0.3 are reached when all the cement hydrates are dissolved (calcite volume fraction is
not accounted for in porosity calculations, see above). As shown in Figure 5-26, porosity increases
from left to right and after 500 000 years, only the last 1.6 m presents porosity values under 0.18. After
1 million years, the entire backfill is severely degraded, with a porosity of 0.29, except in the last 0.5 m,
with a value of 0.21.

Effective diffusion coefficient and hydraulic conductivity are presented in Figure 5-27 and Figure 5-28,
respectively. Transport properties are directly related with porosity and its evolution. Maximum values
reached in the concrete domain are 4.5 107" m?%/s and 2.9 x 10°® m/s, respectively. After 1000000 years,
minimum values (on the right boundary) are 1.9 x 10" m*/s and 7.9 x 10 m/s, respectively.
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Figure 5-25. pH (-) spatial distribution in the concrete backfill at different times.
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Figure 5-28. Hydraulic conductivity (m/s) spatial distribution in the concrete backfill at different times.

5.3.2 Casell

Case II considers the effect of a higher w/c ratio. Case II results are presented in Figure 5-29 to
Figure 5-32. The first two figures correspond to Case Ila, while the remaining two figures to Case
IIb (see Table 2-1 and Section 5.2.2 for details). The analysis of the results is based on a comparison
with Case I in terms of mineralogical variations. As expected, the three cases qualitatively show the
same chemical degradation sequence.

Figure 5-29 presents the mineral distribution in the concrete backfill for Case Ila after 250000,
500000 and 1 million years. Clearly, the higher porosity and higher values of transport properties
resulting from an increase in the w/c ratio leads to a faster degradation process compared to Case 1.
This is reflected for instance in the advancement of the C-S-H tobermorite dissolution front, which
in Case I is positioned at 0.7 m after 500000 years while for Case Ila it is at ~1.2 m. After 1 million
years, C-S-H tobermorite is completely absent in the backfill in Case Ila, while in Case I it is still
present in the last 0.5 m. Figure 5-37 shows a more detailed comparison of the degradation profiles.
Figure 5-30 presents the mineral and pH degradation sequence with time at the same two observa-
tion points as in Case I (x=1.4 m and x=2.8 m). Compared to Case I (Figure 5-24), the chemical
degradation processes are the same, although in Case Ila they occur much earlier. A faster degrada-
tion leads to complete portlandite depletion after 130000 years at x = 1.4 m and 260 000 years

for x=2.8 m. In both cases, only calcite is present after 1 million years, and a minor fraction of
hydrotalcite C at x=2.8 m.

The mineral phase assemblage of Case IIb at different times is presented in Figure 5-31. Case IIb
results fall between Case I and Case Ila. The portlandite dissolution depth is at 2 m after 250000 years,
while in Case [ it is at 1.6 m and in Case IIb it is almost completely depleted. Evolution of phases
with time is shown at x=1.4 m and x=2.8 m in Figure 5-32. The most important difference when
comparing with Case I results is the amount of hydrates. All mineral volume fractions are smaller in
Case IIb.

It is noted that even though the mineral concentrations (expressed in mol/L of medium) of Case I1b

are smaller than Case Ila (Table 5-2), the degradation is faster in the latter. This is due to the higher

volume fraction of aggregates in Case IIb (0.74 compared to 0.70 in Case Ila), leading to a reduced

porosity and transport property values. The impact of the reduction of initial porosity is greater than
the effect of reducing the amount of hydrates.
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Figure 5-29. Case Ila results. Mineral volume fractions at different times, spatial distribution in the
concrete backfill (length in m).
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Figure 5-30. Case Ila results. Mineral volume fractions and pH evolution with time (years) at different
point of the concrete backfill. Results for x = 1.4 m (outer-inner interface) in the upper graph and for
x =2.8 m (right boundary) in the lower part.
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Figure 5-32. Case IIb results. Mineral volume fractions and pH evolution with time (years) at different
point of the concrete backfill. Results for x = 1.4 m (outer-inner interface) in the upper graph and for
x=2.8 m (right boundary) in the lower part.

5.3.3 Caselll

Results from Case III degradation are presented in Figure 5-33 and Figure 5-34. Differences with
Case I results are due to the initial concrete compositions. The addition of fly ash leads to a different
initial mineralogical composition, with less portlandite than Case I and with more C-S-H (solid solu-
tion including C-S-H and C-A-S-H phases in this case). Also, ettringite is present as primary mineral
(Table 5-2), while no hydrogarnet OH is initially present in Case III.

The distribution of mineral phases along the concrete backfill is shown in Figure 5-33 for three
different times. A significantly slower rate of degradation may be observed compared to Case 1. In
Case 111, the initially lower porosity and transport property values have the effect of decreasing the
rates of solute transport. As a result, there are important differences in mineral distribution. After
500000 years, C-S-H jennite is still present in the inner backfill and even portlandite in the last
centimetres of the domain. Moreover, C-A-S-H gels are still present in 80 % of the concrete domain
(Figure 5-33). After 1 million years, a significant volume fraction of low Ca/Si ratio gels (C-S-H
tobermorite and C-A-S-H 0.84) remain in the inner backfill.

SKB R-19-14 87



T T T T T T T T

250 000 years

0.2t b
0.18r 1
0.16}F

0.24r
0.22+

0.14r b
0.12f 1

0.1f
0.08r

Mireral volume fraction

0.061
0.04r ~

0.02F /\

0.24F

0.22F
0.2t 1| —Portlandite
— C-5-H jennite
— C-5-H tobermorite
0.16 1| — C-A-S-H1.25
o014} J|—C-A-5-H0.84
Calcite
0.12p — Ettringite
o01b 1 | -—Hydrotalcite OH
1| -—Hydrotalcite C
-~Maonocarboaluminate
~-Monosulphoaluminate
4 | == Stratlingite
Thaumasite

0.18¢ b

Mineral volume fraction

0.08f
0.06r
0.04}F

0.02F

o.2af

0.22+

0.2t
0.18¢ 1
016 4
0.14f
0.12f 1

0.1f
0.08p

Mineral volume fraction

0.061
0.041

0.024

% (m)

Figure 5-33. Case Il results. Mineral volume fractions at different times, spatial distribution in the
concrete backfill (length in m).

