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Development of Methodology for Evaluation of Long-term Safety Aspects 
of Organic Cement Paste Components 

ABSTRACT 

Long-term safety aspects of superplasticizers (SP) and other cement paste components 
were studied in this joint Nagra - NUMO - SKB - Posiva project with aim to develop a 
methodology for the evaluation of the long-term safety aspects of superplasticizers (SP) 
and other organic components of cement pastes. The study also evaluated the effects of 
SPs and other cement paste components that have already been used or that are most 
likely to be used in the construction of the high-level nuclear waste repositories in 
Sweden, Switzerland, Finland and Japan. The main long-term safety issue of concern is 
whether the superplasticizers and/or other organic components of cement pastes might 
affect the transport properties of radionuclides. A full evaluation of whether the 
superplasticizers can be used in a high-level nuclear waste repository cannot be 
answered based on the studies but a classification of the superplasticizers based on their 
impact on sorption of radionuclides has been done. 

The basic methodology for testing, leaching and analyzing of leachants and solid 
samples of different types was developed at CRIEPI. Two different methodologies for 
studying the impact of SPs on the sorption of Eu on crushed rock were tested and 
developed by Helsinki University (HU) and Chalmers University of Technology (CTH).

Methods for analyzing organics leaching from grouts were successfully tested by 
CRIEPI and CTH. At CRIEPI the total organic content (TOC) of the leachants was 
analyzed by Infrared absorption spectrometry (IR) followed by Gel Permeation 
Chromatography (GPC) for the identification of the organic compounds. At CTH
several different analytical methods were tested (e.g. IR, UV spectroscopy, NMR, 
MALDI-TOF), but these methods still require improvement.

In addition to SPs, organics are present in several components of cement pastes, for 
example in cement grinding aid (CGA) and micro silica slurry. The results suggests that 
the main high molecular weighted organics will not elute from the cementitious 
material, but the low molecular weighted cement grinding aid will elute. Some
indications of small amounts of raw materials or decomposed materials of SPs are seen
leaching out from some samples. 

Based on the tests performed at CTH, the sorption of Europium (Eu) on rock samples 
decreased clearly in the presence of the polycarboxylate (PC) type SPs: EVO 26 and 
Glenium 51. The effect was clearly lower for poly naphthalene sulphonate (PNS) type 
SPs: Mighty 150 and Rheobuild 1000. For Mighty 150 the impact on sorption of Eu on 
crushed rock is fairly small, the effect was strongest at the highest pH (pH 10) tested. 
Consistent results for the effect of Mighty 150 and Glenium 51 were obtained at HU 
when comparing the effect of SP at 1g/L. Discrepancies were observed at high pH (pH 
10), which may be attributed to different configurations of the experiments. Possible 
factors having an impact on the results are e.g. Eu colloid formation and consequently 
lower Rd and Ld values for CTH results. The presence of smaller granite particles in the 
rock material used for sorption tests, since no washing procedure was used, resulted in



stronger Eu sorption and higher Rd and Ld values for HU results. Additional factors 
noted are e.g., filter sorption resulting in lower Eu concentrations in HU measurements 
and consequently higher Rd and Ld values for HU results.

Sorption experiments with Nickel Ni(II), Eu(III) and Thorium Th(IV) on a cation 
exchange resin at Empa/PSI indicate that the admixtures (Glenium 51, Rheobuild 1000 
and Sigunit) may form complexes in solution with the above elements. Nevertheless, no 
influence on the uptake of radionuclides by cement pastes was observed in systems 
where the ratio of admixtures to HCP (hardened cement paste) was selected according 
to the expected ratio in the cementitious near field of a repository.

GPC, IR and NMR analyses of field samples collected from monitoring boreholes in 
grouted areas in ONKALO did not show any SPs in the sampled waters. 

Keywords: Long-term safety, high-level nuclear waste repository, cement paste, 
superplasticizers, methodology, leaching of organics, sorption, Eu



Menetelmäkehitys sementtipastan orgaanisten komponenttien 
pitkäaikaisturvallisuusnäkökohtien arvioimiseksi 
 
TIIVISTELMÄ 
 
Notkistimien ja muiden sementtipastan lisäaineiden pitkäaikaisturvallisuusnäkökohtia 
tutkittiin tässä Nagran, NUMO:n, SKB:n ja Posivan yhteisessä hankkeessa, jonka 
tavoitteena oli kehittää menetelmä notkistinten ja muiden sementtipastan orgaanisten 
komponenttien pitkäaikaisturvallisuusnäkökohtien arvioimiseksi. Tutkimuksessa arvi-
oitiin myös notkistinten ja muiden jo käytössä olevien tai todennäköisesti käyttöön-
otettavien sementtipastan aineosien vaikutuksia korkea-aktiivisen ydinjätteen loppu-
sijoituslaitoksissa Ruotsissa, Sveitsissä, Suomessa tai Japanissa. Pitkäaikaisturvallisuus-
vaikutuksista keskeisimpänä huolenaiheena on notkistinten tai muiden sementtipastan 
orgaanisten lisäaineiden mahdollinen vaikutus radionuklidien kulkeutumiseen. 
Tutkimuksen tuloksena ei saatu vastausta siihen, voidaanko notkistimia käyttää korkea-
aktiivisen ydinjätteen loppusijoitustilassa, mutta notkistimet on luokiteltu niiden 
arvioitujen vaikutusten perusteella. 
 
Eluutiovesien ja kiinteiden faasien testauksen sekä eluution ja analysoinnin perus-
metodologia kehitettiin CRIEPI:ssä. Kahta erilaista menetelmää kehitettiin ja testattiin 
Helsingin Yliopistossa (HY) ja Chalmersin teknillisessä korkeakoulussa (CTH). 
Tutkimusten tarkoituksena oli arvioida notkistimen vaikutusta kiveen tapahtuvassa Eu:n 
sorptiossa.  
 
Injektointimassoista liukenevien orgaanisten komponenttien analysoimiseksi testattiin 
onnistuneesti eri menetelmiä CRIEPI:ssä ja CTH:ssa. CRIEPI:ssä liukeneva orgaaninen 
aines (TOC) analysoitiin infrapunaspektroskopialla (IR), jonka jälkeen orgaaniset 
yhdisteet identifioitiin geelipermeaatiokromatografialla (GPC). CTH:ssa testattiin useita 
analyysimenetelmiä (esim. IR, UV-spektroskopia, NMR, MALDI-TOF), mutta mene-
telmiä on vielä parannettava. 
 
Notkistimien lisäksi sementtipastan ainesosista orgaanisia yhdisteitä sisältäviä 
komponentteja ovat mm. sementin jauhatusaine (CGA) sekä mikrosilikaliete. Tulokset 
viittaavat siihen, että pääkomponentit, joiden molekyylipaino on korkea, eivät liukene 
sementtipastasta, mutta molekyylipainoltaan pienet jauhatusaineet liukenevat. Merkkejä 
siitä, että pieni määrä raaka-ainetta tai hajonnutta notkistinainetta liukenee, havaittiin 
joistakin näytteistä. 
 
CTH:ssa suoritettujen kokeiden perusteella Europiumin (Eu) sorptio kiveen pieneni 
selvästi polykarboksylaattipohjaisten (PC) notkistinten EVO 26:n ja Glenium 51:n 
vaikutuksesta. Notkistinten vaikutus pieneni polynaftaleenisulfonaattipohjaisten (PNS) 
Mighty 150:n ja Rheobuild 1000:n osalta. Mighty 150:n vaikutus Eu:n sorptioon kiveen 
on verrattain pieni. Vaikutus oli suurin korkeimman testatun pH:n tapauksessa (pH 10). 
Mighty 150:n ja Glenium 51:n osalta saatiin CTH:n kanssa yhtäpitävät tulokset HY:ssä, 
kun notkisten konsentraatio oli 1g/l. Tuloksissa oli eroja pH:n ollessa korkealla (pH 10). 
Tämä saattoi johtua siitä, että koejärjestelyt olivat hieman erilaiset. Mahdolliset 
vaikuttavat tekijät voivat olla esimerkiksi Eu-kolloidinmuodostus ja sen seurauksena 
pienemmät Rd- ja Ld-arvot CTH:ssa. Pienten graniittipartikkelien esiintyminen 



kivimurskeen seassa HY:ssä (kivimursketta ei pesty ennen sorptiokoetta) johti 
korkeampaan Eu:n sorptioon kiveen ja korkeisiin Rd- ja Ld-arvoihin HY:ssä. Muita 
tekijöitä, jotka saattoivat vaikuttaa HY:n ja CTH:n tuloksiin, ovat esimerkiksi sorptio 
suodattimeen, mikä johti CTH:n tuloksia pienempään Eu konsentraatioon HY:n 
mittauksissa ja edelleen korkeampiin Rd- ja Ld-arvoihin. 
 
Nikkelin, Ni(II):n, Eu(II):n, thoriumin ja Th(IV):n kationinvaihtosorptiokokeet 
osoittivat, että lisäaineet (Glenium 51, Rheobuild 1000 ja Sigunit) voivat muodostaa 
komplekseja liuoksessa edellä mainittujen alkuaineiden kanssa. Silti vaikutusta 
radionuklidien sorptioon ei havaittu tutkituissa systeemeissä, joissa lisäaineiden suhde 
kovettuneeseen sementtipastaan (HCP) oli valittu edustamaan odotettavissa olevaa 
suhdetta loppusijoitustilan lähialueella. 
 
ONKALOn sementtipastan vaikutuksen monitorointirei´istä otettujen näytteiden GPC-, 
IR- ja NMR-analyyseissa ei haivattu merkkejä notkistimista. 
 
 
Avainsanat: Pitkäaikaisturvallisuus, korkea-aktiivisen ydinjätteen loppusijoitustila, 
sementtipasta, notkistin, menetelmä, orgaanisten aineiden liukeneminen, sorptio, Eu 



LIST OF ABBREVIATIONS 
 
Accelerator An admixture, which accelerates setting (hydration) of the 

cement paste. 
AC Cement paste accelerator 
Additive Substance used in manufacturing raw material, for instance 

Cement Grinding Aid (CGA). 
Admixture Substance added into cement paste (mixture of water and 

cement) to improve the properties of paste, for instance 
superplasticizer and accelerator. 

ALL-MR Allard Water (synthetic fresh groundwater, representing 
groundwater from granitic bedrock and reducing conditions). 

ATR-FTIR Attenuated Total Reflection FTIR 
BET BET surface area. BET stands for Brunauer, Emmet and 

Teller, who optimised the theory for measuring surface area. 
Cement A powdered raw material of cementitious pastes. The cement 

paste is formed as water and cement is mixed. 
Cement paste  General term, which means a mixture of water and cement 

(and admixtures). For instance grout, concrete and shotcrete 
are cement pastes. 

Cement paste component Component is a raw material, admixture or additive in 
cement paste. For instance water, cement, superplasticizer, 
accelerator, cement grinding aid. 

CGA Cement Grinding Aid, an additive used in grinding process 
of the cement powder (raw material). 

CH Calcium hydroxide 
Concrete Cementitious material (cement paste), which consists of mix 

of water, cement and filler (and admixtures). 
CRIEPI Central Research Institute of Electric Power Industry  
C-S-H Calcium-Silicate-Hydrate 
CTH Chalmers University of Technology 
DCTB A matrix solution 
DIC Dissolved Inorganic Carbon 
DL Detection level 
DOC Dissolved Organic Carbon 
DSC Differential Scanning Calorimetry 
EC Electrical Conductivity 
EDX Energy Dispersive X-ray 
Empa Swiss Federal Laboratories for Materials Testing and 

Research 
EPMA Element Concentration Mapping 
ESDRED  Trade name of a cement (Normo 4, CEM I 42.5 N 

manufactured by Jura cement) used in shotcrete. In this 
report ESDRED means also a cement paste (shotcrete) made 
by using ESDRED cement, water, superplasticizer and 
accelerator. 



EVO 26  A tradename of a PCE based superplasticizer Sikament EVO 
26 used e.g. in grouts. Manufactured by Sika. 

FTIR  (Fourier Transfer Infrared) spectroscopy 
GA  GroutAid, trade name of micro silica slurry used as a raw 

material in grouts. Consists 50% of water and 50% of silica 
fume. Manufactured by Elkem. 

G-DTA Gravimetric Differential Thermal Analyser 
Glenium 51 Trade name of a PCE based superplasticizer used e.g. in 

concretes. Manufactured by BASF. 
GPC Gel Permeation Chromatography 
Grout Cement based grouting material 
GroutAid GA is a trade name of micro silica slurry used as a raw 

material in grouts. Consists 50% of water and 50% of silica 
fume. Manufactured by Elkem. 

HCP Hardened Cement Paste 
HTS Haute Teneur en Silice cement type (HTS cement, CEM I 

52.5 N HTS, manufactured by Lafarge). Sulphate resistant 
cement. 

HU University of Helsinki 
HUT Helsinki University of Technology 
ICP-AES Inductively Coupled Plasma Atomic Emission Spectroscopy 
ICP-MS Inductively Coupled Plasma Mass Spectrometry 
ICP-OES Inductively Coupled Plasma Optical Emission Spectroscopy 
ILW Intermediate Level Waste 
IR Infra Red Spectroscopy 
Kd Distribution constant 
LAC Low Alkaline Cement, in this report the LAC is a cement 

paste, which is made by using cement (Jurantit, CEM III/B 
42.5 L-LH HS, manufactured by Jura Cement), silica 
product (Nanosilica Aerosil 200) and superplasticizer. The 
name is used to make a distinction between low pH grouts 
and LAC cement pastes (different recipes and raw 
materials). 

Ld Coefficient for wall sorption 
LLW Low Level Waste 
Low pH grout  Grout, which is made by using raw materials: water, 

Sulphate Resistant Portland Cement (UF16), superplasticizer 
(usually Mighty 150) and micro silica slurry (GA). The pH 
value of the leachant of the low pH grout is < 11.  

LSC  Liquid Scintillation Counting 
MAA-M-PEG Methacrylic acid M-PEG monomer 
MALDI-TOF Matrix Assisted Laser Desorption Ionisation- Time of Flight 
Mighty 150 Trade name of a PNS based superplasticizer used e.g. in 

grouts. Manufactured by KAO Chemicals. 
MIP Mercury Intrusion Porosimetry 
MS transmutation Melamine Sulphonate transmutation 
Nagra Swiss nuclear waste management organisation 



Nanosilica Aerosil 200 Trade name of a colloidal silicon dioxide product used as a 
raw material in cement pastes. Manufactured by Degussa 
Corporation. 

NMR Nuclear Magnetic Resonance 
Normal pH grout Grout, which is made by usin raw materials: Sulphate 

Resistant Portland Cement (UF16, CEM I 52.5 R LA SR, 
manufactured by Cementa AB), micro silica slurry (GA) and 
superplasticizer (usually Mighty 150). The pH value of the 
leachant of the normal pH grout is about 12-13. 

NPOC Non-Purgeable Organic Carbon 
NS Naphtalene Sulphonate Acid 
NUMO Nuclear Waste Management Organization of Japan 
OL-SR Olkiluoto Saline Water (synthetic saline groundwater 

representing groundwater at 600 m depth at Olkiluoto and 
reducing conditions). 

ONKALO An underground research facility at Olkiluoto site, Finland 
ONK-KR Drilling hole in ONKALO 
ONK-PVA Groundwater station in ONKALO 
OPC Ordinary Portland Cement. In this report OPC means a 

cement paste, which consists of water, cement (Protego 4R, 
CEM I 42.5 R HS, manufactured by Holcim) and 
superplasticizer. The name is used to make a distinction 
between normal pH grouts and OPC cement pastes (different 
recipes and raw materials). 

PCE Polycarboxylic ester 
PMS Poly Melamine Sulphonate 
PNS Poly Naphthalene Sulphonate 
Posiva Finnish nuclear waste management organisation 
Pozzolan Vitreous silicious materials which reacts with calcium 

hydroxide to form calcium silicates, e.g. Groutaid or micro 
silica slurry. 

PSI Paul Scherrer Institut 
Rd Distribution coefficient 
Rheobuild 1000 Trade name of a PNS based superplasticizer used e.g. in 

concretes. Manufactured by Degussa Construction 
Chemicals/BASF. 

SCM Surface Complexation Modelling 
SEC Size Exclusion Chromatography 
SEM Scanning Electron Microscope 
Shotcrete A cement paste used in reinforcement of the tunnel. 
Sigunit Trade name of an accelerator used in shotcretes.  
 Manufactured by Sika Sverige AB. 
SikaFume -HR/TU A silica fume product, manufactured by Sika Sverige. 
SKB Swedish Nuclear Waste Management Co. 
S/L Solid to liquid ratio 
SP40  Trade name of a PMS based superplasticizer. Manufactured 

by Scancem. 
SP Superplasticizer  



SROY Saanio & Riekkola Oy 
SRPC Sulphate Resistant Portland Cement (raw material) 
SRPC based grout Grout, which is made by using SRPC. The grout is sulphate 

resistant. 
TC Tunnel Chainage 
TGA Thermogravimetric Analysis 
TG-DTA Thermogravimetric Differential Thermal Analyser 
THF Tetrahydrofuran 
TOC Total Organic Compound 
Ultrafin 16 Trade name of a fine grained and sulphate resistant Portland 

cement UF16 (CEM I 52.5 R LA SR) manufactured by 
Cementa AB used as a raw material of grouts 

UF16 Ultrafin 16, trade name of a fine grained and sulphate 
resistant Portland cement (CEM I 52.5 R LA SR) 
manufactured by Cementa AB used as a raw material of 
grouts. 

UV Ultraviolet Spectroscopy 
W/C Water to cement ratio of the cement paste 
W/DM Water to dry material ratio of cement paste 
XRD X-Ray Diffraction 
XRF X-Ray Fluorescence 
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1 INTRODUCTION 

1.1 Aim of the study  

This joint Nagra - NUMO (Nuclear Waste Organisation of Japan) - SKB (Swedish 
Nuclear Waste Management Co.) – Posiva Oy (Finnish nuclear waste management 
organisation) project commenced in April 2005. The project aim was to develop a 
methodology for the evaluation of the long-term safety aspects of superplasticizers (SP) 
and other organic components in cement pastes, and to evaluate the effects of SPs and 
other components that have already been used or that are most likely to be used in the 
construction of the high-level nuclear waste repositories in Sweden, Switzerland, 
Finland and Japan. The main long-term safety issue of concern is whether the 
superplasticizers and/or other organic components in cementitious materials might 
affect the transport properties of radionuclides. 

1.2 Background 

Within the last NUMO-SKB-Posiva project on “Low pH injection grout for deep 
repositories” (Bodén & Sievänen 2005) the emphasis was to develop grouts that could 
be used without admixtures. Of the tested mixes in the Portland cement + silica-system 
fulfilling all the set requirements in the laboratory, such as low pH (pH ≤11), 
penetration-ability, workability and no organic admixtures, a few were further selected 
for field tests. However, during the first pilot test the constructors indicated that it would 
be necessary to optimise the masses and their workability in the field by adding some 
superplasticizer (SP). 

Posiva has already started the excavation work of the underground research facility 
ONKALO. The normal pH grout, which consists of water, Sulphate Resistant Portland 
Cement (UF16), Mighty 150 and micro silica slurry GroutAid (GA), has been used in 
ONKALO. The pH value of the leachant of the normal pH grout is 12-13. As the 
excavation proceeds at ONKALO there is an immediate need for low pH grouting, 
especially below the R20 fracture zone. The low pH grout consists of water, Sulphate 
Resistant Portland Cement (UF16), superplasticizer (Mighty 150) and micro silica 
slurry (GroutAid). In low pH grout the amount of GA is higher than in the normal pH 
grout and that is why the pH value of leachant is lower than 11 (Ranta-Korpi et al. 
2007). 

SKB has so far used some grouts and admixtures in the site-characterisation phase for 
strengthening of boreholes intersecting some fractures. For SKB the need to develop 
acceptable grout recipes for the repository is estimated to be in 2010 according to the 
programme schedule. 

NUMO has started its initial siting stage and is developing a repository concept. Low 
pH grouting is recognised as a critical technology to establish that it is possible to 
implement the repository concept from the engineering viewpoint. 

Earlier work of Nagra has focussed on a LLW/ILW (low-level nuclear waste/ 
intermediate level nuclear waste) repository and the effects of SP within the cement 
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paste barrier. A screening procedure has been developed for the evaluation of the SPs 
on the radionuclide sorption in cement paste. Current studies in the Swiss programme 
include the long-term cement paste-clay interaction demonstration experiment at Mont 
Terri. In the tunnels of a repository for high-level waste and spent fuel, rock support 
may be needed. For this purpose, low pH shotcrete is an option and has also been 
studied within this project.  

As it has been concluded (Bodén & Sievänen 2005) that the use of the superplasticizers 
cannot be avoided in every case, their type and the amount have to be optimised, and the 
possible risks for the long-term repository performance must be evaluated. This study 
will give the first assessment on the subject. 

In addition to superplasticizers, other types of organic admixtures might be used in the 
cement pastes as in grouts and shotcretes. Cement (raw material) also contains traces of 
organic compounds added during the grinding process. These additives will also be 
taken into consideration in this study. Essential information on these has been available 
for the project (Appendix 1). 

This joint study was divided in the following sub-tasks as follows (contributing 
organisation/s listed also): 

Task 1: Initial screening of literature, University of Helsinki (HU- Laboratory of 
Radiochemistry)
Task 2: Analysis on superplasticizers and other organic components, Chalmers
University of Technology (CTH)- Polymer Technology 
Task 3: Leaching experiments in laboratory, HU- Laboratory of Radiochemistry,
CTH- Nuclear Chemistry and NUMO/ Central Research Institute of Electric Power 
Industry of Japan (CRIEPI) and determination of the concentration of SP and 
admixtures in hydrating cement paste at Empa/PSI
Task 4: Sorption experiments in laboratory, HU- Laboratory of Radiochemistry,
CTH- Nuclear Chemistry, NUMO/CRIEPI and PSI
Task 5: Analysis on field samples, NUMO/CRIEPI and Posiva Oy 
Task 6: Concluding evaluation (All) 

In the framework of the Empa/PSI project, possible effects of SP and other components 
on the compositions of the pore solution and on the solid phases of different 
cementitious materials were also investigated.  

Organizations performing the analytical work reported the results, and these reports
have been used as a basis for the chapters 3-6 and edited by Heini Laine (SROY) when 
necessary. The final layout and terminology has been revised by Petriikka Karttunen 
(SROY).

1.2.1 Literature surveys 

Initially this study was started by reviewing the literature for information on 
superplasticizers and other organic admixtures, their eventual effects on the stability of 
bentonite and copper and on the transport properties of radionuclides (Hakanen & 
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Ervanne 2006). Second stage in literature survey reviewed the analytics of organic 
admixtures (Ervanne & Hakanen 2007). Both of these surveys have been published as 
separate Posiva Working Reports, 2006-06 and 2007-15, respectively, and are not 
reviewed here. 

1.3 General structure of the report 

The overall structure of this report follows the task order given above. Chapter 2 
focuses on introducing details and preparation of materials used. As well field sampling 
from ONKALO is introduced. In Chapter 3, methods evaluated at CTH are discussed 
and a general characterization of superplasticizers is given. Calculations used in 
leaching and sorption experiments performed at CTH, HU and Empa/PSI are presented 
in Chapter 4. Chapter 5 describes experimental work and is divided in two parts 
analytical methods not already introduced in Chapter 3 and the experimental procedures 
for the experiments. Results for all experiments incorporated in this report are given and 
discussed in Chapter 6, following the overall order they are dealt with in the previous 
chapters. Summaries of results on the leaching and sorption studies are also given in 
Chapter 6. Finally, in Chapter 7 the conclusions are presented. More detailed 
conclusions of each study presented may be found in the results within Chapter 6 and 
these are not repeated in full extent in the Chapter 7. 

1.4 Overview of types of SP of interest 

Three main types of superplasticizers (SP) are used in this study as listed below: 

Poly Naphthalene Sulphonate (PNS) based Mighty 150 (a commercial product of 
KAO Chemicals) and Rheobuild 1000 (a commercial product of Degussa 
Construction Chemicals / BASF), 
Poly Melamine Sulphonate (PMS) based SP40 (a commercial product of Scancem) 
and 
Polycarboxylic Ester (PCE) based Glenium 51 (a commercial product of BASF)
and Sikament EVO 26 (a commercial product of Sika Sverige AB). 

The molecular structures of these SP types are shown in Figure 1-1. General 
information on the superplasticizers can be obtained on appropriate web sites of the 
manufacturers. SP types of interest and the cement based mixtures for this study are 
dealt with in more detail in Chapter 2. Different SP types studied here were selected by 
SKB (Sikament EVO 26, Glenium 51 and Rheobuild 1000) and by Posiva (Mighty 150 
and SP40). 
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Figure 1-1. The molecular structures of PNS (upper left), PMS (upper right) and PCE 
(lower center). n, m, l represent the number of monomer units within the molecule. 
From Ruckstuhl 2001, Pojana et al. 2003 and Herterich et al. 2004.
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2 MATERIALS 

2.1 Cement pastes and their components 

2.1.1 Used components 

Three types of cements, five types of superplasticizers, one accelerator and three 
different silica products were used in this study as listed below. 

Cements 

UF16 (Ultrafin 16, CEM I 52.5 R LA SR, Cementa AB) 
ESDRED (Normo 4, CEM I 42.5 N, Jura cement) 
LAC (Jurantit, CEM III/B 42.5 L-LH HS, Jura cement)  
OPC (Protego 4R, CEM I 42.5 R HS, Holcim)  
HTS (Haute Teneur en Silice, CEM I 52.2 N HTS, Lafarge)  

Superplasticizers 

Mighty 150 (KAO Chemicals) 
Sikament EVO 26 (Sika Sverige AB) 
Glenium 51 solution (BASF)
Rheobuild 1000 (Degussa Construction Chemicals/BASF) 
SP40 (Scancem) 

Accelerators 

Sigunit (Sika Sigunit L53 AF solution, Sika Corporation)

Silica products 

GroutAid (micro silica slurry, Elkem) 
Aerosil 200 (nanosilica, Degussa Corporation) 
SikaFume -HR/TU (silica fume product, Sika Corporation)

Details of these components are given in the following Sections 2.1.2-2.1.6. In addition, 
different types of used cement pastes with organic components (superplasticizers and 
silica products) are discussed. 

2.1.2 The normal and low pH grouts, with and without superplasticizers  

SRPC (Sulphate Resistant Portland Cement) type Ultrafin 16 (UF16) was selected to be 
used in this study. UF16 is a cement type already used in the construction of ONKALO 
(underground research facility) by Posiva.  

To produce low pH grout used in ONKALO, GroutAid (GA) micro silica slurry (solid 
content: 50 mass %) and SP (Mighty 150) were added to SRPC based cement paste. The 
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normal pH grout is produced the same way as the low pH grout, but with smaller micro 
silica slurry content (Ranta-Korpi et al. 2007).  

Chemical compositions of cement (UF16) and micro silica slurry (GroutAid) are given 
in Table 2-1. In this study the grout samples were prepared with and without 
superplasticizers for both normal and low pH grouts at Contesta Oy in Vantaa on 7th Oct 
2005 (with samples sent to NUMO/CRIEPI) and 27th Apr 2006 (with samples sent to 
CTH and HU). Detailed summary of sample preparation and laboratory tests performed 
at Contesta Oy is given in Appendix 2A. Samples were prepared following the recipe 
provided by Posiva (Table 2-2). Cement, micro silica slurry and SP Mighty 150 used 
were delivered to Contesta by Posiva. SKB delivered the other SP’s: Rheobuild 1000, 
EVO 26 and Glenium 51. 

Samples to CTH and HU 

Altogether five low pH and five normal pH grout batches were mixed (3 L samples cast 
sealed cups) and cured for two months in room temperature before grinding. These 
grout mixtures were labelled as shown in Table 2-2. Contesta Oy executed test series on 
both fresh and hardened grouts. The main results are presented in Table 2-3. For further 
details on sample preparation, see Appendix 2B. 

Table 2-1. Chemical compositions of cement (UF16) and micro silica slurry (GroutAid) 
(%) in dry weight (%) (NUMO/CRIEPI). 

 SiO2 Al2O3 CaO MgO Na2O K2O P2O5 Fe2O5 TiO2 MnO SO3 Sr 
UF16 22.9 3.67 65.6 0.79 0.08 0.43 0.11 4.41 0.25 0.23 1.77 0.0033 

Grout 
Aid 93.6 1.13 0.47 0.52 <0.03 0.77 0.05 0.27 0.01 0.04 0.09 0.0021 

 

Table 2-2. Mix recipes for samples prepared for CTH, HU (all mixes) and 
NUMO/CRIEPI (marked with stars). When slashes are used the first number is for 
CTH/HU samples and the last for NUMO/CRIEPI samples. sil= micro silica slurry 
(GroutAid), cem=cement (UF16), SP=superplasticizer, W=water, DM=dry material. 
Note the difference in SP in mix Ref52, when used in text Ref52 refers to Mighty 150, 
otherwise Ref52(SP40) has been used. 

pH 
system MIX sil/cem 

SP 
amount 
w-% of 

DM W/DM SP type 
P308B * 0.69 4 1.40 Mighty 150 
P308C 0.69 4 1.40 Rheobuild 1000 
P308D 0.69 1 1.40 Sikament EVO 26 
P379G  0.69 1.5 1.20 Glenium 51 

Low pH 
masses 

XP308B  0.69  -  1.40  -  
Ref52 * 0.075 1 1.20/ 1.21 Mighty 150/ SP40 

N1 0.00 1 0.80 Rheobuild 1000 
N2 0.00 0.7 0.80 Sikament EVO 26 
N3 0.00 0.7 0.80 Glenium 51 

Normal 
pH 

masses 
XRef52  0.075  -  1.20/1.21  -  

* Samples to NUMO/CRIEPI    
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Table 2-3. Main results of tests series executed at Contesta Oy for fresh and hardened 
grouts. 

