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ABSTRACT

Posiva (Posiva Oy) is planning to deposit spent nuclear fuel in deep repositories. With
respect to the long-term safety a suitable chemical environmental is essential. The
constructions of underground disposal facility require low-pH cement-based materials,
because assured data of the effects of a possible high-pH plume from ordinary
cementitious materialsis lacking.

The work is comprised of two parts. The literary part reviews the characteristics of
cement chemistry and durability aspects of cementitious materials. The experimental
part of the work concentrates on the dynamic leach testing of two injection grouts, one
low-pH grout and one medium-pH grout. Leach testing was performed in order to study
the pH value and chemical composition of the leachates. In order to gain more
information on the changes occurring in the leached solids during the test the solid
samples were also subjected to investigations.

The literary part begins with discussion of the general aspects of disposal of spent
nuclear fuel. Also the influences of cementitious materials to the groundwater and
barrier systems, such as bentonite are discussed. The long-term safety of materials is
essential in deep geological repository. The second chapter covers the characteristics of
cement chemistry, components of cement and hydration reactions of clinker minerals.
The durability aspects of cementitious materials are discussed at the end of survey.
Finally, the characteristics of low-pH injection grouts are introduced. The use of these

materials in the real bedrock conditions has to be carefully evaluated.

Leach testing was performed in a glove-box (N, amosphere) in order to avoid the
interference of atmospheric CO,. Two simulated groundwater solutions, fresh ALL-MR
and saline OL-SR, were used as leachates. The object of the work was to evaluate the
influence of the water flow on leaching of grout samples. Two flow rates were chosen,
higher flow rate of 7.5 mL/h and a lower one of 0.625 mL/h. The sample collection was
performed according to a time schedule. The pH value of each leachate sample was
measured, but the amount of total organic carbon was determined only for some
leachates. Because of the great number of leachate samples some of them were

combined before chemical analysis.

Rather expected results were gained. The faster decrease of pH values was noticed in
the case of the higher flow rate experiment. A similar decrease was detected in both

low- and medium-pH grout leachates. The difference in pH values between two grouts



was greater in the saline leachates for both flow rates. Compared to the pH results
gained from earlier static leach testing, the pH of the leachates in present study
decreased faster, although the results are not directly comparable since they were
performed in different temperatures.” The low-pH leachates reached the target pH < 11
in al tests. The medium-pH grout leachates also showed decreasing trend in both
solutions at the faster flow rate. However, only a minor decrease was observed at slow

flow rete.

The chemical and mineral composition of the grout samples was analyzed by using X-
Ray Diffractometry (XRD), thermal analysis (TG/DTA) and X-Ray Fluorescense
(XRF). According to the XRD results all the analyzed grout samples were mainly
amorphous and, thus, only relatively small amounts of crystalline compounds were
detected. The main compound in all the samples specimens was amorphous calcium
silicate hydrate gel. The thermal behavior of all the grout samples was relatively similar.
The degradation reactions causing mass losses could be divided into seven to nine
successive phases. According to the XRF analyses the contents of calcium and silicon in
sample specimes had been diminished to some extent. The same effect could be

observed in the content of potassium and sodium.



TIVISTELMA

Posivan (Posiva Oy) suunnitelmissa on dSijoittaa kaytetty ydinpolttoaine syvélle
kallioperédn rakennettavaan loppusijoitustilaan. Pitk&aikaisturvallisuuden kannalta
loppusijoitustilan ja sen ympériston kemiallisilla ominaisuuksilla on erittéin suuri
merkitys. Loppusijoitustilan  rakentamista varten tarvitaan matalan pH:n
sementtipohjaisia materiaalegja, koska el ole olemassa varmaa tietoa tavallisten
sementtipohjaistenmateriaalien aiheuttaman korkean pH:n vaikutuksista syvéla
kallioperassa.

Tyo koostui kahdesta osasta. Kirjallinen osuus kasittelee sementin kemiaa ja sen
ominaispiirteita Kokeellisessa osuudessa keskitytdan tarkastelemaan
injektointilaasteilla suoritettua dynaamista uuttokoetta. Tyon tarkoituksena oli méarittéa
uuttovesien pH ja kemiallinen koostumus. Lisdks itse eluutiotestissa olleet kappal eet

analysoitiin, jotta voitiin arvioida virtaavan veden vaikutuksia kiinteisiin massoihin.

Kirjallinen osuuden ensmmaisessi kappaleessa kaydadn vyleisesti 18pi kaytetyn
ydinjétteen loppusijoitusperiaatteet. Lisdks kasitelldan sementtipohjaisten materiaalien
vaikutusta pohjaveteen ja vapautumisesteiden, kuten bentoniittisaven, toimintakykyyn.
Seuraavassa kappaleessa kdydaan 18pi sementtikemian perusteet, sementin komponentit
ja klinkkerimineraalien hydrataatioreaktiot. Materiaalien pitkdaikaiskestavyys on
erityisen térkedd syvdla geologisessa loppusijoitustilassa. Tutkielman lopulla
késitellaan sementtipohjaisten materiaalien kestavyytta ja sithen vaikuttavia tekijoita.
Lopuksi kaydaan 18pi matalan pH:n injektointiaineiden tutkimusta ja kehitysta, seka

tarkastellaan niiden kayttoa todel lisissa kallioperéolosuhteissa.

Injektointimassojen uuttotesti tehtiin hanskakaapissa, typpiatmosfaariss, jotta voitiin
estéd ilman CO.:n aiheuttamat hairiot. Uuttotesteissd kaytettiin kahta simuloitua
pohjavetta makeaa ALL-MR ja suolaista OL-SR. Dynaamisen uuttotestin avulla
pyrittiin selvittdd virtaavan veden vaikutus naytekappaleisiin. Virtausnopeuksia oli
kaksi: nopeampi 7,5 mi/h ja hitaampi 0,625 mi/h. Naytteenotto suoritettiin ennalta
méaadratyn ailkataulun mukaisesti. Jokaisesta ndytteestd mitattiin pH, mutta vain osasta
méa&ritettiin orgaanisen hiilen kokonaismaard. Naytteenottotiheys oli kokeen alussa
suuri, joten naytteita kertyi huomattava méara. Taman takia osa naytteista yhdistettiin

ennen kemiallisia alkuaineanal yyseja.

Uuttovesien pH-tulokset olivat melko ennalta odotettuja. Nopeinten uuttovesien pH

laski nopeammassa virtauksessa kummankin massan kohdalla ja suurempi ero oli
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havaittavissa suolaisessa vedessd. Kun saatuja tuloksia verrattiin aikaisempaan
tasapaino- ja diffuusiotestien tuloksiin, huomattiin etta pH laski dynaamisessa kokeessa
huomattavasti nopeammin.® Tulokset eivdt kuitenkaan ole suoraan verrattavissa
toisiinsa, silla kokeet suoritettiin eri 1&mpdtiloissa. Matalan pH:n massalla saavutettiin
kaikissa testiolosuhteissa vaatimuksissa esitetty uuttoliuoksen pH-arvo testin lopussa.
Mybs medium pH:n uuttovesien pH laski vaaditulle tasolle nopeammalla
virtausnopeudella, mutta vain pieni lasku oli havaittavissa hitaammalla
virtausnopeudella.

Laastinaytteiden kemiallinen koostumus sekd mineraalikoostumus analysoitiin
rontgendiffraktometrin  (XRD), termovaaan (TG/DTA) ja rontgen-fluoresenssi-
spektrometrin avulla (XRF). Rontgendiffraktometrilla saatujen tulosten perusteella
voidaan sanoa, etta ndytteet koostuivat suurimmaks osaksi  amorfisesta
kalsiumsilkaattihydraattigeelistéd. Kiteisten yhdisteiden osuus naytteissi oli suhteellisen
pieni. Naytteiden terminen k&yttaytyminen oli melko yhdenkaltaista. Seitsemasta
yhdeksdan eri massan muutoksen vaihetta voitiin erottaa termovaaka-analyysin aikana.
Rontgen-fluoresenssi-spektrometrilla saatujen tulosten pohjalta voitiin arvioida, etta
ndytteiden kalsium- ja piipitoisuus oli vahentynyt uuttokokeen aikana. Myos kalium- ja

natriumpitousuudet olivat pienentyneet alkuperaisesta.
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LIST OF ABBREVIATIONS

The notations used in the report are as follows:

ALL-MR
A
ARt

AFmM

CsA
C/,AF
CsAH1o
C4sASH1»
CeASsHa,
CH

C,S

CsS

CSH or C-S-H

DM

F

Grout Aid
H
ICP-AES
IC
KBS-3V
N

NUMO
OPC
Posiva Oy
SF

SKB

SPL

SR
TG-DTA
UF16

w

simulated fresh granitic groundwater
Al3O3

general abbreviation for calcium sulfoaluminate hydrate phases
(Al303-Fe,Os-tri)

general abbreviation for calcium aluminate hydrate phases
(Al303-Fe,0O3-mono)

tricalcium aluminate

tetracalcium aluminoferrite

calcium aluminate hydrate

calcium aluminate monosulphate hydrate

ettringite (trisulphate)

calcium hydroxide (portlandite), Ca(OH),

dicalsium silicate

tricalcium silicate

calcium silicate hydrate

dry matter

Fe0s

commercial slurry of silica fume (SF)

lower flow rate (0.625 mL/h)

Inductively Coupled Plasma Atomic Emission Spectrometry
lon Chromatography

vertical deposition concept

higher flow rate (7.5 mL/h)

Nuclear waste management organization of Japan

ordinary Portland cement

Finnish nuclear waste management organisation

silicafume

Swedish nuclear fuel and waste Management Co
superplasticizer

sulphate resistant

Thermo Gravimetric-Differential Thermal Analysis

Ultra Fine 16 (Commercial injection cement, by Cementa Oy)
Water



W/B
wiC
XRD
XRF

water-to-binder ratio
water-to-cement ratio
X-Ray Diffractometry

X-Ray Fluorescence
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1 INTRODUCTION

Spent nuclear fuel is planned to be deposited in a deep repository at Olkiluoto, anisland
on the south western coast of Finland. Posiva Oy (Posiva), owned by the two nuclear
power companies, Teollisuuden voima Oy (TVO) and Fortum Power and Heat Oy
(Fortum), isresponsible for the final disposal of spent nuclear fuel.

Investigations on the suitability of Olkiluoto as location for spent nuclear fuel repository
have been ongoing for over fifteen years. The final step in the investigations is the
construction of an underground rock characterisation facility, ONKALO, which began
in 2004. It will be used to further characterise the bedrock properties, and to test and
develop repository construction, operation, and closure technologies. Posiva plans to
begin repository operations in 2020. The repository will be constructed in several stages
and the total operation period may extend to about 100 years.?

One of the main requirements in constructing of the access tunnel is its water-tightness
which has to meet the requirement of maximum allowed groundwater inflow of 1-2 L
per minute for 100 m of tunnel length. Thiswill be obtained by grouting which seals the
fractures and cracks decreasing the permeability of the fracture zones.® In addition to the
positive affects of grouting it may also cause some harmful chemical effects on the
geohydrological environment, such as a high-pH plume resulting from cementitious
grouting materials. Another risk is imposed by the organic cement admixtures, which
are able to complex radionuclides and thereby enhance their transport.”> Due to these

effects the development and testing of special low-pH grout recipes was started.®

The development of a suitable grouting material consisted of several tasks. First the
requirements for the materials were set. Development of technical performance of the
grouts was done by Kronl6f.® The technical properties of the grout mixes were tested
and the most promising recipes were then selected to leach testing to assess the leachate
pH values.® Based on these results, the most promising recipes were also tested in pilot
field-test (PFTs) in Finland.”

Leaching of cementitious materials has been extensively studied. However, majority of
the experiments have been primarily concerned with the degradation of sructural
materials with standard test not corresponding to the actual environmental conditions.
The pH and leaching properties of the low-pH cementitious grouts and a conventional

grout as reference were studied by Vuorinen at VTT.Y In the present study, the main



objective was to evaluate the influence of the water flow on the leaching behaviour of
grout materials.



2 DISPOSAL

2.1 General aspects

Storing is a consequential step in the management of radioactive waste. In recent years
the storages initially intended as temporary facilities have had their lifetimes extended
and this has raised some discussion about the important options of a long term waste
management. In nuclear countries, radioactive waste results mainly from the civil
nuclear power programmes. Produced radioactive waste has to be managed responsibly
to ensure public safety, protection of the environment and security from malicious
damage now and in the future. In 1995 the International Atomic Energy Agency (IAEA)
published The Principles of Radioactive Waste Management, Safety Series No. 111-F.
One of the nine principles set forth in that report was that “Radioactive waste shall be
managed in such away that will not impose undue burdens on future generations’. This
statement was based on the commonly excepted ethical aspect that the generation that
generates and benefits from activity should make all the arrangement needed for the
disposal of the waste.

Although great progress has been made in the developing the technology for geological
disposal, no such a repository for high level waste is yet in operation.® One geological
repository for long lived transuranic waste is in operaion: the Waste Isolation Pilot
Plant (WIPP) for defence waste in United State of America. Elsewhere the repository
projects are at various stages of development. In Finland and Sweden there has been

some significant progress only, but in other countries delays has occurred.

The fina step in nuclear waste management in Finland is the geological disposal deep
in the bedrock.® The plan for Finnish nuclear waste management has been developed
since 1970s. The first nuclear power plant, Loviisa 1 has been operating since 1977 in
Loviisa on Halsholmen island in Southern Finland. In the beginning of production all
the produced high-level nuclear waste from Loviisa power plant was shipped back to
the nuclear fuel reprocessing plant Mgak in Russia. In 1996 the new nuclear law took
effect denying export and import of nuclear waste to Finland. After that all the produced

gpent fuel has been placed in temporary facilities.

From the beginning it has been an object to build a long term disposal facility in
Finland.™ In 1983 the Finnish Government made a decision on the aims and programme
for nuclear waste management. The work was started by investigating a proper location

for the final disposal facility. The detailed characterisation was carried out in four



municipalities. In December 2000 the Government made a policy decision in favour of
constructing an underground rock characterisation facility in Olkiluoto in the
municipality of Eurajoki and in May 2001 Finnish Parliament ratified the Government’ s

policy decision.

The Finnish underground rock characterisation facility for the final disposal of spent
nuclear fuel is known as ONKALO. The construction of ONKALO was started in 2004
and it will continue until 2011. The constructions of the final disposal facilities are
planned to be started in 2015 and the project will be timed so that the disposal can be
commenced in 2020. The total depth of the tunnel will be 520 metres but the final
disposal repository will commence at a depth of 200-300 metres (Figure 1). The
excavation will be performed with drilling and blasting method. The backfilling and
sealing arrangements of the repository aim to re-establishment of the undisturbed
conditions in the geosphere. Their main function is to prevent inadvertent intrusion of

groundwater into the repository.

Figure 1. General layout of ONKALO (yellow) and the deep geological repository
(blue) according to current design (www.posiva.fi).

According to current plans the tunnels will be back-filled with a mixture of bentonite
and aggregate. The spent fuel encapsulated in atightly fitted iron internal canister inside
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an external copper case will be surrounded by compacted bentonite clay in the
deposition hole in the intact bedrock. This multi barrier shield will prevent the release of
radioactive materials into the bedrock and biosphere. The long-term safety functions of
the above introduced components are shown in Figure 2.

BEDROCK
— shall isolate the repository from biosphere
- shall provide protection against surface and near surface processes
— shall provide favourable and predictable rock mechanical,
geochemical and gechydrelogical conditions
- shall limit and retard inflow and release of harmful substances
to andfrom the repository

TUNNEL BACKFILL

- shall prevent the tunnels and EDZs

from becoming significant transport pathways

shall keep the buffer and canister in place in the deposition hole
shall contribute to keeping the tunnels m echanically stable
shall be chemically and mechanically stable

shall have no harmful effects on other barrizrs

)

BUFFER

— mass transpert shall be diffusion limited

— shall isolate the canisterfrom rock plastically and protect it against minor rock
displacements

shall keep the canister in place in the deposition hole

shall conduct the heat from canister to the rock

shall have sufficient permeability to gases

shall be able to filter colloids fermed in the canister

shall be chemically and mechanically stable

shall have no harmful effects to other barriers

CANISTER

— shall under the influence of expected evolution and on the basis of known processes in the
repository remain intact for at least 100 000 years

shall withstand mechanical loads

shall remaln subcritical

shall c onduct the decay heat and shall attenuate the radiation from spent fuel

shall have no hammful effects on other barriers

Figure 2. Long-term safety functions of the bedrock and engineered barrier system in
the KBS-3V disposal concept.*

Water inflow into an underground facility may cause technical, environmental and,
safety problems. Therefore it is important to control and restrict the volume of water
inflow to a reasonable level. Cement based materials are of special interest in
construction and sealing the underground facility. Concrete and cement are planned to
be used, for example, as shotcrete and as casting material for rock bolts to reinforce the
excavations. In addition, cement and other grouting materials injected into the rock are
important means to limit inflow of groundwater into an underground facility.™* For the
sake of long-term safety, a suitable chemical environment is essential. Because there is
very little assured data on effects of high-pH plume in saturated repository conditions,
the acceptable target pH for injection grout for deep repositories was set at avalue< 11.
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The crystalline bedrock at Olkiluoto can be divided to three structura types. 1)
unfractured rock, 2) individual fractures and 3) brittle deformation zones (fracture
zones). These fractured rock masses are the potential flow routes for groundwater.
Waters form these zones usually make up the greatest proportion of inflowing water
into tunnels. Thus grouting of the fracture zones is an essential task. The expected water
flow and groutability of the host rock is dependent on many factors such as, hydraulic
conductivity, fracture aperture, contact area, fracture density and occurrence of certain
fracture fillings."

An extensive hydrogeochemical sampling has been performed at the Olkiluoto site in
order to assess the groundwater conditions. Characteristics of the groundwater vary
according to depth (Figure 3). Fresh groundwater is found in the most upper part of the
excavations. Brackish groundwater is found at depths varying between -40...-500 m.
Below -400...-500 m saline groundwater is observed.'? Sodium is the main cation in
groundwater down to the great depths where it is replaced by calcium. Under brackish
saline trangtion zone (<-500 m) groundwater shifts from sulphidic to methanic
conditions. Table 1 represent the variation of geological parameters in groundwater
against depth. The hydrochemical conditions in rock environment and groundwater that
can decrease the durability of concrete and cementitious materials are pH, carbon
dioxide (CO,), ammonium (NH4"), magnesium (Mg?"), chloride (Cl), and sulphate
(SO,%). The hydrochemical conditions of final repository have been evaluated from
initial stage to the closure. It has been estimated that at initial conditions the pH is
7.8 —8.3, ammonium concentration is < 0.05 mg/L, magnesium concentration is 30 —
70 mg/L, and sulphate concentration 0—20 mg/L. At closure time the pH value is
estimated to be decreased to 6-8, magnesium concentration changed to 10 — 250 mg/L,
and sulphate concentration to 0 — 500 mg/L.*
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Figure 3. Illustrated cross-section of hydrogeochemical and hydrogeological conditions
in the bedrock of Olkiluoto.™

Table 1. Vertical variation of the main hydrochemical parameters at Olkiluoto shown

against depth.*
Depth Used Water type Cl | pH | Alkalinity

(m) classification (mg/l)

0 Fresh HCO; Ca-Na-Mg-HCO;-SO, <10 | 55 <05

10 Ca-Na-Mg-HCO;-(SO4-Cl) | 10 7 3
150 BrackishHCO; | Na-(Ca)-Cl-(HCOs-SO,) | 2000 | 7.8 4
200 Brackish SO, Na-(Ca)-Cl-(SO,) 4500 | 7.5 1

Brackish Cl Na-Cl 2700 | 8.2 0.4

450 Na-Ca-Cl 8000 | 8 0.2
600 Saline Ca-Na-Cl 14000 | 7.8
1000 50000 | 7.5 <0.1

2.2 Cement-bentoniteinteraction

Posiva and SKB are jointly developing backfilling concepts for deposition tunnels and
other cavities™ Several material combinations and compaction techniques are
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considered. The mostly studied and discussed material is a mixture of crushed rock and
bentonite (70 wt% and 30 wt%o).

The main functions of backfill in the deposition tunnels are to:

- prevent the tunnels and excavation damaged zone (EDZ) around them from
becoming significant transport pathways,

- keep the buffering and canister in place in the deposition hole and

- contribute to keep the tunnels mechanically stable.