Figure 5-34 presents the mineral dissolution and precipitation sequence with time at two observation
points (x=1.4 m and x=2.8 m). The pH evolution is also included in the figure. Qualitatively,

the chemical sequence is similar to the one presented for Case 1. Again, differences due to a slower
degradation process are shown. At the middle point, C-S-H tobermorite continues to precipitate for
the entire studied period, while C-A-S-H gels are also present. The pH is stabilised at around 10.5
after 1 million years, governed by the solubility of C-S-H gel composition. At x=2.8 m, the slower
degradation leads to portlandite complete depletion after S00 000 years, i.e. 100000 years later than
in Case L.
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Figure 5-34. Case Il results. Mineral volume fractions evolution with time (vears) at different point of the
concrete backfill. Results for x = 1.4 m (outer-inner interface) in the upper graph and for x =2.8 m (right
boundary) in the lower part.

5.3.4 CaselV

Case IV corresponds to the concrete mix containing partial replacement of cement by limestone

and dolomite. The results are presented in Figure 5-35 and Figure 5-36 in terms of mineral volume
fractions. Compared with Case I, a higher calcite volume fraction is the main difference. Calcite
precipitates in the first 0.3 meters, and it is present in the entire domain, due to the initial chemical
assemblage. When comparing results after 1 million years, a substantially slower advancement

of the degradation fronts can be observed. In particular, not only hydrotalcites, calcite and C-S-H
tobermorite remain as in Case I. C-S-H jennite, stritlingite, ettringite and monocarboaluminate

are also present in Case I'V. An important difference in the degradation process is given by the
precipitation of thaumasite, reaching volume fraction values of up to 0.07. These high values could
be associated with expansions and cracking (see e.g. Idiart and Lavifia 2019). However, it is noted
that thaumasite formation in Case IV follows from primary ettringite dissolution (with a 0.02 initial
volume fraction) and occurs when the total porosity has increased substantially. Including the effect
of thaumasite volume fraction, porosity values at these regions remain above the initial value (not
shown). Therefore, expansions and cracking from thaumasite formation are not likely in this context.
The formation of thaumasite also affects the stability of strétlingite, showing a lower volume fraction
than in other cases.
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Figure 5-35. Case IV results. Spatial distribution (length in m) in the concrete backfill of mineral volume
fractions at different times (250000, 500000 and 1 million years).

Figure 5-36 shows the evolution of the mineral phase assemblage at the two observation points
x=1.4 m and x=2.8 m. Degradation is much slower than in Case I, with portlandite depletion
completed after 370000 years for the outer backfill and 950000 years for the inner one. Portlandite
degradation takes approximately double the time compared to Case 1. The rest of primary minerals
are also dissolved more slowly, such as calcite, hydrotalcite and both C-S-H phases. These minerals
are present in the entire study period for x =1.4 m; and ettringite and monocarboaluminate for
x=2.8 m. The pH distribution profiles reflect the great difference in results: values between 12.0
and 12.5 are observed in the entire study period, as opposed to Case I, where much lower values in
equilibrium with groundwater are reached.
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Figure 5-36. Mineral volume fractions and pH evolution with time (years) at different point of the concrete
backfill. Results for x = 1.4 m (outer-inner interface) in the upper graph and for x = 2.8 m (right boundary)
in the lower part.

5.3.5 Comparison of results

Results obtained from Case I to Case IV are compared in more detail in this section. The comparison
is made using three sets of plots: (1) dissolution fronts of main buffering cement hydrates after
250000 years, (2) equivalent key parameters (pH, ¢, D, and K) as defined by Idiart and Lavifia
(2019), and (3) main variables that characterise the degradation processes.

First, the dissolution fronts of the main buffering cement hydrates after 250 000 years are shown in
Figure 5-37. The focus is on portlandite and the C-S-H solid solutions. The ideal solid solution used
to describe the composition of C-S-H is characterised here using the following equations:

CSHger = CSHien + Vo™ + CSHygp, + VL (5-8)

CSHign - 1.667 + CSHyy, - 0.833
CSHien + CSHigp

C/Scsu = (5-9)

In the above equations, the concentrations of the end members of the solid solution, CSH,., and
CSH,y, are given in mol/L of medium, ¥, (L/mol) correspond to the molar volumes of the end
members, CSH, is the volume fraction of the total C-S-H solid solution, and C/Scsy, is the C/S ratio
of the C-S-H gel (1.667 and 0.833 are the C/S ratio of the end members). For Case III, Equation 5-9
also includes the C-A-S-H phases with their corresponding Ca/Si ratios (see solid solution 2 in
Table 5-2).
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A first conclusion is that the position of the portlandite dissolution fronts in Figure 5-37 is not
directly related with initial portlandite content. For Case III (blended cement) the lower porosity and
transport property values compared to Case I contribute to a slower advancement of the front despite
having a much lower initial portlandite content. Comparing Case I with Case I1a and Case IIb (OPC
cements) leads to a similar conclusion, i.e. the initial portlandite content is not related with the dis-
solution depth. Case Ila has a higher initial portlandite content than Case IIb but shows the highest
dissolution after 250 000 years.

Total C-S-H gel volume fraction is presented as the addition of the end-members of this solid
solution (Equation 5-8) for each case in Figure 5-37. The C/S ratio of the C-S-H solid solutions
calculated according to Equation 5-9 is also compared in this figure. Case III shows the lowest port-
landite content and highest C-S-H content of the studied systems. This is due to the effect of fly ash
addition, consuming portlandite and forming additional C-S-H during hydration. The influence of
C-A-S-H phases in Case III is shown in the initial C/S ratio of C-S-H. The 1.25 and 0.84 C/S ratios
of the two C-A-S-H end-members of the solution yield a lower C/S ratio in intact concrete. This

case is clearly the one with more content of C-S-H after 250000 years. However, it is in Case IV
where the dissolution front of C-S-H is less advanced. This is due to the initially lower porosity and
transport property values in Case IV compared to the rest of simulated cases.

The differences between Case I and Cases Ila and IIb are more pronounced, showing a more
advanced state of degradation of C-S-H phases (volume fraction and C/S ratio) and especially
portlandite.