  
Date 

  
Mix 

Temp. 
beg. of 
mixing 
(water) 

°C 

Temp.  
end of 
mixing 
(mass) 

°C 

Bulk 
density 
kg/ m3 

Marsh 
fresh 

s 

Marsh  
1h 
s 

Bleeding 
2h  

vol-% 

Shear 
strength  

6h     
kPa 

Comp. 
strength  

1 day 
MPa 

Comp. 
strength 
28 days 

MPa 

Low pH 
masses:                    

26.4.2006 P308B 4.9 12.8 1340 43.0 50.0 0.2 1.08 0.29 12.0 
26.4.2006 P308C 4.7 10.0 1343 45.0 67.5 0.2 1.00 0.38 13.9 
26.4.2006 P308D 4.7 10.0 1322 40.0 40.0 0.0 0.81 0.42 16.1 
26.4.2006 P379G 5.0 10.6 1372 37.5 41.0 0.1 0.98 0.60 20.9 
26.4.2006 XP308B 5.0 13.3 1313  -  - 0.0 5.32 0.59 13.4 

Normal pH 
masses:                    

27.4.2006 Ref52 5.5 12.3 1378 36.0 40.0 1.8 0.90 0.82 9.2 
26.4.2006 N1 4.8 9.3 1565 43.0 66.0 1.0 1.18 2.6 22.4 
26.4.2006 N2 4.6 9.4 1582 41.5 46.0 3.8 0.29 2.2 29.6 

8.6. & 
9.6.2006 N3 8.5/9.4 12.7/13.3 1591 34.5 35.5 no result <0.15 3.00   
26.4.2006 XRef52 4.9 9.1 1397 39.0 43.5 1.2 0.64 0.55 9.2 

 

Samples prepared for leaching and sorption studies (five low pH mixes and five normal 
pH mixes, according to Table 2-2) were cured for 28 days before drying and crushing to 
grain size < 1 mm. After two months of curing, these samples were further ground at 
HUT (Helsinki University of Technology) to produce powder with desired grain size 
0.063-0.125 mm. Also, the fine fraction < 0.063 mm was saved because of the 
difficulties encountered in producing sufficient amount of samples. Ground samples 
(min. 50 g mass each) were delivered to CTH. Rest of the samples were delivered to 
HU.

Samples to NUMO/CRIEPI

Samples (hardened grouts) prepared for NUMO were mixed according to same recipes 
(except Ref52. Table 2-2) and preparation protocol as samples made for CTH and HU 
by Cementa Oy. Water and cement mixing time was 1.5-2 minutes and additional 
mixing time 2.5-3 minutes after adding GroutAid and SP (if added). Samples were 
packed in 1.5 m long tubes 50 mm in diameter (instead of cups used for CTH/HU 
samples). Each sample was composed of two 1.5 L mixed patches of grout (totalling 3 L 
of grout/sample). Mixing temperature was 12 ºC. Sample types were limited to five 
samples presented in Table 2-2. In case of Ref52 SP40 was used instead of Mighty 150 
in samples for NUMO/CRIEPI. When referring to these samples in text below code 
Ref52 (SP40) has been used. These samples were shipped to be stored at room 
temperature at NUMO for 28 days before further actions, which is one month less than 
for CTH/HU samples.
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At NUMO/CRIEPI the hardened specimens were cut into thin plate and block shapes as 
described below after extra two months room temperature, 20oC, curing. These 
hardened pastes were determined to be fully cured at room temperature for three 
months. 

One of the delivered specimens, XP308B, was damaged during shipping (it had many 
void and micro cracks as shown in Figure 2-1) and it was difficult to cut the sample into 
thin plate and block shaped specimens. Therefore the XP308B paste was recast into 
4x4x16cm mould to allow vibration compaction. 

Raw materials, as listed below, for fresh grout leaching experiments were delivered to 
NUMO by Posiva Oy.

Ultrafin16 (UF16) cement 
GroutAid (GA) micro silica slurry  
SP40 superplasticizer 
Mighty 150 superplasticizer 
Glenium 51 superplasticizer

  
                     a) P308B                             b) XP308B 

Figure 2-1. Tomographic images of delivered specimens, a) P308B, b) XP308B. Images 
were photographed by X-ray computed tomography. Some cracks were shown in 
XP308B hardened paste, comparing with P308B.  
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2.1.3. LAC and OPC cement pastes 

In this report the cement paste recipes of Nagra, Empa and PSI are called LAC and 
OPC. The abbreviations are used to distinguish the low and normal pH grout recipes 
studied by CTH and HU from the recipes studied by Nagra, Empa and PSI.  

The differences between these mixes are in recipes and raw materials. The pastes of HU 
and CTH are grouts with W/DM ratio of 0.8-1.4 and the pastes of Nagra, Empa and PSI 
are stiffer cement pastes with W/C ratio of 0.8-1.1. The mixes of HU and CTH are 
grouts and the mixes of Nagra, Empa and PSI cement pastes. 

In this report the abbreviation LAC (Low alkaline cement) refers to the cement pastes 
made of water, Jurantit cement (CEM III/B 42.5 L-LH HS, Jura cement), nanosilica and 
SP. The abbreviation OPC (Ordinary Portland cement) is used in this report as a name 
of cement paste made of water, cement Protego 4R (CEM I 42.5 R HS, Holcim) and SP. 
The used cement Protego 4R is a sulphate resistant portland cement SRPC. 

Nagra recipes 

Recipes used in sample preparation in the framework of the Nagra/Empa/PSI project for 
OPC and LAC are shown in Table 2-4 and Table 2-5. Details on sample preparation are 
given in Section 5.2.5. The used cement trade names are given above. The used silica 
product was Nanosilica Aerosil 200 instead of GroutAid (micro silica slurry). 
Superplasticizers added were Glenium 51 and Rheobuild 1000, which were used as 
solution in sample preparation (see Table 2-7). One OPC cement paste reference sample 
was prepared without superplasticizer. LAC cement paste reference samples could not 
be prepared due to the selected water/cement ratio being too dry without the addition of 
superplasticizer.  

Cement type HTS (CEM I 52.2 N HTS, manufactured by Lafarge) was used in sorption 
studies performed at PSI. For more details see Section 2.1.4. 

2.1.4 ESDRED based shotcrete paste 

To study a possible shotcrete use in the high-level nuclear waste disposal repositories, 
ESDRED-cement based shotcrete with W/C ratio of 0.5-0.75 was appended to this 
study. Nagra investigated ESDRED based shotcrete. The components of this paste are 
are water, cement ESDRED, superplasticizer Rheobuild 1000, accelerator Sigunit and 
silica product SikaFume -HR/TU. Samples used in this study were prepared according 
to recipes given in Table 2-4 and Table 2-5. Sigunit accelerates setting of the cement 
paste and was used as solution in sample preparation (Table 2-7). Reference samples of 
ESDRED based shotcrete could not be prepared due to chosen water/cement ratio being 
too dry without the addition of superplasticizer. Details on sample preparation are given 
in Section 5.2.5.
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Table 2-4. Preparation of the cement paste samples at Empa (see Table 2-7 for 
overview on admixtures).  

Empa number g/sample w/c 
Glenium 51
OPC
CEM I 42.5 R HS 5251 700
Glenium 51 solution 5255 7
Water 560 0.8
LAC
CEM III/B 42.5 L 5252 450
Nanosilica (Aerosil 200) 5249 50
Glenium 51 5255 13.1
Water 550 1.1
ESDRED based paste
CEM I 42.5 N 5250 500
SikaFume -HR/TU 5253 333.3
Sigunit L53 AF solution 5254 40
Glenium 51 solution 5255 10
Water 416.7 0.5
Rheobuild 1000
OPC
CEM I 42.5 R HS 5251 700
Rheobuild 1000 solution 5256 14
Water 560 0.8
LAC
CEM III/B 42.5 L 5252 450
Nanosilica (Aerosil 200) 5249 50
Rheobuild 1000 solution 5256 39.3
Water 550 1.1
ESDRED based paste
CEM I 42.5 N 5250 500
SikaFume -HR/TU 5253 333.3
Sigunit L53 AF solution 5254 40
Rheobuild 1000 solution 5256 20
Water 416.7 0.5
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Table 2-5. Reference samples1.

Empa number g/sample w/c 

OPC2

CEM I 42.5 R HS 5251 700
Water 560 0.8

ESDRED3

CEM I 42.5 N 5250 500
SikaFume -HR/TU 5253 333.3
Sigunit L53 AF 5254 40
Water 625.0 0.75
1 Reference samples for LAC could not be prepared at w/c =1.1.
2 These samples were also used in the time-dependent investigations of the hydration process.
3 The reference sample for ESDRED based paste was prepared at higher w/c than the other ESDRED 

based samples

2.1.5 Details of cement paste components used at Empa/PSI 

Cements used for the hydration studies

The chemical compositions of the cements used in the hydration studies are listed in 
Table 2-6. The compositions were generally determined by X-ray fluorescence (XRF) 
analysis. The sulphur and carbonate content was measured using a LECO C/S analyzer,
and the free lime content according to the method described by Franke (1941). The 
fraction of “total” alkalis and other elements (with exception of Si) was determined with 
inductively coupled plasma optical emission spectroscopy (ICP-OES) in solutions 
gained by boiling 0.20 g of the unhydrated cement powder in 20 ml HCl (3%) for 
several hours (Gunkel et al. 1970). The distribution of the alkalis between sulphates and 
oxides in the unhydrated cement powder was determined based on the measured 
concentration of the readily soluble alkalis in bi-distilled water at a water-to-cement 
(w/c) ratio of 10 after an equilibration time of five minutes. The same solutions were 
also used to determine the amount of organic carbon present in the unhydrated cement 
powder. 

Cement used for the sorption studies 

Sorption studies were carried out using a commercial SRPC CEM I 52.2 N HTS, 
denoted as HTS cement (HTS = Haute Teneur en Silice, Lafarge, France), manufactured 
in the year 2000. The used cement contains about 4% by weight (wt) of calcite and has a 
chemical composition as given in Lothenbach & Wieland (2006). Hardened cement 
paste (HCP) was prepared according to a procedure described earlier by Sarott et al. 
(1992). The crushed HCP material used in the experiments was prepared from bulk 
samples by grinding in a mortar under CO2-free conditions and sieving the crushed 
material to collect the size fractions < 63 µm. 
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Table 2-6.  Chemical composition of the cements used in the hydration experiments. 

Digestion (HCl) XRF    TGA    other techniques 
                                       (g/100g) 

CEM I 42.5 R HS (used for OPC) 
CaO 59.0 58.8
SiO2 n.d. 20.6
Al2O3 3.8 3.9
Fe2O3 5.8 5.2
MgO 5.0 4.6
Na2O 0.27 0.10
K2O 0.75 0.62
CaOfree 0.73
SO3 3.3 3.3
CO2 1.0
LOI 2.3
CEM III/B 42.5 L (used for LAC)
CaO 47.3 46.3
SiO2 n.d. 31.0
Al2O3 9.9 10.2
Fe2O3 1.0 0.98
MgO 6.2 5.8
Na2O 0.3 0.2
K2O 0.6 0.3
CaOfree 0.15
SO3 0.9* 2.9*
CO2 1.0
LOI 0.7
CEM I 42.5 N (used for ESDRED based paste)
CaO 60.3 61.6
SiO2 n.d. 21.9
Al2O3 4.6 4.8
Fe2O3 2.7 2.5
MgO 1.9 1.9
Na2O 0.25 0.09
K2O 0.99 0.81
CaOfree 0.65
SO3 3.2 3.2
CO2 1.4
LOI 2.3

* S determined in the HCl digestion samples corresponds roughly to the S(VI) present in the Portland 
cement; while the S determined by XRF corresponds to the total S present: S(VI) + S(-II) from the slag 
(LAC based grouts).

Cement paste admixtures 

The chemical compositions of the SPs and accelerator (Sigunit) (overview on the stock 
solutions is given in Table 2-7) were determined by ICP-OES and using a TOC-
Analyzer. The solid content was determined according to EN 480-8 (heating of 2 g of 
superplasticizer solution for 4 hours at 105°C). The results are listed in Table 2-8. 
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Table 2-7. Overview of the stock solutions of cement paste admixtures used in the 
framework of the Nagra/Empa/PSI project. 

Cement 
paste 

admixture

Type Content Solid 
content 

(%)

Manufacturer

Glenium 
51

SP Modified 
polycarboxylic 

ether

35 BASF AG, 
Switzerland

Rheobuild 
1000

SP Sulphonated 
naphthalene-
formaldehyd 
condensate

41 BASF AG, 
Switzerland

Sigunit 
L53 AF

AC Aluminium 
sulphate and 

formiate

60 Sika GmbH 
Austria

Chemicals 

Throughout Nagra/Empa/PSI studies Fluka (Sigma-Aldrich, Buchs, Switzerland) or 
Merck (Dietikon, Switzerland) “pro analysis” chemicals and high-purity de-ionised 
water generated by a Milli-Q Gradient A10 system (Millipore, Bedford, USA) were 
used. 

Resin 

An additional series of sorption studies were carried out at PSI using a cation exchange 
resin (DOWEX 50 W X-4, Aldrich, H+ form), which was converted to the Na+ form. 
60 g resin was mixed with 2 L 1 M NaOH and regularly shaken over the time period of 
3 h. The suspension was decanted and the supernatant solution discarded. The procedure 
was repeated two times. After the last step the supernatant solution was replaced by 
Milli-Q water. The resin was repeatedly rinsed with Milli-Q water until the conductivity 
measurements in the supernatant solution corresponded to those in Milli-Q water and 
pH was neutral. The resin was collected, dried in a vacuum oven at 50 °C for 24 h and 
gently ground in a mortar. 

Radiotracers 

Sorption studies were carried out using 63Ni, 152Eu and 228Th radiotracers purchased 
from Isotop Products Europe Blaseg GmbH (Germany). The carrier-containing 63Ni (t1/2
= 100 y) source solution (1 mL) was diluted in Milli-Q water to produce 50 mL of the 
stock solution. The carrier-containing 152Eu (t1/2 = 13.33 y) source solutions (5 mL) was 
diluted with 20 mL 0.1 M HCl to produce a stock solution. The carrier-free 228Th (t1/2 =
1.913 y) source solution (3.5 mL) was diluted with 0.5 M HCl to produce 9.5 mL stock 
solution. Small aliquots (0.1-1 mL) of the stock solutions were further diluted with 
0.1 M HCl in case of Eu and Th tracer or 10-3 M HCl in case of the Ni tracer, 
respectively, to give tracer solutions with the required concentrations or activities, 
respectively. The concentrations of the stock solutions were as follows: [Ni] = 2.8·10-5

mol L-1, [Eu] = 1.2·10-5 mol L-1, [Th] = 8.05·10-7 mol L-1.
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Table 2-8. Chemical compositions of the superplasticizers (Glenium 51 and Rheobuild 
1000) and accelerator (Sigunit). 

Total content (g/100g)

Glenium 51 (polycarboxylate)
CaO < 0.001
SiO2 < 0.001
Al2O3 < 0.001
Fe2O3 < 0.001
MgO < 0.001
Na2O 1.5
K2O < 0.001
SO3 0.6
TOC 18
solid content 35

Rheobuild 1000 (naphthalene sulphonate)
CaO 4
SiO2 < 0.001
Al2O3 < 0.001
Fe2O3 < 0.001
MgO 0.1
Na2O 0.4
K2O 0.1
SO3 12
TOC 21
solid content 41

Sigunit L53 AF 
(aluminium salts: mainly sulphate and formate)
CaO < 0.001
SiO2 < 0.001
Al2O3 16
Fe2O3 < 0.001
MgO 0.7
Na2O 0.2
K2O 0.5
SO3 15
TOC 2.5
solid content 60
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2.1.6 Details on compositions of cement paste components by     
manufacturers 

Detailed information on composition of cement paste components (not listed in 
common data sheets) was acquired from some of the manufacturers. Whereas the aim 
was to get a good understanding on the composition of materials, it was also important 
to try to estimate possible variations due to manufacturing processes. The latter is very 
difficult to study, as there is no information on the quality controls used by 
manufacturers. Information acquired on cements and superplasticizers from the 
manufacturers are presented below. Some details on the composition of 
superplasticizers have been acquired from manufacturers of each SP type. This 
information is given in Appendix 1. This information is confidential and will be 
delivered for the participants of the project only. 

Details for components of samples prepared at Contesta Oy are presented in Table 2-9.
This information is mostly gathered from manufacturers’ data sheets by Contesta Oy 
and includes information about cement (Ultrafin 16), micro silica slurry (GroutAid) and 
superplasticizers (Mighty 150, Rheobuild 1000, Sikament EVO 26 and Glenium 51). 

Information on the composition of cement grinding aids has been acquired from 
Holcim. This information is also given in Appendix 1. Compounds used for cement 
grinding aids are:

1)  Alkane-ol amines, typically: Triethanolamine (techn. 85%) with 15% 
Diethanolamine, Diethanolamine, Triisopropanolamine and Diisopropanolamine. 

2) Glycols, typically: Ethyleneglycol, Diethylenglycol; Tri-, Tetraethyleneglycol,
Dipropyleneglycol. 

3) Acids: Acetic acid/acetate



Table 2-9. The main properties of the grout components used in the laboratory (Contesta Oy). Data collected mainly from data sheets 
given by the producers. 

Product 
/Producer 

Composition Max storage 
time 

(months) 

Storage T 
( C) 

Density 
(compact) 

kg/m3 

Solids 
(wt %) 

BET 
specific 
surface 
(m2/kg) 

Max particle 
size ( m) 

pH Viscosity 
 

Chemical properties 
(wt-%) 

LOI=loss on ignition 

Ultrafin 16 (UF16) 
cement  
/Cementa Ab 

Sulphate resistant, 
chromate reduced 
and low alkaline 

cement 

6  3100 - 3200  1600 16 (95 %)   MgO max 5.0 
SO3 max 3.5 

GroutAid  
/Elkem 

Silica fume 
(microsilica) -based 

additive 

  1390  
(1350 - 1410) 

50  2 15 000 (dry) 1 (>90 %) 
45 (max 1 %) 

4.5 - 6.5 Max 100 cP SiO2 min. 86 
Carbon max 2.5 

LOI max 3.0 
Alkali oxides max 2.0 

Mighty 150 (SPL)  
/Sika Norge AS 

Naftalensulfonic 
acid-formaldehyde 

condensate, Na-salt 

 +5 - 
+25 C 

1200 40   Ca. 9 50 mPas  

Rheobuild  1000 (SPL)  
/Degussa Construction 
Chemicals 

Naphthalene 
sulphonated 

polymer 
 

12 +5 - 
+35 C 

Ca 1200 Ca 40   6  Chloride <0.1 
Alkali <0.5 

Sikament  EVO 26 
(SPL)  
/Sika Sverige AB 

Modified 
polycarboxylate 

Min. 9 +0 - 
+25 C 

Ca 1100 40   5  Chloride <0.1 
Alkali, ekv Na2O<2.5 

Glenium 51 (SPL) 
/MAC S.P.A 

Modified 
polycarboxylic ether 

Min. 12 
(shelf life) 

> +5 - 
+50 C 

1100  50 35  1   6 - 7 128  30 
mPas 

Chloride <0.01 

 

20
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2.2 Crushed rock for sorption studies 

Rock material used in sorption experiments was granite from the Kivetty investigation 
site in Finland, which has been described in Anttila et al. (1999).  This rock type was 
chosen as it is well studied and has a graphite free composition. Granite is also a rock 
type in common for both Posiva’s and SKB’s repository investigation sites. Rock types 
at Olkiluoto investigation site contain graphite, but in SKB investigation sites graphite 
is absent. Therefore, it is important that the sorption tests are performed in both 
(graphite free and graphite bearing) cases as graphite may effect on the sorption 
properties of the rock. The effect of graphite was studied separately by adding graphite 
(grain size 1-2 µm (BET 20.28 m2/g) from Aldrich) to some rock powder samples. 

Kivetty granite used in this study is from drill hole KI-KR3 (Figure 2-2) at hole depth 
441-449 m. The rock type has been described as reddish grey, fairly coarse and even-
grained granite. Crushed samples were prepared and analysed at Geological Survey of 
Finland (GTK), Espoo. In total 3230 g of samples were prepared: at 441.10 m (640 g), 
443.25 m (990 g), 447.00 m (740 g) and 448.90 m (860 g). After crushing rock samples 
with a tungsten carbide grinding vessel they were sieved using steel/brass sieves to 
grain size 0.2-0.045 mm resulting > 2 kg sample. Also fine fraction < 0.045 mm 
(~600 g) was stored.   

Figure 2-2. Kivetty granite samples. Drill core from drill hole KI-KR3. Sample depths 
from right to left: 441.10 m, 443.25 m, 444.50 m, 447.00 m, 447.40 m, 448.90 m and 
449.60 m. 
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Chemical composition of Kivetty granite was determined from the sieved fraction 
(sample weight 21.3 g) and the fine-grained fraction (sample weight 17.6 g). Multi-
element determination was made by XRF technique (pellet). The elemental 
determination after hydrofluoric acid-perchloric acid dissolution was made by ICP-MS-
technique or ICP-AES-technique. Sample weight of the sieved fraction 0.2-0.045 mm 
was only 30 mg in ICP analyses, which may have caused some inaccuracy in results 
(see Appendix 3 for details). Carbon content was determined by a carbon analyser. All 
analysis details are given in Appendix 3. Main results are presented in Tables 2-10 and 
2-11. 

Table 2-10. Main composition of crushed and sieved rock from Kivetty. Main rock 
forming components are given as oxides. 

  
  

0.2-0.045 mm 
% 

<0.045 mm 
% 

Na2O 2.88 3.45 
MgO 0.14 0.10 

Al2O3 12.5 14.3 
SiO2 76.0 72.9 
P2O5 0.017 0.070 
K2O 5.16 5.91 
CaO 0.862 1.15 
TiO2 0.179 0.159 
MnO 0.029 0.027 

Fe2O3 1.91 1.53 
S <0.006 <0.006 

Cl 0.010 0.008 
V <0.003 <0.003 

Cr <0.003 <0.003 
Ni <0.002 <0.002 

Ga <0.002 <0.002 
As <0.003 <0.003 
Rb 0.021 0.024 
Sr 0.007 0.008 
Zr 0.019 0.013 

Nb <0.0007 0.001 
Sn <0.002 <0.002 
Sb <0.01 <0.01 
Ba 0.031 0.038 
Bi <0.003 <0.003 
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Table 2-11. Elemental composition of crushed and sieved rock from Kivetty.  

  
  

Method 0.2-0.045 mm 
mg/kg 

<0.045 mm 
mg/kg 

V ICP-MS 7.99 3.99 
Cr ICP-MS 8.63 25.2 
Ni ICP-MS 20.8 17.6 
As ICP-MS 1.76 1.01 
Sr ICP-MS 65.2 72.3 
Sn ICP-MS 2.82 <2 
Sb ICP-MS 0.24 0.22 
Bi ICP-MS 0.13 <0.1 
Be ICP-MS 0.69 1.92 
Cd ICP-MS 0.27 0.10 
Co ICP-MS 2.66 1.56 
Pb ICP-MS 24.2 27.9 
Ce ICP-MS 81.9 154 
Dy ICP-MS 3.23 9.73 
Er ICP-MS 1.91 5.32 
Eu ICP-MS 0.57 0.77 
Gd ICP-MS 4.23 12.0 
Ho ICP-MS 0.70 1.99 
La ICP-MS 41.4 73.5 
Lu ICP-MS 0.19 0.63 
Nd ICP-MS 33.3 69.7 
Pr ICP-MS 8.86 17.9 

Sm ICP-MS 5.46 12.3 
Tb ICP-MS 0.66 1.76 
Th ICP-MS 10.4 22.9 
Tm ICP-MS 0.23 0.77 

U ICP-MS 3.02 5.26 
Yb ICP-MS 1.89 4.63 
Li ICP-AES 42.9 18.1 

Cu ICP-AES <10 <10 
Mo ICP-AES 7.46 <7 
Sc ICP-AES 3.23 4.57 

Y ICP-AES 20.3 58.0 
Zn ICP-AES 80.8 36.9 
C Carbon analyzer - 0.07 

 
2.3 BET results of grouts, rock samples and graphite 

BET surface area values were measured at Tampere University of Technology for the 
grout mixtures, rock sample and graphite as listed in Table 2-12. See Table 2-2 for 
sample details. Determination was done using Micrometrics Flowsorb 2300 nitrogen 
adsorption device. 

Table 2-12. BET-results from selected grout mixtures, rock sample (Kivetty granite) and 
graphite sample. 

Sample BET(m2/g ) 
P308B    62.92 
P379G    61.42 
XP308B  58.73 
Ref52    28.63 
N3     19.98 
XRef52   28.97 
Crushed rock     0.43 
Graphite        20.28 
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2.4 Leaching solutions 

Three types of leaching solutions were used in this study (CTH, HU and 
NUMO/CRIEPI): OL-SR (synthetic saline groundwater representing groundwater at 
600 m depth at Olkiluoto and reducing conditions), ALL-MR (synthetic fresh 
groundwater, representing groundwater from granitic bedrock and reducing conditions) 
and deionised water (see Table 2-13 for compositions).  

Synthetic saline groundwater OL-SR was prepared according to recipe given in 
Vuorinen & Snellman (1998). The recipe had to be slightly modified from the original 
to stabilize pH range at the desired values (see Section 2.4.1). Detailed preparation 
instructions and changes made for original OL-SR recipe are given in Section 2.4.2.
Adjusted OL-SR water was used in the studies performed at CTH and HU. Original 
recipe (Appendix 4A) was used in the studies performed at NUMO/CRIEPI. The 
leachants were prepared by mixing chemical reagents in N2 filled glove box with 
following the method shown by Vuorinen et al. (2004). 

Recipe and preparation instructions for synthetic fresh groundwater ALL-MR are given 
in Appendix 4B. 

At first the planned pH values of the waters used in the leaching and sorption studies at 
CTH and HU were 7, 9 and 11. Due to modifications mentioned above the final pH 
values used in the leaching and sorption experiments were 7, 9 and 10. 

2.4.1 Preliminary investigation of the OL-SR water at CTH 

The synthetic saline groundwater used for all experiments is OL-SR. The natural 
groundwater, on which the recipe is based, is a groundwater from 600 m depth at 
Olkiluoto in Finland (Vuorinen & Snellman 1998). The composition of the synthetic 
OL-SR is shown in Table 2-13 (mg/dm3) and in Table 2-14 (in M). Based on this 
composition, a chemical speciation calculation using the PHREEQC code (Parkhurst 
2005) with the WATEQ4F database was made to investigate the stability of the water at 
pH 7, 9 and 11 in inert atmosphere conditions and also not-pH adjusted water in 
ambient conditions. The results are presented in Table 2-15. 

The results show that OL-SR at pH 11 cannot be prepared due to precipitation of a 
number of phases. An additional run (not shown in Table 2-15), with run#5 conditions, 
but with initial equilibration with calcite, CaCO3, gave a pH drop to 9.98. This is also 
the result for OL-SR pH 10, where saturated conditions with calcite have been 
approached by under-saturation. pH 10 can therefore be considered as the upper pH 
limit for a stable OL-SR. 

A case were OL-SR is in contact with Si phases have also been investigated.  This was 
accomplished by adding quartz in equilibrium with the water. Results (runs #7-9 in 
Table 2-15) show that OL-SR becomes unstable at pH 9 and 10 with quartz (or any 
other Si phase, giving high enough dissolved Si) added. If the precipitation of the 
CaMgSi phases is not kinetically hindered, this may be an issue in the sorption 
experiments. However, since this is actually a phase transformation from a primary to 
secondary mineral phase, the change of the amount of solid phase present may be 
insignificant, but, it could, at least theoretically, give changing sorption properties over 
the time of the experiments. 
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Table 2-13. Concentration of ALL-MR and OL-SR (mg/dm 3) leachants used in the 
studies at NUMO/CRIEPI (Vuorinen & Snellman 1998). 

Header Na Ca K Mg HCO3  SO4
2  B F Br Sr Cl Si 

ALL-MR 55.2 5.14 3.91 0.71 65.0 4.20 - - - - 48.9 2.39 
OL-SR 4800 4000 21.0 54.6 - 9.60 0.92 1.19 105 35.0 14726 - 

 

Table 2-14. Composition of the synthetic-OL-SR, not pH adjusted. Total concentration 
calculated from the recipe.  

 Total concentration (M) 
H+ 0.000255 

Na+ 0.208778 
K+ 0.000537 

Mg2+ 0.002245 
Ca2+ 0.099802 
Sr2+ 0.000399 

BO3
3- 0.000085 

SO4
2- 0.000044 

F- 0.000063 
Cl- 0.412743 
Br- 0.001310 

I- 0.000007 
 

Table 2-15. Results for nine PHREEQC calculation runs of the OL-SR with the 
WATEQ4F database (Ball & Nordstrom, 1991). Conditions: Inert ([O2(g)]=1 ppm, 
[CO2(g)]=2 ppb), Ambient([O2(g)]=20%, [CO2(g)]=500 ppm). n.a.= not pH adjusted. 
quartz = initial equilibrium with quartz. 

run# Conditions pH pe I 
Total 

alkalinity 
Oversaturation 

phases 

1 Inert, 
n.a. 5.69 13.61 0.517 -2.7 10-6 no 

2 Ambient 
n.a. 5.35 15.27 0.517 -2.7 10-6 no 

3 Inert, 
pH 7 7.00 12.30 0.517 8.33 10-7 no 

4 Inert, 
pH 9 9.00 10.30 0.517 6.23 10-5 no 

5 Inert, 
pH 11 10.85 8.45 0.516 2.29 10-3 

Mg(OH)2, CaCO3, 
CaMg(CO3)2 

+other 

6 Inert, 
pH 10 9.98 9.32 0.517 3.00 10-4 no 

CaCO3 sat. 

7 
Inert, 
pH 7, 
quartz 

6.93 12.37 0.517 8.33 10-7 no 
SiO2 sat. 

8 
Inert, 
pH 9, 
quartz 

8.83 10.47 0.512 5.93 10-5 
Ca2Mg5Si8O22, 

CaMgSi2O6, 
SiO2 sat. 

9 
Inert, 

pH 10, 
quartz 

9.72 9.58 0.517 3.00 10-4 

Ca2Mg5Si8O22, 
CaMgSi2O6, 

+ other 
SiO2 sat. 
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2.4.2 Preparation of the adjusted OL-SR water  

For the preparation of OL-SR water some salts were pre-concentrated at 100 times the 
normal concentration (see Table 2-16). After the preparation of a batch of 5-10 L 
OL-SR water in glass-bottles at room atmosphere, the pH was measured (using a 
Radiometer pHC3006-9 electrode, a TIM90 pH-meter and IUPAC pH 7 and 10 buffer 
solutions). 

The average of the different batches showed a pH of 5.5 0.2. This can be compared 
with a theoretical value of 5.35, calculated with PHREEQC, using the WATEQ4F 
database and with [CO2(g)]= 500 ppm.  