To fulfil these requirements the backfilling material should have following features:

- agufficient stiffness and low compressibility,

- alow hydraulic conductivity,

- asufficient swelling pressure against the possible effects of movements in the
backfill,

- no harmful effects on the other barriers and chemical and mechanical stability.

Bentonite is atype of rock containing swelling clay that is chemically and mechanically
stable. The major component of bentonite is montmorillonite. Other components are
quartz, feldspar, cristobalite, gypsum, calcite, and pyrite. Several different types of
bentonite could be used as buffering material in deposition conditions. The two mostly
studied materials are: sodium bentonite from Wyoming, United States, (MX-80) and a
calcium bentonite from the Greek island Milos (Deponit CA-N).**

The performance of bentonite buffer depends on its chemical structure. Montmorillonite
has a three layer structure consisting of one octahedrally coordinated sheet between two
tetrahedrally coordinated sheets (Figure 4). The octahedral sheets have aluminium and
the tetrahedral sheets silicon as the main central cations. Some of these central cations
may be substituted by cations of lesser charge (AI*" with Mg®* and Si** with AI*),
causing a negative charge in the layer. The negative charge is compensated by
exchangeable ions in the intercrystallite region. The charge is so weak that the cations
can be adsorbed in this region with their hydrate shell. The extent of hydration produces

intercrystalline swelling.
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Figure 4. The structure of montmorillonite mineral .**

The compacted clay absorbs water into the intermellar spaces reducing the volume of
the large pores. The exchangeable cations are bond to the montmorillonite surfaces to
maintain the electrical neutrality. The intermellar spaces in montmorillonite are small
and only water and exchangeable cation can move within the internal pores (by
diffusion) and undergo ion-exchange until equilibrium is reached. The exchangeable
cations contribute to the porewater chemistry by this ion exchange process.

The porewater chemistry of bentonite can be defined as the chemistry occurring in the
water of the external pores of bentonite! The porewater of bentonite has been
extensively studied in many nuclear waste programmes during 20 years, but the general
agreement on the composition of it still remains unclear.™®’ The large swelling
pressures of bentonite make it difficult to retrieve representative porewater samples. The
chemical evolution of the bentonite buffer is affected by the high temperatures and
radiation from the spent fuel, the groundwater composition, the presence of structural
materials, such as cement-based grouts, seals, and of microbes.

Use of cementitious materials, especially grouting, can not be avoided in construction of
arepository. A high-pH-plume have deleterious impacts on performance of spent fuel,

cladding, and host rock, however, the main concern has focused on the effect on
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stability of bentonite and thereby on the long-term safety. The high-pH fluids from
cementitious materials may affect the effective clay density and clay swelling pressure.
The interactions of high-pH solutions with montmorillonite, which is the main mineral
component of bentonite, can be converted to non-swelling mineras such as zeolites,
resulting decrease in swelling pressure.

Processes affecting the destruction of bentonite due to interaction with cement can be
divided in four major classes:®

- Mass balance

- Thermodynamic relationships
- Masstransport

- Reaction kinetics

Above-mentioned processes are discussed in more detail in the following sections.

2.2.1 Massbaance

The mass balance control focuses on the relative amounts of cement and bentonite in the
near-field of the repository. It evaluates the potential of hydroxyl ions from
cement/concrete to deconstruct the properties of bentonite by dissolution of
montmorillonite. A simple stoichiometry for dissolution of montmorillonite at high pH

is

Nag33sM g0.33A|1.67Si4010(OH)2 +4680H +2H,0b
0.33 Na" + 0.33 Mg?" 1.67 Al(OH), + 4 HSIO; (1)

The equation implies that dissolution of one mole of montmorillonite consumes
4.68 moles of hydroxyl ions, and approximately 13 moles of OH™ can be consumed per
kg of montmorillonite (MW montmorillonite = 367.02g/mol). MX-80 bentonite
contains about 90 wt% montmorillonite, then dissolution of montmorillonite accounts
for 0.9 x 12 ~ 13 moles of OH™ per kg of (dry) bentonite. Savage and Benbow'® have
calculated that 1 m® of cement could theoretically produce 38 100 moles OH" ions. The
total amount of cement to be used in a repository is believed to be around 9600 tonnes,
equivalent to 4800 m® of cement paste. Then in theory, this volume of cement could

destroy 16 % of dry bentonite used in a spent fuel repository.

The pH 11 was set as atarget value for the leach solutions of low-pH grouts. As the pH
scale is an inverse logarithmic representation of hydrogen ion (H*) concentration

(activity), each individual pH unit is a factor of 10 different than the next higher or
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lower unit. Thisin mind, OH" concentration can be expected to be reduced two orders of
magnitude between pH 13 and pH 11 and limit the OH-alkalinity of the leachate to a
value about 1 mmol/L in pure water.

Low-pH grout mixes would produce roughly 21 000 moles of OH" ions per cubic metre
of grout. Dissolution of 60 % of the montmorillonite in 1 m® of bentonite would require
all the hydroxyl ion content from approximately 0.52 m® of low-pH grout.*®

Overall the mass balance issue is not that ssimple. The nature of potential secondary
products of cement-bentonite interaction is complicated. They contribute to
consumption or generation of OH" ions, e.g. the precipitation of tobermorite:

5Ca* + 6HSIO; + 4 OH + 55 H;0 b CasSigH210275 (2)

which will enhance the pH buffering capacity of bentonite. It consumes the hydroxyl
ions and decreases the amount of montmorillonite to be dissolved. On the other hand,
precipitation of zeolites such as analcime will generate OH™ ions and potentially

increase the amount of montmorillonite dissolution.

Na’ + Al(OH)s + 2 HSIOs b NaAlSi,0s + 2 OH + 2 H,0 (3)

The pH conditions will have an effect on the mineralogical alteration of bentonite. At
pH > 12 the growth of calcium silicate hydrate solids, such as tobermorite, is dominated
(equation 2). At pH < 12 the alteration is typified by zeolites, such as analcime
(equation 3) and phillipsite, and tends to extend the scale of alkaline alteration. The
amount and types of secondary mineral formation can have a profound effect upon the

degree of bentonite alteration.*®

2.2.2 Thermodynamic relationships

Thermodynamics is the study of energy and its transformations. In geochemistry it can
be applied to the equilibrium states of minerals. In general, it might be important to
know whether a particular mineral is either dissolving or precipitating. This reaction can
be simply defined as:

solid mineral U dissolved mineral (4)

Minerals dissolve and precipitate to minimise the magnitude of Gibbs free energy (G) of
the system and bring it to equilibrium. Whether the mineral should be in the solid or
dissolved state can be determined by considering the change in Gibbs free energy of the

reaction, D/G. While it is difficult to measure absolute values of D,G, it is a common
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procedure to calculate the Gibbs free energy for a substance in standard state, DiG°,
from the difference between the Gibbs free energy of the substance and the Gibbs free
energy of its constituents. The standard state refers to a pure mineral at some constant
temperature and pressure, typically at 25 °C and 101.325 kPa. For any given reaction,

there are three conditions of interest:

- DG <0, the dissolution reaction will be spontaneous
- DG =0, thereaction is in equilibrium

- DG >0, the precipitation reaction will be spontaneous.

pH has a great effect on the aqueous speciation of metals and the solubility of minerals.
When considered the stability of bentonite in the alkaline solution, the behaviour of
silicon is the most important. The variation of silicon speciation and quartz solubility as
afunction of pH is shown in Figure 5.
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Figure 5. Variation of Si speciation and quartz solubility with pH.*®

Aqueous speciation of Si is dominated by the neutral species SiO(aq) across the large
pH range.’® At this same range the solubility of quartz is also constant a 10™ mol/L.
When pH increases above 10, SiOy(aq) dissociates to produce the charged species
HSIOs". Correspondingly, the solubility of quartz, increases by three orders of
magnitude over that observed in the pH range 1 — 10. At pH > 13, a second dissociation
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of SiOy(ag) occurs. In this pH range, H,SIO4 is the most stable species in agueous
solution, accompanied by further increase in quartz solubility.

The change of silicon speciation with pH has a great effect on hydrolysis reactions of
montmorillonite. At pH < 10 the dissolution of one mole montmorillonite generates six
moles of hydroxyl ions. At higher pH values dissolution reactions taking place consume
hydroxyl ions. From the thermodynamical perspective, the critical boundary for
bentonite stability occurs at pH 10, where the notable change in the agueous speciation
of silicon can be detected.’®

pH <10: Na33Mg.33A|1.67Si4010(OH)2 +2H,0Ob
0.33Na’" +0.33Mg** + 1.67 AI*" + 4 SiO,(ag) + 6 OH" (5)

10< pH < 13: NaxM g.33A|1.67Si4010(OH)2 +4680H +2H,0b
0.33Na" +0.33 Mg?* + 1.67 Al(OH), + 4 HSIO5 (6)

pH > 13: NazM g.33A|1.67Si4010(OH)2 +8680H +2H,0Ob
0.33Na" + 0.33Mg* + 1.67 Al(OH)4 + 4 H,SiO,* (7)

2.2.3 Masstransport

The driving force for mass transfer is a difference in concentration; the random motion
of molecules causes a net transfer of mass from an area of high concentration to an area
of low concentration. In repository conditions, the diffusive transfer of hydroxyl ions
into the bentonite will be the reaction limiting factor. Rather than diffusing into to the
bentonite, cement grout water may flow over the bentonite surface and erode it.
Effective diffusion coefficients for solute transport through bentonite are very low, and
generally less than 10%° m%s.’® Fick’s first law demonstrates that the magnitude of mass
transfer by diffusion is dependent on the concentration difference across the medium

concerned:

F=- Dd—C (8)
dx

where F =mass flux (mass of solute per unit area per unit time); D is diffusion
coefficient (area per unit time); and dD/dx is the concentration gradient.

Use of low-pH grouts with pH £ 11 decreases the diffusive transport of hydroxyl ions,
because the concentration of OH™ ions leached from the cement paste is much lower
compared to OPC cements. Simulations of cement-clay interactions can help predict the
aterations in transport occurring in bentonite. Generally simulations predict porosity
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decreases in the clay, which would be expected to decrease the rate of mass transport.™®
% Also the dissolution of clay coupled with precipitation of secondary minerals can
result in a net decrease, not only in porosity, but also effective diffusion coefficient, and
hydraulic conductivity.

2.2.4 Kinetics

Montmorillonite is an aluminosilicates mineral for most of which the dissolution rates
are accelerated by increasing OH™ concentrations at pH > 8.%% 2 The rate of dissolution
of montmorillonite is a factor of 8 greater at pH 11 than at pH 8 and a factor of 30
greater a pH 13 than at pH 8. Dissolution of one cubic metre of bentonite would thus
require ~ 20 000 years at pH 8. If the pH is raised to value 11, it takes around 2 500
years and at pH 13 about 600 yearsto 1 m® of bentonite to be dissolved.*®

These estimates are based on the theory that dissolution of montmorillonite occurs
under far-from-equilibrium conditions, which will not be the case in a repository. In
reality, the rate of dissolution would be reduced by approach to equilibrium. The precise
mechanism of montmorillonite dissolution close to equilibrium is still uncertain. The
presence of dissolved Si (and perhaps Al) may inhibit the dissolution of
montmorillonite. Also the potential secondary minerals can have a dramatic effect on
the overall montmorillonite dissolution rate. Overall it might be concluded that kinetics

would not be the limiting factor in dissolution of montmorillonite at elevated pH.2
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3 CEMENT

Cement, is an ultra-fine gray powder, which binds sand and rocks into a mass or matrix
of concrete. The use of cementitious materials date back long ago. It is not exactly
known when prehistoric man first discovered cementing materials, probably soon after
he learned to use fire. May be he had made a fire on limestone or gypsum, and the heat
of the fire caused part of the rock to change chemically and crumble. The powder mixed
with sand and gravel, and when the rain fell down it created a crude form of cement.

In the ancient Egypt heated impure gypsum was used to hold the stone blocks together
in the pyramids and buildings.?® Later the Greeks and Romans used the same method,
but added also some sand and gravel to the mix and created an early form of concrete.
They noticed that grounding the limestone more finely, they obtained a stronger and
longer lasting product. They also discovered that addition of certain volcanic sands

produced some new characteristics.

A number of people have contributed to the development of cement, but a British
bricklayer Joseph Aspdin in 1824 first patented a product called Portland cement. He
used a hard limestone and mixed lime with clay, grinding it to a fine slurry with water.
Aspdin’s early cement was nothing more than a hydraulic lime, but his patent gave him
the priority for the use of the term Portland cement. It was only a proto-Portland
cement. It was not until the mid-1840s that the younger son of Joseph Aspdin, William,
accidently synthesised the calcium silicates which were the basis of meso-Portland
cement. A few years later, |saac Johnson made the first modern Portland Cement by
burning a mixture of chalk and clay at much higher temperatures similar to those used
today. Normal Portland cement, as we know it today, is quality calcerous cement
manufactured in a rotary kiln. It is a synthetic mixture of calcium silicates and
homogeneously prepared mixture of calcareous and argillaceous components. Unlike
earlier proto- or meso-Portland cement, normal Portland cement contains a controlled

amount of calcium sulphate as a setting retarder.

Nowadays Portland cements made around the world are designed for general
construction purposes. In different countries and regions various names are used to
define the material, such as Class 42.5 Portland cement in current European and British
standards, Types | and Il Portland cement in ASTM (American Society for Testing and
Materials) used in USA or Ordinary Portland cement (OPC) in former British standards.
Standard specifications are based partly on chemical composition or physical properties
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such as specific surface area, and partly on performance tests, such as setting time or
compressive strength development.

3.1 Chemistry and Structure

Cement is the basic ingredient of concrete, mortar and most non-specialty grouts. It is
made from limestone (mainly CaCQs), clay and quartz, which are finely grinded and
thoroughly mixed together. The mixing can be carried out either dry or wet. Lime and
silica make up about 85 % of the mass. The mix is then heated to temperature about
1450 °C in a cylindrical rotary kiln where partial fusion occurs and produces a clinker.
Before using, the clinker has to be cooled down and ground to very fine powder. It is
very important to keep the temperature, mixing and grinding conditions, as well as
component proportions, constant to obtain a fine product.?* The clinker is then mixed
with a few per cent of calcium sulphate, to make cement. Calcium sulphate, which is
commonly referred as gypsum controls the rate of setting and influences the rate of
strength development. Typically the clinker has a composition of 67 % CaO, 22 % SIO;,
5% Al,Os3, 3% Fe,O3 and 3 % of other components. The clinker contains four major
phases, called alite, belite, aluminate and ferrite, as well as several minor phases, such
as alkali compounds and magnesium oxides.?® Alite is the most important constituent of
all normal Portland cement clinker. It makes up 50-70 % of all the cement paste. It is
tricalcium silicate (CagSiOs) and reacts relatively quickly with water. Belite constitutes
15-30 % of normal Portland cement clinkers. The chemical name of belite is dicalcium
glicate (CaSiO;) and it reacts rather slowly with water. Aluminate, tricalcium
aluminate (CasAl,Og) and ferrite, tetracalcium aluminoferrite (CapAlFeOs) constitutes

5-10 % of normal Portland cement.?*

The chemical formulae in cement chemistry are often expressed as sums of oxides, for
example tricalcium silicate (CagSiOs) can be written as 3 CaO-SIO,. This presentation
does not mean that the constituent oxides have any separate existence within the
structure. Usually the most common oxides are expressed with only one letter, such as
C for CaO or S for SiO,. In this way tricalcium silicate, CazSiOs becomes CsS. The

abbreviations for the most common oxides are:

C=Ca0O M=MgO T =TiO,
S= SIOZ K= Kzo P= P205
A= A|303 H=H,0 F=Fe0s

N = NaO S=90, C =CO,
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3.2 Composite Cements

Composite cements also referred as ‘ blended cements' are hydraulic cements composed
of Portland cement and one or more inorganic materials that take part in the hydration
reactions and contribution to the hydration product. This definition excludes
admixtures, such as CaCl,, that influence the hydration process but do not themselves
contribute substantially to the final product. The most important additives are silica
fume (microsilica), fly ash (pulverized fuel ash), blastfurnace slag, and natural
pozzolanas. Composite cements are used for various reasons. The use of additive
materials can give cement desired properties, such as sower and decreased total heat
evolution, improved durability or, especially with silica fume, strengths above the
normal range.”® An additional result of using pozzolanas is that the high pH effect of
ordinary cement (pH > 12) is greatly reduced. Also some disadvantages may result from
the usage of pozzolanic materials, such as reduced workability of the cement mixture
and increased concentrations of alkali hydroxides in pore fluid thus causing high pH

(< 13) on leaching.”®

Although additives increase the strength of cement and have other beneficial effect on
cement properties, the decreased workability creates problems. Pozzolanas increase the
surface area of the cement paste and thus increase the water demand. Increasing the
water-cement ratio improves workability but reduces strength, and increases the
hydraulic conductivity indirectly reducing the longevity of the cementitious materials.
Water reducing agents, also called superplasticizers, allow a given degree of workability
to be achieved a a lower w/c ratio. All superplasticizers consist of high molecular
weight, water-soluble organic polymers. They disperse cement particles when
suspended in water by adsorbing on the surface of the particles causing them to be

mutually repulsive due to the anionic nature of the superplasticizers.?®

3.2.1 Additive Materials

The classification of pozzolanas is difficult because this common name includes so
many materials which are quite different in chemical composition, mineralogical nature
and geological origin. The common features of these materials are that they contain
reactive silica and/or alumina and react when mixed with lime and water. Commonly
accepted classification concerns the origin of pozzolanas. They are divided in

subdivisions between natural and artificial materials (Figure 6).% Artificial materials
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usually are residues of some production methods from raw materials having originally
no or only weak pozzolanic properties.

Natural
pozzolanas
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Figure 6. Classification of pozzolanas.®

Silica fume (condensed silica fume, microsilica)

Microsilica, also known as silica fume or condensed silica fume, is a fine grey powder
which is mostly composed of amorphous silicon dioxide (SIO2). The primary micro
silica particles are spherical and have maximum grain size approximately 0.1-1 um,
which gives large specific surface area. Usualy the primary particles will group
together and form agglomerations. The use of microsilicain cement paste decreases the
workability and increases the water demand. This is the reason why microsilica is often
used with superplagticizers. It increases also the internal surface forces, which means an
increase in the cohesiveness of the cement. As a result the cement is less sensitive to
segregation and this on the other hand is useful for high-fluidity grouts and pumped

concrete mixes.”®

Microsilica is a very reactive pozzolana. It reacts with calcium hydroxide, the product
of cement hydration, to produce calcium silicate hydrate (C-S-H). This reaction
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decreases the concentration of Ca?* and OH” ions in the pore solution and lowers the pH
of grout leachate. Although this is true the pH does not depend solely on calcium
hydroxide. Especially in young concrete sodium hydroxide and potassium hydroxide
have even greater influence on the alkalinity. Alkali hydroxides are highly soluble and
are easlly leached from the concrete or consumed by chemical reactions with weak
acids, such as SiO..%" The hydrated C-S-H gel fills the pores and voids within the
cement paste and forms bridges between cement grains and aggregate particles. Cement
paste with microsilica content usually have improved strength and impermeability

which is due to homogeneous and dense structure.

As mentioned earlier especially Portland cement contains small amounts of Na,O and
K20, which readily form NaOH and KOH solutions when mixed with water. These
highly alkali solutions react with amorphous or poorly crystalline silica particles in
aggregates, forming a gel which is able to absorb water and swell, resulting a pressure
which can crack the concrete. This is called the alkali silica reaction (ASR).% % It is
worth of noticing the difference between silica fume and silica aggregates. Silica fume
can be used to reduce the ASR expansion. It reacts in a pozzolanic manner with cement
pore solution to form non-expansive calcium silicate hydrate (C-S-H). However large
siliceous agglomerated particles react with alkali hydroxides in the pore solution to
form expansive ASR gel.” It has been reported by Maas et al.? that agglomerates
smaller than 150 pm in diameter do not contribute to ASR-related expansion. The finer
and more reactive the siliceous material is, the faster the evolution of a C-S-H phase
during the pozzolanic reaction is. Regardless of the increased reactivity, the

microstructure of the C-S-H phase does not change significantly.