Similar to Idiart and Lavina (2019), the results of the 1D reactive transport models are post-processed
here by spatial integration of key parameters needed in the radionuclide transport model. To this
end, the modelled domain is divided into two control volumes of the same size (1.4 m), named as
inner and outer backfill (see Figure 5-3). The following time-dependent equivalent properties are
calculated:

« pH.

* Porosity.

« Effective diffusivity (m%s).

» Hydraulic conductivity (m/s).
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Figure 5-37. Comparison between modelled cases in terms of spatial distribution of volume fraction of
portlandite and C-S-H solid solution and C/S ratio of C-S-H at 250000 years (length in m).
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Depending on the nature of each variable, either a series model or a model based on the weighted
average is used. Equivalent transport properties along the direction of flow are calculated using a
series model. On the other hand, mean values of porosity over the control volumes are calculated
based on a weighted average.

The equivalent effective diffusion coefficient resulting from the 1D reactive transport simulation is
calculated over 1 million years using the following equation:

L
D =———
e = 51 (5-10)
S N eTka

Above, D (x,?) is the local effective diffusion coefficient, @ (m) and b (m) correspond to the x
coordinate of the boundaries where the integration is calculated and L (m) is the calculated backfill
thickness (b — a). Thus, L is 1.4 m for the control volumes and 2.8 m for the complete backfill.

Analogously, the equivalent hydraulic conductivity resulting from the reactive transport simulation
can be calculated as:

L
eq _
K= [ (5-11)
a K(x,t) x
The averaged porosity is calculated with the following equation:
’ d
o = Jo P t) dx (5-12)
av

L

Equivalent parameter evolution for the outer and inner backfills are presented from Figure 5-38 to
Figure 5-41. Results are presented separately for the outer and inner backfill showing pH values at
x=1.4 and 2.8 m (Figure 5-38), averaged values of porosity (Figure 5-39) and equivalent values for
effective diffusion coefficient (Figure 5-40) and hydraulic conductivity (Figure 5-41). In addition,
Appendix C includes the tabulated values of the averaged pH plots presented in this section.

Xx=14m x=2.8m
13.5 13.5
13.0 13.0
12.5 12.5
12.0 I— — 12.0 INEANEAN
1.5 N\ 1.5 VA A\
:5_11.0 AN = :IQ:.11-0 — Case | Ll
10.5 \ \\ K \ 10.5 C \ X \ \
. —-T T . — Case lla \
10.0 By b 10.0 | — cCasellb
9.5 N N 95 | — caselll
9.0 — 90 | — caselv
8.5 N 8.5
OE+00  2E+05  4E+05  6E+05  8E+05  1E+06 OE+00  2E+05  4E+05  6E+05  8E+05  1E+06
Time (years) Time (years)

Figure 5-38. pH values () as a function of time (vears) at the inner - outer backfill interface (x =1.4 m)
and inner backfill — waste interface (x = 2.8 m) for the 5 simulated cases.
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Figure 5-39. Averaged porosity values (-) as a function of time (years) for the inner and outer backfills for
the 5 simulated cases.
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Figure 5-40. Equivalent effective diffusion coefficient (m’/s) as a function of time (years), representative
values for the inner and outer backfills for the 5 simulated cases.
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Figure 5-41. Equivalent hydraulic conductivity (m/s) as a function of time (years), representative values for
the inner and outer backfills for the 5 simulated cases.
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Figure 5-42. Portlandite dissolution depth (m) in the concrete backfill as a function of time (vears) and the
square root of time (yvears'?). Results corresponding to the 5 simulated cases.

The differences in the decrease in pH values due to groundwater interaction are more noticeable
at x=1.4 m. This is due to the larger differences between degradation rates in each case for longer
times, resulting from the increase in Darcy velocities (Figure 5-43).

The results in terms of averaged porosity values follow a similar monotonously increasing trend in
all cases, although starting from different initial values both in the inner and outer backfill volumes
(Figure 5-39). The final values reached, especially in the outer backfill, are close to the maximum
porosity that can be achieved in each case, which depends on the inert mineral fraction. An exception
is Case IV, where only half of the maximum porosity value is attained due to calcite content.

94 SKB R-19-14



13

_ 3.0E-10 L 8 105
v — Casell / € 100
€ 25E-10| — Casella 2 /
> — Case lIb / / w 0.95
£ 2.0E-10 o °
S — Casellll / / S 0.90 /
9 1510 — CaselV ©
° & (g5 N 7
> = —]
2, 1.0E-10 S 0.80
£ 51E11 = S 015 I —

ST — 2 0
“ 1.0E-12 =1 Z 070 [~

© OE+00 2E+05 4E+05 6E+05 8E+05 1E+06 W OE+00  2E+05  4E+05  GE+05  8E+05  1E+06

Time (years) Time (years)

Figure 5-43. Darcy velocities (m/s) and equivalent Péclet numbers (-), normalised to their respective initial
values, as a function of time (years). Results corresponding to the 5 simulated cases.

The equivalent transport properties in Figure 5-40 and Figure 5-41 are calculated using Equations 5-10
and 5-11. Case Ila shows the highest transport properties due to the higher initial porosity. As a result,
degradation is fastest in this case. On the other hand, Case III and Case IV have a lower initial
porosity compared to Case I, thus showing lower transport property values and slower degradation
rates, especially Case I'V.

Figure 5-42 presents the portlandite dissolution depths of all cases (in m), corresponding to the time
at which the concentration of portlandite at a given point is half of its initial value. Results are
shown as a function of time and the square root of time. There is a significant difference between the
simulated cases in the time that the portlandite dissolution front needs to reach the innermost point
of the concrete backfill. In Case 1, it takes 410000 years, while in Case III this time increases up

to 510000 years. On the other hand, the time needed in Cases Ila and IIb is reduced to 250 000 and
330000 years, respectively. Case IV shows the longest time needed by portlandite dissolution front
to reach the innermost side of the backfill (930000 years), which is due to the low initial porosity
of the system. Solute transport in the system is more advective-dominated, as indicated by the
non-linearity between dissolution depth and square root of time.

The equivalent Péclet number of the 1D model assuming the entire backfill thickness (L,) can be
calculated as:

qLy

Pe=——
¢av Deeq

(5-13)
where ¢ is the Darcy velocity (m/s). The evolution in time of the Darcy velocity and equivalent
Péclet number (normalised to its initial value) is presented in Figure 5-43.