The water was then taken placed in nitrogen glove-box (MBraun Unilab, [O2] < 10 ppm, 
T=22 2 C) that was degassed at 0.5 bar overnight. After stirring the water inside the 
glove box, the pH was measured as 5.5 0.4 (using a Radiometer pHC 3006-9 electrode, 
a pHM240 pH-meter and IUPAC pH 7 and 10 buffer solutions). This value can be 
compared with the theoretical value of 5.69 from the chemical speciation calculation, 
using [CO2(g)]= 2 ppb, [O2(g)]= 1 ppm.  

Due to the large variation (0.4 pH units) in the measured pH of OL-SR water inside the 
glove box it was consequently impossible to detect the predicted slight increase in pH as 
the OL-SR water was “equilibrated” with the glove box atmosphere. 

The experiments were originally intended to be made at pH 7, 9 and 11. However, 
PHREEQC speciation calculations made with the WATEQ4F database (Section 2.4.1
above) shows that the OL-SR water is not stable at pH 11 without radical alterations of 
the original recipe. A pH of 10 was therefore selected instead, where OL-SR water was 
found to be a stable.  

Inside the glove box the OL-SR water was divided into three batches which were 
adjusted to pH 7, 9 and 10 by incremental addition of appropriate amounts of 0.1, 0.01 
M NaOH and 0.01 M HCl solutions (Fixanal, Riedel-de Haen). 

Table 2-16. Recipe for OL-SR synthetic groundwater (Vuorinen & Snellman 1998) and 
solubility limits (Weast 1979) at room temperature of the salts used. Salts in italics were 
added as a 100 times pre-concentrated solution. 

Salts Quality Amount (g/l) Solubility (g/l)
CaCl2•H2O Merck 14,67 1000

p.A.
NaCl " 12,12 360
MgCl2•6H2O " 0,4565 1670
SrCl2•6H2O " 0,1065 1062
KCl " 0,03955 340
NaBr Fisher 0,1348 790
NaF Aldrich 0,00263 40

99,99 %
KI Merck 0,00111 1270

p.A.
Na 2 SO 4 " 0,00621 162
H 3 BO 3 " 0,00526 50
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2.5 Grout monitoring boreholes in ONKALO 

Four boreholes have been drilled in ONKALO for monitoring groundwater chemistry in 
grouted rock since August 2005. Three of these (ONK-KR1, ONK-KR2 and ONK-
KR4) are in rock where normal pH grout has been used, whereas borehole ONK-KR3 is 
in rock where low pH grout was used. In addition, groundwater chemistry has been 
monitored from groundwater station (ONK-PVA1), which represents ‘native ungrouted 
bedrock’. The results have been also compared to the results from groundwater stations 
ONK-PVA2 and ONK-PVA3 which were established later with the progress of the 
tunnel excavation, A summary of sampling points and grouting details are presented in 
Table 2-17. Monitoring points are located at different locations along the acces ramp 
tunnel chainage (TC) in ONKALO. This allows comparison between different structural 
locations in terms of the rock mass. Monitoring boreholes have been drilled in a way 
that in addition to different compositions, also represent different ages and takes of 
grouts (see Table 2-17). A sketch of a monitoring borehole is presented in Figure 2-3. 

Daily monitoring of the grout monitoring boreholes started a few days after drilling in 
2005. Observations have included water inflow rate, pH, temperature and EC (electrical 
conductivity). Boreholes were packed off and dummies were installed to minimize the 
water volume in the inflow sections of the boreholes during October 2005. In this study 
monitoring results between Oct 2005 and Nov 2007 are discussed. 

Groundwater sampling and complete chemical analyses from the ONK-PVA and 
ONK-KR holes have been performed four times a year (Class A samples according to 
Paaso et al. 2003, see Table 2-18). In this current report all available results until 
4.6.2007 are presented. The analytical programme has included measuring 
physicochemical variables, anions, cations, organics, isotopes and microbes a shown in 
Table 2-18. Grout monitoring boreholes are a part of a much broader study and detailed 
description of the whole monitoring programme of groundwater geochemistry in 
Olkiluoto can be found in annually published Posiva Working Reports, of which the 
latest have been published in 2007 (Pitkänen et al. 2007) that summarises the results 
acquired until the end of 2006. 



28

Table 2-17. Sampling points, grouting and monitoring details of grout monitoring 
boreholes in ONKALO. TC=tunnel chainage (m) (length of the acces tunnel at 
ONKALO investigation site). 

Samp-
ling 

point
Type Environ-

ment TC Date of 
grouting*

Grout 
mixture

Grout 
take (kg)/
grouting 
hole m **

Grout 
take 
(t)

**/fan

Moni-
toring 
bore-
hole 

length 
(m)

ONK-
KR1 borehole Normal 

pH grout 110 23.11.
2004

UF16 + 
SetControl 

II
9.7 6.7 12.4

ONK-
KR2 borehole Normal 

pH grout 375 11.-18.4.
2005

UF16 + 
SP40

19.7 or 
16.2

13.1 or 
9.2 15.5

ONK-
KR3 borehole Low pH 

grout 515 6.-7.6.
2005

UF16 + 
GA + 

Mighty 150
7.7 5.3 10.7

ONK-
KR4 borehole Normal 

pH grout 540 13.-21.6.
2005

UF16 + 
GA + SP40

10.1 or 
2.3

6.4 or 
2.3 11.7

ONK-
PVA1

groundwater 
station

Native 
ungrouted 

rock
200

ONK-
PVA2

groundwater 
station

Native 
ungrouted 

rock
727

ONK-
PVA3

groundwater 
station

Native 
ungrouted 

rock
870

*If a date is given as a rage of about one week, the affects of grouting can possibly originate from two 
different grouting fans and it is not possible to determine which one. 
** If the grout can originate from two alternative grouting fans, both grout takes are presented.

Table 2-18. Analytical procedure followed during borehole monitoring in ONKALO. 
Class A samples according to Paaso et al. (2003). 

Parameter Class A 

Physicochemical variables pH, EC, Eh, O2, alkalinity, DIC, uranine 
Anions HCO3, Br, Cl, SO4, PO4, NH4, NO2, NO3, Ntot, Stot, S2- 
Cations Al, Na, K, Ca, Mg, Sr, Fetot, Fe2+, SiO2, NH4 
Organics DOC, SPL 
Isotopes 2H (H2O), 18O (H2O), 3H 
Microbes  
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Figure 2-3. A schematic presentation of ONKALO tunnel cross-section, including 
surrounding grouted bedrock, ungrouted area and grout monitoring borehole. The red 
circle shows area of greatest interest for monitoring. 

2.5.1 Field samples to CRIEPI 

Three samples of monitored groundwater were sent to CRIEPI for analysis. Samples 
were ONK-PVA1, ONK-KR4 and ONK-KR3, which represent native ungrouted 
bedrock, normal and low pH grout environments, respectively. Bottled samples of 
collected groundwater are shown in Figure 2-4. 

Figure 2-4. Groundwater samples collected from ONKALO. 
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3 ALUATION OF ANALYSING METHODS AND GENERAL
CHARACTERIZATION OF SUPERPLASTICIZERS 

A feasibility study of analysis methods for measuring superplasticizers concentration in 
grout and in water leachates and for general characterisation of SPs was performed at 
Polymer Technology, Chalmers. Five different superplasticizers were studied of which 
two represented polycarboxylates (Glenium 51 and EVO 26), two polysulphonates 
(Mighty 150 and Rheobuild 1000) and PMS-typic SP40. 

Analytical methods not mentioned here are dealt with in Section 5.1 (including e.g. 
NUMO/CRIEPI).

3.1 Feasibility study of analysing methods for measuring grout 
superplasticizer concentration and general characterisation 

3.1.1 Assumed polymer structures of the superplasticizers 

The chemical structures of the received superplasticizer are believed to have the 
following chemical structure (Figure 3-1). The exact structure is unknown to the study 
as it is closely guarded manufacturing secret. 
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Figure 3-1. Assumed structure of the analysed polymers. 
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3.1.2 Freeze drying 

The four received superplasticizer-water solutions were freeze-dried to avoid possible 
degradation of the polymers. Removing the water at elevated temperatures might initiate 
degradation of the polymers and was therefore avoided. The freeze-dried samples were 
used in the analysis of the superplasticizer if not indicated in the text below. The dry 
content (Table 3-1) also includes all other non-volatile admixtures such as unreacted 
monomers and salts. 

For selecting the analysing procedure it is important to know the solubility of the dried 
polymers in different solvents. Therefore a number of solubility tests during the 
experiments were performed. These are summarised below in Table 3-2. 

3.1.3 Infrared Spectroscopy (IR) 

Infrared Spectroscopy (IR) on the polymers was performed using a Perkin-Elmer FTIR 
system 2000. The freeze-dried polymers were first mixed with KBr and the mixture was 
pressed into disks. These disks were used to verify the structure of the polymers, see 
Appendix 5A for all polymers with assigned peaks. For Glenium 51 (Figure 3-2) only 
carbonyl (C=O) signals from ester groups (-COO-) and carboxylate groups (-COO-) are 
seen. The peak position for the ester group is at 1722 cm-1 but locking at a reference 
spectrum of a similar polymer the peak position is expected to be at 1727 cm-1.
Surprisingly, EVO 26 seems to consist of only ester groups in the repeating units (peak 
at 1732 cm-1) and no signal from COOH or COO- can be seen. This is also confirmed by 
the Nuclear Magnetic Resonance (NMR) studies of EVO 26, see the NMR Section 
3.1.6. This explains the solubility behaviour of the freeze-dried samples. EVO 26 was 
soluble in THF (Tetrahydrofuran) and only partly soluble in water. The spectra for the 
two polysulphonates (Mighty 150 and Rheobuild 1000) are very similar and confirm the 
chemical structures of the polysulphonates shown in Figure 3-1.  

Water solutions of the polymers were also analysed by FTIR. The technique used is 
called attenuated total refection FTIR (ATR-FTIR). With this technique one side of a 
Zink-Selenide crystal is coated with the water solutions. The IR beam passes through 
the crystal and an IR spectrum can be taken directly on the solution. This method was 
used to analyse the sensitivity for measuring the concentration of the superplasticizers in 
the water solutions by FTIR. Calibration curves for the four polymers can be seen in 
Appendix 5B and it is seen that a concentration down to approximately 0.1 g/l for the 
carboxylate polymers (Glenium 51 and EVO 26) and 1 g/l for the polysulphonate 
polymers can be measured, using this technique. Calibration curve for measuring 
EVO 26 by ATR-FTIR is presented in Figure 3-3. 

Table 3-1. Dry content of the superplasticizers. 

 Glenium 51 EVO 26 Mighty 150 Rheobuild 1000 
Dry content 36% 45% 43% 43% 
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Table 3-2.  Solubilities of the freeze-dried superplasticizers. 
 

 Glenium 51 EVO 26 Mighty 150 Rheobuild 1000 
Water High Partly High High 
THF Partly High Very low Very low 
MeOH High High Partly Partly 
DMSO High High Partly Partly 
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Figure 3-2. FTIR-measurements of a KBr disc of Glenium 51. 
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Figure 3-3. Calibration curve for measuring the concentration using ATR-FTIR of 
EVO 26, measured at 1112 cm-1. 
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3.1.4 Ultraviolet Spectroscopy (UV) 

Ultraviolet Spectroscopy (UV) was measured using a Perkin-Elmer UV/VIS 
Spectrometer Lambda 20. The polymers were dissolved in water and the UV-spectra 
were taken of the solutions, see Appendix 5C. The carboxylate polymers have an 
absorption maximum below the detection limit of the equipment (190 nm) (Figure 3-4)
and therefore only an increase in the signal can be seen towards 190 nm. This 
absorption originates from an n- * transition in the polyether chains or a transition in 
the C=O groups. Polysulphonates absorb UV-light around 230 and 290 nm due to the 
- * transition in the naphthalene skeleton (Figure 3-4). The UV spectra are in 

agreement with the structures indicated in Figure 3-1. 

UV spectroscopy was also used to analyse the sensitivity for measuring the 
concentration of the superplasticizers in the water solutions. Calibration curves for the 
four polymers can be found in Appendix 5D. They show that concentrations down to 
approximately 0.001 g/L can be measured for the carboxylate polymers (190 nm) and 
0.001 g/L for the polysulphonate polymers (290 nm). Even lower concentrations can be 
measured for the polysulphonate polymers (0.0001 g/l) if the absorption peak at 230 nm 
is used instead (Figure 3-5). The data for the polysulphonate polymers will be more 
accurate due to fact that the measurements are done on a peak maximum and not on a 
sharp increase in signal. 
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Figure 3-4. UV-absorption of water solutions of Glenium 51 (left) and Mighty 150 
(right). 
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Figure 3-5. Calibration curve for measuring the concentration of Mighty 150 using UV-
absorption at 229 nm. 
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3.1.5 Size Exclusion Chromatography 

Size Exclusion Chromatography (SEC or GPC) of the pure polymers was performed to 
determine the molecular weight of the polymers and to analyse the amount of low 
molecular weight admixtures or unreacted monomers in the polymer solutions. Due to 
solubility problems different SEC equipments were used and tested for the polymers.  

EVO 26 was analysed with a Waters Alliance GPCV 2000 in 1, 2, 4-trichlorobenzene at 
a concentration of 4 mg/mL (Figure 3-5). The polymer was dissolved over night and the 
solution was filtered before the analysis. When using 1, 2, 4-trichlorobenzene 
polystyrene standards can be used to calibrate the system. This means that the 
assumption is made that the analysed polymer of a certain molecular weight occupies 
the same volume in the solvent as polystyrene of the same molecular weight. This is 
normally not exactly true but the best that can be done with SEC. 

The other polymers (Glenium 51, Mighty 150 and Rheobuild 1000) were more soluble 
in water and they were therefore analysed with a SEC system using water as the solvent. 
The equipment used was a Waters 2695 separation module with a Wyatt Optilab 
Refractiv Index detector, Shimadzu SPD-10A UV-Vis detector and a Wyatt DAWN 
DSP Light Scattering detector. Glenium 51 gave a good chromatogram when using a 
Refractiv Index detector (but no signal from the UV detector) and the polysulphonate 
polymers could be analysed using the UV-Vis detector by measuring the absorption at 
230 nm. The Refractiv Index detector did not give any signal when analysing the 
polysulphonate polymers. The chromatograms from the two polysulphonate polymers 
are very similar with a clear peak at around 29.5 mL corresponding to very low 
molecular weight material (monomers and dimers) and a weak peek at approximately 
25 mL used for the determination of the molecular weight of the polymers, see 
Figure 3-7 and Appendix 5E. When determining the molecular weight relative to 
polymer standards with different chemical structures, the results can differ considerably 
compared to the actual molecular weight. 

3.1.6 Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic Resonance (NMR) measurements (1H and 13C) were taken on a 
Varian VXR 300S to verify the chemical structure of the polymers. In Appendix 5F the 
predicted positions of the signals in the 1H and 13C spectrum of the polymers are shown, 
calculated using the program ChemDraw. Generally NMR signals from polymers are 
much broader compared to low molecular weight analogues. To avoid some of the 
interference with the solvent peaks and the need for high solubility for the 13C
measurements the following deuterated solvents were used for the enclosed 
measurements: Glenium 51 (1H- d-MeOH, 13C-H2O) EVO 26 (1H- d-DMSO, 13C-H2O) 
Mighty 150 (1H- d-DMSO, 13C-D2O) Rheobuild 1000 (1H-d-DMSO, 13C-D2O), see 
Appendix 5F. 13C-NMR spectra for EVO 26 and Glenium 51 are presented in 
Figure 3-8. It is clear that the two polymers contain different carbonyl groups. The 
molecular weight of the polymers relative to polystyrene standards (EVO 26) and 
pullulane standards (Glenium 51, Mighty 150, Rheobuild 1000) are given in the 
Table 3-3. 
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Figure 3-6. SEC of EVO 26 in 1, 2, 4-trichlorobenzene at 135 oC using a refractive 
index detector. The molecular weight relative to polystyrene standards is indicated for 
the peaks. 
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Figure 3-7. SEC of Glenium 51 (left) in distilled water with 0.2 M NaNO3 using a 
refractive index detector and Mighty 150 (right) using a UV detector measuring at 230 
nm. 
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Figure 3-8. 13C-NMR spectra of the carbonyl carbon area for EVO26 and Glenium 51 
in water. It can clearly be seen that the two polymers contain different carbonyl groups.  
 
 
Table 3-3. Molecular weight of the polymers relative to polystyrene standards (EVO 26) 
and pullulane standards (Glenium 51, Mighty 150, Rheobuild 1000). 
 

 Glenium 51 EVO 26 Mighty 150 Rheobuild 1000 
Mw 61 000  17 000 15 000 

  
 
3.1.7 Matrix Assisted Laser Desorption Ionisation - Time of Flight (MALDI-

TOF) 
 
The measurements were performed on an Autoflex I (Bruker) Matrix Assisted Laser 
Desorption Ionisation - Time of Flight (MALDI-TOF) mass spectrometer. Only singly 
charged molecules are normally analysed with this technique. The sample is dissolved 
in a solvent and mixed with the matrix solution (in this case DCTB in THF) and put on 
the sample plate. Sometimes ions (in this case NaTFA in THF) are also added to 
simplify the formation of ions on the polymers. The samples are transferred into a high 
vacuum chamber in the machine. A pulsed laser whose energy is absorbed by the matrix 
evaporates the matrix and the sample molecules. Molecules with only one charge are 
then analysed in the mass spectrometer. This gives a selection of readings since not all 
molecules will have only one charge and molecules with higher masses will be more 
difficult to “evaporate”. This is especially true of polymers consisting of poly (ethylene 
oxide) chains “flies” together with Na+. 
 
The four polymers were mixed with THF (20 mg/mL) and 3 μL of this solution was 
mixed with 20 μL matrix solution (20 mg/mL) and 1 μL of NaTFA (5 mg/mL). The 
target was coated with 1 μL of the resulting mixture and dried. Detecting the positive 
ions in the mass spectrometer from Glenium 51 (which is only partly soluble in THF) 
resulted in the spectra seen in Figure 3-9. EVO 26 turned out to be completely soluble 
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dissolve the polymers before the solution was added to the THF solution with the matrix 
and both positive and negative ions were analysed. No signal from the polysulphonates 
could be detected. When analysing negative ions from EVO 26 the spectra in Figure 3-9 
was obtained and it resembles the SEC curve of the polymer. The analysis of the 
positive ions from the same polymers give only one peak, see Appendix 5G. Different 
sample preparation gives different amount of peaks and the cleanest spectra were 
obtained if the polymers were dissolved in methanol before mixed with the matrix. This 
probably results in spectra of the unreacted oligo ethylene oxide monomers existing in 
the sample. 

3.2 Concentrations measurement for the sorption experiments 

The concentrations of the superplasticizers in the water solutions after the sorption 
experiments carried out at Nuclear Chemistry, Chalmers, using the calibration curves 
derived earlier. UV spectroscopy worked well when using the calibration curves for 
Mighty 150 and Rheobuild 1000 derived at 295 nm. For the sorption experiments using 
Glenium 51 and EVO 26 it was determined that it was not possible to use the calibration 
curves for these polymers derived by UV-spectroscopy at 190 nm. The reason for this is 
that some compounds are dissolved from the crushed rock during the sorption 
experiments absorbing UV light around 200 nm (see Figure 3-10). Acidification of the 
water solution did not change the UV- spectra. This excludes that the origin of the 
absorption peak is absorbed carbon dioxide. Attempts to use the calibrations curves 
derived by ATR-IR for these polymers failed due to the lower sensitivity of this method. 
Attempt using another IR-technique also failed due to low sensitivity and to large 
background signal from water. 

0 0

0.2

0.4

0.6

0.8

1.0

1.2
4x10

In
te

ns
. [

a.
u.

]

1000 2000 3000 4000 5000 6000 7000
m/z

1136.360

960.229 1312.505

872.148
1356.540

1400.570

1444.605

1488.656

1532.776
1569.524

2288.146
1657.502

0

1

2

3

4

5

4x10

In
te

ns
. [

a.
u.

]

1000 1500 2000 2500 3000 3500 4000
m/z

Figure 3-9. MALDI-TOF spectra of Glenium 51 (left) in positive reflector mode and 
EVO 26 (right) in negative linear mode. 
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Figure 3-10. UV-Vis absorption from a sorption experiment with Glenium 51. 

3.3 Feasibility study of analysing methods for water leaches from grout 
samples 

3.3.1 Freeze drying 

Three different water leaches from grout samples were analysed. The freeze-dried 
samples were used in the analysis. The dry content (Table 3-4) also includes all other 
non-volatile additives such as different inorganic salts, which are the main component. 

3.3.2 Infrared Spectroscopy (IR) 

Infrared Spectroscopy (IR) of the freeze-dried EVO 26 leaching sample was analysed 
after preparing KBr discs of the freeze-dried powder, using the same equipment as 
described earlier in Sections 3.1.2 and 3.1.3. From the spectra (Figure 3-11) weak 
signals at 2921 cm-1 can be seen and these correspond to saturated carbon groups (CH 
and CH2). These are the only peaks visible clearly originating from organic compounds. 
No traces from EVO 26 can be seen. In Appendix 5H ATR-FTIR spectra of 
concentrated water solutions of the samples are shown, but no difference can be 
detected. 
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Table 3-4. Dry content of the samples. 

Zero
(normal pH grout)

EVO 26
(normal pH grout)

Mighty 150 
(normal pH grout)

Dry content 2.7% 3.2% 2.8%
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Figure 3-11. FTIR-measurements on KBr discs of the freeze-dried powder of EVO 26 
containing sample. 

3.3.3 Ultraviolet Spectroscopy (UV) 

Measuring the UV/Vis-absorptions using the same equipment as described earlier in 
Section 3.1.4 for analysing the received solutions resulted in the spectra given in 
Figure 3-12. The strong absorption is not coming from the superplasticizer since they 
absorb at other wavelengths. 

3.3.4 Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic Resonance (NMR) measurements (1H and 13C) were taken using the 
same equipment as described earlier in Section 3.1.6. The samples were prepared by 
making saturated D2O solutions of the freeze-dried powders. For the 1H-NMR spectra 
(Figure 3-13) the peak at approximately 8.5 ppm was set as reference, for the 
comparison of the spectra. The big peak at approximately 4.8 ppm corresponds to H2O. 
The zero sample show very similar signals as the two other spectra. There are no signals 
from the superplasticizers in the two other samples. The 13C-NMR spectra of the EVO 
26 sample can be seen in Appendix 5I but no signal from EVO 26 can be seen. 
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3.3.5   Matrix Assisted Laser Desorption Ionisation - Time of Flight (MALDI-TOF)
  

To be able to analyse the sample with MALDI-TOF, 7.8 g of the freeze-dried 
hygroscopic salt derived from the EVO 26 sample was extracted using diethyl ether. 
This resulted in 1 mg of colourless oil. The oil was analysed using MALDI-TOF as 
described in the Section 3.1.7. No clear signals from the sample could be detected. 
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Figure 3-12. UV-Absorption of the water solutions as received. 
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Figure 3-13. 1H-NMR spectra of saturated D2O solutions of the freeze-dried leaches. 
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3.4 Results 

The dry content of the analysed superplasticizers varied between 36-45%. The 
structures of the polycarboxylates (Glenium 51, EVO 26) are confirmed, but they are 
different from each other according to the analysis. EVO 26 does not have any 
carboxylate groups along the polymer backbone.  

The results from the analysis of the naphthalene sulphonate confirm the structure of the 
polymers and indicate that the two polymers (Mighty 150, Rheobuild 1000) are very 
similar. 

A method to measure the concentration of the superplasticizer in sorption experiments 
using UV-spectroscopy has been developed. The concentration of Mighty 150 and 
Rheobuild 1000 could be analysed using this method but the polycarboxylates could not 
be analysed with UV/Vis due to interfering absorptions from dissolved compounds 
derived from the crushed aggregate. A method for analysing higher concentrations of 
the superplasticizers has been developed and is based on attenuated total refection FTIR 
(ATR-FTIR). 

Analysis of the organic compounds leached from crushed grout has not been successful. 
Only very weak signals have been detected and none of them originate from the 
superplasticizers. 
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4 THEORY OF BATCH SORPTION AND LEACHING EXPERIMENTS 
 
4.1     Calculations in CTH experiments 
 
4.1.1    Theory of the batch sorption experiment 
 
The usual starting point for modelling sorption of a species A onto a solid is the 
assumption of specific sorption sites S on the solid surface, reacting with A in a similar 
way as an ordinary chemical reaction in solution, to form the surface species AS 
 

ASSA ⇔+  (eq.4-1) 
 
The equilibrium constant K is then: 
 

[ ]
[ ] [ ]SA

AS
K

⋅
=  (eq.4-2) 

 
If a limited number of sorption sites S0 is assumed and only a monolayer of adsorbed A 
is allowed, the resulting expression, identical with a Langmuir adsorption isotherm, is:  
 

[ ]
[ ] [ ] [ ])( 0 ASSA

AS
K

−⋅
=  (eq.4-3) 

 
The isotherm origins from a theory for gas adsorption on surfaces, but is formally also 
applicable for sorption of dissolved species. Note that the sorption is described by two 
constants K and S0. 
 
If it can be assumed that the number of adsorbed species is insignificant compared with 
the total number of sites, the result is the linear isotherm: 
 

[ ] [ ]
[ ] dK
A

AS
SK ≡=⋅ 0  (eq.4-4) 

 
Here the sorption is described by one constant only, the distribution constant Kd, which 
is a composite parameter, consisting of the reaction constant K and a constant site 
density S0. 
 
Now, looking at batch sorption from a purely experimental view, what is measured is 
usually not the distribution of the free species A only but actually the distribution of the 
total sum of all species containing A between two phases: 
 

adsaq AA ⇔   (eq.4-5) 

 
The distribution coefficient D, or Rd, can then be defined as: 
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It is a well known fact in chemistry that distribution coefficients are not constants, 
instead they depend on the total concentration of the “master” species (or “components” 
in other terminology) A, X, Y...etc. 

Attempts to model Rd coefficients from Kd constants is called Surface Complexation 
Modelling (SCM) and it usually requires a large amount of experimental data, not just 
in terms of data but also by making supporting batch sorption measurements of other 
species than just those containing A. 

For example, the protonation of the surface sites should be investigated by sorption of 
H+ in the pH range of interest and the corresponding surface site Ka and surface site 
density S0 (or if collected together: Kd constants of H+) determined.  

Although the results from batch sorption are perfectly suitable for application of SCM, 
it is beyond the scope of this investigation to apply SCM to the results of the batch 
sorption experiments made here.   

In the case studied here, Eu sorption onto granite in the presence of an organic ligand 
with a certain concentration, it is sufficient to say that the Rd values measured at the 
three different pH values are likely to differ from each other because they will depend 
on the degree of: 

1) Eu hydrolysis,
2) organic ligand protolysis and
3) surface site protolysis.

All three processes are affected by changing total concentration of H+, which is what is 
done when batch experiments with different pH are prepared.  Total concentrations of 
Eu, organic ligands and surface sites are kept constant in such a comparison, but in 
some experimental series reported here, the total concentration of organic ligand is also 
changed.

It can also be suspected that a complex solid phase, such as granitic rock, will exhibit a 
number of different surface sites, each interacting differently with the dissolved species.

However, there is also a great maxim in science that says that models should not be 
made more complicated than they have to be. But even a simple SCM for the present 
case will have at least ten adjustable parameters (Kd for all dissolved species, 
constants for hydroxide and organic ligand species, acidic constant for ligand) and the 
number of data points has to be accordingly larger in order to have confidence in the 
parameters obtained from modelling. 

The limitation of this particular investigation is therefore the number of data points 
collected, rather than the particular method of batch sorption for collecting the data.  
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In order to apply a simple SCM on the batch experiments made here, at least three more 
pHs should have been investigated and the replicates should have also been increased to 
triplicates. Separate investigations of the acidity of the granite surface and organic 
ligands may also have to be necessary.  

It is therefore important to be aware of that the following deduction of an expression for 
evaluating batch sorption experiments is made only for Rd coefficients and not for Kd
constants, that would have to be obtained from a SCM of the Rd values. 

To begin with the deduction of an experimental equation for the Rd coefficients, it 
should be noted that these are usually expressed in the unit m3/kg. This is because the 
solid is usually measured by its mass m and not by its volume, and also because of the 
experimental limitation where the amount of adsorbed material is measured indirectly, 
by measuring what is left in solution and using the mass balance, the volume of solution 
V must also be included. 

Rd values are therefore commonly given as: 

mA
VA

kgmR
aq

ads
d A

A
)/( 3 (eq.4-7)

Note that Aads is here expressed as mol adsorbed on solid per volume of solution.

Since the experiments must be made in a container (in this case centrifugation tubes), 
there is always a second solid phase present: the container wall. There is consequently a 
need for a supporting experiment, a reference, where only wall sorption is measured. 

An alternative way to measure wall adsorption and an example of this method is shown 
elsewhere in this report, is to break off the experiment at the desired sampling time, 
empty the tubes, refill with acid and then measure what the acid desorbs from the walls.

Both methods have their risks for introducing errors, possible flaws with the method of 
a supporting experiment will soon be shown.  

Applying the expression for Rd on a supporting experiment, without solid, gives:

wallrefaq

refrefwall
refd mA

VA
R

A
A

,

,
, (eq.4-8)

A terminology is now introduced with Rd, without further indexing, as the 
corresponding coefficient for the batch sorption experiment with solid added to the 
tubes, Rd,ref as the coefficient for a batch sorption experiment without added solid and 
finally Rd,g as the coefficient for the solid, (g  =granite). Henceforth, w will be used for 
wall.

In order to obtain Rd,g, which is of primary interest here, the mass balances for each tube 
must be used
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refiuttrefwrefaqreftot AAAA (eq.4-10)

The summation terms, with indexes utt, i, are to compensate for the n-1 previous 
samples taken at the sampling occasion n.

The total amounts Atot and Atot,ref have to be measured separately. In this work a separate 
tube is used, were the stock tracer solution has been added to 1M HCl to ensure zero 
wall sorption. Samples from this are then taken and measured at the same time as 
samples from the other tubes. Actually, one sample of this acidic reference would 
suffice, but the reasoning for taking further samples was that a mean value of several 
samples would give a more exact value of the total amount added. The samples could 
have been taken anytime, but was conveniently taken at the same time when the other 
samples were taken (one day, one week and one, three and six months).

The concentration C of tracer in the acidic reference is therefore a mean value

n
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V
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,,1 (eq.4-11)

Autt,i,sur and Vutt,i,sur is the measured tracer activity and sampling volume for the acidic 
reference at sampling occasion i, respectively.