Fly ash

Fly ashes fall into subdivision of artificial pozzolanas. Fly ashes result from the burning
of bituminous or sub-bituminous coal in power stations. Their chemical composition
depends on the mineral composition of the coal gangue, i.e. the inorganic part of the
coal. Usually majority of fly ash content consists of silicaand alumina. Respectively the
lime content is low. Thetypical particlesin fly ash are spherical and glassy and they are
classified based on shape, colour, crystallinity and texture. The particle diameters range
from< 1to> 150 pm.?®

Fly ash cements differ from pure Portland cements in a) the hydration rates, b) calcium

hydroxide contents, and c) composition of the hydration products. The use of fly ash
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improves the final strength and increases the chemical resistance and durability of
cement paste. Due to the smooth spherical shape of fly ash particles, it can also increase
workability of cement while reducing water demand and thus increase the durability of
the cement-based materials. **

Blastfurnace slag

Blastfurnace slag, BFS, is a non-metallic product which consists primary of silicates
and aluminosilicates of calcium.?® In the operation of a blastfurnace the iron oxide is
reduced to metallic ion, while the silica and alumina constituents combine with lime and
magnesia to form a molten slag which collects on top of the molten iron at the bottom of
the furnace. The conversation of a molten dag into widely different products is
dependent of the process used in cooling. When molten slag is cooled sufficiently
rapidly to below 800 °C, it forms a glass which is alatent hydraulic cement. The ground

granulated blastfurnace slag may contain over 95 % of glass.

The composition of slag can vary over a wide range, depending on various factors, such
as nature of the ore, the composition of the limestone flux, and the kind of iron being
made. In addition, differences between plants can be considerable. Four major
congtituents of blastfurnace slag are lime, silica, alumina and magnesia Also some
minor components such as ferrous and manganese oxides and sulphides may be present.

Granulated slag alone has a negligible cementing action, but with the presence of a
suitable activator, it shows apparent cementing properties. In general, the more basic the
dag, the greater its hydraulic activity isin the presence of an alkaline activator.

The use of blastfurnace slag slows down the strength development and the rate of heat
evolution in the cement paste. The microstructure of slag cement pastes are quite similar
compared to those of pure Portland cement pastes, although decrease in connectivity of
the pore system is observed as well as lower calcium hydroxide contents.?* Portland
blastfurnace cements are more resistant to attack by sea water and other chemical
agencies than Portland cement. The sulphate resistance of slag-type cements is
dependent on the C3A content of the Portland cement fraction and the alumina content
of the slag. The increased resistance is generally associated with the lower content of
free calcium hydroxide present in the set cement and the less basic nature of the
hydrated calcium silicates.
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Natural pozzolanas

The natural pozzolanas do not require any further treatment apart from grinding. They
are usually classified in the following manner:

- volcanic, incoherent, rich in unaltered or partially-altered glass,

- tuffs, where volcanic glass has been transformed, entirely or partially into zeolitic
compounds,

- sedimentary, rich in opaline diatoms, and

- diagenetic, rich in amorphous silica, resulting from the weathering process of

siliceous rocks.*

Natura pozzolanas have an accelerating effect on the hydration of calcium silicate. This
is due to fineness of the pozzolana particles. Pozzolana addition does not change the
composition of the reaction products, although it influences the ratios of the various
compounds and their morphology and changes the composition of the pore solution in
the cement paste. The main hydrates that are found in the hardened paste are ettringire,
tetracalcium aluminate hydrate, monosulfoaluminate, C-S-H, C,ASHgs, Ca(OH), and
CaCOs. The incorporation of alkalis into the C-S-H gel reduces the OH" concentration
of the pore solution. Except silica fume, natural pozzolanas do not have an effect on
OH’, Na’ or K* concentrations of the pore solution when the Portland cement has high
alkali content. An increase in the silica fume content in the mix decreases the actual

concentration values of the ions mentioned above.

3.2.2 Organic Admixtures

Organic admixtures are specially formulated products that are added in small amounts
to concrete, mortar or grout during the mixing process in order to modify the concrete
properties. Admixtures should be distinguished from additives and additions, such as
blastfurnace slag or silica fume, in that these materials are usually solids and added to
the cement during its manufacture. The most important organic admixtures are ones
added to accelerate or retard setting or hardening, to decrease the water demand to
obtain a given degree of workability, or to entrain air in order to increase the resistance

to freeze-thaw deterioration.

The organic admixtures are commercial products of fairly ill-defined composition and
may contain also some components other than those mentioned in the product safety
sheets. It follows that the exact behaviour of the materials is difficult to assess.
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Admixtures can be divided into two categories; those that are water soluble and those

that are not. The ‘solubility’ categorisation of admixturesis given in Table 2.2

Table 2. Organic admixture categories using solubility as a criterion.?®

Soluble (water) Insoble
Accdlerators
Retarders/retarding water reducers Plasticisers/workability aids:

Water-reducing plasticising/fluidifiers
ucing plasticising/fluidifi Solids particulate

Alr entrainers . Liquid dispersion
Superplasticizers - Liquid emulsion
Air-entraining mortar plasticisers
Permeability reducers Pigments
Pumping aids

Superplasticizers

A mixture of low-viscosity liquid such as water and relatively heavy particles such as
cement, sand and aggregates does not remain uniformly mixed once agitation is
stopped. Separation of the various phases occurs, resulting segregation and
displacement of water. To minimise these effects the water content of the concrete is
kept low. Water-reducing agents, also called plasticizers, allow a given degree of
workability to be achieved at a lower water/cement ratio, as shown in Figure 7.2 More
powerful water reducers, called superplasticizers, allow w/c ratio to be decreased by up
to about 30 %. They are negatively charged polymers and are composed of a variety of
different molecules. The molecular weight may vary over a wide range from less than
100 up to 100000 g/mol. The superplasticizers are usually classified into four
categories as follows:

Sulfonated melamine-formaldehyde condensates (PMS) (Figure 8a),
sulfonated naphthalene-formaldehyde condensates (PNS) (Figure 8b),

modified lignosulfonates, and

other synthetic polymers such as sulfonated polystyrene.®
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Figure 7. Viscosity versus shear rate for grout containing various amounts of
superplasticizers (SPL), with w/b= 0.40 and 10% silica fume.?
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Figure 8. @) Sulphonated melamine-formaldehyde condensate, b) sulphonated
naphthalene formaldehyde condensate.?®

Water reducers adsorb on the cement surfaces, leading to mutual repulsion of individual
particles. Mutual particle repulsion leads to a high degree of dispersion, but the
polymers employed do not exclude water from the cement surface entirely, and
hydration does proceed in a normal manner.?*

The effect of superplasticizers on cement hydration is mainly due to physical factors
rather than chemical interaction. Better dispersion of individual cement grains leads to
more efficient hydration and better early strength. The use of superplasticizers (SP) aso
improves the long-term durability of the cementitious materials by allowing reduced
water content leading to improved strength and reduced permeability of the material. In

superplasticizer-cement interactions calcium cations act as charge neutralisers by
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providing a positively charged site for sorption of negatively charged macromolecules.
The most important factor of cement for SP adsorption is the specific area of tricalcium
aluminate (C3A) phase. The amount of adsorbed and incorporated SP strongly increases
with the amount C3A in the cement. The PMS and PNS have a higher affinity to C3A
than PC (polyether polycarboxylate) type of SP. The particle size distribution of cement
also has an influence on the retardation of PNS.**

3.3 Hydration

In cement chemistry the term hydration refers to a reaction of an anhydrous compound
with water.?® The chemical reactions taking place are usually more complex than simple
conversation of anhydrous compounds into the corresponding hydrates. The mixture
that is generated when water and cement is mixed together is called a cement paste.
Setting is a process in which a ‘fresh’ cement paste stiffens and looses its deformability
without significant development of compressive strength. It is followed by the
‘hardening’ of the paste in which development of compressive strength occur, this is
normally a rather slow process. The final structure of the formed hydrated material on
the nanometre and micrometre scale depends on the composition of the original binder,
the starting water/cement ratio, temperature, absence or presence of chemical

admixtures and finally the hydration time.

3.3.1 Hydration of Portland cement

The hydration of Portland cement consists of a series of chemical reactions between
individual clinker minerals, calcium sulphate and water. The progress of the hydration
process depends on the rate of dissolution of the involved phases, the nucleation and
crystal growth and the rate of water diffusion through the hydrated material already
formed.? The hydration process of Portland cement paste can be characterised by the
four below described stages.

Pre-induction period (first minutes)

Immediately after contact with water, a rapid dissolution of ionic speciesinto the liquid
phase and the formation of hydrate phases start.?® Alkali sulphates present in the cement
dissolve completely within seconds, contributing K*, Na* and SO,* ions. Dissolution of
calcium sulphate introduces Ca?* and SO, ions into the solution. Tricalcium silicate
(C3S) dissolves congruently and a layer of a C-S-H phase precipitates at the surface of

cement particles. As the CsS phase is hydrated the concentration of Ca?* and OH  ion in
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the liquid phase is increased. At the same time, silicate ions enter also the liquid phase,
although their concentration remains very low. The fraction of C3S hydrated during the
pre-induction period remains low, probably between 2—100 %. Tricalcium aluminate
dissolves and reacts with Ca®* and SO,* ions present in the liquid phase, yielding
ettringite (AFt) that also precipitate at the cement particle surface. The amount of CsA
hydrated in the pre-induction period varies between 5-25 %. The concentration of Al®*
in the liquid phase remains low. The ferrite phases react similarly as C3A, yielding AFt
phase. The fast initial hydration slows down due to the deposition of a layer of

hydration products at the cement grain surface.
Induction (dormant) period (first few hours)

During the induction period the hydration rate slows down significantly for afew hours.
In this stage the hydration of all the clinker minerals progresses very slowly. During the
induction period the concentration of calcium hydroxide in the liquid phase reaches its
maximum and then starts to decline. The concentration of SO4* remains constant as the
fraction consumed in the formation of the AFt phase is replaced by the dissolution of

additional amounts of calcium sulphate.
Acceleration period (3-12 hours after mixing)

In this period the hydration rate accelerates again and is controlled by the nucleation and
growth of the hydration products.® The rate of CsS and C,S hydration accelerates and
crystalline calcium hydroxide (portlandite) precipitates from the liquid phase reducing
the concentration of Ca?* in the liquid phase. Calcium sulphate becomes completely
dissolved. Dissolved SO4* ions move to AFt phase and their concentration declines in

the liquid phase.
Post-acceleration period

Hydration rate slows down gradually, as the amount of still non-reacted material
declines and the rate of hydration becomes diffusion-controlled. As the hydration of C3S
and B-C,S continues the amount of C-S-H phase increases. The AFt phase that has been
formed in the earlier stages of hydration starts to react with CzA and ferrite phases as
the concentration of SO,* in the liquid phase declines, yielding monosulphate.® > At
aufficiently high initial water/cement ratios the hydration process progresses until all of
the original cement becomes consumed. However, a small fraction of larger cement

particles may remain un-reacted in mature pastes.
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The hydration of each individual phase is characterised quite extensively in literature.
Tricalcium silicate (C3S) is considered the most important component of Portland
cement. Hydration of tricalcium silicate phase is a rather complex reaction, and it is still
not fully understood. The reaction can be described with following equation:

2C3S+6HOP C3SH3 + 3 Ca(OH), 9

The reaction products are amorphous calcium silicate hydrate phases with CaO/SiO,
molar ratio less than 3.0, caled the ‘C-S-H phase’ and crystalline hexagonal calcium
hydroxide. A typical hydration curve expressing the degree of hydration as function of
hydration time for tricalcium silicate ground (special surface area ~ 300 — 500 m?/kg

(Blaine), water-cement ratio ~ 0.5-0.7, at room temperature) is shown in Figure 9.

1. Time (days)
¥ 00 ‘ 60 120

Fraction of CsS consumed (f)

2.Time (h)

Figure 9. Progress of hydration of tricalcium silicate (C3S) in paste. A-B: pre-induction
period; B-C: induction period; C-D: acceleration period; D-E: deceleration
period.”

Figure 10 presents the rate of heat formation, changes in Ca?* concentration in solution
phase, and the formation of hydration products as a function of time.
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Figure 10. Schematic presentation of processes taken place in C3S phase as a function of
hydration time. A: calorimetric curve; B: solution phase analysis, C:

formation of hydrates.®

The reactivity of tricalcium silicate depends on a variety of factors. Moderate variations
of specific surface area have little effect on the length of the induction period, but
prolonged grinding may shorten it. Chemical substances dissolved in the mixing water
may also alter the kinetics of hydration. Chlorides (e.g. CaCl,) exhibit an acceleratory
effect on the process, whereas phosphates, borates and salts of Zn** and Pb?* cause
retardation. Also, some organic compounds, especially different saccharides may retard
the C3S hydration rate. Certain solid substances may shorten the length of the induction
period, while addition of crystalline calcium hydroxide accelerates the hydration rate in
the acceleration period. Finally, the rate of CsS hydration is also dependent on water-
solid ratio of the cement paste and ambient temperature.®

Upon contact with water, both calcium and silicate ions pass rapidly into solution.
Concentrations of calcium, silicate and hydroxyl ions in solution phase of CsS
suspension have been studied extensively (Figure 11).% The relatively high silicate
concentrations have been observed in pastes only seconds after mixing, but they are
transitory and concentrations decreases quickly into a very low level. Contrary to that
the concentration of Ca(OH), continues to increase during the pre-induction and

induction periods.?
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Figure 11. Cacium and silicate ion concentrations (as CaO and SiO,) in solution phase

as afunction of time.?®

Although the hydration of tricalcium silicate phase has been studied extensively, its
mechanism is still unclear. Several different theories (e.g. impermeable hydrate layer
theory, electrical double-layer theory, nucleation of Ca(OH), and C-S-H theories) have
been established to explain this phenomenon.?

XRD powder evidences show that grains of dicalcium silicate in Portland cement
clinkers constitute predominantly or entirely of b-C,S structure.** Hydration reaction of

dicalcium silicate (C,S) can be described with following equation:

2CS+4H,0b C3SH3 + Ca(OH)z (10)

Same reaction products are formed in the hydration process of dicalcium silicate as in
the hydration of tricalcium silicate, but relatively more C-S-H phase and less Ca(OH).»
is formed in hydration of C,S. The reactivity of b-C,S is rather low compared to CsS.
However, it can be altered by adding suitable doping-agents, by changing the
temperature of hydration, or by increasing the fineness of grinding.?® Figure 12 shows
the typical hydration kinetics of b-C,S hydrated at 20 °C compared to other clinkers.
The reaction is characterized by an extended induction period in which the hydration
rateisvery slow. This period is followed by a gradual increase of the hydration rate and
its subsequent slowing down, after reaching a maximum after several days or weeks.

According to the available experimental data, it can be stated that the mechanism of
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hydration of dicalcium silicate is similar to that of C3S, even though the whole process
progresses more slowly.”

Ll il R N R B B RN 1T
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Hydration time (h)

Figure 12. Typical hydration kinetics of pure clinker minerals as a function of time.?®

Tricalcium aluminate (CsA) exists in cubic, orthorhombic and monoclinic
modifications. The latter two occur only in the presence of different doping agents, such
as Na'. Tricalcium aluminate reacts fast with water to form crystalline hexagonal
calsium aluminate hydrate phases which later convert into cubic phases. To retard the
fast hydration reaction of CzA, calcium sulphate is added to Portland cement. In the
presence of calcium sulphate the amount of tricalcium aluminate hydrated in the initial
stage of hydration is reduced when compared to that consumed in the absence of
CaS0O,. The first stage of the hydration process is the formation of ettringite
(trisulphate) CsAS;H3, (equation 11).%* % Minor amounts of monosulphate (CsASH1,)
or calcium aluminate hydrate (CsAH19) may also be formed resulting in an insufficient
supply of SO, ions.®

C,A+3CSH, +26H b C,ASsH.,, (12)

As all the available calcium sulphate is consumed, initially formed ettringite reacts with
additional amounts of tricalcium aluminate, yielding calcium aluminate monosulphate
hydrate, C4ASH:»:
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C,ASsH,, +2C,A+4H b 3C,ASH,, (12)

Asettringite is gradually consumed, also hexagonal calcium aluminate hydrate, C4AH1o,
starts to form. It may be present in the form of a solid solution with C4ASH;, or as
separate crystals.?® A complete reaction of CsA may take several months.

Under comparable conditions the hydration products formed in the hydration of
tetracalcium aluminoferrite phase (C4AF) is similar to tricalcium aluminate®® The
reactivity of ferrite phases may vary in a wide range and seems to depend on the Al/Fe
ratio. It generally declines with increasing Fe content. As with C3A, the hydration is
slowed down in the presence of CaSO,. Ferrite phases containing calcium sulphate AFt
phase (Cs(A,F)S3H3,) is the first main reaction product. In a subsequent reaction step
the AFt phase is converted to AFm phase (C4(A,F)SsH12.

3.3.2 Setting and hardening

Setting is a process in which a ‘fresh’ cement paste stiffens and looses its deformability
without development of compressive strength. It is a physical consequence of reactions
between water and cement components. It is followed by the hardening of the paste in
which the development of compressive strength and hardness occur.? ?* Within minutes
after mixing a Portland cement with adequate amounts of water (w/c~0.3-0.7), a
flocculation of the cement particles takes place, associated with an increase in a
viscosity of the paste. The flocculation is suggested to be derived from weak van der
Waals and electrostatic forces between cement particles.® As the amount of hydrated
material increases, the number of contacts between particles also increases and
eventually a continuous, three-dimensional network of solids develops within the paste.
As the hydration progresses and the amount of hydrated material increases at the
expense of the water-filled pore space, the bonds between solid particles strengthen,

resulting in a gradual increase of strength of the set cement paste.

Most investigators believe that the setting process of cement paste is due to a hydration
of CsS and CsA and formation of C-S-H and AFt, although opinions are not uniform.?®
It has been also postulated that the setting of Portland cement is due to a
recrystallisation of primary microcrystalline ettringite into larger crystals. Presence of
calcium sulphate regulates the setting of cement paste. If the concentration of Ca?* and
SO,% ions in the liquid phase is adequate, the amount of CsA and C,AF hydrated in the
initial pre-induction period is reduced and AFt phase is precipitated at the cement grain
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surface during the hydration. Under these conditions the flowability and plasticity of the
pasteis preserved until the formation of more hydrates causes setting.

3.4 Durability of cement-based materials

Durability is the ability of cement-based materials to resist the deterioration process. It
depends on both material properties and the environmental conditions. Degradation
includes several various mechanisms such as, alkali aggregation, carbonation, chloride
or sulphate attack, interaction with repository materials, leaching, abrasion, and for
near-surface concrete possible freeze thaw cycling. Various types of physical and
chemical deterioration mechanisms are presented in Figure 13.%°
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Figure 13. Types of chemical and physical deterioration of cementitious materials.*

3.4.1 Permeability

Permeability is a measure of the ability of a porous material to transmit fluids.
Permeability of cementitious materials controls the mass transport of deterious agents
(i.e. sulphate and chloride) into the cement paste and leaching of cement components
from the paste. The coefficient of permeability, K, can be determined from the Darcy’s
law, as given in equation
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Q=- KAD—h (13)
L
where:  Q = total discharge (m*/sec),
K = coefficient of permeability (m/sec),
A = surface area (m?),
AWL = hydraulic head (m/m),
Ah = change in height between two points (m), and

L = distance between points (m).

Both porosity and its geometrical characteristics determine permeability of the hydrated
cement paste.* Figure 14 shows the relationship between the permeability and capillary
porosity. The higher the coefficient of permeability of cement paste, the higher the
relatively permeability and thus porosity of the material.>
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Figure 14. Relation between permeability and capillary porosity of cement paste.®

The pore structure of the cement-based materials can be altered by changing the
material or mix design, e.g. by reducing the water-to-binder ratio (w/b) of the cement
paste.® By raising the wic ratio leaching kinetics increase by increasing the porosity
and consequently increasing the diffusion of ions through the material.*® By adding
pozzolanas, such as silica fume, smaller and more discontinuous pores are produced
resulting reduced hydraulic conductivity. Addition of silica fume modifies the
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nanostructure of the calcium silica hydrate (C-S-H) gel, reducing its porosity. The
pozzolanic C-S-H has a porosity of only 19% in comparison with the value of 28% of
the conventional C-S-H.*®

3.4.2 Leaching

In cement-based materials, leaching process consists mainly of transportation of ions
from the interior of the material, through its pore system, outwards into the
surroundings and vice versa. Solid compounds are dissolved by water that penetrates the
(cement) specimen and are transported away, either by a) diffusion based on the
concentration gradients, or by b) convection through the flow of water. Transportation
is diffusion controlled when the pore size distribution of cement paste is small. As the
volume of the flow paths increases it becomes convection controlled (Table 3).%

Table 3. Relation of pore radius to permeability coefficient.*’

Poreradius(m) | Permeability coefficient (m/s) Transfer
< 10" <10™ Molecular diffusion
1079, 10° 10%%3,10° Molecular flow
>10° > 107 Viscous flow

Calcium silicate hydrate (C-S-H) gel, portlandite (Ca(OH),) and alkalis dominate the
chemical properties of the agueous phase in Portland cement pastes. As the leaching
process proceeds, it affects the microstructure of the cement paste.”® The mineralogy of
the cement paste is effected and the composition of the pore solution changes as a result
of equilibrium shift.