Degradation process can be characterised with the analysis of portlandite dissolution front, water
velocity and Péclet number. The initial Péclet numbers of each case are given in Table 5-9. It may be
observed that the system is initially dominated by advection. The evolution of the equivalent Péclet
number indicates that even though the Darcy velocity increases, the relative impact of diffusion
over advection increases with time. The increase of the diffusion coefficient is due to the increase
in averaged porosity. In turn, increased porosity also has the effect of decreasing the interstitial
velocity (defined as the Darcy velocity divided by porosity). However, the modelled systems are still
dominated by advection throughout the studied period.

Table 5-9. Initial equivalent Péclet (Pe) number for each 1D case calculated using Equation 5-13.

Simulation Pe

Case | 74.9
Case lla 721
Case llb 74.3
Case lll 79.8
Case IV 83.4
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6 Summary and conclusions

This work presents a comprehensive study of the effect of using different concrete mixes on the long-term
performance of engineered barriers in the BHK vault of SFL. A literature review is presented to sum-
marise the most important differences between the reference concrete composition previously studied
(e.g. Idiart and Shafei 2019) and the proposed concrete mixes. Time-dependent cement hydration
models have been implemented in PHREEQC to quantify the cement hydrate phase assemblage
upon full hydration starting from the cement mix composition. The results of the hydration models
are then used as input to a set of ten reactive transport models in 1D and 2D of concrete degradation,
implemented in iCP.

The compositions of the cementitious materials considered by SKB include concretes with:
* water-to-cement ratio of 0.63 (instead of 0.47 used previously),
» the addition of fly ash as a supplementary cementitious material (SCM), and

+ partial replacement of cement by limestone (CaCOs) filler.

Degradation of concrete in the SFL repository has first been studied using 2D reactive transport
models of a cross-section of the BHK vault over a period of 100000 years. A total of five models
are presented considering different concrete compositions. The main concrete degradation process

is driven by leaching of calcium in all cases, which leads to gradual dissolution of the main cement
hydrates. Calcite precipitation, as a result of the carbonate ingress from groundwater and calcium
from hydrates dissolution, is another important process. The rate of this degradation process is shown
to be low after 100000 years in all the simulation cases considered. This is due to the relatively small
flow of water into the repository, together with a low initial diffusion coefficient of the concrete
backfill. Comparison of the results of the different cases over this time scale shows that the impact
of changing the concrete composition to the studied alternatives does not have a significant effect on
the performance of the barriers. The depth of the penetration front of degraded concrete is relatively
sensitive to concrete composition, although the results indicate that the governing factors are the
initial porosity and transport properties.

A set of 1D reactive transport models of the same five cases described for the 2D models is presented,
considering an extended period of 1 million years. These models are also implemented in iCP. The
focus has been put on evaluating and comparing the pH, porosity, effective diffusivity and hydraulic
conductivity of the BHK concrete backfill over 1-million-year time span. The differences between
different modelled cases are much larger over these longer time periods in terms of penetration of
degradation fronts. After 1 million years, the full thickness of the concrete backfill (2.8 m) is near
complete degradation in all cases, with calcite precipitating in most of the thickness. An exception is
Case 1V, in which degradation proceeds much slower than in the other cases. This is due to the lower
initial porosity, which results in lower transport property values and thus slower solute transport. In
the 1D models, there is a constant increase in the Darcy velocity with time. This is in part due to the
assumed boundary condition, which is based on a constant hydraulic head gradient. As a result, fluid
flow increases monotonously with time.

The main conclusion of the work is that the extent of degradation of the concrete backfill over
long time-scales is governed by the porosity and transport properties, rather than the chemical
composition of the cementitious material, at least for the studied systems. Case IV, which considers
the addition of limestone filler, is clearly the concrete mix that has the best performance. According
to the model results, this improvement is more related with the initially lower porosity compared to
the rest of cases than to the chemical composition of the cementitious system.

The coupling between dissolution/precipitation reactions involving mineral phases and physical
properties considered in the models is based on the use of total porosity. Empirical relations between
porosity and either hydraulic conductivity (Kozeny-Carman equation) or effective diffusivity
(Archie’s law type) are assumed in the reactive transport models. However, there is a lack of specific
experimental data regarding the relation between porosity and transport properties for the different
concrete compositions. Therefore, a limitation of the models is clearly related to the validity of the
coupling strategy and the definition of these empirical relations, especially in the long term.
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Appendix A

Verification of the cement hydration model

To verify the implementation of the cement hydration modelling approach in PHREEQC used

in Chapter 4, the hydration of the OPC system presented by Lothenbach and Winnefeld (2006)

has been simulated. The composition of the cementitious system before hydration is identical to
the one used by those authors and can be found in Lothenbach and Winnefeld (2006). Parrot and
Kiloh (1984) expressions for clinker dissolution are identical in both models. The thermodynamic
database used in the simulations is the CEMDATAOQ7 in both cases. The difference is that a version
of CEMDATAOQ7 for PHREEQC is used here (from Jacques 2009), while the GEMS version of
CEMDATAO07, consistent with Nagra/PSI-Thermodynamic Data Base (Hummel et al. 2002).

The results obtained with the implementation in PHREEQC of the hydration modelling approach
are compared to the ones obtained using the GEMS software (Kulik 2002). In their approach, the
CEMDATAOQ7 thermodynamic database (Lothenbach et al. 2008a, b) is coupled with the internally
consistent thermodynamic data set of Hummel et al. (2002) expanded with additional data for solids
that are expected to form under cementitious conditions.

In Lothenbach and Winnefeld (2006), alkali uptake by C-S-H phases was simulated by assuming a
distribution ratio (Ry) of 0.42 ml/g applied to C-S-H for both Na and K. In the present model imple-
mented in PHREEQC, cation exchange reactions are used to simulate alkali uptake. The selectivity
coefficients of Na, K, and Ca are adjusted to fit experimental data presented in Lothenbach and
Winnefeld (2006), while the cation exchange capacity (CEC) increases with time using a kinetic rate.