Using the mean concentration of tracer stock solution in the mass balances yields:
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Here Vstam and Vstam,ref are the volumes of tracer added to tubes with and without solid, 
respectively.

Rd,ref can now be expressed as:
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Here the volume of the reference sample at start, V0,ref , is adjusted for previous 
samplings. 
 
It is desirable to express Aaq,ref in quantities that is actually measured. The relation is: 
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Inserting this in the expression for Rd,ref yields: 
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=   (eq.4-16) 

 
Since the mass of the tube wall participating in sorption, mw, is unknown, instead of 
Rd,ref , it is necessary to measure the quantity: 
 

wrefd mR ⋅,   (eq.4-17) 

 
Note that this quantity for measuring sorption onto the tube wall is a volume and have 
the unit m3 (or mL in the results presented here). Replicate experiments for wall 
sorption are made here, so again, a mean value can be utilised: 
 

dwrefd LmR ≡⋅,   (eq.4-18) 

  
For a shorter notation the label Ld have been introduced, there is no convention for this, 
so any label can do. 
 
A crucial point now emerges: can this Ld be utilised for measuring sorption on tube 
walls in the tubes with solid added? A development of Rd,ref gives: 

(eq.4-19) 
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Note that Kd constants for wall sorption of each solution species appears in the 
numerator. 
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This shows that Rd,ref is constant, as long as: 

1) [OH] is constant and 

2) Free organic ligand concentration, [L], is constant. 

Thus when utilising separate experiments for tube wall sorption, it must be assured that 
pH is exactly the same in the experiments with and without solid and that the added 
solid does not affect the free concentration of L. 

The first requirement is made here by initially adjusting pH in both tubes to the same 
value. The second requirement is simply assumed: sorption of L onto the added solid is 
neglible compared to what is left in solution. However, separate measurements of L 
sorption onto granite are also made here (see Results section 6.4.3), which have verified 
this assumption: the sorption of superplasticizers onto granite is very weak. 

With precautions taken and warnings made, it is possible to utilise Rd,ref in the form of 
Ld in the mass balance for the sample with solid phase, to get: 
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After some algebra, solving for Rd,g from this, the result is: 
     (eq.4-21) 
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Again, in order to express Aaq in what is actually measured, the relation needed is: 
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Utilising this, the equation for Rd,g is, finally: 
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Note that the terms inside the brackets are all volumes. It is also fairly simple to 
compare the terms for importance and unreasonable values, for example, such as those 
that would yield negative Rd,g. 

4.1.2 Random error propagation in batch sorption measurements 

Since only random and uncorrelated errors caused by fluctuations in measurements are 
considered here, this section is an exercise in the application of the error propagation 
formula on a function F(x,y...): 

.....
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22 ..
22
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x
F

yxF y
2

xF (eq.4-24) 

The function F(x,y...) to apply the formula on is Rd,g. Since Ld and C, the parameters for 
wall sorption and concentration of the acidic reference, respectively, are used as mean 
values, the measured standard deviation of the replicates are taken as errors for these 
parameters. 

Furthermore, the relative errors in the measured volumes and solid mass are judged to 
be small in comparison, since they were weighed with a laboratory balance.  

Therefore, weighing errors were not considered, only errors in number of counts of the 
radioactive tracer for Autt,n, the last sampling, and Autt,i, the previous samplings were 
considered, together with the standard deviations for Ld and C.  

The error in Rd,g is therefore calculated as: 
     (eq.4-25) 
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By analysing the results, it was found that the last two terms were insignificant 
compared with the first two terms and they can safely be omitted in the calculation of 
the error for Rd,g.

4.1.3 Detection levels in batch sorption experiments 

When doing measurements of Rd coefficients with the batch method, as described 
above, there are actually no less than five detection levels (DL) to consider: upper and 
lower DL for the supporting Ld experiment, the “critical” value of Ld beyond where no 
Rd values can be evaluated and finally, upper and lower DL for Rd itself. 

Starting with Ld, it is clear that there is an upper DL when the counting rate in the 
sample approaches background values, due to strong sorption onto the tube wall. At the 
one sigma confidence level, the criterion for detection is here taken as: 
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PBBP B (eq.4-26) 

P is the number of counts in the sample and B is the corresponding value for the 
background. 

This Ld upper DL is then calculated as: 

refd V
BP
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L ,0
0RR

B
P (eq.4-27) 

Where: 
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R
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(eq.4-28) 

R0 is the number of counts in the acidic reference, tcount is the counting time, and the 
other parameters in the equation have been introduced in the Section of theory for batch 
sorption, above. The sample volume Vutt,ref taken from acidic and wall sorption tubes is 
assumed to be the same.  

However, although this upper level of Ld do have importance for judging how strong 
wall sorption that can be detected, it will not have any importance if a Rd value also 
shall be calculated, since it is not possible to calculate a Rd value if already the Ld value 
is near its detection level. 

To be able to calculate Rd, the acidic reference must first be corrected for wall sorption: 

00 /VPLRR dLR (eq.4-29) 

Here R is used for the corrected value. 

In addition, the criteria for detection are now chosen as: 

PRPR
PBBP

P
B (eq.4-30) 

Solving the equation system for Ld yields the “critical” Ld, the largest value where Rd
values can be calculated. 

Turning now to the other end of the measurable range, it is also clear that there is a 
lower DL for Ld, where the difference between acidic reference and wall sorption 
reference is small. 

The criterion for detection is then taken here as: 
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PRRP −−= 00   (eq.4-31) 

 
The Ld lower DL can then be calculated with the expression (eq. 4-27) for Ld, above. 
 
 
For DL of Rd, they will depend on which Ld that is measured, as long as this value is 
below the “critical” Ld. 
 
The detection levels are calculated as: 
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⋅

⋅−
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For upper DL the criterion for detection is the same as for Ld, that is: 
 

PBBP ++=   (eq.4-33) 
 
However, for the lower DL the criterion is now: 
 

PRRP −−=   (eq.4-34) 
   
For results of DL calculations, see Section 5.2.8 investigations for using the Eu tracer. 
 
4.1.4  The time-development of the batch sorption experiments 
 
Although results for Rd at a given sampling period of the batch sorption experiment are 
usually taken as a stand-alone measurement of tracer sorption, it is often found that the 
Rd values collected at different times are not the same. This means that another process 
than just sorption is at work in the batch sorption tubes, namely diffusion. The 
assumption that sorption only is measured is then incorrect, although what to appears to 
be Rd values are measurable.  
  
It means that such apparent Rd values, collected when the system is not in diffusion 
steady-state, can at most be compared with other values at the same time, but they will 
say very little about sorption at another time in the sorption process. 
 
The results may not even be useful for comparison between themselves. For example, a 
comparison should be made of sorption at a given time between different pH, the 
change of pH values will change speciation and there is a risk that dominating species 
will be different. The charge of a species (or charge to size ratio) is what largely 
determines the diffusivity of a certain species, and increasing pH will increase 
hydrolysis of metals, giving them less positive charge. Less positive charge usually 
means faster diffusion, so what appears to be stronger sorption when pH is risen may in 
fact be due to faster in-diffusion in the solid material. 
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It is therefore advisable to collect Rd values when steady-state diffusion conditions are 
proven. This would be proven by consecutive measurements of Rd, made at certain 
intervals that give the same values. 

It is also possible to make a time-dependent evaluation, where in-diffusion curves are 
fitted to the measured Rd values, with diffusivities and limiting Rd values as fitting 
parameters. 

Such fitting of in-diffusion curves is beyond the scope of this investigation, however, 
although results here indeed show the typical in-diffusion behaviour of the measured Rd
values for sorption onto both the granite and, perhaps more surprisingly, the tube walls. 
The plastic tubes obviously possess certain porosity in order for such an in-diffusion 
process to take place. 

In the last samples, from 3 to 6 months however, the measured Rd values are essentially 
constant. It is therefore advisable to only use these values for comparison of tracer 
sorption at different pH. 

4.1.5 Theory of static leaching experiments 

These experiments, where a solid is leached in solution without any replacement of the 
solution with time, can be seen as the reversal of the batch sorption experiment. In the 
latter, in-diffusion and subsequent sorption of tracer is likely to be seen (see Section 
4.1.4), but in the static leaching, de-sorption (i.e. leaching = dissolution) and subsequent 
out-diffusion of a component is usually measured. 

In order to model diffusion processes, a clearly defined geometry is desirable. In the 
cases, here with crushed material of certain size fractions, the best approximation that 
can be done is to have a very narrow size fraction and then assume a spherical geometry 
of the grains. The concentration of tracer in solution diffusing out from a sphere, with 
radius r, immersed in the solution, is given by Crank (1975): 
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C0 is here the initial concentration in the pore volume of the sphere, excluding adsorbed 
substance. Vs and V are the volumes of the sphere and the solution, respectively. α is 
denoted the capacity factor and it is defined by: 

dp K (eq.4-36) 

The capacity factor is a measure of how much tracer that the sphere can hold, both in 
the pore volume and as adsorbed on surfaces of the pore system. 

Kd is the already familiar parameter for sorption, εp and ρ are the porosity and the 
apparent density of the material, respectively. 
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Note that the value of C0 must be known in order to evaluate the effective diffusivity De
and the capacity factor α separately. Instead of C0, it is often the total inventory that is 
known. Let Qtot be the total inventory, then by doing a mass balance: 

s

tot

V
Q

C0 (eq.4-37) 

By inserting this equation for C0 in the diffusion equation, it is clear that this type of 
experiment can only give Qtot and the ratio De/α as the fitting parameters and not De and 
α separately.  

Examples of diffusion curves for this configuration are shown in Figure 4-1. 

The results for these leaching experiments show that out-diffusion steady-state 
conditions have already been reached by the first sampling time. This is to be expected,
considering the very small size of the grains. This corresponds to setting the term within 
brackets in the out-diffusion equation (Eq. 4-35) equal to one, and consequently, only 
the total available inventory of the out-diffusing substance(s) can be evaluated.  
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Figure 4-1. Example of out-diffusion of substance from a sphere, shown as percentage 
of total inventory available. The three curves represent a Kd of 0 for a non-adsorbing 
tracer, 0.001 for a weakly adsorbing and 0.1 m3/kg for a strongly adsorbing tracer. 
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4.2     Calculations in HU experiments 
 
4.2.1   Wall adsorption tests without crushed rock 
 
Sorption percentage S(%) to wall was calculated from: 
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=   (eq.4-38) 

 
where   NTR = counts of the tracer solution (gross)  

NL = counts in solution after experiment (gross) 
NBG= background counts 

 
The error was calculated from: 
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The error has a confidence level of 1�, which means a confidence interval of 68%. The 
measuring time was same for sample and background. 
 
4.2.2  Sorption tests with crushed rock 
 
Sorption S to crushed rock and distribution coefficient Rd were calculated from: 
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where Nfinal = counts of the solution after experiments (gross) 
 N*

TR = counts of tracer solution (desorption corrected)  
S = sorption 

 V = volume of the solution in the sample (m3) 
 m = mass of the solid in the sample (kg) 
 
4.2.3  Desorption from wall in crushed rock experiments 
 
Desorption Sdes from wall was calculated from: 
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where   mAL = mass of the aliquot sample (kg), 
  mTOT = mass of the water in the whole sample (kg) 
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The part of sorption, which is due to the wall sorption, was taken into account by 
subtracting the sorbed amount to wall (desorbed from wall after removal of solution and 
crushed rock) from the activity of the spiking solution: 
 
N*

TR (corrected) = (NTR – NBG) – (NTR –NBG)* Sdes  (eq.4-43) 
 

In addition, Rd,min and Rd,max as the error limits were calculated from equations: 
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When the measurement count rate was near the background the Rd,min was calculated 
from equation: 
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where   2�N = 2�NBG  

Ndes = (NTR – NBG) – (Nfinal – NBG). 
 
4.3   Calculations at PSI (partitioning of radiotracers) 
 
The sorption data are presented in terms of a distribution ratio, Rd, thus relating the 
concentration of radionuclide sorbed per kg solid. The Rd value is used to describe the 
partitioning of a radionuclide between the liquid and the solid phase under constant 
chemical conditions as follows:  
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where  {Ms} = radionuclide concentration on the solid phase (mol kg-1),  
[Ml] = radionuclide concentration in the liquid phase (mol L-1),  
[Madd] = total concentration of radionuclide added (mol L-1),  
V = volume of the liquid phase (L)  
M = mass of solid phase (dry cement or resin, respectively) (kg).   

 
In this study, Rd values have been determined from batch-type experiments using 
radiotracers. They were calculated from the ratio of the activity of the radionuclide on 
the solid phase and its activity in the aqueous solution.  
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where As = radionuclide activity on the solid phase (cpm kg-1),  
Asusp = radionuclide activity in the suspension (cpm L-1),
Al = radionuclide activity in the equilibrium solution (cpm L-1).  
V, m: see eq. 4-47a 

In the case of weakly sorbing radionuclide tracers, i.e. when sorption to the container 
walls can be ignored, Asusp corresponds to the initial activity added (A0). In the case of 
strongly sorbing radionuclides, i.e. when sorption to the container walls cannot be 
ignored, the activity on the solid phase was assumed to correspond to the difference 
between the total activity measured in the suspension before centrifugation and the 
activity in the aqueous phase after centrifugation. The latter approach requires that 
uptake processes by the solid phase of interest and wall sorption are instantaneous 
equilibria. 

Uncertainty on the sorption values was estimated to be ± 10% in the experiments with 
63Ni, while ± 30% is considered to be the uncertainty in the experiments using the 
strongly sorbing tracers 152Eu and 228Th. In the latter case uncertainty is significantly 
increased and caused by sample manipulation after centrifugation, in particular 
resuspension of colloidal material into the supernatant solution. In the Ni(II) 
experiments the main contribution to uncertainty is attributed to heterogeneity of the 
cementitious material used for the sorption studies. 

The radionuclide concentration in solution, [Ml], was calculated by dividing the activity 
determined in solution, Al, by the specific activity of the tracer solution, Aspec: 
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Aspec is defined as follows: 
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where   Astd = measured activity of the standard solution (Bq L-1),
Mstdd  = radionuclide concentration in the standard solution (Bq L-1).

Thus, Aspec was obtained by measuring the activity of the standard solution. The latter 
solution was prepared from an aliquot of the tracer solution. 
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5 EXPERIMENTAL WORK 

This chapter includes description of the analytical methods used (those not mentioned in 
Chapter 3) and experimental procedures employed at HU, CTH, NUMO/CRIEPI, Empa 
and PSI.  

5.1 Analytical methods 

5.1.1 Experiments at CRIEPI 

Liquid phase analyses, both for organic and inorganic analysis, were done for all 
experiment cases. In case of solid phase analysis, EPMA was conducted only for the 
block shaped specimen with to the goal of estimating the relative difference in the 
progression of the leaching alteration front. 29Si-NMR was conducted only on powder 
specimens that were homogeneously altered far enough to estimate the state of C-S-H
during the immersion period. MIP was conducted on the thin-plate shaped and on 5 mm 
thickness of surface area in block shaped specimens. SEM was conducted on thin-plate 
and block shaped specimens, particularly focusing on the surface of altered phases and 
just beneath the altered phases to estimate the difference of shape of hydrates and pore 
size among those hydrates. The other solid phase analyses, i.e. XRD, TG-DTA and DSC 
were conducted on all types of specimens. Different analytical methods were used as 
follows: 

Liquid phase organic analyses: Total organic carbon (TOC) was measured by a 
TOC analyser. Molecular weight of dissolved organics was determined by gel 
permeation chromatography (GPC).  
Liquid phase inorganic analyses: pH of leachate was measured by pH meter, and 
concentration of main elements were analysed by ICP-AES.  
Solid phase analyses (powder, thin-plate and block specimens)  

The physicochemical properties of leaching altered solid phase were analysed by: 

XRD (qualitative analysis of crystal components)  
G-DTA and DSC (quantitative and qualitative estimation of hydrates)  
EPMA (element concentration mapping)  
SEM (visual estimation of pore size and shape of hydrates)  
MIP (pore size distribution)  
29Si-NMR (estimation of connecting condition of Si ion in C-S-H)  

Preliminary results from analytical work including IR and GPC analyses on SPs, cement 
and micro silica slurry done at HCC Chigasaki Technical Center on 27th Jan 2006 are 
presented in Appendix 6. 



58

5.1.2 Hydration study at Empa 

pH measurements: pH was measured using a Knick pH meter (pH-Meter 766) equipped 
with a Knick SE100 electrode. The pH electrode was calibrated against KOH solutions 
of known concentrations.  

Element analysis: The total concentrations of the elements analyzed were determined in 
acidified samples using an inductively plasma optical emission spectrometer (ICP-
OES), type VistaPro (Varian). 

DOC measurements: The concentration of NPOC (non-purgeable organic carbon) was 
determined in filtered pore solutions (see Section 5.2.5) using a Shimadzu TOC-WP® 
analyser. The samples were acidified with 20% H3PO4 prior to analysis. Determination 
of organic carbon is based on UV promoted persulphate wet oxidation and detection of 
CO2 by IR detection. Calibration was carried out in the concentration range ≤ 5 ppm C
using dissolved carbon standards made from hydrogen potassium phtalate (for further 
details see Glaus & Van Loon 2003).

Sulphur speciation: In addition, the concentrations of SO4
2-, SO3

2- and HS- in the pore 
solution of the LAC samples were determined by ion chromatography, iodometry, and 
colorimetry, the total S by ICP-OES in not acidified, alkaline solutions (for further 
details see Gruskovnjak et al. 2006).

TGA: A Mettler Toledo TGA/SDTA 8513 was used for thermogravimetric analysis 
(TGA). Samples of approximately 10 mg were heated in nitrogen atmosphere at 
20 °C/min from 30 to 980 °C 

XRD: The X-ray diffraction (XRD) analyses were performed on a PANalytical X’Pert 
PRO system using CuKα radiation (generator: 40 kV and 40 mA). The samples were 
transferred by backloading into specimen holders of 16 mm diameter. The 
measurements were was carried out between 5 and 80° 2θ with a step size of 0.0167° 
and a counting time of 19.685 s. 

Calorimetry: A conduction calorimeter (Thermometric TAM Air) was used for the
determination of the rate of hydration heat liberation. A part of mixes prepared was 
placed in the flasks, which were then capped and placed into the calorimeter. The heat 
flow was recorded for 72 hours; measuring temperature was 20 °C.

5.1.3 Sorption studies at PSI 

The 63Ni activity was determined with the help of a Canberra Packard Tri-carb 2250 CA 
liquid scintillation analyzer (β counter) using an energy window between 4 keV and 
100 keV. The 63Ni samples for radio assay were prepared by mixing 5 mL aliquots with 
15 mL scintillator (Ultima Gold XR, Packard Bioscience S.A.). Standards for radio 
assay were prepared by mixing 25 μL tracer solution with 5 mL artificial cement paste 
pore water (ACW) or admixture-containing ACW and adding scintillator. It was 
observed that, in the given concentration range (≤ 2 g L-1), the presence of admixtures 
had no measurable influence on the count rate. The total counts in 5 mL aliquots 
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typically amounted to about 4000 cpm, while the count rate was about 250 cpm in the 
supernatant solution. Blanks counting 5 ml ACW resulted in background counts of 
about 35 cpm. 

Total 152Eu and 228Th activities were determined with the help of a Packard Cobra 5003 
auto gamma counter (γ counter) using energy windows between 300 keV and 400 keV 
(152Eu), and 65 keV and 110 keV (228Th). 152Eu and 228Th activities in the supernatant 
solution were further radio assayed by β counting (energy windows: 6 - 90 keV (152Eu), 
140 - 340 keV (228Th). The conversion factor between  and γ counting was obtained 
from measuring the same standards on both instruments. The total β counts for 152Eu in 
5 mL aliquots typically corresponded to about 280000 cpm, while the β count rate 
typically ranged between 1000 and 5000 cpm in the supernatant solution. Blanks 
counting 5 ml ACW resulted in background counts of about 50 cpm. In the case of the 
228Th samples the count rates were as follows: Total counts about 750000 cpm, while 
the β count rate typically ranged between 5000 and 15000 cpm in the supernatant 
solution. Blanks counting 5 ml ACW resulted in background counts of about 100 cpm. 

The high pH of the samples gave rise to sorption of 152Eu and 228Th on the walls of the 
beta vials resulting in a reduction of the measured beta activity by approximately 10% 
compared to samples which were acidified prior to radioassay. Radionuclides sorbed on 
the walls of the beta vials have a reduced probability that the sorbed radionuclide 
radiation interacts with the scintillator, resulting in a lower detection efficiency. As a 
consequence, all 152Eu and 228Th activity measurements presented in this report are 
relative measurements in which the activities in unknown samples are compared to 
activities in standard solutions of known 152Eu and 228Th activities. With this it is 
considered that measurements of standards and samples are subjected to the same 
effects. 

5.2 Experimental procedures 

5.2.1 Leaching tests at HU 

The leaching tests were made for crushed grout with the saline water OL-SR using 
initial pH of 7, 9 and 10 in a glove box. Batches of 10 g of crushed grout were soaked in 
100 mL of OL-SR solution (S:L ratio 1:10) in glass bottles. The bottles were taken out 
of from the glove box and shaken on a rotator. The bottles were kept in the dark to 
prevent any light induced degradation of organics. The evolution of superplasticizer 
leaching from the grout was monitored by the TOC analysis of the solution. The 
analyses were done by Ramboll Finland Oy by oxidation of TOC to CO2 (IR). The total 
leaching time was six weeks when a steady state in TOC-concentration was considered 
having been reached. The pH value in the leaching solution was also monitored. After 
the equilibrium was reached, the solutions were used for the testing of the effect of 
grout leachates on the sorption of europium on rock material. The leachate was filtered 
through 0.45 μm (cellulose mixed-ester membrane) filter before sorption studies. 
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5.2.2 Grout leaching experiments at CTH 

The ten grout samples (four with SP + one SP-free, two grout types: low and normal 
pH) of 0.063-0.125 mm crushed and sieved fraction that have been prepared for these 
experiments (see Section 2.1.2 for sample preparation) were placed inside a N2 glove-
box (MBraun Unilab). 

In the glove-box, 12.5 g samples of grout were transferred to 250 mL polypropylene 
ultra-centrifugation bottles (3120 type, Nalge). 250 mL OL-SR, pH adjusted to 7, 9 and 
10 was added (S:L ratio 1:20) and the bottles were shaken lightly.  

This gave 30 bottles altogether, one sample of each experimental configuration. 
However, as the results of pH measurement would show, pH of leaching solutions were 
exactly the same for the grout samples of given grout type (normal or low pH grout), 
irrespective of the pH of the added OL-SR water. The 30 experiments can therefore 
hereafter be regarded as triplicate experiments of ten different grout samples. 

The progress of leaching was followed by taking samples for Non-Purgeable Organic 
Carbon analysis. Since it was not clear how long period of time the leaching had to 
continue to reach steady state in organic material, and given that as much solution as 
possible should be preserved for further analyses of the organic material,  the sampling 
periods were set at approximately 1 month. 

The pH value was measured (using a Radiometer pHC 3006-9 electrode, a pHM240 pH-
meter and IUPAC pH 7 and 12.45 buffer solutions) in each bottle before samples were 
taken, then the sampling procedure was as follows. 

The bottles were taken outside the glove-box and centrifuged at 12 kG (Beckman J2-21 
with JA-14 rotor) for 15 minutes. The bottles were then returned to the box and 5 mL 
samples of the solution were taken to 7 mL glass vials with caps (Shimadzu) for NPOC 
analyses. These samples were acidified by adding 50 μL 1 M HCl (Fixanal, Riedel de 
Haen) to each sample. 

See Section 5.2.3 for a description of NPOC analyses. 

The samples of 5 mL (giving total 4% volume removal of solution) were also taken for 
analyses of total alkalinity, major cations and Si/Al. These analyses are not yet done.   
Analysis methods are however investigated and selected to be titration for total 
alkalinity, cation exchange chromatography for Na, K, Mg and Ca and finally 
Inductively Coupled Plasma -Optical Emission Spectroscopy (ICP-OES) for Al and Si. 

5.2.3 Analysis of Non-Purgeable Organic Carbon (NPOC) at CTH 

The instrument used for these analyses was of the catalytic combustion type with IR 
detector (Shimadzu TOC-5000A), used with synthetic air (99.999%, Scientific 50, 
AGA) for combustion. Dissolved carbon standards were made from hydrogen 
potassium phthalate (1, 5, 10 and 30 ppm C) and malonic acid (5 and 10 ppm C) by 
dissolving the chemicals (Merck p.A. quality) in OL-SR of pH 5.3 (not pH adjusted, 



61

ambient conditions). The instrument was set to measure at least 3 injections of 20 μL for 
each sample. Data was collected as the mean value for the peak area of the triplicate 
measurements. Four background samples were measured between every sample 
obtained from the leaching experiment. 

A normal run would therefore consist of: 

1) initial 10 background samples 
2) 1, 5, 10 and 30 ppm phtalate 
3) 4 background samples 
4) 5 ppm malonic acid 
5) 4 background samples 
6) 10 ppm malonic acid 
7) 4 background samples 
8) first sample 
9) 4 background samples 
10) second sample,  etc. 

It was found that the initial 10 minutes purging of each sample with synthetic air, made 
automatically by the instrument before measurement, was totally inadequate for the 
removal of inorganic C in the form of CO2 from the acidified, but previously alkaline, 
samples. Measurements made directly after the 1 M HCl addition to an alkaline sample 
usually gave relatively high (about 100 ppm C) and scattered results. Therefore it was 
decided to let the samples stand for at least one week after acidification, prior to 
measurement. This seems to have helped for removing CO2, resulting in considerably 
lower and more stable results. 

5.2.4 Leaching tests at CRIEPI 

Leaching test methods  

Leaching tests were conducted for both uncured fresh grouts and cured hardened grouts. 
Fresh grouts were settled in leachants immediately after mixing. Cured hardened grout 
specimens were immersed into leachants in forms of powder, thin-plate and block-
shape. In all experiments, three types of leachants, synthetic fresh groundwater (ALL-
MR), synthetic saline groundwater (OL-SR) and deionised water, were used (see 
Chapter 2 for materials). Leaching procedures are presented in Table 5-1. 

Fresh leaching test  

Fresh grouts were mixed in accordance with the mix proportions (shown in Table 5-2) 
under 20 °C and were cast into polypropylene vessels immediately after mixing. 
Leachants were poured slowly into the grout embedded vessel after one hour from the 
beginning of mixing. Leachant/grout ratio was fixed as 5.0 in volume ratio. After 
pouring the leachant, vessels were sealed and kept in a N2 gas filled glove box at 20 °C. 
Fresh leaching test is a batch style test. Therefore, the vessels were prepared with 
corresponding to each sampling period. Sampling period was set as 1, 3, 7, 28 and 
56 days.  
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Table 5-1. Leaching procedure. All tests were done in glove box except specimen 
preparation and analyses. 

Table 5-2. Mix proportions of low and normal pH systems (g/g). 

Specimen W/DM UF16/CM GA/DM SP/DM Type of SP
Normal pH 

system
XRef52 1.21 0.930 0.070 - -
Ref52 1.21 0.930 0.070 0.01 SP40

Low pH 
system

XP308B 1.40 0.592 0.408 - -
P308B 1.40 0.592 0.408 0.04 Mighty 150
P379G 1.20 0.592 0.408 0.015 Glenium 51

Powder leaching test  

At 3 months after casting the hardened grouts were ground to a grain size less than 
100 µm. Ground powder specimens were dried by using aspirator for 24 hours. After 
drying, the ground powder specimens were immersed in the leachant at 20 °C. 
Leachant/powder ratios were fixed at 10, 50, 100 and 1000 cm3/g. Powder leaching test 
is a batch style test where the aim was to obtain quantitative data of liquid and solid 
phases under the ionic equilibrium conditions between solid and liquid phase for various 
leachant/powder ratios. All leaching procedures except grinding and drying were done 
in N2 gas filled glove box to avoid carbonation. The immersion period was set for 38 
weeks. Particle size distributions of all powdered samples were confirmed to be almost 
the same (see Appendix 8: Figure 1).  

Thin-plate leaching test  

This test was performed to define physical and chemical properties of uniformly altered 
mass specimens. Therefore, the thickness of thin plates should be as thin as possible. 
The size of specimens was determined to be 0.5 mm x 20 mm x 20 mm based on the 
required stiffness during the handling. In the slicing procedure (at 3 months after 
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casting), ethanol was used as a cooling agent for the blade. Ethanol was dried and 
removed from the specimens by aspirator for 24 hours after slicing. Prepared thin plate 
specimens were immersed in each leachant at 20 °C by placing 16 pieces of specimens 
into one vessel filled with 2 L of leachant. The liquid to solid ratio in leachant volume to 
contacting surface area of specimen is 14.9 cm3/cm2. The leachants were changed every 
six weeks to accelerate leaching by maintaining high ionic concentration gradient 
between leachant and pore water in each solid phase. The leachants were changed four 
times during 30 weeks of total immersion period. All experimental procedures, except 
the specimen preparation, were operated in N2 gas filled glove box to exclude 
carbonation.  

Block leaching test  

Block leaching tests were performed to evaluate the progression rate of the leaching 
alteration front in each grout sample. Each hardened paste was cut into cubic blocks (20 
mm cubes) at 3 months after casting. In the cutting procedure, deionised water was used 
as cooling agent for the blade. Block shaped specimens were dried in an aspirator for 24 
hours after slicing. Prepared cube specimens were immersed in leachant at 20 °C. A 
cube specimen was put into a vessel that was filled with 2 L of leachant. The liquid to 
solid ratio in leachant volume to contacting surface area of specimen is 83.3 cm3/cm2. In 
this block-leaching test, leachate was changed at every four weeks during the immersion 
period, from 1 to 53 weeks, to accelerate leaching alteration by keeping high ionic 
concentration gradient between leachant and pore water in solid phases. All leaching 
procedures, except specimen preparation, were done in N2 gas filled glove box to 
exclude carbonation damage.  

5.2.5 Hydration studies at Empa 

Preparation of cement pastes 

The hydration experiments were carried out at 20° C using the three different cement 
pastes: OPC, LAC and ESDRED based. The composition of the hydrating cement paste 
was investigated after 1 hour, after 28 and 360 days. For each of these time steps, a 
single cement paste sample was prepared as specified in Tables 2-4 and 2-5. The 
nanosilica (Aerosil 200) used for the preparing of LAC has a white colour, while 
SikaFume-HR/TU used for the preparation of ESDRED based paste has a dark grey 
colour (Figure 1 in Appendix 7).