Aswater penetrates through the cementitious material the pore water will be continually
renewed and the rate of leaching will be faster. For cement pastes with low
permeability, the limiting factor of leaching will be the rate of the water flow. Haga et
al.*? have concluded that the change in the pore structure is related to the type of
dissolving hydrate. Dissolution of the primary hydrate such as C-S-H gel and
portlandite increases the pore volume and the change becomes larger with longer
leaching period. In samples leached for 56 weeks, portlandite was not observed. Instead,
ettringite was generated in the surface layer of the samples. It was considered to be a
secondary mineral formed in the process of hydrate dissolution. However, in deep

repository conditions high chemical content of the groundwater can act as a limit of
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leaching. Groundwater may already be heavily saturated in minerals, so it can not

remove ions from the concrete.

Decalcification of the cement paste is closely associated with leaching process. As
calcium is leached from the cement paste the Ca/Si ratio decreases until a constant
value. According to a study of Hidalgo et al.** polymerization of the C-S-H chain is
accompanied with a decrease in Ca/Si ratio and with low Ca/Si ratios aluminium can
substitute silicon in the structure.

L eaching mechanism of concrete occurs in a sequence of stages. First the most soluble
elements such as alkalis hydroxides, Na' and K* are removed, followed by the
dissolution of portlandite. The next step is dissolution of the calcium-silicate-hydrate
gel phases. Finally as the C-S-H gel phases have fully dissolved and its buffering
capacity has dropped, other cement phases are dissolved. In an experiment by Lota and
Hubbard®® OPC mortar specimen were exposed to deionised water a a pressure of
2 MPaand arapid rise of Na content was found in leachates. K content increased almost
asrapidly as Nafollowed by the dissolution of Caions into the solution. The initia high
pH in the pore solution arose from the high concentration of alkali hydroxides in liquid
phase. As the calcium concentration in solution started to decrease the pH value also
declined.

The pore water chemistry depends on the solubilities of the solid phases present. Figure
15 presents a schematic illustration of the evolution of pore water chemistry during
leaching of the cement paste by pure water. In the beginning, the pore solution is
dominated by highly soluble alkali hydroxides and pH is above 13. In the second stage,
the pore solution chemistry is controlled by dissolution of calcium hydroxide and pH is
buffered at c.a. 12.5. At the third step, C-S-H gel and in particular the Ca/Si ratio of the
gel determines the pore solution chemistry; pH drops continuously to around 10.8. From
this process it can be deduced, that a low pore water pH value can be achieved by
reducing the alkali and portlandite content when hydration is completed. Under these
conditions, pH is controlled by the C-S-H dissolution: the lower the Ca/Si ratio, the

lower the pH.*?
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Figure 15. Schematic evolution of pore solution pH during leaching by pure water of
sulphate resistant Portland cement.*®

Some studies have been performed in order to evaluate the influence of the leaching
resistance of high (HPC) and ultra-high performance concretes (UHPC) in stagnant or
running water test.>” * Alonso et al.” studied the influence of contact water regime by
using a Tank Water Test (TWT) and specifically developed Running Water Test
(RWT). In both methods groundwater was used as a leachant. The general trend in the
running water test was that the amount of Ca leached was decreased with time. After 12
months of leaching the concentration of calcium in leached solutions from UHPC,
stabilised below the Ca concentration in the ground water (0.84 £ 0.04 mmol/l). In HPC
samples the leaching concentration stabilised after the first month. The pH values of the
leach solutions were alkaline initially (pH > 10.5) but dropped as the dissolution
continued. In the tank water test the concentration of calcium leached from all concretes
were below that of the Ca introduced by the ground water. Also the pH value of the
leachates was near the ground water pH right from the beginning. Vernet et al.*
concluded that the flow type regime and the chemical composition of the solution have
significant impact on the mechanism of leaching. The decrease in water flow resulted a
dlight increase of the amount of calcium leached, but did not change the leaching

mechanism mentioned above.

The amount of calcium leached is a good indicator to follow the progression of the
leaching process. The composition of leachate will affect and modify the leaching of the
components of cementitious materials.*> * For example, in a system where carbonates
and bicarbonates are present, Ca values below the initial concentration of the leachate

are found, due to the precipitation reaction of calcite. In order to know the real calcium
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leached from cementitious materials the amount of calcium precipitated needs to be
calculated.

3.4.3 Expansive products

Cement-based materials exposed to sulphate-bearing solutions such as natural ground
waters can show signs of deterioration. The two most common types of sulphate attack
are physical attack, where the sulphate-containing water enters the surface of the
concrete, crystallizes, and causes expansion and cracking, disrupting the hardened
concrete; and chemical attack, where sulphate salts react with the Portland cement,

causing it to dissolve, soften and loose the initial strength and adhesion.® #*

During sulphate attack, both the portlandite and the aluminate phases in a cement matrix
react with sulphate to form insoluble substances with much greater volumes. The extent
to which the reactions proceed depends on the conditions, such as ionic strength of the
solution and the flow rate.” Concrete mixtures prepared with supplementary cementing
materials show a better resistance to sulphate attack by reducing their permeability.
Pozzolanas reduce the expansion of specimens undergoing sulphate attack by

decreasing the amount of portlandite in the cement paste.®*°

Alkali silica reaction (ASR) causes premature deterioration in concrete.® Alkali
hydroxides present in concrete pore solution react with amorphous or poorly crystalline
silica phases in aggregates, forming a gel which absorbs water and expands. Some of
the most effective methods of reducing ASR reactions involve replacement of a portion
of cement with one or more pozzolanic materials to decrease the permeability and

reduce the quantity of alkalisin the concrete.

Corrosion is a problem for steel used together with cement-based materials.** The
expansion produced by rust formation causes the surrounding concrete to crack and
gpall. Lowering the pH of a cement mixture can increase the risk of steel corrosion. The
high pH of the pore solution stabilizes an oxide film on the steel and inhibits further
risks. Chloride ions may cause local breakdown of this passive film, even at high pH

and thus cause chloride-induced corrosion in steel rebar.

Gaseous carbon dioxide penetrates the cement-based materials and dissolves in the pore
solution, producing COs* and HCOs ions, which react with Ca®* to produce CaCOj; as
well as other CO,-based solid phases. The OH™ and Ca®* ions required to these reactions
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are obtained by the dissolution of portlandite and is associated with a drop in the pH

value and thus have detrimental effects on reinforced concrete structures.?*

3.4.4 Exchange reactions with aggressive fluids

Exchange occurs when aggressive fluids react with components of the hardened cement
paste. Seawater exposure on concrete provides potential for various types of exchange
reactions and types of deterioration to occur simultaneously. The chemical action of
seawater on concrete is mainly due to the magnesium sulphate present. Leaching actions
remove lime and calcium sulphate while reaction with magnesium sulphate leads to the
formation of calcium sulphoaluminate which may cause expansion. The precipitation of
magnesium hydroxide may block the pores of the concrete and thus slow down the
leaching reactions. The presence of chlorides retards the swelling of concrete in
sulphate solutions.?® Calcium ions may be removed or substituted in various reactions
between cement paste and aggressive fluids. Leaching of these materials with time can
lead to deterioration of cement-based materials.’

3.4.5 Other durability risks

Shrinkage occurs due to the loss of water from a cement-based material. Shrinkage of
concrete takes place in two distinct stages. at early and later ages. The early stage is
commonly defined as the first day, while the concrete is setting and starting to harden.

The long-term shrinkage refers to the concrete at an age of 24 hours and beyond.?

The major shrinkage types are drying and autogenous, but in addition the concrete may
also be subjected to volume reductions due to thermal changes and carbonation
reactions.®> Drying shrinkage results from loss of water from the concrete. It is
dependent on the environmental surrounding of the concrete, especially the temperature
and relative humidity (RH). In general, concrete with a high w/c ratio will have higher
drying shrinkage because there is more so called free water. Autogenous shrinkage is
defined as the macroscopic volume change occurring with no moisture transfer to the
surrounding environment. It is a result of chemical shrinkage related to the hydration of

cement particles.

If sufficient quantity of water is present in the pores of cement paste, the concrete may
be damaged by frost, and especially by repeated cycles of freezing and thawing. The
freezing water within the concrete creates hydraulic pressure, causing cracking and
fissuring. To resist freeze-thaw deterioration, the hardened concrete must contain an air-

void system which provides space to relieve the pressure of the freezing water. Low
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permeability and absorption and thus low wi/c ration are also important factors affecting
the durability of the cement paste.
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4 LOW-pH INJECTION GROUTS

Hyper alkaline conditions (pH >12) of cement pore fluids are considered to have
deleterious effects upon the host rock and other engineered barrier system (EBS)
materials (especially bentonite, the buffering material) in deep geological repositories of
spent nuclear fuel.™* In Figure 16 is presented a safety assessors view on the assessed
impact of different pH regions in deep repository environment and the pH-evolution of
the leachates of ordinary Portland cement-based materials. An acceptable pH value lies
around 11 when the equilibrium phase no more buffered by is portlandite.

pH
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Desired l Uncertain Bad
O | |
7 8 9 10 11 12 13

pH=13 due to alkalihvdroxide leachate

v
13 \ pH=12.4 due to portlandite leachates

Harmful OH- ions
11 ——————————————

Cement gel (C-S-H)

10

Time

pH for Portland cement

Figure 16. The assessed impact of different pH regions in deep repository environment

and the principles for the pH-evolution for Portland cement.*°

The substitution of cement with other materials will remove the amount of portlandite
from the mixture also resulting in lowering the heat of hydration. The lack of free
portlandite causes the pH of the pore fluid to be reduced to less than 11. Because low-
pH cementitious materials have little, or no free portlandite, they predominantly consist
of calcium silicate hydrate (CSH) gel. The high strength and low hydraulic conductivity
features make low-pH cementitious materials suitable for use in the repository
environment. However, the workability of the low-pH grouts does not fulfil the set
requirements (Table 4) without addition of additives such as superplasticizer.
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Table 4. Required properties of low-pH cement grouts.®

Order of Property Requirement | Measuring method
I mportance
pH £11 Leaching test
Required Penetration-ability D £80 mm Penetrability meter at
Properties Penetration-ability by £120mm | 60 min
Viscosity £ 50 mPas Rheometry at 60 min
Bleed £10% Measuring glass at 2 hours
Workahility time 3 60 min Determined by penetration-
Desired ability and viscosity
Properties Shear strength 3 500 Pa Fall coneat 6 h
Yield value £5Pa Rheometry at 60 min
Compressive strength 3 4 MPa Uni-axial compressive
strengthat 28 d

4.1 Development

Low-pH injection grouts have been studied since 2002 in a joint project between
Posiva, SKB and NUMO. The aim of the project was to achieve at least one well-
quantified, tested and approved low-pH injection grout to be used in repository. The
development of low-pH grout materials was done at VTT and further optimization by
Posiva for ONKALO.® ” The technical performance of different grout mixes was tested
before any mixes were chosen for leach testing. Detailed information on the materials,
mix characteristics, designing of the mixes and results from their performance are found
in Kronlof’s report.® The leach and pH testing was done by Vuorinen et al.> The most
promising mixes were then selected to be tested in pilot field testing (PFT1).”

Testing and reporting of low-pH grout materials has mainly concentrated on properties
of fresh materials rather than the long-term performance. However it has been
confirmed in many research studies that the physical and chemical properties of the
cementitious material change within time.*" 4 eg. Haga et al.** investigated the
ateration associated with dissolution of ordinary Portland cement hydrates by
subjecting the solid samples to measurement of pore size distribution, bulk density
using mercury intrusion porosmetry (MIP) and electron probe microanalysis (EPMA).
The mineral and chemical compositions of solid materials were studied by using X-Ray
Diffractometry (XRD) and thermal analysis (TG-DTA). Alonso et al.*’ evaluated also
the changes in the ionic composition and pH of the pore solution at different days of

hydration by extracting pore fluid from the solid samples.
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The removal of the hydration products can increase the porosity and leaching potential,
but again these properties can also decrease due to additional hydration and blocking
pores. Some other international studies has also been done on low-pH cementitious
materials.*” ** *° Cau Dit Coumes et al.”® and Codina et al.* have formulated and
characterized low-heat and low-alkalinity cementitious materials for radioactive waste
repositories. Alonso et al.?” studied the groundwater leaching resistance of high and
ultra high performance concretes with two leaching methods based on different
convection regimes of the leachate. They used the leachability of calcium as an
indicator to follow the progression of the attack.

4.2 Chemical properties

In low-pH cements, the amount of cement is reduced by substituting it with blending
materials, such as silica fume, fly ash and blast furnace slag. To attain the defined
pH £ 11 set for cement grout leachates, the blending materials must comprise at least
50 wt% of dry materials. According to variety of studies the Ca/Si ration of C-S-H of

the cement should be lower than 1.1 in order to produce low-pH materials (Table 5).% 4"
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Table 5. The amount of silica fume needed to produce grout leachates with pH < 11.°

Solidsin equilibrium [Si]aq (Mg/L) pH
Amourphous SH 395 6.38
Amourphous SH + CSH (0.8) 117.0 10.17
CSH (0.8) 434 10.88
CSH (0.8) + CSH (1.1) 41.1 10.91
CSH (1.1) 314 11.03
CSH (1.1) + CSH (1.8) 0.7 12.43
CH + CSH (1.8) 0.5 12.53
CH 0 12.52
SF = SilicaFume CSH = calcium silicate hydrate
CH = calcium hydroxide

Of the possible blending materials silica fume has appeared to be the most promising
one in low-pH grouts for deep geological repositories.” According to the work by
Lagerblad® the use of silica fume was found to be an efficient component for lowering
the pH of grout leachates. Silica fume reacts with Ca(OH),, which is one of the main

component of pure Portland cement’s hydration products. The equilibrium pH of
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calcium hydroxide with water is 12.5, and decreasing the amount of Ca(OH), in the
pore solution lowers the pH to 11 or lower. On the other hand, pH does not depend
solely on chemical composition of the materials, but also on the composition of the
reaction products formed. As the pozzolanic reactions proceeds the CalSi ratio
decreases which in turn decreases the pH.

Another positive effect of using silica as a blending agent in cement paste is to produce
agrout with low water separation and high penetration as well as enhance the resistance
to chemical attack and leaching due to the lower permeability and higher CSH content.
Some risk or problems can also occur during the early ages when using high amounts of
silica fume. The main concerns of concrete mixtures with high silica fume content are
the risk of gel-blocking resulting from decreased penetration-ability, the possibility of
silica conglomerates or lumps, and retardation or delayed setting times.®

4.3 Characteristics and perfor mance

The low-pH injection grouts will be used in ONKALO and the final repository facilities
in order to improve long-term environmental safety. The history of experience with
these materials is not very long, so the assumptions concerning the long-term
performance are mostly based on similar concrete and cement-based mixtures

containing silica fume.
The ingredients of the low-pH injection to be used in the ONKALO are as follows:

- Cement: Ultrafin 16 — sulphate resistant, low alkaline injection microcement,
manufactured by Cementa AB in Sweden. Specific surface of 1 600 m?/kg, CsA
content of 2%, and alkali content of ~ 0.5%.

- Pozzolan: GroutAid — silica fume-based additive for grouting, produced by
Elkem ASA Materials in Norway. Minimum SiO, content of 86%, solids content
of 50%, specific surface area about 15000 m%kg, 90% of particles < 1 nm
diameter, pH of 4.5t0 6.5, and no accelerator additive.

- Chemical admixture: Mighty 150 - naphthalene sulphonate based
superplasticizer produced by Degussa (now BASF Construction Chemicals).

Very finely-ground microcements are being used in ONKALO for grouting the upper
sections of the facility. The particle size in these microcements is usually less than

30 mm in diameter. As a general guide-line, injection filling is possible for maximum
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fissures of the sizes three times the maximum grain size in the grout, so the
microcement used in ONKALO should be able to fill fissures up to about 100 um in
width.

In sulphate-containing environment sulphate resistant cements improve the expected
durability performance of the hardened cement paste.® Since sulphate attack on hydrated
Portland cement mainly involves the C3;A phase, the sulphate resistant cements are
characterized by a reduced CsA content in clinker. It should, however, be noticed that
the sulphate resistance of these cements is not absolute. At very high sulphate
concentration (> 200 mg/L), there can still be expansion and deterioration, though more
slowly and to alesser degree compared to Ordinary Portland cements.

As the constructions of ONKALO proceed deeper, the plan is to replace the ordinary
high-pH grout with some low-pH injection grout materials. Low-pH injection grouts
have better leach resistance and leachates with sufficiently low-pH (£ 11) compared to

ordinary ones.’

As mentioned in chapter 3.4, porosity and its geometry determine permeability of the
hydrated cement paste. Highly porous materials transmit fluids through the material
more readily and decrease the long-term performance. To produce cement paste with
maximum density and minimum porosity, it is beneficial to have as low wi/c ratio as
possible. This can be obtained with superplasticizers. Some leaching tests mentioned by
Holt® have showed that the use of superplasticizers may increase the total organic load
in groundwater. Y et the benefits of material properties and performance gained through
the use of superplasticizers outweigh any unfavourable effects of increased organic
load.

Some permeability and leaching tests have been performed on low-pH cementitious
materials.> *" > Vuorinen et al.” found out that mixtures containing silica fume had
promising chemical characteristics (i.e. fast depletion of K, SO,* and declining trend of
Ca concentration). Onofrei’ s> static leaching test showed that the release of Ca** was
independent of the silica fume addition and the w/b ratio of the cement paste. In
dynamic leaching tests the leach rates of Ca’" decreased steadily, indicating the
presence of a protective surface layer causing lower solubilities of the cement

constituents.

In the deep geological environment it should also be noticed that components present in

the granitic bedrock can participate in the cement reactions, as well. Minerals may
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precipitate and new secondary minerals may be formed, thus further enhancing the
sealing effects of the grout by clogging of fractures.® In hydraulic conductivity and
permeability tests by Onofrei et al.>® it was noticed that addition of silica fume
decreased the apparent hydraulic conductivity (K) of the grout. They concluded that this
was a consequence of the decrease in pore size and the decrease in connected capillary
pore space. The change in porosity during leaching is mainly attributed to the changes
in volume of solids caused by the formation of new hydration products. The results
confirm that silica fume grouts have the potential to self-heal and maintain their

performance for very long time periods.’

The main characteristic difference between the reference and low-pH grouts studied in
the experimental part of this report is the increased silica fume content (from 15 % to
40 % by dry weight). Compared to the reference grout mix, the low-pH mixtures have

the following characteristics:

- lessportlandite (CH) in hydrated cement paste,

- greater homogeneity, due to better fine particle dispersion,

- better penetration into fine fissures,

- better bond to granite bedrock

- possibly higher total porosity, yet with fewer capillary and interconnected pores,
and

- better potential for self-healing.