Figure A-1 and Figure A-2 depict the results of the evolution of the aqueous chemistry and hydrates
phase assemblage as a function of hydration time for the OPC system reported by Lothenbach and
Winnefeld (2006). Overall, a good agreement is observed between both models. Small discrepancies
in the results probably arise from the differences between how alkali uptake is treated in each model
and the fact that in PHREEQC the CEMDATAOQ7 database is not coupled to the Nagra database.
Some error in the digitalization process of the plots by Lothenbach and Winnefeld (2006) can also
affect the comparison.
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Figure A-1. Comparison of evolution of aqueous chemistry with hydration time (hours). Square symbols
stand for data reported in Lothenbach and Winnefeld (2006) while dashed lines stand for results calculated
in the present work.
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Minerals

Appendix B

Table B-1. Molar volume (V,,, in L/mol), equilibrium constant of the mineral (log K) and its
chemical formula are given in the table below.

Mineral V., (L/mol) log K Dissolution reactions used to calculate solubility products log K
Brucite 0.024 16.84  Mg(OH), = Mg* + 2H,0 - 2H*
C,AHg 0.184 -13.56  Ca,Al,(OH),, - 3H,0 = 2Ca?" + 2AI(OH),” + 20H" + 3H,0
C,FHs 0.194 -17.60  Ca,Fe,(OH)y, - 3H,0 = 2Ca* + 2Fe(OH),” + 20H™ + 3H,0
C,AH;; 0.274 -25.40  Ca,Al,(OH), - 6H,0 = 4Ca® + 2AI(OH),” + 60H" + 6H,0
C,FH; 0.286 -29.40  Ca,Fey(OH)y, - 6H,0 = 4Ca* + 2Fe(OH),” + 60H™ + 6H,0
CAH, 0.194 -7.50  CaAl,(OH)g - 6H,0 = Ca* + 2AI(OH),” + 6H,0
Calcite 0.037 1.85 CaCO; = Ca* - H'+ HCO5”
C-A-S-H 1.25 0.078 26.19  (Ca0);25(Al,05)0125(SiO,) - 1.625H,0 + 3.25H" = H,O + OH™ = 1.25Ca?*
+ 0.25AF" + SiO(OH);™ + 1.25H,0
C-A-S-H 0.84 0.059 21.57  (CaO)(Al,03)0.156(Si0y)1 185 - 1.656H,0 + 2.938H" — 1.188H,0
+1.1880H" = Ca* + 0.313AP" + 1.188SiO(OH);” + 0.75H,0
C-S-H jennite 0.078 -13.16  (Ca0)6667(SiOz)(H20)21 = 1.6667Ca*" + SiIO(OH),™ + 2.33330H"
- 0.5667H,0
C-S-H tobermorite 0.059 -8.00  (Ca0);8333(Si0,)(H,0) 3333 = 0.8333Ca®" + SiO(OH);™ + 0.66670H"
- 0.5H,0
Dolomite 0.064 -17.12  CaMg(COs), = Ca?" + Mg + 2CO,*
Ettringite 0.707 -44.84  CagAly(SO,)s(OH),; - 26H,0 = 6Ca®* + 2AI(OH),” + 350,% + 40H"
+ 26H,0
Fe-monocarbonate 0.290 -35.50  Ca,Fe,(COs)(OH)y, - 5H,0 = 4Ca* + 2Fe(OH),” + CO;* + 40H + 5H,0
Fe-ettringite 0.712 -44.01 CagFey(S0,)5(OH);, - 26H,0 = 6Ca* + 2Fe(OH),” + 3S0,* + 40H"
+ 26H,0
Fe-monosulfate 0.321 -33.20  Ca,Fey(SO,)(OH),; - 6H,0 = 4Ca®* + 2Fe(OH),” + SO, + 40H™ + 6H,0
Fe-stratlingite 0.227 -23.70  Ca,Fe,SiO,(0OH),, - 3H,0 = 2Ca?" + 2Fe(OH),” + SiO(OH);” + OH~
+ 2H,0
Gypsum 0.075 -4.58  CaSO, - 2H,0 = Ca® + SO, + 2H,0
Hydrogarnet Fe 0.155 -25.16  CasFe,(OH);; = 3Ca*" + 2Fe(OH),” + 40H"
Hydrogarnet OH 0.150 -20.84  Ca;Aly(OH),, = 3Ca*" + 2AI(OH),” + 40H"
Hydrotalcite C 0.220 -51.14  Mg,Al;(OH),,CO; - 3H,0 = 4Mg?®* + 2AI(OH),” + CO;*" + 40H" + 3H,0
Hydrotalcite OH 0.220 -56.02  Mg,Al,(OH),, - 3H,0 = 4Mg* + 2AI(OH),” + 60H™ + 3H,0
Monocarboaluminate  0.262 -31.46  Ca,Al,(CO;)(OH),, - 5H,0 = 4Ca?" + 2AI(OH), ~ + COz* + 40H™ + 5H,0
Monosulfoaluminate 0.309 -29.24  Ca,Al(SO,)(OH)y, - 6H,0 = 4Ca* + 2AI(OH),” + SO, + 40H™ + 6H,0
M-S-H 1.5 0.074 -23.57  (MgO),5(Si0,)(H,0),5 + OH™ + H,0 = 1.5Mg* + SiO(OH);™ + 30H"
+H,0
M-S-H 0.75 0.095 -28.80  (MgO),5(Si0,),(H,0),5 + 20H™ + 2H,0 = 1.5Mg* + 2SiO(OH);~
+30H + H,0
Portlandite 0.033 22.81 Ca(OH), = Ca® - 2H" + 2H,0
SiO,(am) 0.089 1.48  SiO, + OH + H,0 = SiO(OH),”
Stratlingite 0.216 -19.70  Ca,Al,SiO,(OH),, - 3H,0 = 2Ca* + 2AI(OH),” + SiO(OH),” + OH"
+ 2H,0
Syngenite 0.152 -7.20 K,Ca(S0,),H,0 = 2K" + Ca*" + 250, + H,0
Thaumasite 0.332 -49.36  Cay(Si03)x(S0,),(CO;), - 30H,0 = 6Ca®* +2H,Si0,” +2S0,* + 2C0O,*
+20H™ + 26H,0
Tricarboaluminate 0.650 -46.51 CagAly(CO3)3(OH),, - 26H,0 = 6Ca?" + 2AI(OH),” + 3CO5* + 40H"

+ 26H,0
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Table B-2. Saturation indices (S.l.) for meteoric groundwater composition used in the simulations are given in the table below, together with the saturation
indices for all concrete porewater simulated (the absence of iron in water compositions provokes the non-appearance of ferritic phases).