The dosage of Glenium 51 for LAC and ESDRED based cement pastes corresponds to 
the dosage used for the preparation of the bulk material employed in the field 
experiment at the Mt. Terri rock laboratory. For the OPC experiments with Glenium 51, 
1 g of Glenium 51 was used per 100 g of cement. This dosage is slightly lower than the 
dosage used for LAC and ESDRED based pastes, but well above the saturation point of 
the OPC (about 0.35 g of Glenium 51 per 100 g of cement) as determined by a zeta 
potential measurement (Figure 5-1). The dosage of Rheobuild 1000 is chosen to be 
twice the dosage of Glenium 51 with exception of the LAC sample. For the preparation 
of the latter material three times the Glenium 51 dosage was used in order to improve 
workability (Table 2-4).
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For the short-term hydration experiments, i.e. after one hour, small samples of 100 g 
were prepared. For longer hydration times, larger samples consisting of 1 kg cement and 
the appropriate amount of water and admixtures (Table 2-4 and Table 2-5) were mixed 
twice for 90 s according to EN 196-3 (Figure 2 in Appendix 7). The pastes were cast in 
0.5 and 0.1 L PE-bottles, sealed (to exclude the ingress of CO2) and stored at 20 °C for 
the appropriate time (Figure 3 and 4 in Appendix 7).

For each of the mixtures five reference samples were cast for use in future long-term 
investigations. Three of the ESDRED based samples were also mixed with an overhead 
mixer at 7000 rpm for 30 seconds to improve mixing efficiency. Comparison between 
the two mixing methods showed no significant difference in the degree of hydration 
after seven days. 

Solid phases 

After appropriate hydration times, a small portion of the cement paste was cut from the 
0.5 L samples, crushed, washed in acetone to stop the hydration process, dried for two 
days at 40 °C and ground by hand to < 63 m. The powder material was used for TGA 
and XRD measurements. In addition, after approximately the first 24 hours, when the 
pastes were sufficiently hardened, solid samples were cut from the 0.1 L bottles and 
examined immediately by XRD. 
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Figure 5-1. Zeta potential of a suspension of CEM I 42.5 N - HS (Empa No. 5251) 
determined as a function of the amount of Glenium 51 added (Empa No. 5255).
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Pore solutions 

For the short-term hydration experiments, i.e. after one hour, the pore solutions were 
collected by vacuum filtration using 0.45 µm nylon filters. Pore fluids of the hardened 
samples were extracted using the steel die method and pressures up to 530 N/mm-2

using the remaining large portion of the 0.5 L samples. Also these solutions were 
immediately filtered using 0.45 µm nylon filters. The filters were pre-washed with an 
adequate volume of sample solution, which was then discarded. 5 mL of filtrate were 
diluted with 20 mL of Milli-Q water and acidified with 0.2 mL of concentrated HNO3 to 
prevent precipitation of solid phases. These samples were analysed using ICP-OES. 
Additionally, 10 mL of aliquots were collected in glass vials for the determination of the 
dissolved organic carbon content (DOC measurements). Finally, pH measurements were 
carried out immediately after filtration using small aliquots of the pore solution. 

5.2.6 Comparison of the experimental conditions between CTH and HU 

Eu sorption tests on rock were performed at both CTH and HU. When comparing the 
results the differences in experimental set-ups have to be taken into account. The main 
differences in the experimental set-ups and conditions between Chalmers and HU are 
summarised in Table 5-3.  

Table 5-3. Main differences in experimental conditions in sorption studies performed by 
Chalmers and HU. 

Method description Chalmers HU
Eu conc. (M) 10-6 10-10  and 10-9

S:L 1:20 1:100
shaking manual automatic
vessels plastic glass
leaching time (d) 200 42
separation of phases centrifugation centrifugation+filtering
storage glove box (N2) outside glove box
measurements LSC gamma spectroscopy
wall adsorption empty tube after removal of crushed rock and solution 

desorption with 0.1M HCl overnight
calculations Rd see section 4 Rd see section 4
initial pH of waters 8.5, 9, 10 7, 9, 10*
pretreatment water exchanges no treatment
* Not measured during the experiments. 
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5.2.7 Sorption tests (sorption of Eu on rock) at HU 

Equilibration of solutions and solid sample material with the solution prior to starting 
of tests, pH  

All the synthetic solutions used were prepared in CO2 free water. The MilliQ-water was 
boiled and purged with nitrogen gas to remove the carbon dioxide before preparing the 
waters. The solutions were prepared and equilibrated in the glove box. The composition 
of the waters was based on OL-SR recipe (Vuorinen & Snellman 1998), which was 
slightly modified by adjusting the pH of the solutions (see section 2.4.2). The initial 
experimental pH values were 7, 9 and 10. The pH in solution was measured inside the 
glove box using an Orion 3 Star pH meter with glass combination pH electrodes. The 
calibration was done with commercial buffer solutions (pH 7 and 10) from the pH meter 
manufacturer.  

Adding of Eu tracer and Eu concentrations used 

152Eu tracer with Eu concentration of 1x10-9 M was used. The stock solution was diluted 
in 0.1 M HCl and the final dilution to 0.001 M HCl was prepared in the glove box. 
100 µL of the tracer solution was added to 15-20 mL of sample solution. The 
radioactivity measurements of 152Eu were done by gamma spectrometry (Wallac Wizard 
1480). 

Eu sorption with direct addition of SP to experimental solutions 

In the preliminary tests, three parallel samples were prepared. In the further sorption 
experiments with crushed rock four parallel samples were prepared: two for activity 
measurements, one for pH measurement and one was reserved for other analyses. Final 
batch sorption experiments were accomplished by preparing the batches of 0.15 g of 
crushed rock soaked in 15 mL of solution phase (S:L ratio 1:100) in glass tubes. After a 
conditioning of the solid by solution overnight, the radionuclide was added. The tubes 
were shaken on a rotator outside the glove box. Test periods were one week, one month, 
three months and six months. The pH value in the solution was determined after 
concluding the tests. The sample solution was filtered through 0.45 µm (cellulose 
mixed-ester membrane) filter before measurement of Eu-152. Desorption of Eu from the 
tube walls at the end of experiment was done by leaching with 0.1 M HCl solution 
overnight.  

The experiments were carried out at ambient room temperature under nitrogen 
atmosphere to minimize the CO2 concentration. During the experiment the samples 
were in the dark to prevent the possible degradation of superplasticizers. The amount of 
superplasticizer added to solutions is reported as a wet-weight.   

Eu sorption with grout/SP leaching solutions 

In the sorption experiments with crushed rock four parallel samples were prepared: two 
for radioactivity measurements, one for pH measurement and one was reserved for other 
analyses. pH in the solution was determined after finishing the test. Test periods were 
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one week, one month, three months and six months. The experimental procedure was 
otherwise the same as in the case of direct addition of SP. 

Test conditions 

Several preliminary tests were performed prior starting the final sorption experiments. 
These concerned choosing the suitable solid to solution ratio and the concentrations of 
superplasticizer and Eu. The amount of wall adsorption was checked and a suitable 
procedure to take it into account was selected. In addition, the effect of graphite on the 
Eu sorption was tested. 

Effect of europium concentration 

Tits et al. (2003a) observed colloid formation in their grout water experiments and they 
found the critical radionuclide concentration to be approximately 2*10-10 to 5*10-10 M
for Eu(III). Therefore, tests with Glenium 51 at pH 7 were performed to ensure that the 
europium did not precipitate due to exceeding the solubility limit of europium. In these 
tests, the europium concentration was 10-10 M. The results indicate that europium 
concentration of 10-9 M was not critical in these experiments (Table 5-4). The Eu 
sorption remained at the same level as in the case of the lower Eu concentration, except 
for the highest SP concentration (10 g/L).  

Wall adsorption tests without crushed rock 

Europium is highly sorbed on rock material, and on walls of the experimental glass 
vessels. To get an initial idea of its behaviour wall adsorption tests were made. In wall 
adsorption tests the concentrations of superplasticizer were 0.1, 1.0 and 10 g/L (wet 
weight). Two parallel samples were prepared. The contact time was three days.  

In solution containing 1 g/L SP, the highest wall adsorption, 41% to 87% was observed 
for SP40 (Table 5-5). For SP concentration 1 g/L, minimal activity losses were observed 
for Glenium 51 at pH 7 and 9 and only low activity losses were observed for Mighty 
150 at pH 7.  For Glenium 51 at pH 10, the activity loss was slightly over 50%.   

In solution containing 0.1 g/L SP, the highest wall adsorption was observed again for 
SP40. The activity losses were between 43% and 91%. For SP concentration 0.1 g/L, 
activity losses were observed for Glenium 51 between 30% and 84%. For Mighty 150, 
the activity losses were between 38% and 86%.  

In solution containing 10 g/L SP, the activity loss for Glenium 51 was between 57% and 
for SP40 98%. The reverse effect of SP concentration on wall sorption especially in 
case of Glenium 51 may indicate that there is a colloidal or complex formation or 
precipitation of SP. The same effect is observed with SP40, but even in lower 
concentration. In the data sheet of SP40 the pH of the solution is between 10 to 12, but 
the salinity of the solution may cause the conditions to change unfavourable to SP40 
solubility. 
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In order to see the changes more clearly, the average sorption values of parallel samples 
with SP are subtracted from the average sorption values of parallel samples without SP. 
These calculated values are shown in Table 5-6. The obtained subtracted values increase 
as the SP concentration increases. 

Table 5-4. Results of sorption S (%) on crushed rock for Glenium 51 using different 
europium concentrations at pH 7. 

S(%) S(%)
[Eu] 10-9 M 10-10 M
S:L 
1:3

[SP] 
1 g/L

99.63 ± 0.42
99.52 ± 0.42

99.83 ± 1.4
99.38 ± 1.4

S:L 
1:20

[SP]
1 g/L

98.30 ± 0.42
98.81 ± 0.42

98.38 ± 1.4
99.09 ± 1.4

S:L 
1:3

[SP] 
10 g/L

94.64 ± 0.43
94.03 ± 0.43

86.92 ± 1.5
86.97 ± 1.5

S:L 
1:3

[SP] 
0 g/L

99.97 ± 0.42
99.96 ± 0.42

99.77 ± 1.4
99.96 ± 1.4

Table 5-5. Wall adsorption without crushed rock using different cement paste admixture 
concentrations.  

 

SP Initial 
pH 

S(%)  
SP 0.1 g/L 

S(%)  
SP 1 g/L 

S(%)  
SP 10 g/L 

Glenium 51 7 29.79 ± 0.61 
31.79 ± 0.60 

0 
1.99 ± 0.53 

56.41 ± 0.36 
57.75 ± 0.36 

 9 84.03 ± 0.45 
83.30 ± 0.45 

7.10 ± 0.73 
0 

 

 10 77.20 ± 0.46 
76.06 ± 0.46 

57.47 ± 0.51 
59.37 ± 0.50 

 

SP40 7 44.40 ± 0.55 
42.70 ± 0.56 

40.59 ± 0.56 
44.94 ± 0.55 

 

 9 90.96 ± 0.43 
90.74 ± 0.43 

82.13 ± 0.45 
83.49 ± 0.45 

 

 10 73.91 ± 0.47 
73.04 ± 0.47 

86.94 ± 0.44 
87.48 ± 0.44 

98.11 ± 0.43 
97.83 ± 0.44 

Mighty 150 7 39.95 ± 0.57 
38.20 ± 0.57 

21.62 ± 0.64 
10.09 ± 0.71 

 

 9 84.17 ± 0.45 
86.38 ± 0.44 

53.09 ± 0.46 
54.35 ± 0.46 

 

 10 71.44 ± 0.47 
67.69 ± 0.48 

40.96 ± 0.56 
42.00 ± 0.56 

 

No SP 7 71.81 ± 0.47 
67.69 ± 0.48 

71.81 ± 0.47 
67.69 ± 0.48 

71.81 ± 0.47 
67.69 ± 0.48 

 9 93.11 ± 0.43 
92.30 ± 0.43 

93.11 ± 0.43 
92.30 ± 0.43 

93.11 ± 0.43 
92.30 ± 0.43 

 10 42.83 ± 0.56 
42.83 ± 0.56 

42.83 ± 0.56 
42.83 ± 0.56 

42.83 ± 0.56 
42.83 ± 0.56 
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Table 5-6. Wall adsorption without crushed rock using different cement paste admixture 
concentrations. The average sorption values of parallel samples with SP are subtracted 
from the average sorption values of parallel samples without SP. 

SP Initial 
pH 

S(%)  
SP 0.1 g/L 

S(%)  
SP 1 g/L 

S(%)  
SP 10 g/L 

Glenium 51 7 39 69 13 
 9 9.0 89  
 10 -34 -16  
SP40 7 26 27  
 9 1.9 9.9  
 10 -31 -44 -28 
Mighty 150 7 31 54  
 9 7.4 39  
 10 -26.7 1.4  

 

Desorption from wall in crushed rock experiments 

After removing the crushed rock and solution, the sample tube was treated with 0.1 M 
HCl overnight. The activity in the solution was measured to obtain the proportion of the 
wall adsorption. To ensure that all europium was removed by the first acid washing, 
there was a second acid washing done with 4 M HNO3. The results confirmed that only 
minor amounts (max 0.5% of wall adsorption) of Europium remained on the wall after 
the first acid washing. In addition, the acid washed sample tubes were measured by 
gamma spectrometry. The amount of Europium remaining on the tube wall was a 
maximum of 5% of the amount of activity in the first acid washing solution. The 
amount of this adsorption was subtracted from the solution radioactivity when 
determining Rd values for sorption. Both glass and polypropylene tubes were tested.  

Sorption on crushed rock for different S:L ratio 

In the preliminary test the solid to solution ratios were 1:3, 1:20 and 1:100 using 1 g/L 
(wet weight) concentration of the superplasticizer. The contact time was one week. 
There was a decrease of the sorption percentage when the solid solution ratio decreased 
(Table 5-7). When the errors are taken account, any effect of the solid to solution ratio 
on Rd values was not observed. The S:L 1:100 was selected for final experiments, 
because the solution to be measured would therefore contain the highest amount of 
radioactivity and the detection limit of the gamma spectrometry would be best crossed. 

Effect of SP concentration 

In the preliminary test SP concentrations of 1 and 10 g/L (wet weight) were used. The 
effect of SP concentration on the sorption of Europium on crushed rock in saline water 
was studied with Glenium 51 at pH 7 and SP40 at pH 10 using the solid to solution ratio 
of 1:3 (Table 5-6). The increase of Glenium 51 concentration decreased the sorption of 
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Europium. When the errors are taken account, any effect on the increased SP40 
concentration to the sorption of Europium was not observed.   

The final experiments were performed at two different SP-concentrations 0.1 and 1 g/L, 
which were decided based on the preliminary tests. According to these tests, suitable 
concentration was lower than 10 g/L. The 0.1 g/L concentration was selected so that 
there would be enough SP in the solution to observe a measurable change. 

Effect of graphite to Eu sorption 

Since the bedrock at the final nuclear waste disposal site in Olkiluoto may contain 
minor amounts of graphite, it was decided to test the effect of graphite on the Eu 
sorption. Otherwise, the rock for the experiments was chosen to contain as little as 
possible graphite so that its existence would not interfere with the experiments and the 
effect of SP’s would be seen more clearly.  

Table 5-7. Results of sorption (Rd (m3/kg), (error%)) on crushed rock. 

S:L 1:3 1:20 1:100 1:3 
SP 1 g/l 1 g/l 1 g/l 10 g/l
Initial pH7
Glenium 51 0.82 (-54,+1363)

0.62 (-39,+1835)
0.87 (-20,+38)
1.2 (-23,+58)

1.2 (-8.3,+8.3)
1.3 (-0,+7.7)

0.053 (-7.5,+5.7)
0.047 (-4.3,+6.8)

SP40 12 (-92,+0)
5.6 (-85,+114)

< 64
19 (-84,+237)

12 (-34,+100)
83 (-78,+395)

Mighty 150 4.8 (-83,+150)
< 12

33 (-90,+94)
18 (-83,+256)

13 (-38,+108)
14 (-36,+164)

No SP 9.2 (-90,+30)
7.3 (-88,+64)

49 (-93,+31)
35 (-91,+83)

97 (-80,+319)
144 (-86,+185)

6.6 (-87,+97)
< 13

Initial pH9
Glenium 51 0.93 (-48,+1190)

1.0 (-49,+1100)
SP40 < 12

8.1 (-89,+48)
Mighty 150 7.5 (-88,+60)

11 (-92,+9.1)
No SP 6.1 (-86,+97)

11 (-92,+9.1)
Initial pH10
Glenium 51 3.4 (-72,+253)

3.5 (-78,+243)
47 (-93,+36)
19 (-84,+237)

29 (-55,+1214)
27 (-52,+1296)

SP40 < 12
10 (-91,+20)

< 64
36 (-91,+78)

11 (-34,+73)
16 (-41,+200)

3.6 (-78,+261)
< 13

Mighty 150 7.4 (-88,+62)
8.1 (-89,+48)

5.6 (-61,+1043)
6.9 (-67,+828)

4.9 (-18,+27)
3.5 (-11,+20)

No SP < 12
12 (-92,+0)

16 (-82,+313)
16 (-82,+313)

51 (-39,+665)
46 (-65,+726)

7.5 (-88,+73)
9.4 (-90,+38)



71

The experiments containing graphite were made using grain sizes of 1-2 µm (BET 
20.28 m2/g) from Aldrich. Graphite was added as 1 wt% of the crushed rock used in the 
experiment. The S:L ratio was 1:100. The water was OL-SR at initial pH 7, 9 and 10 as 
in the previous experiments. Only the one week contact time was tested.  

Monitoring and sampling procedures 

The pH was measured in the water immediately before and after the experiment. 
Figure 5-2 shows the off-end of test pH in the sorption experiments. The pH values are 
trending towards, pH 7 is approximately a pH of 8 and the initial pH of 10 is 9.2. Both 
initial pH 7 and 10 are clearly approaching the pH of 8.5. 

5.2.8 Sorption tests (sorption of Eu on rock) at CTH 

Preliminary investigations for using the Eu tracer 

The target total Eu concentration for the tracer solution was 1 10-9 M. This is well below 
the calculated solubility limit of Eu(OH)3(s), which according to literature data (Baes & 
Mesmer 1986) has a minimum of about 1 10-8 M (Figure 5-3). 

Due to a mistake in reading the specification of the tracer stock solution that was used, 
the concentration of the tracer in the subsequent sorption experiments were actually 
1000 times higher than intended (0.6 μM instead of 0.6 nM). 0.6 μM is -6.2 in log C 
and, as can be seen in Figure 5-3, this is well above the expected solubility limit. There 
is therefore a risk of precipitating Eu(OH)3(s) in the sorption experiments, particularly 
in the cases were no superplasticizers are added (in the reference experiments). 
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Figure 5-2. Evolution of pH in crushed rock sorption experiments for different contact 
time for initial pH 7, 9 and 10. 
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A new set of reference experiments with lower total Eu concentration will therefore be 
started to confirm whether a possible Eu precipitation have taken place or not. Those 
results are not yet available.  

However, there are two strong reasons to believe that the higher than intended total Eu 
concentration may not be an issue after all:  

1)  According to the results of the sorption experiments, there are no obvious signs of 
Eu precipitating during the experimental period. This would have given sudden 
drop-outs of Eu activity from solution, giving very high, incorrect “Rd values”. This 
was not found to be the case. Instead, the Rd values followed a smooth increase with 
time, typical for the expected in-diffusion process.  

2)  The literature data on Eu hydrolysis is incomplete, the data on the beta constants for 
the Eu(OH)2

+, Eu(OH)3 and Eu(OH)4
- complexes used for generating the curves in 

Figure 5-3 are actually taken as approximately mean values from data for other 
lanthanides, given in Baes & Mesmer (1986). The more recent data from Jiminez-
Reyes et al. (2006) also show considerably higher solubility of Eu(OH)3(s). 
However, the authors in the latter work were not able to confirm the presence of the 
higher Eu-OH complexes, only the first complex was verified and again the rough 
mean values from the data for other lanthanides in Baes and Mesmer had to be used 
to generate the curves in Figure 5-3. 
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Figure 5-3. Speciation of Eu and solubility limit of Eu(OH)3(s). Solid lines: according 
to Baes and Mesmer [4] (heavy line I=0, weak line I=0.52M), dashed lines: according 
to Jiminez-Reyes et al. [5]. [Eu]tot= 1 10-5 M. Legend: E=Eu, O=OH.
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In Baes and Mesmer (1986), the authors state Eu solubilities from 0.95 down to 
minimum 0.52 μM for Eu(OH)3(s) in 2 to 4 M NaClO4, respectively. Those results were 
obtained by titrations in the pH range 5-8. The last findings are particularly important 
for our work, since it clearly indicates that the solubility limits for Eu may be far higher 
than the rough and incomplete data in Figure 5-3 shows. Finally, the strong interactions 
of Eu with superplasticizers and solid phases, (both mineral and tube walls), are factors 
that will work to the benefit of increased solubility in the sorption experiments. 

Liquid Scintillation Counting (LSC) was selected for detection of the 152Eu tracer ( ,γ-
emitter, t½=13 y) and therefore another issue for a preliminary investigation was a 
possible quenching of the scintillation light due to superplasticizers (SP) added to the 
water. 

A series of samples with the same amount of 152Eu but with increased SP additions were 
made in order to obtain possible quenching curves. The addition scheme and the results 
are shown in Table 5-8. As can be seen in Table 5-8, the variation of the counting 
efficiency with increased SP concentrations was generally small and no clear trends 
were discerned. By comparing only the efficiencies for zero and the highest SP 
concentration, results indicate that some quenching may occur with Mighty 150 and 
Glenium 51. This would imply less measured radiation for samples of these solutions
and consequently false higher Rd values. However, in the concentration range for the 
sorption experiments (< 1 g/L) the variations with concentration and SP type are judged 
to be random. The associated quenching parameters obtained from the LSC program 
(LKB Wallac Rackbeta 1219) were therefore not used to correct the measured counting 
rates. 

Also, corrections for radionuclide decay during the period of the sorption experiments 
were judged to be unnecessary, mainly because of the methodology were samples taken 
at exactly the same time were evaluated relative to each other only. 

With the total Eu concentration established at 0.6 μM, the specific activity of the tracer 
(Isotrak EFY72) stated as 6 1012 Bq/mol, the detector counting efficiency measured to 

75%, sample volumes taken for counting selected to 0.2 mL and the counting time 
selected to 60 minutes, the lower and upper detection limits of Ld (for wall sorption) and 
Rd (for mineral sorption) values were calculated according to methods outlined in 
Section 4.13. The results for Ld values are shown in Table 5-9. 

Since the detection level for Rd values depend on the Ld value for the corresponding 
wall sorption measurement, the results are presented in Figure 5-4. 
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Table 5-8. Measured 152Eu counting efficiencies on a LSC instrument (LKB Wallac 
Rackbeta 1219) for different concentrations of SPs. Concentrations of SPs are from wet 
weights. 

Counting Efficiency (%) SP conc (g/L) 
Migthy 150 EVO 26 Glenium 51 Rheobuild 

1000 
0 75.3 77.0 75.1 71.9 

0.32 77.0 76.3 70.5 71.6 
1.6 73.2 76.9 75.6 71.0 
8 75.3 75.3 70.2 72.0 
16 72.1 77.1 72.8 69.8 
40 70.4 76.2 71.9 69.8 

 

Table 5-9. Nominal detection limits (1 ) for wall sorption, calculated according to the 
selected experimental configuration. See the explanation of the unit from the Section 
4.1.1.

 Ld (mL) 
Upper detection limit 1.4 105 
Lower detection limit 1.4 10-2 
“Critical” point for Rd measurement 4.2 103 
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Figure 5-4. Upper and lower detection levels (1 ) for solid sorption Rd values as 
function of the wall sorption Ld values. Rdmin= lower detection level, Rdmax= upper 
detection level. 
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As can be seen in the Figure 5-4, the detection levels for Rd are fairly constant (Rd upper 
level 2.9 102, lower level 2.9 10-5 m3/kg) when wall sorption is weak, however, when 
wall sorption becomes stronger the detection levels quickly approach each other and 
coincide at the “critical” point.

Note that all detection limits given here are nominal values, which means that they are 
calculated for the nominal experimental configuration. The real detection limits will be 
different for each experiment. This is due to slight variations in solution volumes and 
solid mass from the nominal configuration. The real values for each experiment have 
not been calculated here, because they are judged to differ very little from the nominal 
values.  

Preparation of the Eu tracer solutions 

Solutions of 1.11 and 0.111 g/L (wet weight) superplasticizer (SP) in 1 L OL-SR were 
prepared by dissolving SPs in OL-SR in glass bottles and then transferring the solutions 
into the glove-box for pH adjustments to pH 7, 9 and 10, this procedure is described 
above in Section 2.4.2 Preparation of Synthetic Groundwater. 

Information on the SPs used in the experiments is presented in Table 5-10. 

For addition of 152Eu tracer solution, batches of 37 mL pH-adjusted SP solutions in 
OL-SR were transferred to plastic vessels with magnetic stirrers. The 152Eu tracer that 
was used (Isotrak EFY72) is specified as a 4.3 MBq/g solution at reference date 2004-
10-10 and is to contain 100 μg Eu/mL ([Eu]tot= 6.6 10-4 M, specific activity= 6.5 1012

Bq/mol) in 0.1M HCl solution. The tracer was diluted with 0.1M HCl by transferring 
the whole content (1 g) of the ampoule in to a glass vial to final volume 2 mL, giving 
[Eu]tot= 3.3 10-4 M. 72 μL of this solution was added to each 37 mL SP solution, giving 
[Eu]tot= 6.4 10-7 M.

The pH was now adjusted again. However, since the “equilibrium” solution with water 
exchanges of the solid phase (see Sorption experiments) indicated pH values of 8.5, 9 
and 10 when using in-going OL-SR water adjusted to 7, 9 and 10 respectively, it was 
decided to run the pH 7 experiments at pH 8.5 instead. The final adjustment of pH in the 
tracer solutions was therefore to 8.5, 9 and 10. The addition of SP/tracer solution to the 
sorption tubes (see Sorption experiments) finally gave SP concentrations at 1 and 
0.1 g/L and [Eu]tot= 5.8 10-7 M.

A similar procedure was done for the Eu tracer solution without SP addition, to be used 
for sorption reference experiments.

For the experiments where SP was to be added indirectly to a Eu tracer solution, namely 
by the means of possible leaching from grout, it was noticed during preparation of the 
tracer solutions that the available Eu tracer stock solution was 1000 times higher than 
what was assumed. Upon realising this error, these solutions were therefore prepared 
with about five times lower [Eu]tot than the tracer solutions with direct additions of SP, 
described above. The procedure for preparation was as follows: 
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The bottles with ten types of grout leaching solution (four SP +one SP free, two cement 
types) were taken outside the glove box and centrifuged at 12 kG (Beckman J2-21 with 
JA-14 rotor) for 15 minutes. The bottles were then returned to the box and 37 mL 
samples of the solution were taken and transferred to plastic vessels with magnetic 
stirrers. 

The Eu tracer was now prepared by diluting the initial 2 mL, as obtained from the 
ampoule, to a total volume of 10 mL with 0.1 M HCl, giving [Eu]tot= 6.6 10-5 M.  

100 μL of this solution was added to each 37 mL grout leaching solution, giving [Eu]tot=
1.8 10-7 M. pH was now adjusted, this time to the values of 9.5 and 12.1 for low and 
normal pH grout leaching solutions, respectively. These pH values were taken from the 
results from the leaching experiments (See results Section 6.2, Grout leaching 
experiments).   

Table 5-10. Specification data of the four superplasticizers used in sorption and 
leaching experiments, from provided data sheets. PNS= polynaphthalene sulphonate, 
PC= polycarboxylate  

  Mighty 150   
Sikament 
EVO 26   

Glenium 
51   

Rheobuild 
1000 

TYPE PNS  PC PC ether PNS 
  formaldehyde 
  condensate 
  Na+ salt 

Solids 40 40 35 41 
content (%) 

pH 9 5 6.6 8 
Density kg/L) 1.2 1.1 1.1 1.2 

Shelf-life 12 months 
12 

months 12 months 12 months 
Recommended  

dosage  0.4-1 0.1-1.1 0.4-0.7 0.4-2 
(L/kg cement) 

Date stamp 1/24/2006 2/15/2006 2/15/2006 
Batch 1669 I145X I276N 

Provided by Sika AS Sika AB 
MTB-

Degussa. 
MTB-

Degussa. 
  Norway Sweden Sweden Sweden 

Produced by ScanCem Sika AB 
MAC 
S.P.A. 

MAC 
S.P.A. 

  Chemicals Italy Italy 
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5.2.9 Eu sorption onto granite with direct addition of superplasticizers at CTH 

The experimental methodology employed here follows, to a large extent, the 
recommended standard methodology for doing batch sorption experiments with tracer 
and crushed rock samples in the SKB Site Specific Investigations (Byegård & Larsson 
2005). Slight deviations may occur, the most notable is the lower solid: liquid ratio 
selected here, decreased from the recommended 1:4 to 1:20. This choice was made to 
improve detection levels, the decreased ratio allows both increased sampled amounts 
(maximum 2% volume is the recommended value) and also increased overall amount of 
tracer loading. An overview of the experimental schedule is given in Table 5-11. 

Initial Preparations 

A weight of 0.5 g of crushed and sieved Kivetty granite (graphite free, 0.045-0.2 mm 
size fraction) were weighed in 13 mL polypropylene centrifugation tubes with screw-
cap (Sarstedt 541.500). The tubes were weighed prior to filling. Two samples were 
prepared per experimental configuration. In addition, two empty tubes for duplicate wall 
sorption experiments were also weighed. One tube for acidic references was weighed 
per each Eu tracer solution used. This gave a total of five tubes per each Eu tracer 
solution, prepared with a given superplasticizer (SP) type (if present), SP concentration 
and pH (see Section 5.2.8 Preparation of Eu tracer, above). 