These properties lead to enhanced durability performance, such as lower permeability,
better leaching resistance, and greater resistance to chemical attack (especially
sulphates).® The risks that are associated with the low-pH grout mixtures compared to
the reference grout mixes are shrinkage, gel-blocking, and alkali-silica reactions (ASR),
although, it has been observed in the accelerated ASR tests that low-pH grout mixes
should not posses high ASR reactivity even if unbroken silica granules are present in
the mass.> However, these reactions are complicated and more accurate information is
needed. The total drying shrinkage will likely be higher for the low-pH grout compared
to the standard reference one due to its higher w/b ratio and higher total water content,
as well as, increased superplasticizer dosage. Yet it will only be a problem if the
surrounding environment has substantially lower humidity, but it is assumed that there

will be enough groundwater available inside sealed fissures to prevent drying.
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It is possible that during further construction of ONKALO, there may be changes in
construction techniques or in environmental conditions. Therefore it might be necessary
to change the mix design or materials for both reference and low-pH grouts. For
instance, the temperature or humidity changes affect the rate of hydration and thus alter
the microstructure of cement pastes and long-term performance. One of the main
concerns with the Olkiluoto dste conditions regarding the performance of the
cementitious materials is the groundwater composition. At upper levels of the bedrock
(0— -150 m) it is the presence of bicarbonate (HCO3) which can react with calcium
leached from cement and form precipitable carbonates and change the composition of
cementitious material. The precipitation of calcium carbonate may either improve the
permeability of grout or decrease it by increasing the leaching of the calcium from the
material. The groundwater chloride (CI) content is relatively low in the fresh
groundwater at the upper levels (< 10 mg/L) but much higher at greater depths (2 000 —
5000 mg/L). Chloride attack is a concern because chloride ions react with CH to form
soluble products (e.g. calcium chloride) which can be leached away. Hill et al.>* have
studied the effect of sodium chloride on the dissolution of C-S-H gels and found out that
the concentration of NaCl solution has a strong effect on the Ca concentration. The Ca
concentration increased with NaCl concentration in all experiments. At the presence of
sulphates (SO4), especially magnesium sulphate, leaching actions remove lime and
calcium sulphate while reactions with magnesium sulphate lead to formation of
insoluble products causing expansion and cracking. The pH, acidity, and ammonium
(NH3) contents of the Olkiluoto groundwater are acceptable and should not cause any

problems for grout performance.

The influence of organic admixtures of cementitious materials, in other words
superplasticizers, in the repository environment has to be carefully evaluated. The role
of organic complexing agents in enhancing radionuclide migration has been shown to
be undisputed.®* They may alter the transport properties of radionuclides due to the

action of one or more of the following processes:

- increased radionuclide (RN) solubility

- decreased sorption, if the complexants are not themselves sorbed

- increased sorption, if the complexants themselves are sorbed

- decreased rate of transport, if the size of the complexes are sufficient to decrease

their diffusion coefficient
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- increased rate of transport, if the complexes are sufficiently large to cause size

exclusion from small pores.®

There are several studies on the environmental concentrations of superplasticizers but
estimates of leaching amounts especially from concretes are quite inadequate. The main
sources have been industry, wastewater treatment plants, and construction and landfill
sites. These environmental studies can give an idea about the behaviour of different
compounds of these admixtures, even though they are not directly correlated to the
leaching aspects of concrete.*? Ruckstuhl et al.*® have studied the leaching behaviour of
PNS (sulfonated naphthalene-formaldehyde condensate) from a tunnel construction site
of the Swiss Federal Railways. When fresh cement containing PNS was applied at
construction sites, PNS was leached out into the groundwater. It was noticed that the
concentration of PNS in groundwater was up to 58 ug/L about 60 m from the
construction site. The leached components were the monomers and the oligomers up to
the tetramers. Higher condensed oligomers remained immobilized in the cement

matrix.>

All the pore water and leaching studies performed have been short-term tests and no
long-term tests have been carried out.** In order to evaluate the long-term behaviour of

superplasticizers in deep geological repository long-term experiments are required.
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5 SUMMARY

Posiva’'s spent fuel management programme consists of the disposal of spent fuel in a
deep geological repository at Olkiluoto island. Investigations on the suitability of the
site have been ongoing over fifteen years, as a part of these investigations, construction
of an underground rock characterisation facility, ONKALO, began in 2004, which may
later act as the access tunnel to the repository . Current repository design locates the
facility at the depth between -400 and -600 m in the bedrock.

The access tunnels and other cavities in bedrock can have areas with higher hydraulic
conductivity than the surrounding rock. Water flows primarily along these network of
pathways. By sealing the fractures with cementitious materials, the flow rate of
groundwater into the repository can be reduced. The currently used ordinary
cementitious grouts may have deterious effects on the engineered barrier system.
Therefore, alternative materials are considered to be used. The tunnels will backfilled
after the canisters have been placed. The backfilling materia is a mixture of crushed
rock and bentonite clay. The interactions of ordinary cementitious materials with
groundwater may cause a high pH plume. This can change the hydraulic and chemical

properties of bentonite leading to the insufficient buffering capacity.

Cement is made from limestone, clay and quartz. It is the basic ingredient in concrete
and mortars. The Portland cement clinker contains four major phases called alite, belite,
aluminate and ferrite. Also some minor phases are present. The hydration of OPC
consists of series of chain reactions that are dependent on each other. Hydration occurs
spontaneously when water and cement are mixed together. Setting is a process in which
a fresh cement paste stiffens and looses its deformability. It is followed by hardening in
which development of compressive strength occurs. The complete hydration of cement

paste can take several years.

The properties of Ordinary Portland cement can be altered by using additive materials,
such as silica fume (microsilica), fly ash, blast furnace slag or some natural pozzolanas.
They can be used to decrease the total heat evolution of hydration, improve durability
and decrease the high pH of the cement pore fluids. Besides the positive effects
pozzolanas may also create some negative effects, such as reduced workability and
increased concentration of alkali hydroxides in cement pore solution. A better
workability can be achieved by increasing the w/c ratio but at the same time it reduces

the strength and longevity of the cement paste. Water reducing agents, called
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superplasticizers, can be used to achieve desired workability at lower w/c ratios.
Superplasticisers are negatively charged organic polymers that may leach from cement
matrix into groundwater and change the migration of possible radionuclides by forming
new complex compounds. Some studies concerning the leaching behaviour of SPs have
been conducted.®* 3

Durability is the ability of cementitious materials to resist the deterioration process.
Degradation includes several mechanisms such as, chloride and sulphate attack,
carbonation, leaching, and formation of new secondary minerals. Hydrated cement paste
is porous material. Solid compounds are dissolved by water and transported away either
by diffusion or by convection through the water flow. The permeability of cementitious
materials is a function of porosity, as the porosity increases so does the permeability.
L eaching mechanism of cementitious materials occurs in a sequence of stages. First the
most soluble elements are removed, followed by the dissolution of portlandite. In the
next stage the CSH phases are leached. The pore water chemistry depends on the
solubility of the solid phases present. The high chloride and sulphate concentrations in
groundwater may be detrimental to cementitious materials. They react with free
Ca(OH), forming calcium sulphate, which further reacts with hydrated calcium
aluminate to form insoluble ettringite. The volume of these new compounds is higher,
causing expansion and cracking of the cement paste. All of these deleterious processes

decrease the durability of cementitious materials and shorten their lifetime.

The fundamental principle in the development of low-pH injection grouts was to ensure
the long-term safety in the repository conditions, because there is not enough
information on the influence of possible high-pH plume originating from OPC
materials. Testing and reporting on the low-pH grout materials has mainly concentrated
on the fresh properties rather than log-term performance. It has been concluded that in
order to atain the desired pH (< 11) for cement leachates, the blending materials must
comprise at least 50 wt% of dry material. Silica fume has appeared to be the most active
blending agent. On the other hand the pH does not depend solely on the chemical
composition of the raw materials, but also on the composition of the reaction products.
As the pozzolanic reactions proceed the Ca/Si ratio decreases which in turn decreases
the pH of the leachates.

The main concern with site conditions regarding performance of the injection grouts is
the groundwater composition. Different compound such as, high chloride and sulphate

concentrations in groundwater increase the deterioration risk of the injection grouts. The
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only bedrock concern is that over long periods of time there can be stress changes in
rock with may alter the water tightness of the repository.
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EXPERIMENTAL WORK
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OBJECTIVE OF THE WORK

Low pH cement-based injection grouts are considered to be used to sea fractures and
cracks in the deep geological repository. The possible effects caused by the
cementitious materials in the surrounding repository environment have to be carefully
evaluated, especialy in respect of the long-term safety.”

The main objective of this work was to study the effect of water composition and flow
rate on leaching behaviour of two freshly mixed cementitious injection grouts. Test was
performed at ambient temperature (20 = 1 °C) in a glove-box in N, atmosphere in order
to avoid the interference of atmospheric CO..

TYON TARKOITUS

Matalan pH:n injektointiaineita tullaan kayttamadan ydinjéateen loppusijoitustilassa
mahdollisten rakovyohykkeiden injektointiin. Sementtipohjaisten materiaalien kayton
vaikutukset tilan ymparistoon, erityisesti pitkdaikaisturvallisuuteen liittyvét seikat, tulee
selvittéd huolellisesti.

Taman tyon tarkoituksena oli tutkia miten virtaavan veden koostumus ja erityisesti sen
virtausnopeus vaikuttavat kahden tuoreelta valetun sementtipohjaisen injektointiaineen
uuttumiseen. Koe  suoritettiin 20°C+1°C  |[ampdtilassa  hanskakaapissa

typpiatmosfaarissd, jossa voitiin valttéd ilman hiilidioksidin aiheuttamat hairiot.
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6 METHODS AND PROCEDURE

Dynamic leach testing was used in order to evaluate the influence of the water flow on
leaching of two cementitious injection grouts. The experimental setup and need to work
inside a glove-box set boundaries to the volume of simulated solutions that could be
prepared and handled and also the limits for the flow rates that were possible.

Leaching test was performed inside a glove-box (N, atmosphere) in order to avoid the
interference of atmospheric CO,. Two simulated groundwater solutions, fresh ALL-MR
and saline OL-SR, were used as leachates. Two flow rates were chosen, a higher flow
rate of 7.5 mL/h and a lower one of 0.625 mL/h. Dynamic leach testing was used in
order to evaluate the influence of the water flow on leaching of the grout samples. The
sample collection of leachates was performed according to a set time schedule. The pH
value of each leachate sample collected was measured, but the amount of total organic
carbon was determined only for some leachate samples. Because of the large number of
leachate samples collected some samples were combined before chemical analyses were

performed.



58

7 MATERIALSAND SOLUTIONS

7.1 Grout samples

Two different injection grouts, medium and low-pH grouts, were subjected to
investigation. The grout mixes were prepared by mixing cement, silica fume, plasticizer
and water. The cement type was UF16 (Cementa AB), which is a sulphate resistant,
chromate reduced and low alkaline injection cement with a specific surface of
1600 m?/kg. The silica fume used was GroutAid (Elkem) with a minimum SiO- content
of 86 %. The trade name of the plagticizer was Mighty 150 (Sika Norge AS), whichisa
naftalenesulfonic acid formaldehyde condensate. Both grout mixes have been tested
also earlier in static leach testing by Vuorinen.* Table 6 gives the composition and IDs
of the grouts. In Table 7 are shown the chemical compositions of cement and silica
fume. Detailed information on the materials and results from their technical

performance are found in Kronléfs report.°

Table 6. The mix composition and I Ds of grout mixes.

— Grout ID
Classification | OPC- SF OPC/DM SF/ SPL/DM | W/DM | cem-SF-
of grout type type DM W/DM -

SPL
low-pH UF16 E_fgu'f 0.59 041 | 0.04 1.40 UF-41-14-4
i
medium-pH | UF16 Grout | 0.85 0.15 | 0.03 101 | UF-15-10-
Aid 2.8

OPC = Ordinary Portland cement SF = Silica Fume
DM = dry matter SPL = Superplasticizer

Table 7. Chemical composition (%) of cement and silica fume.

CaO | SIO, | Na,O | K,O |Al,O4 MgO Fe,0O;| SO;3 |MnO | P,Os | TiO,

cement 65.6 | 229 | 0.08 | 0.43 | 367 | 0.79 | 441 | 1.77 | 0.23 | 0.11 | 0.25
(UF16)

silicafume 047 | 936 |<0.03| 0.77 | 1.13 | 0.52 | 0.27 | 0.09 | 0.04 | 0.05 | 0.01
(Grout Aid)

The mixes were prepared at VTT by Paula Raivio (Contesta Oy). The mixing
instrument used was Desoi AKM-70D (1500 W). The mixing order for injection grouts
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was the following: cement was added first to a major part of the water and the mixing
proceeded for 2 minutes after which SPL was added together with the remaining water.
Last microsilica slurry (GroutAid) was slowly added to the mixture. Tota mixing time
was of about 5 minutes. Directly after mixing the penetration ability of the grout mixes
was tested with a filter pump (filter mesh size 100 nm) to ensure that the set penetration

requirements were met.*

7.2 Leaching solutions

Two simulated groundwater solutions, fresh ALL-MR and saline OL-SL, were used as
leachates. The compositions of the leaching solutions are given in Table 8. The
solutions were prepared inside the anoxic glove-box in order to avoid interference of
atmospheric CO,. Also all water used in preparation was CO,-free. This type of
simulated water has the advantage, in comparison with deionised water, that the test
conditions are more representative of real exposure conditions in resistance studies.

Table 8. Nominal composition of the two stimulated groundwater solutions used.”

Fresh Saline
(ALL-MR) | (OL-SR)
pH 8.80 8.30
Na* mol/L 2.3-10° 0.21
Ca™ 2. 0.13-10° 0.10
K* 2. 0.10-10° 0.54-10°
Mg~ 2. 0.03-10° 2.3.10°
Sre* 2. 0.40-10°
SO, 2. 0.03-10°
HCOs; 2. 1.1-10°
cr 2. 1.4-10° 0.41
Br- 2. 1.3-10°
I 2. 0.01-10°
= 2. 0.06:10°
B 2. 0.09-10°
SO~ 2. 0.10-10° 0.04-10°
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8 EXPERIMENTAL ARRANGEMENT

The experimental set-up consisted of two sets of similar instrumentation, one for each
flow rate used. Each set had five components fresh leaching solution, a syringe pump
for feeding the leaching solutions into the grout containing syringes, Amani 1000
electrodes for measuring the potential changes of leachates on-line and polyethylene
vessels for collecting leachate samples (Figure 17). All the different components of the
experimental set-up were connected via plastic tubing.

Plastic Flastic Plastic Plastic
tubing //\wbmg /\wbma tubing
Fresh leaching ./Syringe purnp ./ Rack of grout m > ~" Polyethylene vessels for

solution with feeding syringes containing syringes % Wes

Figure 17. A schematic illustration of the experimental set-up.

The fresh grout mixes were cast in 20 mL plastic syringes (Figure 18). The cement
paste was poured into the vertically placed syringes through a casting hole made on the
top of each syringe. The vertical syringes were filled almost up to the needle nozzle and
a small hole made in the syringe piston at the same level of the needle nozzle. The totd
volume of cement paste in each syringe was 19 + 2 cm®. The flowing leaching solutions
attacked the surface of the cast grout materials. After finishing casting the casting holes
were sealed with silicone plugs and the syringe racks immediately placed inside steel
vessels and flushed with nitrogen. The samples were transferred into the glove-box
inside the steel vessels. It took around three hours from casting until everything was set
up inside the glove-box and ready for the actual experiment to be started.

piston-end with attached

needle nozzle tubina nozzle

1/ Y
_— ( —. - flow direction

B

Figure 18. A schematic illustration of a sample syringe with grout mix.



61

The sampling frequency and collected leachate amount varied along the testing period
for both flow rates.

High flow-rate, 7.5 mL/h:

In the beginning of the test sampling of the collected leachates was performed
every five hours. After that the sampling frequency was kept around eight hours till
the 15™ day. Sampling frequency was decreased gradually so that after the 15" day
sampling was performed every 16™ hour and from the 100" sampling point on,
samples were exchanged every other day. When the pH values measured from the
leachate samples collected showed rather constant values for a longer time period
the flow rate was reduced from 7.5 mL/h to 5.7 mL/h. As the flow rate was
reduced, it was possible to decrease the sampling frequency to once in three days.
After 93 days from the beginning of the experiment, the flow rate was reduced
again from 5.7 mL/h to 2.5 mL/h. Then the leachate sample collection frequency
could be changed to once a week. Duration of the entire testing period was 127
days, thus, in total, each grout specimen was leached with approximately

13 600 mL of leaching solution.

Low flow-rate, 0.625 mL/h:

Sampling of the collected leachates was performed every other day till the 18" day
of experiment and then decreased to once in four days. From the 19" sampling
point on the leachate sample collection frequency was once a week till the end of
the experiment. Each grout specimen was leached with approximately 1 390 mL of
leaching solution.

The amount of grout in each test was at least 15.2 cm®, but the amount of grout was

more especially in the samples of the higher flow rate experiment (Figure 26).

The actual leaching system running is shown in Figure 19 and Figure 20a. A syringe
pump (TSE 200 series) feeding leaching solutions through the sample syringes
containing the grout mixes and the Amani electrode rack as well as the leachate
collection vials. Amani 1000 electrodes (Figure 20b) are manufactured exclusively by
Innovative Instruments, Inc.>® and they are combination electrodes made entirely of
plastic. The tip of the sensor is very small (only 1 mm), so it can be used to measure

small sample volumes. The small tip size enabled the on-line mV measurement.
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Sample collection was carried out according to planned time schedule. From all solution
samples 30 mL was extracted and filtered (0.2 mm) into two 15 mL plastic test tubes in
order to remove possible particles or larger colloids present in the leachates. The other
15 mL sample (for cation analysis) was preserved by adding 15 nL of supra pure
concentrated HNOs. After filtration a small aliquot of the filtered leachate sample was
used to measure the pH value of the sample with a commercial glass combination
electrode (Orion ROSS, Model 8163SC) inside the anoxic glove-box. The measuring
electrode was calibrated with adequate commercial pH buffers. Rest of the solution
samples were stored in arefrigerator until taken to chemical analyses.

Fresh leaching
solution
Syringe pump wi
syringes feeding Cement paste
fresh solution i specimens
the sample
syringes.

Figure 19. Syringe pump with four syringes feeding water through four grout

specimens.
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Leachate
collectionvials

Figure 20. @ On-line potential measurement with amani 1000 electrodes and leachate

collection, b) Amani 1000 electrode.

The beginning of the experiment run well, but after a couple of days some precipitate
started to form in the experiment with faster flow and more in the case of saline leachate
(Figure 21). Later similar precipitates were also formed in the lower flow rate
experiment. These precipitates caused some blockage of the flow. There were also some
difficulties concerning the three-way syringe valves and the syringe pump itself. At
some point it was noticed that the leaching solution flowed back to the feeding bottle
instead of the sample syringes. Therefore the syringe valves had to be replaced with
new ones. Towards the end of the experiment it became clear that the other syringe
pump was not working properly. It was not able to move the syringe pistons and for
some time it had to be operated manually, and finally the experiment was stopped.



Figure 21. White precipitate in the tubing.
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9 RESULTS

9.1 Leach solution results

Dynamic leach testing was continued up to 127 days. The analytical results of the
cumulative concentrations of the soluble constituents from the grout samples are given
in Figures A1 to A9 in Appendix 1 for both leachates and both flow rates.

9.1.1 pH results

The pH values were measured in both leachates at all sampling points. The results on
pH measurement are shown in Figure 22 a-d. Some results from earlier static leach

testing are included for comparison purposes (Figure 22 e-f).!

As would be expected the flow rate had an influence on the pH values obtained. Faster
decrease of pH values was observed in the case of the higher flow-rate experiments,
since with faster flow rate the leaching solution was renewed more often and the
concentration gradient was greater between the solid sample and the leaching solution.
This accelerates the dissolution of the ions from the sample specimen and further
decreases the pH value. Similar decrease in pH was detected in both low- and medium-
pH grout experiments (Figure 22 a-d). At the end of the leach testing minor decrease
was observed in the leachates from the slower flow rate experiments in both fresh and
saline leachates, excluding the saline leachates of the low-pH grout. The difference in
pH values between the two grouts was greater in the saline leachate for both flow rates.
Comparing the results gained from earlier static leach testing® the pH values showed
faster decrease in the present dynamic leach testing, athough the two leach tests are not
directly comparable since they were performed at different temperatures which

influence the reaction rates.

The influence of the two leachates, fresh and saline, was observed when the results from
the experiment of same flow rate were compared. At the end, in the higher flow rate
experiments, the pH values in the saline leachate samples were about 0.5 to 1.0 units
lower compared to those of the fresh leachates. In the experiment with the lower flow
rate (0.625 mL/h) the difference was even more notable. At both flow rates the pH
values of the low-pH grouts in saline leachates decreased faster than those in the fresh

leachate.

The low-pH grout leachates reached the target pH of 11 in all tests. The medium-pH

grout also showed a decreasing trend in both leachates at the faster flow rate. However,
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at the slower flow rate only a minor decrease was observed. At the end of the testing the
pH values in the leachates were around 11 to 11.5.