Mineral S.1. for ground- S.I. for concrete | S.1. for concrete lla S.lI. for concrete lIb S.I. for concrete lll  S.I. for concrete IV
water porewater porewater porewater porewater porewater

Brucite -3.56 -1.52 -1.52 -1.52 -1.34 -0.99
C,AHg -16.35 -2.10 -2.10 -2.10 -2.78 -4.23
C,AH;3 -32.85 -0.65 -0.66 -0.66 -1.31 -2.78
CAH,, -8.24 -2.98 -2.99 -2.99 -3.70 -5.11
Calcite 0.12 -2.13 -2.12 -2.12 -1.45 0
C-A-S-H 1.25 -6.57 -0.68 -0.68 -0.68 -0.84 -0.95
C-A-S-H 0.84 -4.85 -2.23 -2.23 -2.23 -2.44 -2.57
C-S-H jennite -10.15 -0.06 -0.06 -0.06 -0.13 -0.06
C-S-H tobermorite -3.50 -0.89 -0.89 -0.89 -0.98 -0.89
Dolomite -0.15 - - - - -6.81
Ettringite -20.43 -1.23 -1.24 -1.24 0 0
Gypsum -2.48 -3.81 -3.80 -3.80 -3.14 -2.69
Hydrogarnet OH -23.24 0 0 0 -0.64 -2.13
Hydrotalcite C -3.50 -10.30 -10.30 -10.30 -9.65 -8.18
Hydrotalcite OH -4.43 0 0 0 0 0
Monocarboaluminate  -20.98 0 0 0 0 0
Monosulfoaluminate -21.9 0 0 0 0 -1.01
Portlandite -8.98 0 0 0 0 0
SiO,(am) -1.17 -6.04 -6.04 -6.04 -6.14 -6.04
Stratlingite -9.90 -0.52 -0.53 -0.53 -1.31 -2.66
Syngenite -11.80 -7.38 -7.59 -7.59 -5.28 -5.12
Thaumasite -9.22 -8.24 -8.24 -8.24 -5.86 -1.74
Tricarboaluminate -22.69 -6.28 -6.30 -6.30 -5.07 -2.03




Appendix C

Tabulated key parameter results

Table C-1. Evolution of pH at x=1.4 m and x=2.8 m (right boundary of the control volumes) for
the 5 different 1D cases.

Case | Case lla Case llb Case lll Case IV

Time x=14m x=28m | x=14m x=28m | x=14m x=28m | x=14m x=28m | x=14m x=2.8m
(years) pH pH pH pH pH pH pH pH pH pH

0 | 13.331 13.331 13.265 13.265 13.264 13.264 13.539  13.539 13.214 13.214

5 | 13.331 13.331 13.265 13.265 13.264 13.264 13.539  13.539 13.214 13.214
10000 | 12.487 12.484 12.489 12485 12489 12484 12486 12484 12.485 12.483
20000 | 12.488 12.484 12.486 12.487 12487 12.486 12486 12.483 12.485 12.483
30000 | 12.487 12.485 12485 12.487 12486 12.487 12486 12.483 12486 12.484
40000 | 12.486 12.486 12484 12.486 12485 12.487 12.487 12484 12.487 12.484
50000 | 12.485 12.486 12484 12485 12484 12.486 12.487 12484 12487 12484
60000 | 12.485 12.486 12484 12.484 12484 12.485 12.487 12484 12487 12.484
70000 | 12.484 12.486 12484 12.484 12484 12484 12486 12.484 12487 12.485
80000 | 12.484 12.485 12484 12484 12484 12484 12.486 12.485 12487 12485
90000 | 12.484 12.485 12.484 12.484 12.484 12.484 12.486  12.485 12.487 12.485
100000 | 12.484 12.484 12483 12.484 12484 12484 12486 12.485 12487 12.486
110000 | 12.484 12.484 12483 12484 12.484 12484 12486 12.485 12487 12.486
120000 | 12.484 12.484 12483 12484 12483 12484 12485 12485 12.487 12.486
130000 | 12.484 12.484 12407 12484 12483 12484 12485 12.485 12487 12.486
140000 | 12.484 12.484 12.321 12484 12.483 12.484 12485 12.486 12486 12.486
150000 | 12.483 12.484 12.266 12.484 12.483 12.484 12485 12.486 12486 12.486
160000 | 12.483 12.484 12.203 12484 12.407 12.484 12485 12.486 12486 12.486
170000 | 12483 12.484 12131 12.484 12,407 12.484 12485 12.486 12486 12.486
180000 | 12.483 12.484 12.075 12.484 12.335 12.484 12485 12.486 12486 12.486
190000 | 12.483 12.484 11.957 12.484 12.318 12484 12483 12.485 12486 12.486
200000 | 12.407 12484 11.842 12.484 12.250 12.484 12483 12.485 12486 12.486
210000 | 12.407 12.484 11.676  12.484 12.201 12484 12483 12.485 12486 12.486
220000 | 12.355 12.484 11463 12.484 12150 12.484 12483 12.485 12486 12.486
230000 | 12.334 12484 11.256  12.483 12.096 12.484 12432 12.485 12486 12.486
240000 | 12.318 12.484 11.128  12.483 12.055 12.484 12.409 12.485 12.486 12.486
250000 | 12.267 12.484 11.071  12.483 11.978 12.484 12.405 12.485 12486 12.486
260000 | 12.234 12484 10.751  12.195 11.904 12.484 12.373 12485 12.486 12.486
270000 | 12196 12.484 10.647 11.978 11.816  12.484 12.352 12485 12.486 12.486
280000 | 12.160 12.484 10.575 11.428 11.705  12.484 12.335 12485 12.486 12.486
290000 | 12122 12.484 10.514  11.046 11.570 12.484 12.311  12.485 12486 12.486
300000 | 12.077 12.484 10.502  11.058 11.406 12.484 12.297 12485 12483 12.486
310000 | 12.038 12.484 10.489  11.046 11.255  12.483 12.281 12485 12483 12486
320000 11.982  12.484 10.486  11.068 11.161  12.483 12.242 12485 12483 12.486
330000 11.926 12.484 10.488 11.086 11.106  12.483 12.223 12.485 12483 12.486
340000 11.868 12.484 10.511  11.087 11.082  12.302 12.201  12.485 12483 12.486
350000 11.780 12.484 10.513  10.503 10.790 12.083 12173  12.485 12483 12.485
360000 11.676  12.484 10.508 10.499 10.670  11.943 12.154  12.485 12483 12485
370000 11.538 12.484 10.481  10.469 10.598 11.643 12130 12.485 12.454 12485
380000 11.395  12.484 10.509  10.497 10.560  11.092 12101 12.485 12415 12485
390000 11.244  12.483 10.502  10.491 10.522  11.069 12.083 12.485 12413 12485
400000 11.149  12.483 10.502  10.491 10.498 11.061 12.053 12484 12.414 12485
410000 11129 12483 10.515  10.503 10.488  11.067 12.048 12.485 12.417  12.485
420000 11.071  12.318 10.497  10.497 10.483  11.068 12.012 12484 12.379  12.485
430000 | 10.7567 12.097 10.498 10.498 10.482  11.050 11.966  12.485 12.371  12.485
440000 | 10.666 11.974 10492 10.492 10.500 11.078 11.944  12.484 12.370 12.485
450000 | 10.559 11.727 10.513 10.513 10.506  11.103 11.904 12.484 12.370  12.485
460000 | 10.521 11.104 10.417  10.508 10.509  10.501 11.865 12.485 12.344 12.485
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Case |