The tubes were placed inside a N2-filled glove-box (MBraun Unilab), adding 10 mL of 
OL-SR (see Section 2.4.2 Preparation of OL-SR water, above) adjusted to pH 7, 9 or 10 
and then shaken lightly. After about one week of standing, the pH was measured 
(Radiometer pHC 3006-9 electrode, pHM240 pH-meter and IUPAC pH 7 and 10 buffer 
solutions) in some of the tubes. Then, all the tubes with granite samples were 
centrifuged, inside the glove-box, with a table centrifuge (Labofuge200) at about 4 kG 
for 15 minutes. 9 mL of the water phase was then removed and replaced by fresh 
OL-SR of the appropriate pH and the tubes shaken again. Samples for wall sorption 
studies (i.e. without solid phase) underwent the same procedure, except that no 
centrifugation was used before replacing 9 mL water. The water exchange procedure 
was repeated four times until measurements of fairly constant pH indicated that the 
granite samples were “equilibrated” with OL-SR. Water was left in tubes (with and 
without granite) was analysed for dissolved organics by measuring Non-Purgeable 
Organic Carbon (see Section 5.2.3 above). 
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Table 5-11. Experimental schedule for Eu sorption onto granite with direct addition of 
superplasticizers. Multiplication factors and number of experiments (bold). 

Eu sorption 
experiment: 

Wall Wall+SP Wall+Solid Wall+Solid+SP 

Solid phase - - 1 1 
SP - 4 - 4 
SP conc - 2 - 2 
Water phase 1 1 1 1 
pH  3 3 3 3 
Replicates 2 2 2 2 
Total 6 48 6 48 
Total number of experiments 108 
 

Start of the experiment 

The Eu tracer solutions that were prepared with pH 8.5, 9 and 10 (see Section 5.2.8 
Preparation of Eu tracer, above) were used for replacing 9 mL of the “equilibrium” 
solution in the centrifugation tubes. The replacement was done in same way as a water 
exchange, described above, except that this time the tubes were weighed before and 
after the tracer solution was added. 

Acidic references were also prepared for measuring the total addition of Eu tracer. Here, 
the tracer solution was added directly to weighed empty tubes, the tubes weighed again 
and then transferred outside the glove box, where 5 mL of 1 M HCl was added to each 
tube. Again, the tubes were weighed.   

Sampling and measurement 

The sampling procedure was to centrifuge the tubes with solid phase at 4 kG 
(Labofuge200) for 15 minutes and then, from all tubes, to decant 0.2 mL (2% of 
available volume) into 20 mL glass vials (High Performance, PerkinElmer) for Liquid 
Scintillation Counting (LSC) measurements. A 20 mL LSC cocktail (Emulsifier Safe, 
PerkinElmer) was added to each sample and the counting rate measured with a LSC 
instrument (LKB Wallac Rackbeta 1219), after at least one hour of standing, in order to 
let any chemiluminiscense decay first. Maximum counting time was 60 minutes, or a
maximum number of counts 1 106 counts, whichever occurred first. Samples were taken 
at one day, one week, one month, three and six months.  The tubes were weighed 
immediately before and after taking the sample. All the tubes were shaken lightly after 
each sampling. 
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5.2.10 SP sorption onto granite at CTH 

An overview of the experimental schedule is given in Table 5-12. 

Initial Preparations 

The preparations were almost the same as for the experiments with Eu tracer, described 
in Section 5.2.9 above, the only exceptions were: 

The batch experiments were scaled up in size because of the requirements for larger 
sample volumes. Therefore, 1.75 g of crushed granite was weighed in 50 mL ultra-
centrifugation tubes (3119 “Oak Ridge” type, Nalge), the filling and exchange 
volumes of OL-SR were 35 mL and 31.5 mL, respectively. Because of the larger 
tube size, the tubes had to be centrifuged outside the box, using an ultracentrifuge 
(Beckman J2-21 with JA-17 rotor), with 8 kG for 15 minutes.  
For these experiments, no acidic reference tubes were prepared. Instead, samples 
were to be taken directly from the prepared SP solutions.  

Start of the experiment 

The prepared OL-SR solutions with 1.111 g/L dissolved SP without any Eu tracer 
addition adjusted to pH 8.5, 9 and 10 (see Section 5.2.8 Preparation of Eu tracer 
solutions, above), were taken directly from the glass flasks to replace 31.5 mL of the 
final “equilibrium” water in the tubes. The replacement was done in same way as a 
water exchange, described above, except that this time the tubes was weighed before 
and after the tracer solution was added. 

Table 5-12. Experimental schedule for SP sorption onto granite. Multiplication factors 
and number of experimental period (bold).

Eu sorption experiment: Wall+SP Wall+Solid+SP 
Solid phase - 1 
SP 4 4 
SP conc 2 2 
Water phase 1 1 
pH  3 3 
Replicates 2 2 
Total 48 48 
Total number of experiments 96 
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Sampling and measurement 

The sampling procedure was to remove the tubes with solid phase from the glove-box 
and to centrifuge them at 8 kG (Beckman J2-21 with JA-17 rotor) for 15 minutes and 
then, inside the glove-box and from all tubes, to decant 0.7 mL (2% of available 
volume) into 7 mL glass tubes with caps (Shimadzu). The samples were then diluted to 
7 mL with OL-SR of pH 5.3 (not pH adjusted OL-SR, ambient conditions). The samples 
were then analysed by UV spectroscopy for SP concentration (see separate Section 3.2 
for SP analysis by UV spectroscopy). Samples were taken at one day, one week, one 
month, three and six months. The tubes were weighed immediately before and after 
taking the sample. All the tubes were shaken lightly after each sampling. 

5.2.11 Eu sorption onto granite with grout leaching solutions at CTH 

An overview of the experimental schedule is given in Table 5-13. 

Initial Preparations 

Since it was found that leaching of normal and low pH grouts with OL-SR, gave pH 
values of leaching solutions at 12.1 and 9.5, respectively (see Section 6.2 for Results of 
Leaching Experiments), and that it had previously been concluded that it should be 
impossible to prepare a stable OL-SR at pH 12.1 (see Section 2.4.1 of Preliminary 
investigation of OL-SR), it was decided to use OL-SR leaching solution of SP-free
grout of the respective type for the initial water exchange procedure for “equilibration” 
of the granite sample with liquid phase. 

The SP-free grout leaching solution was obtained by centrifuging of the appropriate 
leaching experiments (see Section 5.2.2 above) outside the glove-box at 12 kG 
(Beckman J2-21 with JA-14 rotor) for 15 minutes and to take samples of the solution. 

Table 5-13. Experimental schedule for Eu sorption onto granite with grout leaching 
solutions. Multiplication factors and number of experiments (bold). 

Eu sorption 
experiment: 

Wall Wall+SP Wall+Solid Wall+Solid+SP 

Solid phase - - 1 1 
SP - 4 - 4 
SP conc - 1 - 2 
Water phase 1 1 1 1 
Cement type 2 2 2 2 
Replicates 2 2 2 2 
Total 4 16 4 16 
Total number of experiments 40 
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Samples of 0.5 g of crushed and sieved Kivetty granite (graphite free, 0.045-0.2 mm 
size fraction) were weighed in 13 mL polypropylene centrifugation tubes with screw-
cap (Sarstedt 541.500), with tube empty weights measured. Two samples were prepared 
per experimental configuration. In addition, two empty tubes for duplicate wall sorption 
experiments were also weighed. One tube for acidic references was weighed per each 
Eu tracer/leaching solution used. This gave altogether five tubes per tracer solution. 

The tubes were taken inside a N2-filled glove-box (MBraun Unilab), 10 mL SP-free 
grout leaching solution were added and then the tubes were shaken lightly. 

After about 1 week, the pH was measured (Radiometer pHC 3006-9 electrode, pHM240 
pH-meter and IUPAC pH 7 and 12.45 buffer solutions) in one representative tube at 
each pH. Then, all the tubes with granite were centrifuged, inside the glove-box, with a 
table centrifuge (Labofuge200) at about 4 kG for 15 minutes. Then 9 mL of the water 
phase was then removed and replaced by “fresh” SP-free leaching solution and the tubes 
shaken again. 

Samples for wall sorption studies (i.e. without solid phase) underwent the same 
procedure, except that no centrifuging was used before replacing 9 mL of the water with 
fresh solution. 

However, for these experiments, the water exchange procedure was not repeated, as was 
done for the other sorption experiments, described above. This is because the pH 
readings taken after the fluid exchange gave pH values that were close to the original 
grout leaching solutions. This indicated that the granite at this time was already 
“equilibrated” with grout leaching solution. 

Start of the experiment 

The Eu tracer solutions that were prepared with pH 9.5 and 12.1 grout leaching 
solutions (see Section 5.2.8 Preparation of Eu tracer, above) were used for replacing 
9 mL of the “equilibrium” solution in the centrifugation tubes. 

Otherwise, the start of these experiments followed the same procedure as for Eu 
sorption onto granite with direct additions of SP (see Section 5.2.9 above). 

Sampling and Measurement 

Sampling and measurement were made exactly the same as for Eu sorption onto granite 
with direct additions of SP (see Section 5.2.9 above). 

5.2.12 Batch sorption experiments using cement paste and Dowex resin at PSI 

All experiments were carried out in duplicate in 40 mL polyallomere centrifuge tubes in 
a glove box under a controlled N2 atmosphere (O2 and CO2 ≤2 ppm) at room 
temperature (T=23 ±3 ºC). The batch-type sorption experiments were carried out in 
centrifuge tubes, which were pre-washed, left overnight in a solution of 0.1 M HCl, and 
thoroughly rinsed with de-ionised water before use.  
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For the uptake experiments, the original stock solutions containing the admixtures were 
diluted with ACW to prepare a dilute suspension of 2 g L-1 (i.e. 2 g stock solution of 
cement paste admixture diluted in 1 L ACW). This corresponds to the following dry 
weight and organic carbon concentrations of the admixture suspensions: Glenium: 0.7 g 
L-1 (dry weight) or 0.36 g L-1 (NPOC), Rheobuild: 0.82 g L-1 (dry weight) or 0.42 g L-1

(NPOC), Sigunit: 1.2 g L-1 (dry weight) or 0.05 g L-1 (NPOC). The composition of 
ACW corresponds to a cement paste porewater in equilibrium with HCP in the early 
stage of cement paste degradation, i.e., [K]t = 0.18 M, [Na]t = 0.114 M, [Ca]t = 1.6·10-3

M, [Al]t = 5·10-5 M, [S]t = 2·10-3 M, [Si]t = 5·10-5 M. The basic preparation of ACW is 
described elsewhere (Wieland et al. 2006). The uptake experiments were carried out at 
solid-to-liquid (S/L) ratios of 2.5·10-2 kg L-1 for Ni, and 2.5·10-4 kg L-1 for Eu and Th. 
The S/L ratio was reduced in the latter experiments to ensure statistically significant 
radioassay measurements. For the preparation of the Ni sorption samples 1 g crushed 
HCP was weighted into the centrifuge tubes. For the Eu and Th sorption samples 
appropriate aliquots were withdrawn from a vigorously stirred stock suspension (0.05 
kg L-1 crushed HCP in ACW) and pipetted into the tubes. In all the samples appropriate 
aliquots of the stock suspensions of cement paste admixtures were added to achieve the 
required final concentrations. The tubes were filled up to 40 mL by adding ACW. The 
HCP suspensions containing the admixtures were pre-equilibrated for 3 days on an end-
over-end shaker. Tracer solution of (200 μL 63Ni solution, 500 μL 152Eu or 228Th 
solution were added). The tracer solutions were prepared as follows: 100 μL acidified 
63Ni stock solution were filled up to 10 mL with Milli-Q water, 2 mL acidified 152Eu 
stock solution was filled up to 20 mL with 0.1 M HNO3, 1 mL acidified 228Th stock 
solution was filled up to 20 mL with 0.1 M HNO3. The initial concentrations in the 
samples were as follows: [Ni] = 1.4·10-9 mol L-1, [Eu] = 1.5·10-8 mol L-1, [Th] = 5.0·10-

10 mol L-1. Thus, all solutions should be under-saturated with respect to the formation of 
any solubility-limiting phase at the given concentration levels. 

The labelled samples were shaken end-over-end for 7 days. According to earlier studies 
the time scale was sufficient to attain equilibrium for all tracers (Wieland et al. 1998; 
Tits et al. 2003b; Wieland et al. 2004; Wieland et al. 2006). After equilibration, 
duplicate samples (5 mL) of the vigorously stirred 152Eu or 228Th spiked suspensions 
were withdrawn from the centrifuge tubes. The total activity involved in the sorption 
reaction was determined from these 5 mL aliquots by gamma counting. Note that 
measuring the radionuclide activity in the suspension allows the influence of wall 
sorption of the tracers on centrifuge tubes to be avoided, which is particularly important 
in the case of the strongly sorbing radionuclides Eu(III) and Th(IV). In the case of 63Ni, 
however, wall sorption was found to be negligible. Solid-liquid phase separation was 
achieved by centrifugation (1 hour at 95000 g). Triplicate samples were withdrawn from 
the supernatant solution for radioassay. 

Prior to /γ counting the 228Th containing samples withdrawn from the suspensions and 
from the supernatant solutions were stored for one month to allow the secular 
equilibrium of 228Th with its daughters to be established.

Complementary to the sorption samples, an additional series of non-labelled samples 
were prepared and treated as described above. After centrifugation, however, aliquots of 
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the supernatant solutions were filtered using 0.2 μm syringe filters (nylon, Semadeni, 
Switzerland) and further analysed by ICP-OES and used for TOC measurements. 

The sorption experiments with the above tracers on the Dowex resin were carried out in 
a similar fashion. In these experiments 1 g resin in 13 mL ACW solution was used as 
sorbing material instead of HCP, and the concentration of the stock solutions of 
admixtures prepared in ACW were 1 g L-1. Sample preparation was carried out by 
following the above described procedure. After equilibration the samples were left 
standing over night to allow sedimentation of the resin. Duplicate samples (5 mL 
aliquots) were withdrawn from the supernatant solution. The remaining solution was 
decanted and discarded. The residual was washed three times with 13 mL Milli-Q
water. The 152Eu and 228Th activities on the resin, which was dried in a vacuum oven at 
50° C for 24 h, was determined by γ counting.  Further, to complete mass balance, 152Eu 
and 228Th activities sorbed to the wall of the centrifuge tubes were determined as 
follows: The empty centrifuge tubes were filled up to 13 mL with Milli-Q water, and 
30 μL of 10% HNO3 were added. The acidified tubes were shaken end-over-end for 
3 days. 5 mL of aliquots were sampled and the 152Eu and 228Th activities determined by
γ counting.  The results showed that, in all samples, mass balance was fulfilled within 
10% uncertainty.
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6 RESULTS AND DISCUSSION 
 
6.1 Results from leaching tests at NUMO/CRIEPI 
 
6.1.1  Release of organics and pH  
 
Fresh leaching test  
 
Figure 6-1 shows the amount of organic carbon elution (TOC) of fresh grout leachates 
(samples XREF52, REF52(SP40), XP308B, P308B and P379G immersed in deionised, 
ALL-MR and OL-SR water). Elution of organic substances was identified from both 
XREF52 and XP308B that both represent SP free compositions. The sample XREF52 
indicated higher TOC than XP308B. As the amount of cement (UF16) in dry mass ratio 
of cementitious material is 93.0% in XREF52 and 59.2% in XP308B (Table 5-2), the 
difference seen in the TOC amounts is considered to depend on the amount of cement. 
Based on the above results, TOC elution in cases of solutions leached with XP308B and 
XREF52 is believed to be caused by cement grinding aid (CGA) contained in cement.  
 
Addition of SP increased the TOC amount in both normal and low pH grouts and the 
influence of SP on the elution of TOC were clearly recognized. TOC amounts eluted 
from the low pH grout were confirmed to be smaller compared with that of the normal 
pH grout.  
 
In addition, when P308B (added with Mighty 150) was immersed in the saline water 
system simulated groundwater (OL-SR), a level of amount of TOC elution was higher 
than in the cases where it was immersed in other leachates. 
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Figure 6-1. Durational change of TOC in the leachate (fresh leaching test). Note: Ref 
52 = Ref52(SP40). 
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To interpret the influence of SPs on TOC values, the initial content of TOC was 
calculated numerically in each grout material, to estimate the amount of grout remaining 
after immersion. Table 6-1 shows density and TOC for each raw material. TOC of each 
grout was calculated by equation (6-1) below: 

WSPSC
TOCSPTOCSTOCCTOC SPSC

WSS
TSTSTC

Where,  TOC: initial TOC of Grout (mass%) 
C: mix proportion of cement (mass%) 
S: mix proportion of GroutAid (mass%)
SP: mix proportion of Superplasticizer (mass%) 
W: mix proportion of water without water from GroutAid (mass%)  

TOC values of mass per unit volume were calculated by multiplying TOC (mass ratio) 
by the density of grout. Calculated results are shown in Table 6-2. TOC values for the 
low pH grout showed higher values than those for normal pH grout, mainly because of 
the high TOC in GroutAid. However, the released amount of TOC in the case of low pH 
grout was lower than that of the normal pH grout. Thus organic compounds were 
considered to be hard to elute, and most organic compounds remained in the hardened 
grout as shown in Figure 6-2.  

Table 6-1. Density and TOC of raw materials.  

Materials Density 
/kg m-3 

TOC* 
/mass% 

Cement Ultrafin16 3150 0.14 
Silica GroutAid  1390 0.31 

SP40 - 7.98 
Mighty150 - 22.4 Superplasticizer 
Glenium51 - 24.4 

 
*TOC values were measured by TOC-SSM (Solid Sample Combustion Unit) 

Table 6-2. Calculated initial TOC of each grout paste. Note: Ref 52 = Ref52(SP40). 

Calculated initial TOC 
mass% g L-1   Density* 

/g dm-3 UF16 GA SP Total UF16 GA SP Total 
XRef52 1439 0.0607 0.0195 0.0000 0.0801 0.873 0.280 0.000 1.153 
Ref52 1439 0.0607 0.0195 0.0361 0.1162 0.873 0.280 0.519 1.672 

XP308B 1358 0.0355 0.1049 0.0000 0.1404 0.483 1.424 0.000 1.907 
P308B 1358 0.0355 0.1049 0.4068 0.5471 0.483 1.424 5.525 7.431 
P379G 1404 0.0388 0.1144 0.1526 0.3058 0.544 1.606 2.143 4.293 

 
*Density was calculated by using densities of component materials and mix proportion.  
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Figure 6-2. Remaining TOC in hardened grouts during immersing period. The values 
given after specimen labels show the remaining TOC at 56 days. It is noted that the 
range of vertical axis in the low pH grout (bottom figures) is about 5 times greater than 
in the normal pH grout (upper figures). Note: Ref 52 in figure Ref52(SP40). 

According to TOC results the most of the eluted organic substances were attributable to 
cement grinding aid. In order to examine the possible increase of TOC amount by 
addition of SP, gel permeation chromatography (GPC) analysis was implemented to 
leachates for 56 days. Figure 6-3 shows examples of GPC analysis profiles and its 
interpretation. Figure 6-3-a shows the profile of Mighty 150, and Figure 6-3-b shows 
the result of leachate in P308B fresh leaching test. The former result suggests that there 
are not only the main synthesized polymers in SP, but also low molecular weighed 
unreacted raw materials. The latter result suggests that even in the fresh leaching test, 
the main high molecular weight organics will not elute from the cementitious material, 
but from the low molecular weight cement grinding aid (CGA). Fresh leaching test 
results of GPC analysis are shown in Table 6-3. It was confirmed that cement grinding 
aid is included in all the solutions. Following features were recognized in regard to each 
grout material leachate with added SP.  

While melamine was not found in REF52(SP40) with SP40, MS transmutation 
substances such as methylol amine or a class of methylol amine (H2N-CH2-OH), which 
is a homologue of its dimer, etc. were recognized. A class of methylol amine is 
melamine constituent factor and was considered to be decomposed substances of 
melamine or melamine foreign substances. In P308B with addition of Mighty 150, NS 
dimer of naphthalene sulphonate acid (NS) type was recognized by using a column of 
KS type in GPC. In P379G with addition of Glenium 51, when leached in deionised 
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No elution of large molecular

water and the fresh water system simulated groundwater (ALL-MR), methacrylic acid 
M-PEG monomer (MAA-M-PEG) was recognized. This MAA-M-PEG is considered to 
be unreacted monomer of Glenium 51. In the similar manner, it was understood that 
also when immersed in OL-SR, unreacted monomer MAA-M-PEG was eluted. When 
SP was added, in each case, a high molecular weight polymer which is major ingredient 
of SP was not recognized. It was clarified that the elution of organic components is 
limited to low molecular weight substances such as monomer and dimer.  

Figure 6-4 shows pH changes in leachates. When immersed in deionised water, in 
specimens XREF52 and REF52(SP40) (representing the normal pH grout) pH increased 
along with immersing period suggesting elution of e.g. Ca2+, Na+, K+and OH-. On the 
other hand, for XP308B, P308B and P379G (representing the low pH grout) pH 
increased during the first 7 days and then pH decreased after the 7th day (Figures 6-5 
and 6-6). It was considered that ions in liquid phase such as Ca2+, Na+, K+, OH- were 
released from hydrates until the 7th day, but due to the progression of pozzolanic 
reaction, those ions were consumed and/or adsorbed on the produced C-S-H phase.  

Figure 6-3. Results of GPC analysis and interpretation. A) GPC profile of Mighty 150 
(using column KS) B) GPC profile of leachate in P308B fresh leaching test (using 
column SB).  

(mV)

10 20 30 minutes

10 20 30 minutes
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Table 6-3. Results of GPC analysis (fresh leaching test). Note: Ref 52= Ref52(SP40). 
 

Leachant Specimen GPC Column1) Detected organics2) Odour 

Deionised water 

������� SB CGA Odourless 
REF52 SB CGA, MS transmutation Amic 
XP308B SB CGA Odourless 
P308B SB, KS CGA, NS dimer NS 
P379G SB CGA, M-PEG monomer Odourless 

ALL-MR 
(Fresh water) 

XREF52 SB CGA Odourless 
REF52 SB CGA, MS transmutation Amic 
XP308B SB CGA Odourless 
P308B SB, KS CGA, NS dimer NS 
P379G SB CGA, M-PEG monomer Odourless 

OL-SR 
(Saline water) 

XREF52 SB CGA Odourless 
REF52 SB CGA, MS transmutation Amic 
XP308B SB CGA Odourless 
P308B SB, KS CGA, NS dimer NS 
P379G SB CGA, M-PEG monomer Odourless 

 
1)SB: Shodex OHpak SB804x2, KS�Shodex KS804x2 
2)CGA: Cement grinding aid 
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Figure 6-4. Durational change of pH in leachates (fresh leaching test). Note: Ref 52 = 
Ref52(SP40). 
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Figure 6-5. Durational change of Ca concentration in leachates (fresh leaching test). 
Note: Ref 52 = Ref52(SP40). 
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Figure 6-6. Durational change of Na concentration in leachates (fresh leaching test). 
Note: Ref 52 = Ref52(SP40). 

Powder leaching tests  

Figure 6-7 shows the amount of organic carbon elution (TOC) in the powder leaching 
test. TOC was eluted from both XREF52 and XP308B (no SP added). A higher value 
was measured in XREF52 (contains a larger amount of cement) than in XP308B (which 
contains a larger amount of micro silica slurry). In all leaching solutions (applying 
leachate to powder ratio of 10), TOC after 38 weeks in XREF52 was around 
30 mg/dm3, indicating around 1.5 times higher TOC than that of XP308B. As the 
amounts of cement in XREF52 and XP308B are equivalent to 93.0% and 59.2% of dry 
mass ratio, respectively, the amounts of TOC are considered to be dependent on the 
amount of cement. Accordingly, TOC elution in cases of XP308B and XREF52 is 
understood to be caused by cement grinding aid included in cement. 

SP addition caused an increase in TOC suggesting elution of SP ingredient. When 
P308B (Mighty 150 added) was immersed in any leachant, the amount of TOC elution 
was larger than that of P379G (Glenium 51 added). This difference was thought to be 
derived from the dosage of each SP as shown in Table 5-2. PC based SPs, i.e. Glenium 
51, have an advantage in high water reducing effect with low dosage compared to PNS 
based SPs, i.e. Mighty 150.  

Tables 6-4 to 6-6 show identification results of eluted organic substances analyzed by 
GPC. CGA was eluted from the hardening hydrated phase. Organic substances of low 
molecular weight included in SP together with CGA were eluted from the hardening 
hydrated phase with addition of SP. When the liquid-solid ratio was high, the eluted 
concentration of TOC was very small and it was hard to obtain sufficient TOC for the 
detection of GPC despite concentrating the amount obtained. 
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Figure 6-7. TOC concentrations in leachate (powder leaching test). Upper figures: in 
unit volume of leachate, lower figures: in unit mass of immersed powder. Note: Ref 52 
in figure = Ref52(SP40).

Table 6-4. Results of GPC analysis (powder in deionised water). Note: Ref 52 = 
Ref52(SP40). 

Specimen L/S ratio Detected Organics Odor 
10 CGA Odorless 
50 CGA Odorless 

100 CGA Odorless XREF52 

1000 CGA Odorless 
10 CGA, MS transmutation Amic 
50 CGA, MS transmutation Odorless 

100 CGA Odorless REF52 

1000 CGA Odorless 
10 CGA Odorless 
50 CGA Odorless 

100 CGA Odorless XP308B 

1000 CGA Odorless 
10 CGA, NS dimer Faint 
50 CGA, NS dimer Odorless 

100 CGA Odorless P308B 

1000 CGA Odorless 
10 CGA, M-PEG monomer Odorless 
50 CGA Odorless 

100 CGA Odorless P379G 

1000 CGA Odorless 
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Table 6-5. Results of GPC analysis (powder in ALL-MR). Note: Ref 52 = Ref52(SP40). 

Specimen L/S ratio Detected Organics Odor 
10 CGA Odorless 
50 CGA Odorless 

100 CGA Odorless XREF52 

1000 CGA Odorless 
10 CGA, MS transmutation Amic 
50 CGA, MS transmutation Odorless 

100 CGA Odorless REF52 

1000 CGA Odorless 
10 CGA Odorless 
50 CGA Odorless 

100 CGA Odorless XP308B 

1000 CGA Odorless 
10 CGA, NS dimer Faint 
50 CGA, NS dimer Odorless 

100 CGA Odorless P308B 

1000 CGA Odorless 
10 CGA, M-PEG monomer Odorless 
50 CGA, M-PEG monomer Odorless 

100 CGA Odorless P379G 

1000 CGA Odorless 
 

Table 6-6. Results of GPC analysis (powder in OL-SR). Note: Ref 52 = Ref52(SP40). 

Specimen L/S ratio Detected Organics Odor 
10 CGA Odorless 
50 CGA Odorless 

100 CGA Odorless XREF52 

1000 CGA Odorless 
10 CGA, MS transmutation Odorless 
50 CGA, MS transmutation Odorless 

100 CGA Odorless REF52 

1000 CGA Odorless 
10 CGA Odorless 
50 CGA Odorless 

100 CGA Odorless XP308B 

1000 CGA Odorless 
10 CGA, NS dimer Odorless 
50 CGA, NS dimer Odorless 

100 CGA Odorless P308B 

1000 CGA Odorless 
10 CGA, M-PEG monomer Odorless 
50 CGA Odorless 

100 CGA Odorless P379G 

1000 CGA Odorless 
 

Figure 6-8 shows pH changes during the powder leaching test. For all measured 
leachate/solid mass ratios, the lowest pH values were observed in the saline water 
system, and no significant differences were observed between deionised and ALL-MR 
water. In the case of the normal pH grouts, XREF52 and REF52(SP40) immersed in 
deionised water, in the range of 10 cm3/g  to 100 cm3/g  of the liquid-solid  ratio,  the  
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Figure 6-8. Difference of pH among different leachate/solid mass ratios and leachate 
types (powder leaching test). Note: Ref 52 = Ref52(SP40). 
 *pH was measured after 38 weeks of immersion, and monitored in glove box. 
 
decrease of pH along with the increase of liquid-solid ratio was relatively small and in 
both cases it was around 12.7. However, when the liquid-solid ratio increased from 
100 cm3/g to 1000 cm3/g, pH decreased about 1.0.  
 
It was considered that when the liquid-solid ratio is 1000 cm3/g, all the CH that acts as a 
pH buffer dissolves during dilution and the pH becomes lower. For low pH grout 
(XP308B, P308B, and P379G), pH was around 10.9 in any liquid-solid ratio. It was 
considered that the difference was derived from the type of cementitious material. Low 
pH grout does not have pH buffering deriving from leaching ions from C-S-H phase, 
but might have an adsorption effect for (i.e. it does absorb) Na+ and K+ by forming low 
Ca type C-S-H by pozzolanic reaction of micro silica slurry. When immersed in 
ALL-MR, the same level of pH that was indicated in the case of the low pH grout or the 
normal pH grout was shown. However, when immersed in OL-SR, the pH of the 
leachate of all grout types was lower than in deionozed water and ALL-MR. Due to 
excessive negative electrolyte including Cl- in the OL-SR, leached amount of OH- was 
lowered especially in the low pH grouts about one figure.  
 
6.1.2   Leaching alteration of solid phase and ions in leachant 
 
Change of Ca/Si ratio in block leaching test  
 
EPMA analysis was operated for the normal pH grout (REF52(SP40)) and the low pH 
grout (P308B). Specimens were immersed in each leachant solution for 52 weeks. 
Figure 6-9 shows distribution of Ca/Si molar ratio of a polished surface by cutting a 
cross section across the centre of each block that were immersed in each leachate 
solution for 52 weeks. In the normal pH grout, REF52(SP40) immersed in deionised 
water, the Ca/Si ratio decreased within a region of 6.0 mm of the contacting water  
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Ordinary pH system (REF52) 

Initial Deionized ALL-MR OL-SR Ca/Si 

 

    

Low pH system (P308B) 

Initial Deionized ALL-MR OL-SR Ca/Si 

 

    

 

Figure 6-9. Distribution of Ca/Si molar ratio in REF52(SP40) and P308B block 
specimens. 
*analyzed area: 2.5 x 10mm for immersed specimens, and 2.5 x 5mm for initial specimens 
*upper side: contacting surface, lower side : inside of block specimen 
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surface. Where the Ca/Si ratio was decreased to approximately 1.5 to 1.6 the 
disappearance of calcium hydroxide (CH) was suggested. The range where the Ca/Si 
ratio near the contacting water surface was around 0.8 to 1.5, leaching alteration of 
C-S-H has also occurred subsequent to the disappearance of CH. When the low pH 
grout (P308B) was immersed in deionised water, the Ca/Si ratio only decreased 1.5 mm 
from the surface and leaching alteration of C-S-H occurred only near the surface of the 
block. In the normal pH grout immersed in ALL-MR, a lowering of Ca/Si ratio was not 
observed. Almost no release of Ca2+ was observed in the liquid phase analysis 
(Figure 6-10). In the low pH grout immersed in ALL-MR, a region with lower Ca/Si 
ratio was found around 0.5 mm from the contacting water surface. When immersed in 
ALL-MR, the depressing effect on the progression of leaching alteration front was 
remarkable in normal pH grout. It is suggested that a rapid release of Ca2+ by 
disappearance of CH might have resulted in calcite production as a secondary mineral 
on the contacting water surface when encountering HCO3

-. In the normal pH grout 
immersed in OL-SR, it was noted that Ca/Si ratio was lowered to 1.2 to 1.3 across the 
whole cross section and leaching of calcium hydroxide has reached the central part of 
the specimen. On the other hand, in the low pH grout immersed in OL-SR, Ca/Si ratio 
was lowered to around 0.5 only on the surface. It was assumed that the decrease was 
caused by leaching of C-S-H with releasing larger amount of Ca2+ than Si.  