Dynamic leach testing: flow rate 7.5 mL/h, ALL-MR Dynamic leach testing: flow 7.5 mL/h, OL-SR
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Figure 22. Leachate pH values in fresh (ALL-MR) and saline (OL-SR) leachates for
dynamic (sub-figures a-d) and static leach testing (sub-figures e and f).
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Due to the difficulties with syringe valves and pumps, the flow rates were not always
constant. Some unexpected variation can be observed in the pH values between adjacent
sampling points (Figure 22 a-d), which might have arisen from these malfunctions.
There was a major temporary decrease in the pH values in the fresh leachates at faster
flow around 70 to 80 daystime period. The same drop in the pH values was observed in
both grout leachates. At the same time the concentrations of Ca, Na, Cl and Mg of the
leachates increased substantially (Figure 23). The concentrations of these ions in saline
leaching solution are considerably higher than in fresh solution (Table 8). In Table 9 are
presented the calculated concentration ratios of Ca, Na, Cl and Mg in the leaching
solutions (ALL-MR and OL-SR) and in the doubtful leachate samples. The comparison
between the different solutions shows that the concentration ratios of the saline solution
and those of the “erroneous’ leachates are relatively equal contrary to the ratios of the
fresh leaching solution. This indicates that the increase originated from the saline
leaching solution introduced accidentally into the sample syringes and therefore four
sampling points were excluded from the final results. The calculated ratios also imply
precipitation of MgCO; and CaCQOs, since the Ca/Cl and Mg/Cl ratios in the leachates
are lower compared to the saline solution. The fresh leaching solution contains
1.1 10 mol/L of HCOs which can react with Mg and Ca ions present in the solution.
The amount of leaching solution flowed through the sample syringes during that time

period was around 1.5 L per sample specimen.

Table 9. Calculated concentration ratios of Ca, Na, Mg and Cl in fresh leaching
solutions and in the first “erroneous’ sampling point (Figure 23) showing

high contents of those ions.

Ratio ALL-MR OL-SR L eachates
UF-41-14-4 UF-15-10-2.8

Na/Ca 17.69 2.10 248 3.24

Ca/Mg 4.33 43.48 53.52 47.06

Mg/Cl 0.0214 0.0056 0.0049 0.0053

Na/Cl 1.64 0.51 0.46 0.47

Ca/Cl 0.09 0.24 0.23 0.20
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Figure 23. Concentrations of Ca, Na, Cl and Mg in fresh leachates at flow rate
7.5 mL/h. (Note! The legend applies to all the sub-figures.)

The total release of OH™ -ions into the leachates (Table 10) was estimated based on the
pH values measured at each sampling point except the four leachate samples in fresh
leaching solution at higher flow rate that were ruled out. Also the results from earlier
static leach testing are included for comparison purposes.* The each specimen in the
earlier static leach testing was leached with 1 050 mL of leaching solution. In the
present dynamic leach testing the total amount of the leaching solution was 13 600 mL
for the higher flow rate and 1 390 mL for the slower flow rate respectively. The pH
values were measured in the glove-box at 22 °C temperatures in both experiments. In
both experiments the total amount of OH™ ions released was higher in the case of
medium-pH grout samples as would be expected, since the medium-pH grout mix
contains more portlandite compared to the low-pH one. The comparison between the
two leaching solutions showed that more OH" ions were released from the grout

specimens leached with the fresh (ALL-MR) solution. The influence of flow rate

140
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seemed obvious. The release at higher flow rate was at least two times higher compared
to the slower in all the experiments. At higher flow rate the leaching solution was more
frequently renewed increasing the leaching rate of the cement components.

Table 10. Estimated total release of OH™ ions from each grout specimen in the two

leaching experiment (dynamic and static).

Dynamic leach testing Static leach testing
OH"(mmol) OH"(mmol)
Specimen 1D
higher slower Temp. Temp.
flowrate | flowrate | 12°C 50°C
ALL-MR
UF-15-10-2.8 | medium-pH | 15.4 7.5 9.9 12.2
UF-41-14-4 low-pH 14.2 3.6 3.8 11
OL-SR
UF-15-10-2.8 | low-pH 8.0 4.6 6.2 5.8
UF-41-14-4 low-pH 4.2 14 1.8 0.3

Amani 1000 electrodes were used to monitor on-line changes in the mV values during
testing. The data was collected with a 16 channel mV measuring instrumentation. Some
interferences can be seen in the graphs (Figure 24 a-d) which were partly due to
disturbances caused by exchanging the sample collection vials and/or working in the
glove-box causing pressure changes as well as disturbing the solution flows, especialy
when precipitates were present in the tubings. A general observation it can be stated that
the experiment with slower flow was more susceptible to interferences.

The comparison between the Amani 1000 and Ross electrodes was quite difficult,
because it seemed that there was no correlation between the obtained values. Amani
electrodes as well as Ross electrode were calibrated on regular basis. Figure A 1a-h
and Figure A 2 a-b in Appendix 1 present the calibration curves for the Amani 1000
electrodes and Ross electrodes in commercial buffer solutions during the experiment.
The slopes of the graphs of Amani electrodes (Table A 1ain Appendix 1) were quite
far from the theoretical value at 20 °C, 58.16 mV/pH unit (Table A 3 in Appendix 5).
Amani electrodes Al, A2, A5, and A6 were in the saline leachates (OL-SR) and
electrodes A3, A4, A7, and A8 in the fresh leachates (ALL-MR). Two of the electrodes
(Al and A6 in Figure A 1) were relatively constant during the experiment, athough
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there are fluctuations between different calibration curves. Other electrodes showed
more drifting. The calibration curves of Ross glass electrodes seemed better
(Figure A 2a and b in Appendix 1). The slopes (Table A 1 b in Appendix 1) were
relatively close to the theoretical value at 22 °C, 58.56 mV/pH unit (Table A 3 in

Appendix 5).
a) Initial flow rate 7.5 mL/h, ALL-MR b) Initial flow rate 7.5 mL/h, OL-SR
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Figure 24. mV measurement of leachates with Ross and Amani 1000 electrodes.

9.1.2 Chemical analysis of leachates

The analysed substances were Na, K, Ca, Mg, Al, CI, SO, Sror and Fe. lon
chromatography (1C) was used for the determination of Cl” and SO,* concentrations; K
was determined by Flame Atomic Absorption Spectrometry (FAAS) and the rest by
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Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES). The analyses
were performed at VTT.

In all the leachate samples the results of Al and Fe were below the detection limits (for
Al 0.1-1.0 mg/L and for Fe 0.02 mg/L). In the experiment with the slower flow rate the
initial Mg concentration in both leachates was below the detection limit, but increased
during the leach testing. The general observation was that Mg was absorbed or
precipitated instead of remaining in the leaching solutions.

As mentioned before in chapter 9.1.1 (page 73) a sudden decrease in the pH values was
observed in fresh leachates in higher flow rate around 70 to 80 days and at the same
time the concentrations of Ca, Na, Cl and Mg increased considerably. It was deduced
that some saline leaching solution instead of fresh one had been introduced into the
sample syringes during that time period Due to these rather logical reasons four

sampling points were excluded from the results.

Calcium (Ca

Decrease of Ca content was observed in the beginning of the test in saline leachates at
both flow rates (Figure A 3 Appendix 2). Some white precipitation was observed on the
surface of the grout samples and in the tubes. This could be part of the explanation of
the depletion of calcium from the initial leaching solution. As the leaching of the
cement paste proceeds the portlandite starts to dissolve. This increases the concentration
of Ca®* and OH'ions in the liquid phase and leads to the precipitation of Ca(OH). (Kep =
7.5 10° a 25°C). In the fresh leachates quite fast release was observed in the
beginning of the experiment but levelled out rather quickly. This is probably related to
the dissolution of portlandite after the alkaline hydroxides are leached from the grout

specimens.

Sodium (Na)

Sodium results are shown in Figure A 4 Appendix 2. In fresh leachate Na release was
quite similar at both flow rates. Sodium release increased faster in the short period in
the beginning of testing and declined later. This supports the fact that alkali hydroxides
are highly soluble and easily dissolved.

Contrary to the fresh leachates the results of saline leachates showed depletion of
sodium from the initial leaching solution indicating possible diffusion into the grout
samples. Depletion was more significant at faster flow rate. At the slower flow rate Na
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concentration in both leachates was quite constant throughout the experiment. A slight
increase was observed towards the end of testing.

Potassium (K

Potassium release in both fresh and saline leachates was quite similar (Figure A 5
Appendix 2). In both leachates and at both flow rates the amount of K released was
higher in the case of medium-pH grout samples. The influence of the flow rate was not
that noticeable in K leaching.

Depletion of both K and Na from the grout specimens was detected also in the chemical
analysis (Table 21 and Table 22). Overall, the release patterns of these ions were quite
similar except Na in saline leaching solution.

Chloride (Cl

Absorption of Cl was observed and it was more significant in the case of the saline
leachate (Figure A 6 Appendix 2). The saline leaching solution contains much more Cl

than the fresh leaching solution (Table 8). Chloride ion diffusion rates are dependent on
the water/cement ratio and cement type. The diffusivities lie in the range
0.1-0.2° 10** m*s.?® The physical processes involved in the movement of chloride ions
within cement-based materials appear to be closer to exchange of chloride for hydroxyl

than to simple diffusion. It has been proposed (e.g. Jones et al.>” and Suryavanshi et
al.’® different mechanisms for the formation of Friedel’s sat (3 CaOx
Al,033/2CaCl»40H,0). Dissolution/precipitation and ion exchange contribute to the
chloride binding to the solid phase. The lower concentration of free OH" ions in the
blended cement pastes decreases the diffusion of chloride ions due to smaller OH™ — CI
exchange capacity. Some proportion of chloride ions might also be present in the pore

solution as “free” Cl ions.>®

In the present experiment the effect of the W/DM ratio on the diffusion can also be
observed, although this might not be the only explanation. In all cases the absorption of
chloride ionsis lower on low-pH grouts which have higher W/DM ratio and lower OH"
ion concentration. In the fresh leachates at both flow rates the depletion of Cl is quite

small and the concentration in leachates is constant during the experiment.

Sulphate (S0,*) and Sror

A difference between the two leaching solutions was observed. Higher amount of
sulphate was released into the saline leachates (Figure A 7 Appendix 2). The results of
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fresh leachates showed depletion of SO,% as compared to the initial leaching solution in
the beginning of testing. After this initial absorption period sulphate was released into
the leaching solution especially from low-pH grouts. In the case of medium-pH grout
the concentration of leachates stayed at constant level. Generally the low-pH grout
released more sulphate than the medium-pH grout.

A quite steady release of sulphate was observed in saline leachates. In the case of
medium-pH grout the release was quite small but in the case of low-pH samples the

release was more prominent.

Quite similar results were obtained for total sulphur compared to sulphate (Figure A 8
Appendix 2). In both leachates and at both flow rates the release of sulphur from
medium-pH grout samples was small. Some absorption of sulphur was observed in the
beginning of the test in the fresh leachates.

Slicon (S)

Silicon results are shown in Figure A 9 Appendix 2. The release of Si between the two
grout types correlated with the amount of silica fume in the pastes; higher release of Si
from the low-pH grout compared to the medium-pH grout. Si was quite steadily
released from low-pH grout into fresh leaching solution during the testing. Dissolution
of Si was dlightly greater in fresh leaching solution.

An interesting feature was observed in the saline leachates at slower flow rate. A fast
initial release of Si was observed. Contrary to the other result a higher amount of Si was
released from the medium-pH grout specimen.

Magnesium (Mq)

The general observation is that Mg was absorbed instead of remaining in the leaching
solution (Figure A 10 Appendix 2). Absorption of Mg may be due to precipitation of
brucite (Mg(OH),). The pH values of the leachates were high enough (9-10) to brucite
to precipitate. Also absorption by CSH gel may also be potential explanation.

In the beginning of the testing the Mg values in the fresh leachate samples were below
the detection limit. The results of saline leachates showed higher depletion of Mg from
the initial leaching solution. This was an expected result as the saline leaching solution
contains much more Mg than fresh solution (Table 8).
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Ca/S

Figure A 11 in Appendix 2 shows the cumulative concentration ratio of Ca/Si. Only in
the fresh leachate the results were presentable. During the first ten days of testing
calcium release in the fresh leachates was high and the Ca/Si ratio in the leachates
increased fast. After an initial high release of Cathe ratio reached a rather steady value
but the dissolution of Si into the leachates continued quite steadily and as a result the
CalSi ratio started to decrease. The difference between the grout types was obvious the
CalSi ratio was higher in the medium-pH grout leachates.

9.1.3 Tota organic carbon (TOC)

The amount of total organic carbon in some leachate samples was determined by using
Shimanzu TOC-5000A analyser. The samples for analysis were chosen from the
beginning, the middle and the end periods of testing in order to assess the leaching
behaviour of possible organic substances (Table 11). The results of TOC analysis are
presented in Figure 25. The results show that organic compounds were released in the
beginning of testing. The concentration of organics in the leachates decreased and
levelled out quite quickly. A clear difference between the two leachates, fresh and
saline, was observed. In saline leachates the amount of organic carbon was greater at
both flow rates, roughly estimated two times greater. The influence of the flow rate was
also significant. The amount of organic carbon in leachates from the ower flow rate
was around two times higher compared to the faster flow rate. The difference between
the two grout types was noticeable at flow rate 0.625 mL/h. The amount of organic
carbon released from medium-pH grout samples was higher compared to low-pH grout.

At higher flow rate the difference was quite minor between the two grout types.
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Table 11 ab. The leachate samples selected to the TOC analysis.

a) b)
Flow rate 7.5 mL/h Flow rate 0.625 mL/h
Sampling point | Time (d) Sampling point | Time (d)
1 0.2 1 2
2 0.4 (7-)8 16
3 0.7 14-16 42
7 1.6 21-22 76
21-26 7 26-27 110
85-91 43
102-105 61
113-114 97
117 127
Total organic cafrltc)’wrzt (fer?sg [;ALL”E_MR) leachates, Total organic Cafrlg\c/)vnr; eSé;I.ig% (Sh—SR) leachates,
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Figure 25. Cumulative results from the total organic carbon (TOC) analysis in fresh and
saline leachates at both flow rates. (Note! The legend applies to al
subfigures. Different scale in diagrams.)
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9.2 Resultsfrom solid analyses

After completing the leaching test the grout containing syringes were detached from the
system and the out-flow end of the grout specimens were photographed (Figure 26).
The upper row shows the specimens leached with the higher flow rate and the lower
row specimens leached with the lower flow rate. In some of the specimens different
layers can be distinguished, due to the interaction with the leaching solutions. Based on
the pictures it can be noticed that the alteration zone in specimens leached with the
higher flow rate was more extensive, which implied that the flow rate has had an effect
on the leaching process. However, the difference between the two grout types was not
quite that clear. In both grout specimens leached with the saline leaching solution with
higher flow rate the altered zone appeared to be quite similar. Although in the
specimens leached with lower flow rate more definite alteration was detected in low-pH
specimen. This was probably due to the fact that the saline leaching solution has been
more aggressive leaching agent.

ALL-MR OL-SR
A
' N\
_ Ref ~ LpH ; Ref
’ . | = _- === W
i\-- . I': I s 5, M 4
= e : ____.l# -
| oy <= high flow rate
A
i . =
o 'Ref = __: EpH =

<= low flow rate

Figure 26. Top line, grout samples leached with higher flow rate (7.5 ml/h) and bottom
line, grout samples leached with lower flow rate (0.625mi/h)
(LpH = UF-41-14-4 and Ref = UF-15-10-2.8).

The chemical and mineral composition of the solid samples was analysed by X-Ray
Diffractometry (XRD), thermal analysis (TG/DTA) and X-Ray Fluorescence (XRF).
The sample syringes were packed inside the glove-box in order to minimise the effects
of CO, and sent for analyses. First the samples were dried for 14 days at 22 °C inside an
exsiccator under vacuum of 20 mmHg. After drying the samples were removed from the
syringes and divided in half. The other halves of the samples were then dried further for
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7 days at 105 °C in a heating chamber and then split so that the surface layer that had
been in contact with the leach solution was separated from the lower layer of the
sample. Finally, all the samples were pulverised and subjected to analyses.

9.2.1 Thermal analysisresults (TG/DTA)

The TG/TDA analyses were performed with a Mettler TGA 851e —thermobalance.
Table 12 gives the analytical parameters of the analyses.

Table 12. The analytical parameters of the TG/DTA analyses.

UF-41-14-4/ ALL-MR UF-15-10-2.8/ ALL-MR
(mg) N (7.5mi/h) | H (0.625mi/h) | N (7.5ml/h) | H (0.625 mi/h)
Surface 3111 33.53 40.79 45.52
Base 34.34 30.25 48.57 49.58
UF-41-14-4/ OL-SR UF-15-10-2.8/ OL-SR
N H N H
Surface 34.97 35.12 46.07 50.87
Base 38.57 35.67 45.69 54.85
atmosphere air, 50 ml/min
crucible Al;O3, 150 pl
heating rate (°C/min) 5
max temperature (°C) 1000

The thermal behaviour of the low-pH grout specimens (UF-41-14-4) was quite similar
in al experiments (both leachates and flow rates). Seven successive phases were
detected during degradation reactions causing mass loss. The temperature areas of the
various phases and the mass losses registered are presented in Table 13 and in Table 14.
The thermal curves of the samples are shown in Appendix 3.

The first degradation phase was caused by the evaporation of free moisture ill
contained in the specimens and by the volatilization of chemically bound water
resulting from the disintegration of the C-S-H gel and the AFt- and AFM-phases. It
should be noticed that some free water, about 0.5 wt-%, was already evaporated from
the samples before the actual thermal analyses were started which could be seen in such
away that the TG-curves did not start from 100 %.

The second and the third phases were probably due to disintegration of the hydration
products, mainly of silicate hydrates but possibly also of C-A-H gel, even if the cement

used in the grouts was sulphate resistant and, thus, contained only small amounts of
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aluminate phase. The burning of the plasticizer used could also explain part of the mass
loss taking place during these phases.

It should be noticed that sample specimens UF-41-14-4 did not contain calcium
hydroxide. An intensive exothermic peak in the DTA-curves was detected in the
samples leached with fresh (ALL-MR) solution at around 850 °C referring to the fact
that the samples still contained considerable amounts of unhydrated amorphous silica.
At the same time, no exothermic peaks could be detected in the DTA-curves of the
samples leached with saline solution. Consequently, the mass loss at high temperatures
was also relatively low in samples leached with fresh solution and high in samples
leached with saline solution.

Therest of the phases were probably connected to the degradation of very heat-resistant
forms of CSH gel. However, part of the mass loss in question could be caused by the
decomposition of calcite (CaCOs) assuming that the cement used in the grouts
contained some pulverized limestone. It is also presumable that some calcite had been
precipitated during the experiment, since the fresh leaching solution contains HCOg3
which reacts with Ca?* ions present in the liquid phase. The calcite decomposition is
probably connected to the sixth phase. In general, the amount of calcite in the samples
leached with the saline leaching solution was higher than in the samples leached with

the fresh solution, excluding the base samples of the medium-pH grouts.

Table 13. Thermal degradation of the low-pH grout in fresh (ALL-MR) solution.

Phase Temperature Mass loss (w-%)
N/surface | N/base H/surface | H/base

I 25-135 5.27 7.04 5.66 7.17

I 135-290 5.03 5.61 5.64 5.83

I 290-395 1.92 2.26 1.83 221

v 395-560 181 1.76 1.87 1.84

V 560-685 0.66 0.56 0.53 0.55

\ 685-810 0.92 0.87 0.89 0.92
Vi 810-980 0.10 0.15 0.10 0.21
Total mass loss 15.71 18.25 16.52 18.73
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Table 14. Thermal degradation of the low-pH grout in saline (OL-SR) solution.

Phase Temperature Mass loss (w-%)
N/surface | N/base H/surface | H/base

I 25-135 6.59 7.22 6.48 7.23

I 135-290 5.24 6.17 5.26 6.29

I 290-400 231 214 221 2.50

v 400-545 1.67 1.36 1.69 1.39

\Y, 545-725 1.39 1.44 1.48 1.60

\ 725-880 1.82 1.58 1.70 1.47
Vi 880-980 0.82 1.28 0.98 121
Total mass loss 19.84 21.46 19.80 21.69

The thermal behaviour of the medium-pH grout specimens (UF-15-10-2.8) leached with
the fresh leaching solution resembled closely the behaviour of the low-pH grouts (UF-
41-14-4) described above. The thermal behaviour of the specimens leached with the
saline leaching solution showed dlightly different pattern. The mass loss during the first
two phases was relatively smaller compared to the specimens leached with fresh
leaching solution. The observation made from the medium-pH grout specimens could
be divided either into eight (fresh leachate) or into nine (saline leachate) successive
phases during which degradation reactions causing mass loss were detected.