Case lla

Case llb

Case lll

Case IV

Time x=14m x=28m | x=14m x=28m | x=14m x=28m | x=14m x=28m | x=14m x=2.8m
(years) pH pH pH pH pH pH pH pH pH pH
470000 10.500 11.066 10.414  10.490 10.503 10.494 11.826 12485 12.332  12.485
480000 10.488 11.066 10.410 10.507 10.505 10.494 11.772 12484 12.326  12.485
490000 10.477  11.061 10.411  10.508 10.514  10.513 11.731  12.483 12.323  12.485
500000 10.496  11.058 10.392  10.506 10.503  10.491 11.646 12.483 12311 12.485
510000 10.496  11.051 10.396  10.508 10.495 10.483 11.578 12483 12,296  12.485
520000 10.496  11.082 10.437  10.507 10495 10.483 11.499  12.362 12.288 12.485
530000 10.498  11.060 10.436  10.507 10.496  10.484 11.408 12.301 12.283 12.485
540000 10.500 10.490 10.468 10.508 10.512  10.500 11.336 12.297 12.277 12.485
550000 10.517  10.507 10.465 10.510 10.512  10.501 11.271  12.194 12.263 12.485
560000 10.519  10.508 10.461 10.494 10.489 10.490 11.200 12.141 12.252 12.485
570000 10.491 10.478 9.935 10.513 10.481 10.482 11.186 12.101 12.245 12.485
580000 10.492 10.479 9.973 10.513 10.507 10.507 11.150 12.070 12.240 12.485
590000 10.493 10.480 9.708 10.516 10.508 10.508 11.110  12.051 12.231 12.485
600000 10.507 10.495 9.721 10.517 10.439 10.514 11126  12.048 12.220 12.485
610000 10.508 10.496 9.673 10.502 10.438 10.503 11.094  12.037 12.210 12.485
620000 10.508 10.497 9.370 10.505 10.440 10.503 11.094  11.907 12.203 12.485
630000 10.503  10.503 9.369 10.514 10.409 10.510 10.872 11.816 12.197  12.485
640000 10.503  10.503 9.161 10.510 10.409 10.499 10.821  11.772 12.189 12.485
650000 10.504 10.504 9.162 10.497 10.411  10.500 10.788  11.592 12179  12.485
660000 10.426  10.498 9.167 10.516 10.388  10.497 10.700  11.405 12170 12.485
670000 10.427 10.499 8.918 10.481 10.410 10.515 10.676  11.258 12.163  12.485
680000 10.451 10.518 8.839 10.484 10.391  10.499 10.615 11.164 12.156  12.485
690000 10419 10.512 8.799 10.480 10.401  10.497 10.571 11.119 12.149  12.485
700000 10.401  10.496 8.790 10.487 10.400 10.497 10.546  11.092 12.141  12.485
710000 10.381 10.494 8.767 10.482 10.423 10.516 10.502 11.086 12.133  12.485
720000 10.402 10.511 8.755 10.476 10.457 10.514 10.491  11.076 12.125 12.485
730000 10.403 10.512 8.747 10.479 10.435 10.499 10.480 11.079 12116 12485
740000 10412  10.496 8.743 10.475 10.455 10.501 10472  11.072 12.111 12.485
750000 10.411 10.496 8.742 10.492 10.031 10.518 10.456  11.081 12.106  12.485
760000 10.464 10.512 8.741 10.495 10.006  10.504 10.441 11.078 12.096  12.485
770000 10.463 10.512 8.741 10.486 10.045 10.504 10.430 11.082 12.088 12.485
780000 10.462 10.507 8.740 10.480 10.059 10.504 10432 11.084 12.079 12.485
790000 10.463  10.498 8.740 10.152 9.810 10.507 10426  11.072 12.077 12.485
800000 9.997 10.516 8.740 8.740 9.821 10.507 10.416  11.086 12.075 12.485
810000 10.034 10.517 8.740 8.740 9.838 10.507 10.421 11.089 12.060 12.485
820000 10.010  10.502 8.740 8.740 9.547 10.510 10.424 11.074 12.049 12.485
830000 9.803 10.523 8.740 8.740 9.552 10.510 10429 11.073 12.040 12.485
840000 9.759 10.508 8.740 8.740 9.488 10.496 10.376  11.079 12.032  12.485
850000 9.770 10.507 8.740 8.740 9.305 10.514 10.348 11.075 12.028 12.486
860000 9.485 10.512 8.740 8.740 9.231 10.501 10.346  10.755 12.019 12.486
870000 9.487 10.514 8.740 8.740 9.228 10.501 10.348 10.485 12.009 12.485
880000 9.417 10.500 8.740 8.740 9.163 10.505 10.328 10.419 11.998 12.483
890000 9.169 10.504 8.740 8.740 9.164 10.506 10.337  10.403 11.989 12.483
900000 9.160 10.505 8.740 8.740 8.954 10.483 10.340  10.399 11.983 12.483
910000 9.165 10.511 8.740 8.740 8.932 10.489 10.322  10.396 11.974 12.483
920000 8.937 10.497 8.740 8.740 8.879 10.475 10.322 10.414 11.962 12.483
930000 8.911 10.488 8.740 8.740 8.856 10.492 10.325 10.407 11.949 12.483
940000 8.848 10.481 8.740 8.740 8.818 10.479 10.317  10.406 11.941 12.483
950000 8.806 10.478 8.740 8.740 8.809 10.488 10.328 10.406 11.933 12.343
960000 8.795 10.484 8.740 8.740 8.782 10.482 10.334  10.406 11.919  12.301
970000 8.770 10.481 8.740 8.740 8.776 10.492 10.333  10.406 11.904 12.272
980000 8.757 10.475 8.740 8.740 8.761 10.485 10.309 10.406 11.904 12.249
990000 8.747 10.479 8.566 8.740 8.752 10.481 10.310  10.406 11.899  12.229
1000000 8.745 10.489 8.566 8.740 8.750 10.487 10.309 10.406 11.871 12.212
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Table C-2. Case | porosity and effective diffusion coefficient representative values for inner and
outer backfills. Values tabulated for each leaching event.