Leached amount of Ca2+ in block leaching test  

Figure 6-10 shows the amount of accumulated Ca2+ in leachates measured at the times 
of solution replacement. When immersed in deionised water, low pH grout showed 
small amount of leached Ca2+ while the normal pH grout showed an increasing trend for 
leached Ca2+. When immersed in ALL-MR, Ca2+ leaching was not measurable in the 
normal pH grout. Both the low and normal pH grouts showed a large amount of Ca2+

leaching in OL-SR. 

Leached amount of Ca2+ and Si in thin plate leaching test  

Figure 6-11 shows the amount of accumulated Ca2+ in leachates at the times of solution 
replacement. When the normal pH grout was immersed in deionised water and 
ALL-MR, Ca2+ leaching increased at the time of the initial solution replacement (the 6th

week), but after that replacement the leaching rate stabilised. When the low pH grout 
was immersed in deionised water and ALL-MR, almost no leaching of Ca2+ was 
measured. It was assumed that secondary minerals such as calcite formed, using the free 
calcite. Both the low and normal pH grouts showed a large amount of Ca2+ leaching in 
OL-SR. 

Figure 6-12 shows the amount of accumulated Si in leachates at the times of solution 
replacement. When the normal pH grout was immersed in deionised water and 
ALL-MR, the amount of Si leaching increased constantly and it was verified that 
leaching alteration of C-S-H generated at a time of the initial solution replacement (the 
6th week). When the low pH grout was immersed in deionised water and ALL-MR, 
elevated amounts of Si was measured at the initial solution replacement (the 6th week), 
and the amount of leaching was higher during immersion period compared with the 
leaching from the normal pH grout. This suggests that the low pH grouts that fully 
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consumed CH system with high Si contained C-S-H phase would have facilitates the 
dissolution of C-S-H phase, because of omitting dissolution stage of CH that have 
higher solubility than C-S-H. For all grout types the amount of Si leaching in OL-SR 
was smaller compared to the other leachates.  
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Figure 6-10. Durational change of Ca2+ concentration in leachant (block leaching test). 
The scale of y-axis is arranged in suitable range for each immersing system. Note: 
Ref 52 = Ref52(SP40). 
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Figure 6-11. Durational change of Ca2+ concentration in leachant (thin plate 
leaching test). Note: Ref 52 = Ref52(SP40). 
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Figure 6-12. Durational change of Si concentration in leachant (thin plate leaching 
test). Note: Ref 52 = Ref52(SP40). 
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SEM observations on specimens in thin plate leaching test 

Figure 6-13 and Figure 6-14 show form changes observed in hydration and pores of the 
specimens REF52(SP40) and P308B, respectively. The initial state of hydrations were 
observed on the fractured section of specimen, and the leaching altered stages were 
observed on the surface of each thin plate specimen. Initial state of hydrates in 
REF52(SP40) are shown in Figure 6-13 -I and Figure 6-13 -II. Among the initial state of 
C-S-H colloids, there are many pores that are of the size of several tens nm to 10 µm. 
Almost similar observations were seen in the initial state of P308B (Figure 6-14-i and 
Figure 6-14-ii), but the tiny pores among C-S-H colloids was observed to be much more 
compacted. In case of immersion in deionised water, according to the leaching alteration 
at the surface area, C-S-H in REF52(SP40) had reduced its volume slightly 
(Figure 6-13-IV) resulting in very rugged surface conditions and also some gel 
formation products (Figure 6-13-III). The main components of the gel products were Ca 
and Si (EDX elemental analysis). On the other hand, in the deionised water, the surface 
of P308B remained rather flat with generating pores around 10 µm in diameter 
(Figure 6-14-iii), also shrinkage of C-S-H colloids was observed (Figure 6-14-iv).  

In ALL-MR, much more polyhedron shaped crystalline calcite had precipitated on the 
surface of REF52(SP40) (Figure 6-13-V), compared to P308B (Figure 6-14-v). This 
was attributed to the difference of leaching ratio of Ca2+. Much more Ca2+ had leached 
from surface of REF52(SP40) which contains a lot of CH, which in contact with HCO3

-

in the leachant then lead  to calcite precipitation on the surface of the specimen. 
However, in spite of the large amount of precipitated calcite, C-S-H phase just beneath 
the calcite layer had been altered by generating many pores several tens nm to 10 µm in 
diameter (Figures 6-13-VI and 6-14-vi) In OL-SR, many round shaped (with much tiny 
fins) crystals were precipitated on the surface of both specimen types (Figures 6-13-VII 
and 6-14-vii). These crystals were determined to be a kind of smectite, as the EDX 
elemental analysis suggested that the main components were Mg and Si with small 
amount of Ca and Cl. Also XRD results below support this interpretation. However, in 
spite of its coating effect on the specimen, C-S-H phase beneath the smectite layer had 
been altered by generating a lot of pores resulting in a very irregular C-S-H phase 
(Figures 6-13-VIII and 6-14-viii). 

Change of hydrates composition in thin plate leaching test (XRD analysis)  

In deionised water, loss of CH (Portlandite) and ettringite was observed in the altered 
specimen of the normal pH grout (XREF52 and REF52(SP40)) (Figure 1 in 
Appendix 9). Also, in the low pH grouts (XP308B, P308B, and P379G), ettringite 
disappeared. Disappearance of CH was also recognized (Figure 2 in Appendix 9). In 
addition, broad peaks in all the grouts around at 2 = 40o and 43o appeared (Figure 1 in 
Appendix 9). Those broad peaks might indicate a generation of some low crystalline 
substance. It was understood that the low crystalline substance was generated as a result 
of alteration of C-S-H as shown in Figure 6-13-III. There was no evidence of peaks of 
talc and/or hydrotalcite.  

In the leaching alteration specimens of the normal pH grout (XREF52 and 
REF52(SP40)) in ALL-MR, ettringite and CH disappeared and calcite was produced  
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.

Figure 6-13. Form change of hydrates and pore (REF52(SP40)). 
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Figure 6-14. Form change of hydrates and pore (P308B). 
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(Figure 3 in Appendix 9). Also, in a leaching alteration specimens of the low pH grout 
(XP308B, P308B and P379G), it was verified that ettringite was lost and calcite was 
produced (Figure 4 in Appendix 9). In addition, all grouts when immersed in deionised 
water, in a range of 2  = 40 to 50o, the showed broad peak indicating a low crystalline 
substance was generated.  

By immersing a thin plate specimen in each solution, it was considered that all parts of 
the specimen were nearly evenly altered (Figure 6-9). Changes observed in pore size 
distribution are presented in Figure 6-15 showing the effect of different solutions on 
different thin plate samples. When the normal pH grout (XREF52 and REF52(SP40)) 
was immersed in deionised water, a decrease of porosity (vol%) in pore diameter range 
from 0.01 to 0.04 µm and an increase of porosity (vol%) in pore diameter range from
0.1 to 2 µm were observed (Figure 6-15-I). In the low pH grouts (XP308B, P308B and 
P379G), a decrease of porosity (vol%) in pore diameter range from approximately 0.003 
to 0.03 µm and an increase of porosity (vol%) in pore diameter range from 0.04 to 
0.5 µm were measured (Figure 6-15-II). Porosity (vol%) changes observed in low pH 
grout in pore size range of equal to or less than 0.03 µm are equivalent to voids 
observed between C-H-S colloids. The pore size among C-S-H colloids was confirmed 
by SEM images. Observed porosity (vol%) increase in pore diameter range from 
approximately 0.04 to 0.5 µm and decreases in range from approximately 0.003 to 
0.03 µm have been attributed to the expansion of voids between colloids due to the 
shrinkage and/or diminishment of C-S-H colloids due to leaching alteration. According 
to results, the range of expansion of a void that was generated in the normal pH grout 
was larger compared to the low pH grout, and among these an increase of porosity 
around pore diameter of 1 µm was attributable to leaching of calcium hydroxide. When 
using ALL-MR and OL-SR as leachant, porosity at pore diameter of more than 10 µm 
had increased much more than using deionised water immersion (Figures 6-15-III, -IV, -
V and -VI). In addition, remarkable decrease of porosity at pore diameter of equal to or 
less than 0.03 µm, and increase at pore diameter from 0.03 to 1 µm were observed for 
thelow pH system. Leaching alteration of C-S-H phase of thin-plate samples using 
ALL-MR and OL-SR were more serious than in case of deionised water immersion. 

Alteration of C-S-H in powder leaching test  

Figures 6-16 and 6-17 show the amount of leached Ca2+ and Si converted into unit mass 
of initial powder specimen, respectively. When the normal pH grout samples were 
immersed in deionised water and ALL-MR, leaching of Ca2+ was clearly recognized and 
the amount of leached Ca2+ increased along with the increase of liquid-solid ratio. Si 
leached out only slightly in the 1000 cm3/g test due to alteration of C-S-H. When the 
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Figure 6-15. Change of pore size distribution (Thin plate leaching test). Note: Ref 52 = 
Ref52(SP40), (value%) in figure text box suggest total porosity volume. 
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Figure 6-16. Ca2+ concentration in different leachate/solid mass ratios (Powder 
leaching test). Note: Ref 52 = Ref52(SP40). 
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Figure 6-17. Si concentration in different leachate/solid mass ratios (Powder leaching 
test). Note: Ref 52 = Ref52(SP40). 

low pH grout samples were immersed in deionised and fresh (ALL-MR) water, in a 
range up to 100 cm3/g of the liquid-solid ratio, the leached amount of Ca2+ was small, 
but at 1000 cm3/g condition, there were evidence of an excess amount of leached Ca2+.
Similar to thin plate immersion, low pH grouts showed large amounts of Si leaching 
when compared to normal pH grouts. When immersed in (OL-SR), leaching of Ca2+ was 
clearly recognized, but Si leaching was minor. Especially in low pH grout, it was 
determined by XRD that C-S-H had altered into a secondary mineral, i.e. smectite, by 
exchanging Ca2+ and Mg+ of the ionic layer in C-S-H.  

Figure 6-18 shows the beginning of 29Si-NMR spectrum for each powder specimen 
(REF52(SP40) and P308B) altered by leaching. In addition, a leaching alteration 
specimen obtained from the experimental system with the liquid-solid ratio as 
1000 cm3/g was selected to be analysed. The ppm value on horizontal axis in the 
Figure 6-18 indicates chemical shift of the peak, and the magnetic field increases 
towards the origin of the horizontal axis.  

In the initial specimen of the normal pH grout (Figure 6-18-a) a substantial progress of 
hydration reaction of grout was verified. In case of unreacted grout the Q0 peak of 
monomer of Si tetrahedron would be larger. Also, among four directions of Si 
tetrahedron, it was verified that Q1 peak indicates the status where another Si 
tetrahedron is bonded in one direction only and Q2 peak  indicates  the  status  where 
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Figure 6-18. Comparison of 29Si-NMR signals, REF52(SP40) and P308B (Powder 
leaching test).  

another Si tetrahedron is bonded in two directions. Namely, as Q1 and Q2 show ends 
and mid-section of a chain, respectively, the Si tetrahedron comprising C-S-H in the 
initial specimen of the normal pH grout was verified to have a chain structure. In normal 
pH grout while Q2/Q1 ratio in the initial specimen was small in the leaching alteration 
specimens immersed in any type of leachates, Q2/Q1 ratio increased showing a chain 
structure of a Si tetrahedron (connection gained by leaching Ca2+ from C-S-H phase 
thus forming low Ca/Si ratio of C-S-H). In addition, in all leaching alteration specimens 
the peaks of Q1 and Q2 shifted to the right side of horizontal axis (low magnetic field) 
suggesting that Al was taken in the altered C-S-H. In the initial specimen of the low pH 
grout Q2/Q1 ratio is large compared with the normal pH grout system and a weak peak 
of Q3 generates. This phenomenon is thought to be derived from low Ca/Si ratio of C-S-
H structure. 

Immersion of low pH grout in deionised water and ALL-MR, resulted in Q2/Q1 ratios 
and peak positions that were almost the same. From this response, when the low pH 
grout was immersed in deionised water and ALL-MR, it was assumed that during the 
leaching alteration of C-S-H, almost no change would occur in the frame structure of Si 
tetrahedron comprising C-S-H. It was understood that Ca2+ and Si leached 
simultaneously from C-S-H colloid of low pH grout, and the volume of C-S-H colloid 
reduced with enlarging pore among its C-S-H phase. This behaviour is shown in
Figure 6-15-II and IV, as mentioned above. For low pH grout samples immersed in OL-
SR, a Q3 peak was generated; indicating the status of three-directions of Si tetrahedron 
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bonded with another Si, suggesting that a part of Si tetrahedron comprising C-S-H
related to leaching alteration was transferred to highly networked Si condition, like a 
kind of amorphous silica. This was interpreted as evidence of alteration of C-S-H into 
smectite (taking on account the XRD results). 

Conclusions 

Release of organics from hardened cementitious materials, and physicochemical 
properties of leaching altered cementitious materials were estimated by immersing 
powder, thin-plate and block shaped specimens in deionised, fresh, and saline water. 
The main findings from this study are summarized below:  

Cement grinding aid and a part of low molecular type raw materials of 
superplasticizers (e.g. naphthalene dimer, melamines and M-PEG) were detected in 
the leachants as elution from hardened cementitious grout materials. Elution of main 
SP components was not detected in any leaching test.  

Low pH grouts bring high durability against the progress rate of leaching alteration 
front, but conversely the alteration degree of C-S-H phase in a thin surface layer 
directly in contact with the leachant is rather strong and forms a layer of porous 
hydrates by leaching large amounts of Si. This finding is based on thin plate 
immersing tests, especially from the liquid phase analysis, i.e. Figure 6-12, and pore 
size distribution analysis, i.e. Figure 6-15, supported by SEM images, Figure 6-14. 

Calcite and smectite will partially bring a protective coating effect on the surface of 
cementitious materials with contact to fresh and saline water, respectively, but sub-
surface area of those layers will suffer alteration damage by gradual leaching of Ca2+

and Si from C-S-H phase. This finding is based on SEM images (Figures 6-13 and 
6-14), XRD analysis (Figures 3-6 in Appendix 9) and also from liquid analysis 
(Figures 6-11 and 6-12).  

6.2 Leaching Experiments at CTH 

In these experiments crushed grout of the 0.063-0.125 mm size fraction, obtained from 
solid pieces of grout that were cast with 10 different formulas (see Section 2.1.2), were 
placed in OL-SR water of three different pH. The leaching of organic material from the 
grout was then measured as NPOC (Non-Purgeable Organic Carbon) during a period of 
about 200 days. The leaching was static since the OL-SR water was never replaced 
during the experiments. The purpose of these experiments was to: 

1)  Measure the amount of organic material that could be leached from crushed grout,  
2)  Provide leaching solution for organic material characterisation (see Section 3.3 for 

results) if possible, and  
3)  Provide leaching solutions to be used in subsequent sorption experiments (see 

Section 6.4 for results). 

Only the first part, the measurement of organic material as a result of leaching, is 
reported in this section. 
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6.2.1 pH measurements 

Measurements of pH in the leaching solutions were made before each sampling of 
solution for NPOC analyses. The results are shown below from Figure 6-19 to 6-22 and 
in Tables 1-5 in Appendix 10. 
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Figure 6-19. pH measurements of OL-SR leaching solutions of reference (SP-free) and 
grout with Mighty 150 (Mig) added. Legend: Low = Low pH grout, Norm=Normal pH 
grout. 
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Figure 6-20. pH measurements of OL-SR leaching solutions of reference (SP-free) and 
grout with Glenium 51 (Gle) added. Legend: Low = Low pH grout, Norm=Normal pH 
grout. 
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Figure 6-21. pH measurements of OL-SR leaching solutions of reference (SP-free) and 
grout with Rheobuild 1000 (Rheo) added. Legend: Low = Low pH grout,
Norm=Normal pH grout.  
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Figure 6-22. pH measurements of OL-SR leaching solutions of reference (SP-free) and 
grout with EVO 26 (EVO) added. Legend: Low = Low pH grout, Norm=Normal pH 
grout.  
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The results show the strong pH buffering capacity of grout. Irrespective of the pH of the 
water added, a new pH will quickly be established in the leaching solution. The new pH 
is distinctive for the type of grout. Normal pH grout buffers the leaching solution to pH 
12.1, while low pH grout buffers to pH 9.5. The addition of SP to the cement paste has 
obviously no effect on the pH of the leaching solution. Because of these results, the 
three experiments that were originally prepared with different pH of the in-going water 
can be regarded as identical triplicate experiments for leaching of one particular cement 
paste. 

6.2.2 NPOC measurements 

The 5 mL samples of the leaching solutions were taken out for NPOC analyses. The 
results are shown below Figure 6-23 to 6-26 and in Table 6-10 in Appendix 10. The 
detection level was about 0.2 ppm. 
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Figure 6-23. NPOC (ppm) measurements of OL-SR leaching solutions of reference (SP-
free) and grout with Mighty 150 (Mig) added. Legend: Low = Low pH grout,
Norm=Normal pH grout.  
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Figure 6-24. NPOC (ppm) measurements of OL-SR leaching solutions of reference (SP-
free) and grout with Glenium 51 (Gle) added. Legend: Low = Low pH grout,
Norm=Normal pH grout.  
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Figure 6-25. NPOC (ppm) measurements of OL-SR leaching solutions of reference (SP-
free) and grout with Rheobuild 1000 (Rheo) added. Legend: Low = Low pH grout,
Norm=Normal pH grout. 
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Figure 6-26. NPOC (ppm) measurements of OL-SR leaching solutions of reference (SP-
free) and grout with EVO 26 (EVO) added. Legend: Low = Low pH grout, 
Norm=Normal pH grout.  

As general comments on the NPOC measurements, the calibrations standards usually 
gave excellent linearity which resulted in only small random errors. The triplicate 
samples (that is, if the samples of initially different pH are counted as triplicates) were 
also usually very close to each other. However, the variations over time that were 
observed can nevertheless be ascribed to instrumental or method instabilities only. The 
main source of variability of the results seems to be the varying efficiency of the 
removal of carbonate from the alkaline samples and this obviously affected normal pH 
grout samples the most. In some cases, relatively high NPOC concentrations were 
measured (see Figure 6-23: Mighty experiments, sampling 114 d, and Figure 6-26: EVO 
26 experiments sampling 69 d). This could be attributed to instrumental malfunctions in 
both cases. 

The reference samples show fairly constant values in NPOC over the whole sampling 
period of 200 days (Table 6 in Appendix 10). Results for leaching of grout prepared 
with SPs show, in almost all cases, also steady levels of NPOC concentrations. Since no 
development in NPOC concentrations could be discerned over the sampling period it 
can be assumed that out-diffusion steady-state of the organic components was 
established already at the first sampling occasion. Therefore, mean values over the 
whole sampling period were calculated for all samples of given grout type and 
compared with references. The values are presented in Table 6-7. 

According to these mean values, some contributions from the added SPs can be 
established only for Mighty 150 and EVO 26 in normal pH grout, but for low pH grout 
all the SP types have contributed to the measured NPOC. The background level of 
organics found in the reference samples are probably originating from cement grinding 
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aids. It can be noted that the contributions from cement grinding aids are of the same 
magnitude as the contributions from SPs, in the cases where such contributions can be 
measured at all.  

6.2.3  Conclusions 

The results show that leaching of crushed normal and low pH grouts with SPs added in 
the cement paste, gave contributions to the measured organic carbon in solution in most 
of the cases. The contributions from SPs in normal pH grout leaching are 10 ppm with 
Mighty 150 and 30 ppm with EVO 26. For Glenium 51 and Rheobuild 1000, no 
contributions could be detected. For the low pH grout leachings the contributions from 
the SPs were 16 ppm for Mighty 150, 6 ppm for Glenium 51, 20 ppm for Rheobuild 
1000 and finally 25 ppm for EVO 26. These values can be compared with background 
organic carbon in leaching solutions of SP- free grout, which were 21 and 7 ppm for 
normal and low pH grouts respectively. 

6.3 Experiments at HU 

6.3.1 Leaching of organics from grout in the laboratory 

In the preparation of grout leaching waters for sorption experiments TOC was 
monitored during the leaching to survey the changes in SP-concentration in the solution. 
After six weeks it was considered that the steady state was reached (Figure 6-27). In the 
leaching experiments of NUMO/CRIEPI, the steady state was reached after 
approximately the same time period (Yamamoto et al. 2008) (see also Section 6.1.1).    

The TOC results did not differ significantly for different initial pH under the leaching 
period for the same grout (Figure 6-27). In the case of the grout P308B, the TOC 
showed a higher value than the other grouts with superplasticizer. For grouts without 
superplasticizer, the released organics determined by TOC were lower for XP308B than 
for XRef52. Although XREF52 and XP308B are non-SP specimens, organic 
compounds were released due to the organic compounds originating from the cement or 
the silica fume used.   

Table 6-7. Mean values of measured NPOC (ppm) in OL-SR leaching water of grout, 
taken over the whole sampling period, given as value and excess compared with 
reference value. 

Normal pH grout Low pH grout
Value Excess Value Excess

Reference 21 3 - 7 1 -
Mighty 150 31 9 10 23 3 16
Glenium 51 23 3 - 13 2 6

Rheobuild 1000 25 2 - 27 3 20
EVO 26 51 11 30 32 12 25
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pH evolution during leaching 

Irrespective of the pH of the initial solution and the type of superplasticizer in the grout 
the pH settled for normal pH grout at pH 11.9 and for low pH grout at pH 9.70 
(Figure 6-28). 

6.3.2 Effect of SPs on the sorption of Eu on rock in SP direct addition tests 

In general, the sorption of Eu on crushed rock was high with or without any SP. Overall 
the tests with the superplasticizer concentrations of 0.1 g/L, 1 g/L and 10 g/L (wet 
weight) showed that the sorption of Eu(III) on the granite was above 70%. When the 
experimental uncertainties are taken into account, the differences between the 
superplasticizers are negligible for the type of SPs and for their concentrations studied 
(Figures 6-29 to 6-31 and Tables 1 and 2 in Appendix 11). The studied superplasticizers 
did not show any effect on Eu sorption on crushed rock at used concentrations when 
uncertainties are taken account. 
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Figure 6-27. TOC (mg/L) concentrations in grout leaching solution for sorption tests 
with crushed rock and Eu-152 for different contact times (1 week, 2 weeks, 4 weeks and 
6 weeks). In the upper figure low pH grout P379G contained Glenium 51 and P308B 
Mighty 150. In the lower figure normal pH grout N3 contained Glenium 51 and Ref52 
contained Mighty 150. 



112

initial pH7

0

3

6

9

12

15

P379G XRef52 P308B N3 XP308B Ref52

pH

initial pH9

0

3

6

9

12

15

P379G XRef52 P308B N3 XP308B Ref52

pH

initial pH10

0

3

6

9

12

15

P379G XRef52 P308B N3 XP308B Ref52

pH
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The initial pH was 7, 9 and 10. 
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Figure 6-29. Sorption of europium onto Kivetty granite in saline solution and in SP-
containing (1g/L) saline solution.  
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Clenium 51 (0.1g/L)
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Figure 6-30. Sorption of europium onto Kivetty granite in saline solution and in SP-
containing (0.1 g/L) saline solution. 
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Figure 6-31. Sorption of europium onto Kivetty granite in saline solution without SP.  

6.3.3  Effect of graphite on Eu sorption 

Graphite increased the Eu sorption at pH 10 for all SPs studied (Figure 6-32). At a pH 
of 10, where there is both graphite and SP present, the effect of graphite is hindered in 
the sorption process of Europium. The effect is seen the most clearly for Glenium 51. In 
addition, it is possible that SPs are sorbed on the graphite surface, but this was not 
studied.  

6.3.4 Effect of SPs on the sorption of Eu on rock in grout leaching solution 
tests 

The Eu sorption was very high on crushed rock in the grout leaching solution tests. In 
most cases, the measurements were below the detection limit. In addition, the 
measurement errors are very high. The results are in Tables 6-8 and 6-9. There was 
formation of a white solid (likely calcite) in normal pH grout samples coating the vessel 
walls. This may have taken part in the sorption process.   

The results from Helsinki University show that there is a fairly high sorption on the 
glass vessel used. Otherwise the decrease in sorption of Eu is not that clearly affected by 
the addition of SPs as in the tests at Chalmers. Glenium 51 is though resulting in some 
decrease of sorption of Eu on rock especially at the lowest pH (pH 7).

A higher concentration of SP (1g/L) seems to generally give a lower sorption as 
compared to the lower concentration of SP (0.1 g/L). When comparing the different 
SPs, the effect is strongest for Glenium-51 and about similar for Mighty 150 and SP40. 
It must be noted that there are large uncertainties in the results due to the measurements 
being close to the detection limit 
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Figure 6-32. Effect of graphite on Eu sorption on crushed rock using different SP. The 
results are at initial pH 7, 9 and 10. There are two parallel determinations for each 
case. 



Table 6-8. Sorption of Eu on crushed rock using normal pH grout leaching waters.  

Sample

pH
initial

pH
leaching

pH
final

Rd (m3/kg)
7 days 
(error%)

pH
final

Rd (m3/kg)
30 days 
(error%) 

pH
final

Rd (m3/kg)
90 days 
(error%)

pH
final

Rd (m3/kg)
180 days 
(error%)

XRef52 7 11.6 12.1 54 (-57,+683) 12.0 > 284 11.6 > 406 11.4 > 388
7 36 (-47,+758) > 328 > 457 > 475
9 11.6 12.1 > 306 12.0 > 470 11.7 > 506 11.4 > 381
9 24 (-37,+147) > 563 > 369 > 553
10 11.7 12.0 > 476 12.0 > 416 11.6 > 421 11.3 > 313
10 > 476 > 352 > 547 > 465

N3 7 12.1 12.1 11 (-22,+38) 12.0 > 416 11.8 > 316 11.4 > 456
7 13 (-24,+45) > 321 > 409 > 428
9 12.0 12.1 > 360 12.0 > 301 11.7 > 447 11.4 > 535
9 - > 244 > 511 > 332
10 12.1 12.0 > 476 12.0 > 331 11.7 > 308 11.3 > 393
10 > 477 > 442 > 481 > 472

Ref52 7 12.2 12.1 > 392 12.0 231 (-85,+21) 11.6 > 404 11.3 > 464
7 - > 369 > 535 416 (-91,+16)
9 12.2 12.1 > 394 12.0 > 302 11.4 > 461 11.3 -
9 - > 346 > 504 20 (-33,+98)
10 12.2 12.1 > 478 12.0 258 (-86,+43) 11.7 > 598 11.3 > 495
10 > 498 > 362 > 535 > 481
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Table 6-9. Sorption of Eu on crushed rock using low pH grout leaching waters. 

Sample

pH
initial

pH
leaching

pH
final

Rd (m3/kg)
7 days 
(error%)

pH
final

Rd (m3/kg)
30 days 
(error%)

pH
final

Rd (m3/kg)
90 days 
(error%)

pH
final

Rd (m3/kg)
180 days 
(error%)

P379G 7 9.52 9.43 > 455 9.48 > 540 9.45 > 491 9.23 > 518
7 > 457 > 509 > 498 > 519
9 9.40 9.49 138 (-77,+237) 9.56 > 499 9.15 > 537 9.07 > 542
9 47 (-54,+887) > 537 > 522 > 520
10 8.74 9.48 29 (-42,+265) 9.47 > 428 9.39 335 (-89,+47) 9.24 > 506
10 > 476 > 428 > 527 > 547

P308B 7 10.2 9.48 28 (-41,+214) 9.43 > 422 9.43 > 510 9.21 > 518
7 12 (-24,+44) > 447 > 493 > 501
9 10.1 9.47 196 (-83,+126) 9.45 > 465 9.19 > 524 9.76 202 (-83,+153)
9 70 (-63,+242) > 438 > 527 > 536
10 10.1 9.40 36 (-47,+861) 9.45 > 462 9.39 > 508 9.05 > 467
10 > 476 > 449 > 541 > 490

XP308B 7 9.82 9.51 > 487 9.55 > 447 9.10 > 540 9.00 > 520
7 > 697 > 471 > 504 > 519
9 9.74 9.50

52 (-56,+863)
9.46 243 (-

86,+100)
9.28

> 509
9.27 376 (-90,+50)

9 26 (-39,+180) > 457 > 518 > 547
10 9.81 9.48 165 (-80,+188) 9.54 > 452 9.37 > 526 8.78 526 (-93,+3.2)
10 > 476 > 508 - > 565
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6.3.5 TOC after contact with crushed rock 

TOC analysis of the solution after concluding the experiment were made to survey the 
changes in SP concentration in the solution both for the grout leaching water and for the 
direct SP addition water in contact with crushed rock. 

The TOC values of SP directly added to the water are logical for Glenium 51 and 
Mighty 150 (Figures 6-33 and 6-34). When the added SP concentration is increased ten 
folds the corresponding TOC value increases the same amount. For SP40, the increase 
was lower than expected. As earlier explained during the preparation of SP solutions the 
solubility limit of SP40 may have been exceeded.  

Few samples with SP solutions of 0.1 g/L concentration show high TOC values, such as 
samples with SP40 at pH 7 and Mighty 150 both at pH 9 and 10 for six months contact 
time. However the sample with 1 g/L of Glenium 51 for six months contact time shows 
very low TOC values. Many of three month contact time samples using grout leaching 
water showed increased TOC values (Figures 6-35 and 6-36), especially P308B at pH 9, 
P379G at pH 10, N3 at pH 7 and XP308B at pH 10. 
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Figure 6-33. TOC (mg/L) concentrations in Eu sorption tests with crushed rock using 
0.1 g/L SP solutions for different contact times. 
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Figure 6-34. TOC (mg/L) concentrations in Eu sorption tests with crushed rock using 1 
g/L SP solutions for different contact times. 
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Figure 6-35. TOC (mg/L) concentrations in Eu sorption tests with crushed rock using 
low pH grout leaching solution for different contact times.
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Figure 6-36. TOC (mg/L) concentrations in Eu sorption tests with crushed rock using 
normal pH grout leaching solution for different contact times. 
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6.3.6 Cation analyses 

Cations Ca and K were determined by Atomic Absorption Spectrometry (AAS) from 
the prepared synthetic solutions before and after the experiments. In addition, the 
evolution of these cations was followed during the leaching when the grout leaching 
solutions were prepared. 