The most obvious difference compared to the low-pH grout samples was that the
medium-pH grout specimens contained calcium hydroxide, although no distinct reaction
referring to calcium hydroxide could be found in the samples leached with saline
solution. Some mass loss was registered in the temperature area normally connected to
its decomposition. This means that specimens might ill contain at least traces of
hydroxide. The fourth phase in the degradation process of medium-pH grouts was
mainly caused by the decomposition of Ca(OH),. The hydroxide content in the base
samples was higher than in surface samples, which referred to the fact that hydroxide
was leached out of the grouts during the test. On the other hand, the decrease in
hydroxide content as a function of time in materials containing Portland cement is
normal as it is consumed in the complex hydration reactions taking place. It should be
noticed that the hydroxide content seemed to be somewhat higher in the samples that
were leached with a low rate (code H in the tables) than in the samples that were
leached with a high flow rate (code N in the tables).

In the samples leached with saline solution, there seemed to exist a distinct

decomposition reaction at the area 250 °C — 360 °C (phase V), which could not be
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found in the samples leached with fresh solution. This reaction was probably connected
to the decomposition of the (possibly) chlorine containing calcium aluminate hydrate
that was detected in the XRD study of the samples.

The fact that the mass losses of the medium-pH grouts leached with the saline leaching
solution were lower during the two first phases than corresponding mass losses in
specimens leached with fresh leaching solution indicated that the amount of chemically
bound water and free moisture was lower in the specimens leached with the saline

solution.

An exothermic phenomenon was observed at 880 °C — 900 °C in the medium-pH grout
specimens leached with fresh (ALL-MR) solution. This phenomenon was probably due
to crysallization of amorphous silica that had not been reacted during the hydration
process. |n samples leached with saline solution this phenomenon was not observed, but
an exceptionally high mass loss at temperatures > 700 °C, which refersto a high content

of very heat-resistant hydration products in these specimens.

Table 15. Thermal degradation of the medium-pH grout in fresh (ALL-MR) solution.

Phase Temperature Mass loss (w-%)
N/surface | N/base H/surface | H/base

I 25-125 4.25 3.36 511 4.43
I 125-300 6.63 7.03 6.90 8.02
I 300-420 3.16 2.80 297 2.89
v 420-470 0.60 1.18 0.81 147
V 470-570 1.10 0.65 112 0.58
\ 570-680 0.85 1.74 0.99 2.15
Vi 680-820 0.90 0.69 0.96 0.76
VIII 820-980 0.36 0.73 0.38 0.60
Total mass loss 17.85 18.18 19.24 20.90
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Table 16. Thermal degradation of the medium-pH grout in saline (OL-SR) solution.

Phase Temperature Mass loss (w-%)
N/surface | N/base H/surface | H/base

I 25-90 3.54 3.52 2.98 3.52
I 90-140 3.38 3.99 3.66 4.19
I 140-250 5.28 4.88 4.65 4.47
v 250-360 3.38 4,01 4.18 4.06
\Y, 360-515 3.36 3.25 2.84 3.19
\ 515-620 1.15 1.39 124 1.22
Vi 620-705 0.95 0.88 0.81 0.79
VIII 705-900 214 2.19 2.26 2.16
IX 900-980 0.84 0.91 0.75 0.80
Total mass loss 24.02 25.02 23.37 24.40

The total mass losses of the grout samples including the portions evaporated before the
actual beginning of the thermal analysis are presented in Table 17 and in Table 18. Also
the mass losses after the first degradation phase, i.e. after about 130 °C, are presented in
the tables. In addition, Table 17 and Table 18 contain amount of calcium hydroxide in
the samples. This was calculated by assuming that al the mass loss in the temperature
area 400 °C — 500 °C resulted from the disintegration of calcium hydroxide leading to
evaporation of the hydroxide water. However, this was done only to the specimens
whose DTG- and DTA- curves showed a clear sign of a separate reaction in the area.
Still it should be noticed that some of the mass loss in that area was caused by other
factors, such as degradation of C-S-H gel, which means that the values presented for
calcium hydroxide in Table 17 and in Table 18 are probably a little too high.

Table 17. Total mass loss, mass loss after 130 °C and Ca(OH), content of low-pH grout

in both leachates according to thermal analysis.

L eaching Analysed | total mass massloss after | Ca(OH),

solution area loss wt-% 130 °C wt-% wt-%

ALL-MR

N (7.5 mi/h) sur face 16.3 5.82 -
base 18.6 7.42 -

H (0.625 mi/h) sur face 16.9 5.99 -
base 19.2 7.66 -

OL-SR

N (7.5 mi/h) sur face 20.3 7.01 -
base 22.0 7.74 -

H (0.625 mi/h) sur face 20.2 6.87 -
base 221 7.65 -
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Table 18. Total mass loss, mass loss after 130 °C and Ca(OH), content of medium-pH
grout in both leachates according to thermal analysis.

L eaching Analysed | total mass mass loss after | Ca(OH),

solution area loss wt-% 130 °C wt-% wt-%

ALL-MR

N (7.5 mi/h) surface 18.0 4.39 25
base 18.3 3.44 49

H (0.625 mi/h) surface 19.6 5.46 3.3
base 21.2 476 6.0

OL-SR

N (7.5 mi/h) surface 244 7.34 -
base 25.4 7.89 -

H (0.625 mi/h) surface 23.7 7.00 -
base 24.7 8.02 -

9.2.2 Minera composition of grout specimens (XRD)

The XRD analyses were performed with a Philips PW 1710 —diffractometer by using
CuK, -radiation. A spectrum between 5°—65° (2q) was produced with a voltage of
50 kV and a current strength of 20 mA.

According to the XRD results all the sample grouts were mainly amorphous and, thus,
contained only relatively small amounts of crystalline compounds. The amorphous
phase forming most of the samples composed most likely of calcium silicate hydrate gel
resulting from the hydration reactions of cement and silica fume with water. The
summary of the contents of the crystalline compounds in the samples are presented in
Table 19 and in Table 20 and the XRD-diagrams of the injection grout samples in
Appendix 4.
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Table 19. The content of the crystalline compounds in low-pH grout.

;O?ifmg :rt;'yse‘j Ca(OH), | C-SH | C,AF | ARt | AFm | Ca-Al-Cl | C,3S/CaCOs;

ALL-MR

N (75mih) | Surface | (+) |- - ) )
base (+) ++ - - - - O

H surface (+) ++ - - - - O

(0625 ml/h) base - ++ - - - - (+)

OL-SR

N (7.5 mish) | Surface |- - ) )
base - ++ - - - - )

H surface - ++ - - - _ O

(0625 ml/h) ba$ - ++ - - - - (+)

+++ strong ++ medium + week

(+) very weak - not detected

Table 20. The content of the crystalline compounds in medium-pH groui.

Leaching | Analysed | oy | c-.sH | CAAF | ARt | AFm | Ca-AI-Cl | CpsSCaCOs

solution area

ALL-MR

N (75mih) | Surface |+ |- - ) )
base ++ ++ - - - - )

H surface + ++ (+) - - - O

(0625 ml/h) ba$ ++ ++ - - - - (+)

OL-SR

N (7.5 mish) | Surface * ¥ )
base - ++ + (+)

H surface - ++ T )

(0625 ml/h) b& - ++ + (+)

+++ strong ++ medium + week

(+) very weak - not detected

All the samples contained crystalline calcium silicate hydrates. Although their contents
were low, they were the main crystalline compounds in all samples, possibly excluding
the two base samples from medium-pH grout after leaching with fresh leaching solution
(ALL-MR). According to the XRD reflections it is impossible to exactly identify the
composition of these hydrates. It seems that their structure is of type
Cag(Al,Fe)2(SiO4)(OH)g and/or CaysSiOs5~ H20. The results would indicate that the
compounds detected in the samples would rather be of the latter type.
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Portlandite (Ca(OH),) was detected in all the samples of medium-pH grout leached with
fresh leaching solution (ALL-MR). According to the diagrams it is possible that also the
low-pH grout samples leached with the same solution contained some portlandite, but
even if that was the case its content was very low. As a whole, the amount of calcium
hydroxide in the samples was much lower than the level that could have been expected
on the basis of their composition (Table 6). It seems that hydroxide was leached out
from the grouts during the test and also that the addition of silica fume had reduced the
amount of calcium hydroxide in the hydrated cement paste. Part of the diminishing of
the hydroxide in the samples could also be due to the normal ageing of the materials.

According to the XRD diagrams it seems obvious that none of the samples contained
unhydrated cement minerals. Only in one sample traces of tetra calcium aluminate
ferrite (C,AF) could probably be detected. It is possible that samples contained some
calcite, i.e. calcium carbonate. Calcite probably originated from the initial cement used.
There is also a strong possibility that Ca?* ions present in the solution phase have
reacted with HCO3" introduced by the fresh leaching solution and precipitated as calcite.

None of the samples contained AFt phase (i.e. ettringite, CasAl2(OH)12(S04)326H,0)
or AFm phase (i.e. monosulpfate, CasAl2(OH)12(SO4)%H20). Nor was quartz (SIOy)
which is sometimes observed with materials containing high amounts of silica such as

the low-pH grout mix.

The medium-pH grout samples leached with saline solution contained some crystalline
compound that could not be detected in other samples. According to the reflections of
the diffraction diagrams the compound in question was a calcium aluminate hydrate,
either of the type CaAl(OH)7»8H,0 (hydrocalumite) or, more probably, of chloride
containing Ca;Al>,06Cl240H,0.

9.2.3 Chemical composition of the grout specimens (XRF)

The XRF analyses were performed with a Philips PW 2404 —spectrometer by using a
semi quantitative SemiQ —programme. Fluorine (Z =9) and all the elements heavier
than it excluding the noble gasses were determined. The detection limit of the method
was about 0.01 %. The mass losses of the samples in the drying process and in the
thermal analysis performed were taken into account when calculating the results of the
analyses. The chemical composition of injection grouts is presented in Table 21 and in
Table 22. The main components are presented in oxide form, the auxiliary components

in element form.
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Table 21. Chemical composition of the low-pH grout samples (UF-41-14-4).
ALL-MR OL-SR
N H N

surface | base surface | base surface | base surface | base

wt-% wt-% | wt-% wt-% | wt-% wt-% | wt-% wt-%

29.3 285 238 27.6 253 234 228 241
CaO 0.56 0.50 0.76 051 0.80 0.44 123 0.45
MgO | 383 345 44.6 36.2 32.9 294 34.8 30.2
SO, 184 159 2.18 173 152 1.36 1.80 1.39
Al,O; | 0.08 0.05 0.17 0.09 0.90 0.54 1.10 0.55
Na,O | 0.13 0.15 0.22 0.13 0.08 0.11 0.09 0.09
K0 2.66 231 3.09 2.22 2.29 1.79 233 184
Fe,O; | 1.27 1.38 113 1.39 1.00 1.18 0.95 1.20
SOs 0.04 0.03 0.04 0.03 0.03 0.02 0.03 0.02
P 0.04 0.06 0.05 0.08 194 161 2.10 1.66
cl 0.07 0.07 0.10 0.07 0.07 0.05 0.07 0.06
Ti 0.07 0.07 0.10 0.07 0.07 0.05 0.07 0.06
Cr - - - 0.01 - 0.01 - -
Mn 0.13 0.12 0.15 0.12 011 0.10 0.12 0.09
Zn 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
Sr 0.01 0.01 0.01 0.01 0.03 0.02 0.03 0.01
Zr 0.01 - 0.01 0.01 0.01 0.01 0.01 0.01
Ba - - - - - - - -
Br - - - - 0.03 0.02 0.03 0.02
l.oi.-1 | 847 10.7 6.55 10.9 12.9 18.2 11.9 16.6
l.oi.-2 | 16.9 19.2 16.3 18.6 20.2 221 20.3 22.0
Total 99.82 99.18 | 99.18 99.71 | 100.12 | 100.37 | 99.70 100.30
l.0.i.—1 The massloss of the sample powder asit was dried at 105 °C in aheating chamber.
l.0.i.—2 The massloss of the sample powder in thermal analysis at 1000 °C.
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Table 22. Chemical composition of the medium-pH grout samples (UF-15-10-2.8).

ALL-MR OL-SR
H N H N
surface | base surface | base surface | base surface | base
wt-% wt-% | wt-% wt-% | wt-% wt-% | wt-% wt-%

CaO 36.6 39.2 37.0 41.5 34.3 34.3 314 34.0
MgO | 0.61 051 0.68 0.50 0.57 0.47 0.76 0.46
SO, 24.2 21.9 26.7 21.2 19.3 184 233 18.2
AlL,O; | 2.27 1.93 249 1.87 1.94 1.73 1.94 1.72
Na, O | 0.02 0.01 0.03 - 0.33 0.18 0.47 0.14
K0 0.03 0.03 0.05 0.03 0.03 0.03 0.03 0.02
Fe,O; | 3.54 3.03 3.78 3.33 2.76 254 3.03 2.78
SO 177 154 2.02 157 145 132 141 1.29

P 0.04 0.03 0.04 0.04 0.03 0.02 0.03 0.03
Cl 0.06 0.12 0.14 031 2.96 2.88 250 3.04
Ti 011 0.10 0.12 0.10 0.10 0.08 0.09 0.09
Cr - 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mn 0.17 0.15 0.18 0.18 0.14 0.13 0.14 0.14
Zn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Sr 0.01 0.02 0.01 0.02 0.01 0.02 0.02 0.02
Zr 0.01 - 0.01 0.01 0.01 0.01 0.01 0.01
Ba - 0.03 - - - - - -

Br - - - - 0.04 0.04 0.04 0.04

l.oi.-1 | 9.69 10.5 8.64 111 11.9 141 115 13.8
l.o.i.-2 | 19.6 21.2 18.0 18.3 23.7 24.7 244 254
Total 98.74 100.32 | 99.91 100.08 | 99.59 100.97 | 101.09 | 101.20

l.0.i.—1 The massloss of the sample powder asit was dried at 105 °C in aheating chamber.
l.0.i.—2 The massloss of the sample powder in thermal analysis at 1000 °C.

According to the result of XRF analyses it seems that due to leaching the content of
calcium diminished to some extent. The result was more distinct in the higher flow rate
experiments where the content of CaO in the base samples was higher compared to the
surface samples. The same effect could be seen more clearly in the content of potassium
and also of sodium regarding the samples that had been exposed to fresh leaching
solution (ALL-MR). On the other hand the content of chlorine, probably as chloride,
was significantly higher in the samples that had been leached with saline solution (OL-
SR). These samples contained also small amounts of bromine which is present in the

saline solution as well.
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In general, it seems that the saline leaching solution is more efficient leaching agent
since the content of almost all components is higher in the samples leached with fresh
solution. When comparing the surface and base samples of the same sample specimen it
can be stated that more compounds have been leached from the surface. In general, it
can be stated that the content of CaO and SOs, was higher in the medium-pH specimens
after leaching compared to the low-pH specimens. The results might have originated
from the fact that the initial content of these compounds was higher in the medium-pH
grouts (Table 6 and Table 7). The SIO, content on the other hand was higher in the low-
pH grout samples, as would be expected since the amount of silica fume was higher in
the low-pH grout mix (Table 6). The higher silica fume content in the low-pH grout mix
reduces its porosity. More deterious Cl- and SO, ions can diffuse into the medium-pH
grout specimen. This trend was also noticed in present work, since the content of
chloride and sulphate ions was higher in the medium-pH specimens compared to the

low-pH samples.
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10 SUMMARY AND MAIN CONCLUSIONS

Two cementitious grout mixes, low- and medium-pH grouts, were subjected to dynamic
leach testing. The fresh grout mixes were cast in 20 mL plastic syringes and leached
with two stimulated groundwater solution. The experiment was carried out in an anoxic

glove-box at ambient box-temperature 20 + 1 °C up to 127 days.

It isagenerally known fact that leaching of cementitious materials occurs in a sequence
of stages. At first the most soluble elements such as alkali hydroxides are removed from
the solid sample. In the next step the calcium hydroxide (i.e. portlandite) is dissolved
followed by the dissolution of the calcium-silicate-hydrate (C-S-H) gdl phases. Inafinal
stage other cement phases, such as ettringite are dissolved. As the leaching process of
cementitious materials proceeds, the pH value of the |eachates decreases respectively.

In the present work rather expected results were gained. Faster decrease of the pH
values was noticed in the case of the higher flow rate experiment. A similar decrease
was detected in both low- and medium-pH grout leachates. The difference in the pH
values between the two grouts was greater in the saline leachates for both flow rates.
Compared to the pH results gained from earlier static leach testing®, the pH of the
leachates in present study decreased faster, athough the results of the two tests are not
directly comparable since they were performed at different temperatures. The low-pH
leachates reached the target pH <11 in all tests. The medium-pH grout leachates also
showed decreasing trend in both solutions at the higher flow rate. However, only a
minor decrease was observed at slower flow rate and the pH values did not reach the
target pH. The reason for the lower pH values at higher flow rate experiment isthat the
leaching solution was more frequently renewed and a higher concentration gradient was
developed between the solid material and the solution, thus increasing the dissolution of
ions from the solid matrix and decreasing pH of the leachates respectively. The
difference between the two leaching solutions arises from the higher ionic strength
(~0.5M) of the saine leaching solution compared with that of the fresh solution
(~ 0.003 M) which contributes to higher decrease in the pH values of leachates.

According to the results from the chemical analysis of the leachates and the solid
samples it can be stated that calcium and silicon were leached from the grout samples.
The same effect was detected for potassium and also for sodium regarding the samples
that were leached with the fresh leaching solution (ALL-MR) although, the results of
the saline leachates showed depletion of Ca from the initial leaching solution. Based on
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the results gained from the thermal analysis it can be concluded that the low-pH grout
mixes did not contain portlandite at the end of the experiment contrary to the medium-
pH samples. However, the amount of portlandite in these sample specimens was
considerably low and only traces of hydroxide could be found.

The proportion of silicon dioxide in low-pH grout mix was higher compared to the
medium-pH mix. This was rather expected result since the initial amount of microsilica
in the low-pH grout mix was greater. The amount of chlorine in the initial saline
leaching solution is significantly higher compared to the fresh solution. In all the cases
chloride showed depletion from the initial solution and was absorbed by the grout
samples. Probably due to this high concentration of chloride in the leaching solution
some chloride containing calcium aluminate hydrate was detected in the XRD study of
the medium-pH grout mixes leached with the saline solution.

The total sulphur content in the medium-pH grout samples was higher compared to the
low-pH samples according to the results from XRF analysis. The same conclusions
could be made from the chemical analysis of the leachates also. In all the cases more
sulphate was leached from the low-pH grout samples. Overall, the sulphur release was
quite low. After the initial release, the amount of sulphur in the leachates remained
steady at least in case of the medium-pH mix.

Only a quantitative analysis of the total organic carbon of the leachates was performed.
The samples were chosen from the beginning, the middle and end periods of testing. In
general the amount of organic carbon released from the grout samples was highest at the
beginning of testing. The difference between the two leaching solutions is notable. In
the saline leachates the amount of organic carbon is higher at both flow rates, roughly
estimated two times higher. It also seems clear that more organics were leached at the
slower flow rates in both leaching solutions. These results might imply that the organics
present in grout mixes have relatively high molecular weight, since it has been shown
that only the monomers and oligomers up to the tetramers of organic condensates will

elute from cement matrix.
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APPENDIX 1

Calibration of Amani and Ross €electrodes
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Figure A 1. Calibration curves of eight Amani 1000 electrodes during the experiment
(Note! Legend appliesto all sub-figures).
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Figure A 2. Cdlibration curves of two glass electrodes (Ross) used during the
experiment (Note! Legend applies to both sub-figures).