Time (years)

Porosity outer

Porosity inner

D, (m%s) outer

D, (m%s) inner

Leaching event

backfill backfill backfill backfill
0 0.110 0.110 3.500x% 107" 3.500x% 107" Initial values
200000 0.184 0.113 1.046x10™" 3.700x 107" CH depletion in outer backfill
420000 - 0.154 - 7.946x107"? CH depletion in inner backfill
800000 0.292 0.202 3.996x 107" 1.498x 107" C-S-H depletion in outer backfill
1000000 0.296 0.275 4.156x10™" 3.238x10™" Final values

Table C-3. Case lla porosity and effective diffusion coefficient representative values for inner and
outer backfills. Values tabulated for each leaching event.

Time (years)

Porosity outer

Porosity inner

D, (m%s) outer

D, (m?s) inner

Leaching event

backfill backfill backfill backfill
0 0.130 0.130 5.285x107"2 5.285x107" Initial values
130000 0.193 0.133 1.244x10™" 5.595x 107" CH depletion in outer backfill
260000 — 0.165 — 9.543x107"2 CH depletion in inner backfill
570000 0.286 0.208 3.795x107" 1.628x 107" C-S-H depletion in outer backfill
790000 - 0.287 - 3.839x10™" C-S-H depletion in inner backfill
1000000 0.296 0.288 4.164x10™" 3.895x107" Final values

Table C-4. Case llb porosity and effective diffusion coefficient representative values for inner and
outer backfills. Values tabulated for each leaching event.

Time (years)

Porosity outer

Porosity inner

D, (m?s) outer

D, (m%s) inner

Leaching event

backfill backfill backfill backfill
0 0.114 0.114 3.786x107" 3.786x107" Initial values
160000 0.167 0.116 8.765x107" 3.944x107" CH depletion in outer backfill
340000 - 0.145 - 6.865x 107" CH depletion in inner backfill
750000 0.249 0.180 2.698x107" 1.147x10™" C-S-H depletion in outer backfill
1000000 0.253 0.237 2.792x10™" 2.284x10™" Final values

Table C-5. Case lll porosity and effective diffusion coefficient representative values for inner and
outer backfills. Values tabulated for each leaching event.

Time (years)

Porosity outer

Porosity inner

D, (m?s) outer

D, (m?s) inner

Leaching event

backfill backfill backfill backfill
0 0.088 0.088 2.000x107" 2.000x107* Initial values
230000 0.151 0.091 5.486x107" 2.151x107" CH depletion in outer backfill
520000 - 0.124 - 4.700x107*2 CH depletion in inner backfill
1000000 0.247 0.166 2.455x10™" 9.616x107" Final values

Table C-6. Case IV porosity and effective diffusion coefficient representative values for inner and
outer backfills. Values tabulated for each leaching event.

Time (years)

Porosity outer

Porosity inner

D, (m?s) outer

D, (m%s) inner

Leaching event

backfill backfill backfill backfill
0 0.077 0.077 1.413x107"2 1.413x107"2 Initial values
370000 0.130 0.078 4.638x107" 1.472x107" CH depletion in outer backfill
950000 - 0.121 - 4.396x107" CH depletion in inner backfill
1000000 0.143 0.123 6.058x 107" 4.594x107" Final values
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Appendix D

Porosity calculations

The porosity models presented in Section 3.3.1 are used to calculate the porosity of a concrete with
a water-to-cement ratio of 0.63. A very important parameter needed in these models is the aggregate
(ballast) content. Given the lack of information on the ballast content, in the new concrete mixes

it is computed as the volume not accounted for by water and cement. This assumption implies
some uncertainty in concrete final porosity value. Due to the lack of a complete dataset regarding
the concrete mix, two different cases are considered. The difference between the two cases is the
cement content, which according to SKB is equal to either 320 (concrete A) or 280 (concrete B)
kg/m’ concrete. The wi/c ratio is the same in both mixes. Therefore, the aggregate volume fraction is
adjusted in each case to complete the mix volume.

Table D-1 presents the concrete phase assemblages after hydration, computed using the hydration
model presented by Hoglund (1992). Table D-2 shows the porosity values obtained with the three
different porosity models presented in Section 3.3.1. A relatively good agreement is found between
the three models.

Table D-1. Hydrated phases content for concretes A and B according to the hydration model
presented by Hoglund (1992). Units given in mol/L concrete.

Mineral Concrete A Concrete B
CsFHs 0.0919 0.0806
C3AH; 0.0218 0.0192
Monosulfoaluminate 0.0876 0.0769
Ettringite 0 0

C-S-H1.8 1.1146 0.9785
Portlandite 1.0864 0.9537
Brucite 0.0554 0.0486
Calcite 0.0287 0.0252

Table D-2. Porosity values (m*/m®) obtained by different methods for both concretes.

Concrete A Concrete B

Cement content (kg/m?) 320 280
Model for estimating porosity

Capillary pores 0.081 0.070
Gel pores 0.101 0.088
Contraction pores 0.019 0.017
Total porosity 0.142 0.124
Powers model 0.149 0.131
Volumetric differences model 0.133 0.116
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