Table A 1. @) The slopes of the graphs of Amani electrodes and b) the slope of the two
Ross electrodes used.

a) | date Al A2 A3 A4 A5 A6 A7 A8

29.11.07| -600 | -632 | -614 | -62.0 -52.7 | -61.1 | -57.8 | -59.7
12.12.07 | -621 | -50.0 | -641 | -68.0 -655 | 672 | -67.1 | -659
281207 | -624 | -574 | -689 | -69.4 -65.1 | -641 | -648 | -64.1
22.1.08 -635 | -535 | -67.8 | -69.8 -65.7 | -646 | -655 | -59.5
22.2.08 -52.7 | -55.2 | -65.8 | -68.5 -62.3 | -636 | -617 | -61.1
17.3.08 -538 | -59.9 | -66.6 | -68.8 -596 | -619 | -627 | -59.1
9.4.08 -552 | -59.1 | -64.3 | -66.9 -594 | -60.5 | -61.2 58.6

b) Ross 7/08 Ross 1/08
26.11.07 -55.9
12.12.07 -59.2
28.12.07 -56.7
22.1.08 -57.7
18.2.08 -57.0
20.3.08 -58.2

9.4.08 -58.2
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APPENDIX 2

Analytical results of leachates
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Figure A 3. Cumulative concentrations of Ca in fresh (ALL-MR) and saline (OL-SR)
leachates. Note! The legend applies to all sub-figures. The sub-figures a
and b have same x-axis as well as sub-figures c and d.
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a)  ALMRinital flowrate 75 mih b) ALL-MR, flow rate 0.625 mL/h
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Figure A 4. Cumulative concentrations of Na in fresh (ALL-MR) and saline (OL-SR)

leachates. Note! The legend applies to all sub-figures. The sub-figures a
and b have same x-axis as well as sub-figures ¢ and d.
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a) ALL-MR, initial flowrate 7.5 ml/h b) ALL-MR, flow rate 0.625 ml/h
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Figure A 5. Cumulative concentrations of K in fresh (ALL-MR) and saline (OL-SR)
leachates. Note! The legend applies to all sub-figures. The sub-figures a
and b aswell as sub-figures ¢ and d have same x-axis.
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ALL-MR, initial flowrate 7.5 ml/h b
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Figure A 6. Cumulative concentrations of Cl in fresh (ALL-MR) and saline (OL-SR)
leachates. Note! The legend applies to all sub-figures. The sub-figures a

and b have same x-axis as well as sub-figures ¢ and d.
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ALL-VR, initial flow rate 7.5 ml/n b) ALL-MR, flowrate 0.625 mi/h
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Figure A 7. Cumulative concentrations of SO, in fresh (ALL-MR) and saline (OL-SR)

leachates. Note! The legend applies to all sub-figures. The sub-figures a
and b aswell as sub-figures ¢ and d have same x-axis.
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a) ALL-MR, initial flow rate 7.5 mLh b) ALL-MR, flow rate 0.625 miL/h
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Figure A 8. Cumulative concentrations of Sror in fresh (ALL-MR) and saline (OL-SR)
leachates. Note! The legend applies to all sub-figures. The sub-figures a
and b aswell as sub-figures ¢ and d have same x-axis.
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a) ALL-MR, initial flowrate 7.5 ml/h b) ALL-MR, flowrate 0.625 mi/h
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Figure A 9. Cumulative concentrations of Si in fresh (ALL-MR) and saline (OL-SR)
leachates. Note! The legend applies to all sub-figures. The sub-figures a
and b aswell as sub-figures ¢ and d have same x-axis.
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Figure A 10. Cumulative concentrations of Mg in fresh (ALL-MR) and saline (OL-SR)
leachates. Note! The legend applies to all sub-figures. The sub-figures a
and b have same x-axis as well as sub-figures c and d.
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a) ALL-MR, initial flow rate 7.5 mL/h
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Figure A 11. Cumulative molar concentration ratio for Ca/Si in the leachates at different
sampling points in fresh (ALL-MR) leachates. Note! The legend appliesto
both sub-figures.
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APPENDIX 3

Thermal curves of the injection grout samples
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Figure A 12.
rate 7.5 ml/h, @) TG-curve, b) DTG-curve and ¢) DTA-curve.

Sample UF-41-14-4 surface, leached with fresh solution with initial flow
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Figure A 13. Sample UF-41-14-4 base, leached with fresh solution with initial flow
rate 7.5 ml/h, @) TG-curve, b) DTG-curve and c) DTA-curve.
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Figure A 14. Sample UF-41-14-4 surface, leached with fresh solution with flow rate
0.625 mi/h, @) TG-curve, b) DTG-curve and ¢) DTA-curve.
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Figure A 15. Sample UF-41-14-4 base, leached with fresh solution with initial flow rate
0.625 mi/h, a) TG-curve, b) DTG-curve and c) DTA-curve.
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Figure A 16. Sample UF-41-14-4 surface, leached with saline solution with initial flow
rate 7.5 mi/h, @) TG-curve, b) DTG-curve and ¢) DTA-curve.



112

L e e e B L I ey S S B B Sy R B B B ey R B B R Ry B PSR S R R R
100 200 300 400 500 600 700 800 900 °C

L B B B e B B B O LI S B By B S B B Sy S B B e B B B B B By B S B B B B R B B I R B B E
100 200 300 400 500 600 700 800 900 °C

Figure A 17. Sample UF-41-14-4 base, leached with saline solution with initial flow
rate 7.5 ml/h, @) TG-curve, b) DTG-curve and c) DTA-curve.
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Figure A 18. Sample UF-41-14-4 surface, leached with saline solution with flow
rate 0.625 ml/h, a) TG-curve, b) DTG-curve and c) DTA-curve.
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Figure A 19. Sample UF-41-14-4 base, leached with saline solution with flow rate
0.625 mi/h, @) TG-curve, b) DTG-curve and ¢) DTA-curve.



115

L e e L e ey S e e e e B B Sy Sy S Sy R e Sy
100 200 300 400 500 600 700 800 900 °C

L e e S e e ! LB S S B B S By B I I B Sy R S S B B B B S e B B B B B R R B R EE H
100 200 300 400 500 600 700 800 900 °C

o]
1‘15
2]
]

.44

LI e e S R R ENLAL AN R S R B B S B B e D B S R B S B B BN B B R S B B B B B R B R R B R R S
100 200 300 400 500 600 700 800 900 °C

Figure A 20. Sample UF-15-10-2.8 surface, leached with fresh solution with initial flow
rate 7.5 ml/h, @) TG-curve, b) DTG-curve and ¢) DTA-curve.
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Figure A 21. Sample UF-15-10-2.8 base, leached with fresh solution with initial flow
rate 7.5 ml/h, @) TG-curve, b) DTG-curve and c) DTA-curve.
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Figure A 22.

Sample UF-15-10-2.8 surface, leached with fresh solution with flow rate

0.625 mi/h, a) TG-curve, b) DTG-curve and c) DTA-curve.
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Figure A 23. Sample UF-15-10-2.8 base, leached with fresh solution with flow rate
0.625 mi/h, @) TG-curve, b) DTG-curve and ¢) DTA-curve.
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Figure A 24. Sample UF-15-10-2.8 surface, leached with saline solution with initial
flow rate 7.5 mi/h, @) TG-curve, b) DTG-curve and ¢) DTA-curve.
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Figure A 25. Sample UF-15-10-2.8 base, leached with saline solution with initial
flow rate 7.5 mi/h, @) TG-curve, b) DTG-curve and ¢) DTA-curve.
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Figure A 26. Sample UF-15-10-2.8 surface, leached with saline solution with flow rate
0.625 mi/h, @) TG-curve, b) DTG-curve and ¢) DTA-curve.
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Figure A 27. Sample UF-15-10-2.8 base, leached with saline solution with flow rate
0.625 mi/h, @) TG-curve, b) DTG-curve and ¢) DTA-curve.
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APPENDIX 4

X-Ray diffraction diagrams of the injection grout samples
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Figure A 28. X-Ray diffraction diagrams of injection grout UF-41-14-4 leached with
fresh (ALL-MR) solution with initial flow rate 7.5 ml/h, a) surface and b)
base sample.
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Figure A 29. X-Ray diffraction diagrams of injection grout UF-41-14-4 leached with
fresh (ALL-MR) solution with flow rate 0.625 mi/h, a) surface and b)
base sample.
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Figure A 30. X-Ray diffraction diagrams of injection grout UF-41-14-4 leached with
saline (OL-SR) solution with initial flow rate 7.5 ml/h, a) surface and b)
base sample.
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Figure A 31. X-Ray diffraction diagrams of injection grout UF-41-14-4 leached with
saline (OL-SR) solution with flow rate 0.625 mil/h, a) surface and b)
base sample.
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Figure A 32. X-Ray diffraction diagrams of injection grout UF-15-10-2.8 leached
with fresh (ALL-MR) solution with initial flow rate 7.5 ml/h, a) surface
and b) base sample.
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Figure A 33. X-Ray diffraction diagrams of injection grout UF-15-10-2.8 leached
with fresh (ALL-MR) solution with flow rate 0.625 ml/h, a) surface
and b) base sample.
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Figure A 34. X-Ray diffraction diagrams of injection grout UF-15-10-2.8 leached
with saline (OL-SR) solution with initial flow rate 7.5 mi/h, a) surface
and b) base sample.
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Figure A 35. X-Ray diffraction diagrams of injection grout UF-15-10-2.8 leached
with saline (OL-SR) solution with flow rate 0.625 ml/h, @) surface
and b) base sample.
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APPENDIX 5

pH Measurement

In agueous solutions the nature of chemical reactions such as complex formation and
oxidation-reduction depends closely on the pH of the solution, there for it is essential to
understand the behaviour of acids and bases.

pH theory

An acid is a substance that increases the concentration of HzO" (hydronium ion) when
added to water and conversely addition of a base decreases the concentration of HzO"
and increases the concentration of OH"(hydroxide) ions.

Pure water is an interesting substance it undergoes self-ionization, called autoprotolysis,
in which it acts as both an acid and base:

H20 + H,O U HsO" + OH (14)
which is generally written:
H,00 H*+OH (15)

The autoprotolysis constant (equilibrium constant) for H,O has the special symbol Ky,
where w stands for water. Table A 2 shows how K, varies with temperature.

Table A 2. Temperature dependence of Ky,.%°

Temperature (°C) Kw PKw
0 114" 10" 14.944
5 185" 10" 14.734
10 292" 10" 14.535
15 451" 10 14.346
20 6.81° 10" 14.167
25 101" 10" 13.996
30 147" 10" 13.833
50 547 10 13.262
100 5.45° 10" 12.264

An approximate definition of pH is the negative logarithm of the H* concentration in the

solution.

pH » -log [H'] (16)



132

Thisisnot exactly correct. The more accurate definition is:

pH = - log ay+ = - log [H']gu+ (17)

When measuring the pH of the solution with a pH meter, we are in fact measuring the
negative logarithm of the hydrogen ion activity, also regarded as an effective
concentration, not its actual concentration. For dilute solutions, the effective and actual
concentrations are equal and the activity coefficient is one. For solutions with high
concentrations of ions, the crowding and presence of other charges reduces the activity
coefficient to less than one and the effective concentration becomes less than the actual
concentration. For most purposes equation 16 is a good working definition. In pure
water a 25°C with [H*] = 1.0 10° M, the pH is —log (1.0 107) = 7.00. When the
concentration of H* ions in the solution is known the OH™ concentration can be

calculated from the equations below:

-log Ky = log[H"] —log[OH ] (18)
14.00 = pH + pOH (29

A solution is acidic if [H'] > [OH] and basic if [OHT] > [H"]. Although pH generally
falls in the range O to 14, the negative pH values are not unthinkable, for example for

concentrated solution of strong acid like HCI.

Practical pH measurement, interference

Electrodes

Electrode is an electrochemical two-phase system where ions or electrons can cross the
phase boundary: an electrochemical cell consists of two electrodes which are connected
by one or several electrolytes.®* At the boundary between the electrode and the solution
there will be an electrochemical potential n as a result of substance i. It differs from
the chemical potential by the addition electrical work necessary when ions leave their
phase. For a mole of substance, the electrochemical potential is:

mr=m+zFf (Jmol) (20)

where:  z = charge number of the ion
F = Faraday’ s constant (F = 9.6485 10* C/mol)
f = unmeasurable electrical potential of the individual phase

The galvanic potential T of the electrode in equilibrium with the solution is:
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T:An?'sn?+ RT IgBai (21)
ZFlge zFlge ™ .3

The factor RT/(F Ig €) is known as the Nernst potential and is written Uy. Nernst
potential is an important factor in quantitative electrochemistry. Table A 3 lists some
values of Uy for arange of temperatures.

Table A 3. Effect of temperature on the Nernst potential.*

Temperature (°C) Un (MV)
0 54.20
5 55.19
10 56.18
15 57.17
20 58.16
25 59.16
30 60.15
50 64.12
100 74.04
Hydrogen electrode

To compare the results of different electrodes, such as a calomel electrode and a silver-
silver chloride electrode, it is necessary to use a particular electrode as reference point.
A standard hydrogen electrode was introduced for this purpose. Its potential under
standard conditions (pressure 1atm, concentration 1 M, and temperature 25 °C) is
defined as zero for all temperatures. The standard hydrogen electrode is a platinum
electrode exposed to hydrogen at a pressure of 1 atm, which is immersed in a solution
with hydrogen ion activity of one. Potentials of any other electrodes are compared with
that of the standard hydrogen electrode a the same temperature.

Reference €l ectrode

Reference electrode is an electrode which has a stable and well-known electrode
potential. It is designed to provide a stable reference potential and provide an electrical
path between the process and measuring electrode. The mercury/calomel and silver-
silver chloride electrodes are the most important reference electrodes used today. The
silver-silver chloride reference electrodes (Figure A 36) have a silver-silver chloride

inner electrode and a potassium chloride electrolyte. The potassium (K*) and chloride
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(CI" ions have about the same mobilities, which minimizes the junction potential.®* The
standard reduction potential for the AgCl i Ag half-cell is +0.222V at 25 °C, if the
activity of chloride ionsis unity. This not a case in a saturated solution of KCl at 25 °C,
and potential of the silver-silver chloride electrode in Figure A 36 is found to be
+0.197 V with respect to astandard hydrogen electrode at 25 °C.%°

AgCl T Ag electrode:

AgCl(s) +e U Ag(s) +CI E° =+0.222V
E(saturated KCl) = +0.197 V

Wire lead YWire lead
Airinlet to Hole to allow
allowe Pt wire drainage through
Ag wire bent | slr‘;icr:rz:itpsl;o parous plug
2 |
into & loop Sk Hy (1)
porous plug Glass wall
Hy,Hg2Cl2
AgCl paste Agueous solution R .
saturated with Opening

Kl and Agcl

Glass wool Saturated KCI

solution

Solid KCI plus some AgCl
Parous plug

Porous plug for contact (salt bridge)

with external solution
(zalt bridge)

Figure A 36. Diagrams of a silver-silver chloride reference electrode (on the left) and a
saturated calomel electrode (S.C.E.) (on the right).*

The calomel electrode is based on the reaction:

E° = +0.268 V
E(saturated KCI) = +0.241 V

Yo Hg,Cly(s) + € U Hg(l) + CI

In the same way as in case of silver-silver chloride electrode the potential of a calomel
electrode saturated with KCI solution is less than its standard reduction potential. The
mercury-calomel electrode is more readily polarized than silver-silver chloride
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electrode; it also regenerates itself much more slowly after being overloaded. Drying
and exposure to the air cause irreversible destruction of the electrode.

Indicator eectrodes

The indicator electrode, also referred as a working electrode, is the electrode in an
electrochemical system on which the reaction of interest is occurring. lon Selective
Electrodes (1SE) fall into aclass of indicator electrodes. They are membrane electrodes
that respond selectively to ions in the presence of other ions. The most commonly used
ISE is the pH probe. Other ions that can be measured include metals (fluoride, bromide,
cadmium, and cupric to name a few) and gasses in solution such as ammonia, carbon
dioxide, nitrogen oxide, and oxygen. The key feature of an ion-selective electrode is a
thin membrane across which only the intended ions can migrate.”* The actual sensor of
a standard glass electrode is spherical membrane at the tip of the electrode. It is afilled
with internal buffer electrolyte and contact with the external solution (Figure A 38). The
basic principle of the ion-selective electrode is to measure the electric potential
generated across a membrane by "selected" ions, and comparing it to a reference
electrode, a net charge is determined. The electric potential difference across the
membrane can be expressed with equation 22. The equation applies to any ion-selective
electrodes, including the glass pH electrodes. In case of an ideal glass pH electrode,
factor-of-10 difference in activity of H* (one pH unit) across the electrode membrane
builds adifference of 59.16 mV (at 25 °C) across the glass pH electrode (Figure A 37).
_RT, am6_05016 a0

oy Iogg—i (voltsa 25 °C) (22)

E=
nF a, g n Qg

where F is the Faraday constant and n is the charge of theion, R isthe gas congtant, T is
temperature (K) and a is activity of specimen.
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Figure A 37. Slope of an ideal electrode at 25 °C.

In the real pH combination electrode, the both glass and reference electrodes are
incorporated in one body (Figure A 38). The potential difference between the inner and
outer silver-silver chloride electrodes in combination electrode depends on the chloride
concentration in each electrode compartment and the potential difference across the
glass membrane. Because the chloride and H* concentrations inside the glass membrane
are fixed, the only variable factor is the pH of the analyte solution outside the glass
membrane, thus the response of the real glass electrodes can be described by the
eguation 23.

E = constant + b (0.05916) |og§%%
H+ a

(at 25 °C) (23)

The value of B, the electromotive effiency, is close to 1.00 (typically >0.98). The
constant term, called the asymmetric potential, Eo, arises from the fact that the two sides
of the membrane are not identical and a small voltage exists even if ay. is the same on

both sides of the membrane.
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Figure A 38. Diagram of a glass combination electrode. a glass membrane, b internal
buffer, c internal reference electrode, d lead connection space, e screening, f
electrode head, g electrode lead.™*

Calibration

Before measuring the pH of the sample, the pH electrode should be calibrated with two
(or more) standard buffer solution. The buffers should be selected so that the pH of the
sample lies within the range of the standards. Both measurements that make up the
calibration must be made at the same temperature at which the samples will be
investigated. It is essential that the difference between the two calibration buffers should
be no more than 2—3 decades of difference in pH value.

Errorsin pH measurement

When two dissimilar electrolyte solutions are in contact, a voltage difference called
junction potential develops a their interface.®® The junction potential puts a
fundamental limitation on the accuracy of direct potentiometric measurements (at least
0.01 pH unit). The precipitation of AgCl and Ag(s) in the porous plug near the bottom
of the electrode affects the junction potential, causing a slow drift of the pH reading
over along period of time.

When an electrode is transferred from one sample or buffer solution to another then the
sample solution that has already diffused into the junction ill remains within it
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initially.®* It might take several minutes to displace all the old sample solution within
the plug. So that during this time the new sample solution will make contact with the
old one rather than making direct contact with the reference electrolyte. The test cell
exhibits a changing diffusion potential known as a memory effect increasing the
equilibrium time of the electrode.

When the concentration of H* is very low and the concentration of Na* or Li* ions in
sample solution is high, the electrode responds to Na* and Li* as well asto H*.%° Since
cation errors are mainly observed in the presence of sodium, they are usually referred to
as alkali or sodium error. The electrode behaves as if Na” were H*, and apparent pH is
lower than the true pH. In the present experiment, the concentration of sodium in the
solutions is relatively low, so the alkali error can be excluded. Just as there is cross-
senditivity towards cations there are measurement errors in the presence of some anions.
In strong acids, the measured pH is higher than the actual pH, perhaps because the glass
surface is saturated with H* and can not be protonated a any more. The error is difficult

to recognize and is usually small compared to alkali error.

The diffusion potentials of concentrated solutions are lower than those for solutions of
moderate strength because the rates of migration of ions are diminished at
concentrations of b > 1 mol/kg and the differences between ions of different species are
also partially reduced.®® At high salt concentrations the high mobilities of H* and OH"
ions contribute only a small portion of the diffusion potential. In such cases, it might be
necessary to eliminate the relatively large residual diffusion potential by using a buffer

solution whose composition is comparable with sample solution.

pH measurements are temperature dependent. An increase in temperature of solution
will cause a decrease in its viscosity and an increase in the mobility of its ions.
Temperature has also variety of effects on pH electrodes of both physical and chemical

nature, such as:

- Temperature effects on electrode slope
- Cdlibration isothermal point

- Thermal equilibrium

- Chemical equilibrium

- Membrane balance.
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An increase in buffer and/or sample solutions temperature increases the hydrogen ion
activity and thus increases the pH value. The temperature coefficient variation of buffer
and sample solutions is minimal over a wide span of temperature in the acid region but
can be quite dramatic in the alkaline region with significant variation in the neutral area.
In practice it is important to report the temperature at which the measurement is done.

This facilitates comparability and reduces the potential for error or misunderstanding.®?