SP solutions after sorption experiment 

In the experiment with 1 g/L SP concentration, calcium was leached out from the 
crushed rock for Glenium 51 during six months contact time (Figure 6-37). In case of 
SP40, calcium concentration in solution decreased in one and three months contact time 
which may be due to precipitation. However, at pH 7 it increased again after six months 
contact time. For Mighty 150, there was also a slight decrease of calcium concentration 
at high pH for six months contact time. 

In the experiment with 0.1 g/L SP concentration, calcium was leached out from the 
crushed rock for Glenium 51 during six months contact time. In case of SP40, calcium 
concentration in solution increased at pH 7 and 9 after 6 months contact time. For 
Mighty 150, there was an increase in calcium concentration at pH 7 for one and six 
months contact time. At pH 10 there was an increase in calcium concentration after six 
months contact time. 

In the reference samples without SP’s, a high value for calcium concentration on pH 10 
for one month contact time was observed. 
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Figure 6-37. Evolution of calcium concentration in SP solutions after sorption 
experiment.  
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In the experiment with 1 g/L SP concentration, potassium was clearly leached out from 
the crushed rock in most cases (Figure 6-38). In case of SP40, potassium concentration 
in solution decreased at pH 9 and 10 for 6 months contact time which may be due to 
precipitation. For Mighty 150, there was also a decrease of potassium concentration but 
at pH 7 and 10 for six months contact time. 

In the experiment with 0.1 g/L SP concentration, potassium was clearly leached out 
from the crushed rock for Glenium 51 during six months contact time. In case of SP40, 
potassium concentration in solution decreased at pH 9 and 10 after six months contact 
time as in case 1 g/L SP concentration.  

In the reference samples without SP’s, a low value for potassium concentration on 
pH 10 for six month contact time was observed. 
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Figure 6-38. Evolution of potassium concentration in SP solutions after sorption 
experiment.  
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Grout leaching solutions 

In grout leaching solutions, the potassium was leached out rapidly and after two weeks 
the potassium concentration was about 10 times higher in the solution than in the 
original synthetic solution (Figure 6-39). Both grout types, low pH and normal pH 
grouts, behaved similarly. The potassium concentration still increased clearly for N3 at 
all pH values. For other grouts, a levelling off in the increase in potassium concentration 
and even a slight decrease of potassium concentration after 42 days of starting the 
leaching was observed. 

The calcium concentration increased slightly for P308B and XP308B grout at pH 9 after 
42 days leaching time and at pH 10 after two weeks contact time (Figure 6-40). For 
Ref52, an increase in calcium concentration was observed at pH 9 after two weeks 
leaching time. For N3 and XRef52, there was a decrease in the calcium concentration at 
pH 10 after 42 days leaching time. 

In the powder leaching experiments by NUMO, high amount of calcium were reported 
to be leached, however according the released calcium coated the grout surface and 
inhibited further rapid calcium leaching (Yamamoto et al. 2008). The reason that high 
calcium concentrations were not observed may be due to an immediate precipitation of 
calcium or the filtration of the sample before measurement which would remove all 
colloidal calcium compounds. 

Grout leaching solutions after sorption experiment 

In sorption experiments using low pH grout leaching solutions, the calcium 
concentration increased slightly solutions at all pH values except for XP308B at pH 10 
where the calcium concentration remained at the original level after six months contact 
time (Figure 6-41). The calcium concentration decreased for the normal pH grout 
leaching solutions, with the exception of Ref52 at pH 7 where the calcium concentration 
remained at the original level. 

In sorption experiments using normal pH grout leaching solutions, after initial 
scattering, the potassium concentration level stabilized after six months contact time 
(Figure 6-42). No change was noticed in the low pH grout leaching solutions. 
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Figure 6-39. Evolution of potassium concentration in grout leaching solutions. The low 
pH grout leaching solutions (left) the normal pH grout leaching solutions (right).
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Figure 6-40. Evolution of calcium concentration in grout leaching solutions. The low 
pH grout leaching solutions (left) and the normal pH grout leaching solutions (right).  
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Figure 6-41. Evolution of calcium concentration in grout leaching solutions. The low 
pH grout leaching solutions (left) and the normal pH grout leaching solutions (right).
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Figure 6-42. Evolution of potassium concentration in grout leaching solutions. The low 
pH grout leaching solutions (left) and the normal pH grout leaching solutions (right).

6.3.7 Evaluation of the results, discussion on the possible uncertainties 
and errors concerning experiments at HU 

pH measurements 

According to Mäntynen (1999) the Orion Ross pH electrode is suitable for use in saline 
solutions. The manufacturer reports that the precision of the pH electrode is 0.01 pH and 
the resolution is 0.01 pH. The precision of buffers was reported to be 0.02 pH. The 
difference between measured parallel samples was ± 0.3 order of magnitude. The error in 
calibration of the pH measurements was 4% using the variation of the error of slope. 
There are several other sources of error among others electrical disturbances. According 
to OLSO-SR recipe the sodium concentration in the waters is 0.21 M. The sodium error 
in pH measurement is very small in synthetic solutions where pH is between 7 and 10.  

For comparison, the pH in grout leaching solutions made by Chalmers and 
NUMO/CRIEPI gave measurement of normal pH grout 12.2 and low pH grout 9.5. In 
this study the final pH values after six weeks were average 11.9 ± 0.2 and 9.7 ± 0.5, 
respectively. 

Activity measurements 

The radioactivity in many samples was near or below the detection limit. This made the 
error of the radioactivity measurements high, which was further reflected to the Rd results 
and the scatter in parallel results. 

Wall adsorption 

The determination of vessel wall adsorption was difficult, since the removing of fine and 
transparent mineral grains from the vessel was difficult. In some cases, some small grains 
may not have been recovered, but the effect on the measured total activity of sorption 
would be small. This may also be a reason for the deviation of the parallel results. 
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TOC 

The TOC content was measured after different periods of time depending on the 
different laboratories technical availability. Samples were capped but stored in room 
atmosphere. This may be one of the reasons for the ascending TOC values observed. In 
addition, during the experiment the samples in glass tubes were in room atmosphere 
outside the glove box. It is possible that carbon dioxide from the air may have been able 
to diffuse inside the sample vessel. Due to the great number of samples it was not 
possible to store them inside glove boxes or to provide other sealed arrangements to 
prevent the ingress of carbon dioxide. Also some samples produced excess foam during 
TOC analysis, which complicated the analyses. 

The TOC measurements varied depending on the sample type. For the water solution 
without SP the average TOC value was (2.74 ±0.59) mg/L when the detection limit was 
1 mg/L.   

6.4 Sorption experiments at CTH 

6.4.1 pH and NPOC measurements in sorption experiments at CTH 

pH measurements before the start of experiments 

The results of the initial pH measurements made after one week after a water exchange 
are shown in Figure 6-43 and in Table 1 in Appendix 12. Note that only one series of 
experiments of each size (10 and 35 mL) was measured. 

The results show, in most of the cases that tubes filled with granite (solid) approached 
what seems to be a final pH slower than tubes without solid. In the cases with OL-SR of 
pH 9 and 10, the limiting pH values seem to be the same as the pH of the added “fresh” 
water. However, for OL-SR with pH 7, the limiting value is clearly higher than the pH 
of the added water. On the basis of these results it was decided to change the lowest pH 
from 7 to 8.5 of the tracer solution in the subsequent sorption experiments. 
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Figure 6-43. Results of pH measurements after water exchanges number 1-4. Black=10 
mL experiments, red=35 mL. 
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pH measurements after the conclusion of experiments 

The pH in the Eu sorption experiments were measured again after the conclusion of the 
six month sampling. The results are shown in Table 6-10. 

The results show that a certain trend to lower pH has taken place in most of the samples. 
However, the granite seems to buffer pH at pH 8.5.  

NPOC measurements of background levels in sorption experiments 

The centrifugation tubes (10 and 35 mL sizes) were checked for possible leaching of 
organics by analysing NPOC (Non-Purgeable Organic Carbon) in the water contacted 
with the tubes. Samples were taken from the initial water exchange procedures. Some 
tubes were examined up to six months after the initial water exchange procedure was 
concluded. Results are shown in Table 6-11. 

The results show that some organics are washed out from granite at pH 9 and 10 after 
the initial water exchange at one week. After the final water exchange and allowing the 
samples to standing for six months, organics are detected in the 10 mL tubes at pH 7 
only. These may originate from the 10 mL tubes. A possible explanation for this 
behaviour is that a corresponding amount has already been removed from the 10 mL 
tubes at pH 9 and 10 with the previous four water exchanges but that the leaching of 
organics from the 10 mL tubes are much slower at pH 7, giving a detectable amount in 
the water that have been left for six months. 

6.4.2 Eu sorption onto granite with direct addition of superplasticizers 

In these tests SPs were added directly to Eu tracer solution that is later placed in contact 
with granite. The adsorption of Eu is compared with reference experiments without SP.  

Results for the reference case 

The reference case was Eu sorption onto granite without any SP added. The results for 
wall sorption are shown in Figure 6-44 and in Table 2 in Appendix 12. Generally, 
results show higher wall sorption with pH 9 and pH 10 than with pH 8.5 for the 
reference case. Any differences between pH 9 and pH 10 are impossible to resolve. 
Also, it seems like in-diffusion into the tube walls is still taking place in the last 
measurements, because of continually increasing measured Ld values. 
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Table 6-10. pH measurements in the Eu sorption experiments after the last sampling at 
six months. Legend: Ref=reference, Mig=Mighty 150, EVO=EVO 26, Gle=Glenium 51, 
Rhe=Rheobuild 1000.  

Without granite With granite 
pH8.5 pH9 pH10 pH8.5 pH9 pH10 

SP 
conc. 
(g/L) 

SP 
type 

#1 #2 #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 
0 Ref 8.4 8.4 8.9 8.9 9.9 9.9 8.5 8.5 8.8 8.8 9.7 9.7 

Mig  8.3 8.2 8.7 8.7 9.6 9.6 8.4 8.4 8.7 8.6 9.6 9.6 
EVO 8.3 8.3 8.7 8.7 9.9 9.9 8.5 8.5 8.7 8.7 9.6 9.6 
Gle 8.2 8.2 8.8 8.8 9.7 9.8 8.5 8.4 8.7 8.7 9.6 9.6 

0.1 

Rhe 8.1 8.3 8.9 8.8 9.6 9.5 8.3 8.3 8.6 8.7 9.3 9.3 
Mig 8.0 8.0 8.5 8.5 9.9 10.0 8.5 8.5 8.8 8.8 9.7 9.7 
EVO 8.2 8.2 8.6 8.6 9.8 9.8 8.5 8.4 8.7 8.7 9.7 9.7 
Gle 8.4 8.3 8.9 8.9 10.0 10.0 8.5 8.4 8.8 8.8 9.7 9.7 

1 

Rhe 8.2 8.2 8.8 8.8 10.0 10.0 8.5 8.5 8.8 8.8 9.7 9.7 
 

Table 6-11. Background concentration of organics in OL-SR water contacted with 
centrifugation tubes and granite after different contact time. 

10 mL tubes 35 mL tubes 
without granite with granite without granite with granite 

Contact 
time 

pH7 pH9 pH10 pH7 pH9 pH10 pH7 pH9 pH10 pH7 pH9 pH10 
1 w n.d.(* n.d. n.d. n.d. 0.4 1.0 n.d. n.d. n.d. n.d. 0.3 0.5 
6 m 0.6 n.d. n.d. 1.2 n.d. n.d. n.d. n.d. n.d n.d n.d n.d. 
 

*) not detected, detection limit 0.2 ppm 
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The results for granite sorption are shown in Figure 6-45 and in Table 3 in Appendix 11. 
The percentage of Eu left in solution and percentage of Eu on the tube wall are given in 
Tables 6-12 and 6-13, respectively.  

The pH dependency of measured Rd values is shown in Figure 6-46. The results for 
granite sorption of Eu initially show larger measured Rd values with pH. This is 
reversed in the last measurement, where Rd values for pH 8.5 are largest. In Figure 6-46 
the pH dependence clearly shows a reversal going from shorter to longer sampling 
times. This may be an effect of in-diffusion, progressively reaching steady-state 
condition. 
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Figure 6-45. Results of granite sorption of Eu for the reference case. 

Table 6-12. Percentage of Eu left in solution for the reference case of granite 
experiments. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 12.0% 10.6% 4.1% 3.9% 2.2% 5.0% 
7 1.6% 1.4% 1.2% 1.8% 0.9% 1.1% 
30 0.6% 0.5% 0.5% 0.6% 0.9% 0.7% 
90 1.0% 0.7% 0.7% 1.9% 1.1% 0.6% 
180 0.7% 0.8% 1.0% 1.4% 0.9% 1.9% 
 

Table 6-13. Percentage of Eu on wall for the reference case of granite experiments. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.5% 0.5% 0.4% 0.4% 0.0% 0.0% 
7 0.1% 0.1% 0.6% 0.9% 0.1% 0.2% 
30 0.1% 0.1% 0.9% 1.0% 2.2% 2.0% 
90 0.2% 0.2% 1.6% 4.5% 1.5% 0.9% 
180 0.2% 0.2% 3.4% 4.9% 4.6% 10.4% 
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 Figure 6-46. pH dependency of Rd values for the reference case at different sampling 
periods. 
 
Results for the cases with Mighty 150 additions 
 
The first case investigated was Eu sorption onto granite with 1 g/L Mighty 150 added. 
The results for wall sorption are shown in Figure 6-47 and in Table 4 in Appendix 12. 
The duplicate experiments for pH 8.5 diverged very much from each other, therefore 
only the series with lower Ld values was selected and shown in Table 4 in Appendix 12 
and Figure 6-47. Otherwise, by taking a mean value, the wall sorption dependence on 
pH with 1 g/L Mighty 150 would be reversed from the reference case (Figure 6-44) and 
almost all other cases of wall sorption behaviour measured here (see following results).  
 
The results for granite sorption are shown in Figure 6-48 and in Table 5 in Appendix 12. 
The results clearly show decreased measured Rd values with the addition of Mighty 150 
at 1 g/L particularly at earlier sampling times, compared with the reference case. The 
effect can still be seen in the last measurement for all pH, although the differences 
relative to the reference case are small. The percentage of Eu left in solution and 
percentage of Eu on tube wall are given in Tables 6-14 and 6-15, respectively. 
 
The pH dependency of measured Rd values is shown in Figure 6-49. The dependency 
shows the same trend at all sampling times, that is, larger measured Rd values at lower 
pH. The difference in Rd between the different pH becomes more marked at the later 
sampling times. 
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Figure 6-47. Results of wall sorption of Eu in the presence of 1 g/L Mighty 150.  
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Figure 6-48. Results of granite sorption of Eu in the presence of 1 g/L Mighty 150.
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Table 6-14. Percentage of Eu left in solution for the 1 g/L Mighty 150 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 23.3% 30.3% 43.7% 44.1% 57.5% 56.7% 
7 4.7% 8.2% 15.4% 15.2% 30.2% 30.7% 
30 2.6% 3.8% 6.0% 5.7% 11.8% 11.3% 
90 1.5% 1.5% 2.0% 2.6% 4.1% 3.5% 
180 1.0% 1.1% 2.3% 1.7% 3.1% 2.2% 
 
 
Table 6-15. Percentage of Eu on wall for the 1 g/L Mighty 150 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 3.7% 5.1% 5.6% 5.7% 5.6% 5.9% 
7 1.0% 1.9% 2.0% 2.0% 6.4% 6.9% 
30 0.8% 1.2% 1.7% 1.7% 4.1% 4.2% 
90 0.6% 0.6% 0.9% 1.2% 2.0% 1.8% 
180 0.4% 0.5% 1.4% 1.1% 2.0% 1.5% 
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Figure 6-49. pH dependency of Rd values for the 1 g/L Mighty 150 case at different 
sampling periods. 
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The second case investigated was Eu sorption onto granite with 0.1 g/L Mighty 150 
added. The results for wall sorption are shown in Figure 6-50 and in Table 6 in 
Appendix 12. Results for 0.1 g/L Mighty 150 show similar dependency of wall sorption 
based on pH level as the reference case (Figure 6-44). This supports the assumption 
made above, that the apparently reversal of the dependency in the 1 g/L case, if one 
should select a mean value of both pH 8.5 series, could be due to measurement error in 
one of the series. 
 
The results for granite sorption are shown in Figure 6-51 and in Table 7 in Appendix 12. 
As could be expected the effect on the Rd values are smaller with the lower 
concentration of Mighty 150, although decreased values, compared to the reference 
case, can still be seen. At pH 8.5 and the last sampling there is no difference to the 
reference case, but at pH 9 and 10 there is still a small effect. The percentage of Eu left 
in solution and percentage Eu on the tube wall are given in Tables 6-16 and 6-17, 
respectively. 
 
The pH dependency of measured Rd values is shown in Figure 6-52. The pH 
dependency for the 0.1 g/L results is similar to the 1 g/L Mighty 150 results. The 
dependency shows larger measured Rd values at lower pH for all sampling times, except 
for the first samples taken which have a positive slope. This is consistent for a case that 
is in between 1 g/L and the (0 g/L) reference case: for the initial sample the pH 
dependency has a positive slope, just as was found in for the initial reference samples. 
Obviously, adding Mighty 150 the “turning over” of the slope to negative dependency 
goes quicker, the more SP that is added. As was the case with 1 g/L, the difference in Rd 
between the different pH becomes more marked at later sampling times. 
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Figure 6-50. Results of wall sorption of Eu in the presence of 0.1 g/L Mighty 150. 
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Figure 6-51. Results of granite sorption of Eu in the presence of 0.1 g/L Mighty 150. 
 
 
Table 6-16. Percentage of Eu left in solution for the 0.1 g/L Mighty 150 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 21.3% 17.2% 12.9% 11.0% 8.2% 13.8% 
7 3.0% 3.3% 4.3% 3.6% 3.1% 3.5% 
30 1.2% 1.3% 2.4% 2.4% 3.1% 4.6% 
90 1.8% 1.3% 2.2% 1.8% 2.2% 5.5% 
180 0.8% 0.5% 2.8% 2.9% 2.1% 1.8% 
  

Table 6-17. Percentage of Eu on wall for the 0.1 g/L Mighty 150 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 4.4% 3.8% 2.2% 1.9% 1.8% 3.0% 
7 1.0% 1.2% 2.7% 2.3% 3.1% 3.4% 
30 0.6% 0.7% 1.7% 1.8% 4.9% 7.4% 
90 1.2% 0.9% 3.1% 2.6% 3.0% 7.6% 
180 0.6% 0.4% 3.9% 4.2% 3.8% 3.2% 
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Figure 6-52. pH dependency of Rd values for the 0.1 g/L Mighty 150 case at different 
sampling periods. 
 
 
Results for the cases with EVO 26 additions 
 
The first case investigated was Eu sorption onto granite with 1 g/L EVO 26 added. The 
results for wall sorption are shown in Figure 6-53 and in Table 8 in Appendix 12. The 
results for wall sorption of Eu in the presence of 1 g/L EVO 26 show the now familiar 
pattern from the previous reference and Mighty 150 cases: wall sorption increases with 
pH.  By comparing Ld values for the different cases, the Ld values for 1 g/L EVO 26 are 
clearly lower; all measured values are now below 1 mL. Wall sorption seems to increase 
for all sampling times. Therefore, in-diffusion in tube walls may not have reached a 
steady-state. 
 
The results for granite sorption are shown in Figure 6-54 and in Table 9 in Appendix 12. 
The effect of 1 g/L EVO 26 on Eu sorption onto granite is quite large compared with 1 
g/L Mighty 150 (Figure 6-48), Rd values drop by about one order of magnitude for all 
sampling times (Figure 6-54). Contrary to 1 g/L Mighty 150, where Rd values approach 
reference values at the later sampling times, the effect of EVO 26 seems to be more 
persistent. The distances between measured Rd values between reference and 1 g/L EVO 
26 are constant over the whole sampling period. The percentage of Eu left in solution 
and percentage of Eu on tube wall are given in Tables 6-18 and 6-19, respectively. 
 
The pH dependency of measured Rd values is shown in Figure 6-55. The dependency 
shows the same trend at all sampling times, that is, larger measured Rd values at lower 
pH. The difference in Rd between the different pH becomes more marked at the later 
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sampling times. The results are strikingly similar to those for 1 g/L Mighty 150 (Figure 
6-49), but at lower Rd values. 
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Figure 6-53. Results of wall sorption of Eu in the presence of 1 g/L EVO 26. 
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Figure 6-54. Results of granite sorption of Eu in the presence of 1 g/L EVO 26. 
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Table 6-18. Percentage of Eu left in solution for the 1 g/L EVO 26 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 53.6% 53.3% 63.9% 63.8% 59.7% 61.0% 
7 30.4% 31.8% 43.5% 41.7% 42.3% 43.1% 
30 15.3% 15.6% 26.7% 22.4% 28.7% 28.4% 
90 10.5% 10.2% 18.6% 14.0% 23.8% 23.2% 
180 9.4% 8.8% 15.0% 11.5% 19.4% 19.7% 
  

 
Table 6-19. Percentage of Eu on wall for the 1 g/L EVO 26 case of granite experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.0% 0.0% 0.6% 0.6% 0.8% 0.8% 
7 0.5% 0.5% 0.5% 0.4% 2.2% 2.3% 
30 0.4% 0.5% 0.7% 0.6% 1.2% 1.2% 
90 0.6% 0.6% 1.1% 0.8% 2.0% 2.0% 
180 0.8% 0.7% 1.3% 1.0% 1.9% 2.0% 
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Figure 6-55. pH dependency of Rd values for the 1 g/L EVO 26 case at different 
sampling periods. 
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The second case investigated was Eu sorption onto granite with 0.1 g/L EVO 26 added. 
The results for wall sorption are shown in Figure 6-56 and in Table 10 in Appendix 12. 
Results for wall sorption with 0.1 g/L EVO 26 also show the familiar pattern: highest Ld 
values are measured for pH 10. The results for granite sorption are shown in Figure 6-57 
and in Table 11 in Appendix 12. The negative effects of EVO 26 on Eu sorption onto 
granite are clearly seen also with the lower concentration. In fact, the effects seem to be 
even worse at pH 8.5 and 9, compared with results for 1 g/L EVO 26. Another 
inexplicable feature is the higher sorption (less reductive effect) at pH 10 compared to 
pH 8.5 and 9. Almost all other measurements show largest effects and lowest Rd values 
for pH 10, but in this case the last sampling time measurement shows values similar to 
references. The percentage of Eu left in solution and percentage of Eu on tube wall are 
given in Tables 6-20 and 6-21, respectively. 
 
The pH dependency of measured Rd values is shown in Figure 6-58. The figure shows 
the very unique results of pH dependency that was obtained here with 0.1 g/L EVO 26. 
The pH dependency shows a minimum for the intermediate pH 9. The only explanation 
so far found for this deviating behaviour compared to all other tests in this study, is a 
degradation of the superplasticizer, probably into shorter chains. The 0.1 g/L series was 
started about half a year after the 1 g/L series, and the limited shelf life of the product 
may therefore be the underlying reason. An explanation of Eu precipitation is less 
probable, since the expected in-diffusion behaviour is still present in Figure 6-57. 
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Figure 6-56. Results of wall sorption of Eu in the presence of 0.1 g/L EVO 26. 
 

 



140 

-3

-2

-1

0

1

0 50 100 150 200

time (days)

lo
g

 (
R

d
(m

3 /k
g

))

pH8.5 ref series1

pH8.5 ref series2

pH9 ref series1

pH 9 ref series2

pH10 ref series1

pH10 ref series2

pH8.5 EVO series1

pH8.5 EVO series2

pH9 EVO series1

pH9 EVO series2

pH10 EVO series1

pH10 EVO series2

 
Figure 6-57. Results of granite sorption of Eu in the presence of 0.1 g/L EVO 26. 
 
 
Table 6-20. Percentage of Eu left in solution for the 0.1 g/L EVO 26 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 56.9% 63.8% 77.9% 76.5% 53.1% 51.3% 
7 37.4% 40.6% 63.4% 62.7% 30.9% 29.8% 
30 23.8% 28.3% 47.3% 46.5% 10.8% 10.5% 
90 17.7% 19.2% 37.1% 36.8% 3.4% 3.5% 
180 12.4% 13.5% 26.9% 26.7% 1.5% 1.5% 
  

 
Table 6-21. Percentage of Eu on wall for the 0.1 g/L EVO 26 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 1.7% 1.8% 6.4% 6.3% 11.6% 11.3% 
7 0.8% 0.8% 5.6% 5.5% 7.6% 7.4% 
30 0.8% 0.9% 2.3% 2.2% 2.5% 2.5% 
90 0.7% 0.7% 1.9% 1.9% 1.7% 1.8% 
180 0.6% 0.6% 1.8% 1.8% 1.1% 1.1% 
  

 



141 

Results for the cases with Glenium 51 additions 
 
The first case investigated was Eu sorption onto granite with 1 g/L Glenium 51 added. 
The results for wall sorption are shown in Figure 6-59 and in Table 12 in Appendix 12. 
The results for wall sorption of Eu in the presence of 1 g/L Glenium 51 show the same 
pattern from the previous cases: wall sorption increases with pH.  By comparing Ld 
values with the previous cases with SP present, the Ld values for 1 g/L Glenium are 
similar to the values for 1 g/L Mighty 150 and higher than those for 1 g/L EVO 26. Also 
measurements of the wall Ld seem to increase for all sampling times and in-diffusion in 
tube walls may not have reached a steady-state. 
 
The results for granite sorption are shown in Figure 6-60 and in Table 13 in 
Appendix 12. The effect of 1 g/L Glenium 51 on Eu sorption onto granite is also quite 
large compared with 1 g/L Mighty 150 (Figure 6-48), Rd values drop by one to two 
orders of magnitude for all sampling times (Figure 6-60). Contrary to 1 g/L Mighty 150, 
where Rd values close in to reference values at the later sampling times, the effect of 
Glenium 51 seems to be more persistent, exactly like the other PC type of SP in this 
investigation, EVO 26. A slow increase in Rd may be seen between the last two 
measurements. 
 
The pH dependency of measured Rd values is shown in Figure 6-61. The dependency 
shows the same trend at all sampling times, that is, larger measured Rd values at lower 
pH. The difference in Rd between the different pH becomes more marked at the later 
sampling times. These results are now a familiar pattern, seen also for 1 g/L Mighty 150 
(Figure 6-49) and EVO 26 (Figure 6-55). 
 

-2.5

-2

-1.5

-1

-0.5

0

0.5

8 8.5 9 9.5 10 10.5

lo
g

(R
d
(m

3 /
kg

))

pH

1d series1

7d series1

30d series1

90d series1

180d series1

1d series2

7d series2

30d series2

90d series2

180d series2

 
Figure 6-58. pH dependency of Rd values for the 0.1 g/L EVO 26 case at different 
sampling periods. 
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Figure 6-59. Results of wall sorption of Eu in the presence of 1 g/L Glenium 51. 
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Figure 6-60. Results of granite sorption of Eu in the presence of 1 g/L Glenium 51. 
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Table 6-22. Percentage of Eu left in solution for the 1 g/L Glenium 51 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 46.8% 41.8% 57.1% 57.6% 67.5% 68.7% 
7 26.3% 23.6% 50.0% 48.0% 63.0% 64.5% 
30 18.6% 16.6% 42.7% 40.4% 58.1% 57.8% 
90 14.0% 13.2% 35.1% 32.9% 52.0% 51.6% 
180 12.2% 10.9% 28.0% 26.3% 46.5% 47.0% 
  

 
Table 6-23. Percentage of Eu on wall for the 1 g/L Glenium 51 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 5.1% 4.5% 9.5% 9.6% 10.9% 11.0% 
7 2.6% 2.3% 5.6% 5.4% 9.6% 9.8% 
30 2.0% 1.8% 4.9% 4.7% 9.3% 9.2% 
90 1.8% 1.7% 6.5% 6.1% 9.9% 9.8% 
180 2.2% 2.0% 5.6% 5.3% 13.0% 13.1% 
  

 
 
The second case investigated was Eu sorption onto granite with 0.1 g/L Glenium 51 
added. The results for wall sorption are shown in Figure 6-62 and in Table 14 in 
Appendix 12. The results deviate from previous findings in the study: the values for pH 
8.5 are largest. The pH 10 value at 180 days show a “drop-out”, this is likely a typical 
effect of Eu precipitation, but was not otherwise seen in these experiments.  
 
The results for granite sorption are shown in Figure 6-63 and in Table 15 in 
Appendix 12. The results for 0.1 g/L Glenium 51 show that there is still a very clear 
effect, compared with references, on the measured Rd values for all sampling occasions 
with this concentration, but the values are also continually increasing. Limiting values 
can therefore be expected to be very close to the reference case. The percentage of Eu 
left in solution and percentage of Eu on tube wall are given in Tables 6-24 and 6-25, 
respectively. 
 
The pH dependency is shown in Figure 6-64. The trends are nearly identical to 1 g/L 
case, although as espected, the Rd values are generally larger with the 0.1 g/L 
concentration.  
 



144 

-2.5

-2.3

-2.1

-1.9

-1.7

-1.5

-1.3

-1.1

-0.9

-0.7

-0.5

8 8.5 9 9.5 10 10.5

lo
g

(R
d
(m

3 /
kg

)

pH

1d series1

7d series1

30d series1

90d series1

180d series1

1d series2

7d series2

30d series2

90d series2

180d series2

 
 
Figure 6-61. pH dependency of Rd values for the 1 g/L Glenium 51 case at different 
sampling periods. 
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Figure 6-62. Results of wall sorption of Eu in the presence of 0.1 g/L Glenium 51. 
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Figure 6-63. Results of granite sorption of Eu in the presence of 0.1 g/L Glenium 51. 
 
 
Table 6-24. Percentage of Eu left in solution for the 0.1 g/L Glenium 51 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 39.2% 37.1% 57.3% 56.0% 69.3% 67.0% 
7 13.3% 11.8% 38.6% 36.9% 51.2% 49.8% 
30 5.7% 5.2% 22.3% 21.4% 32.6% 31.9% 
90 2.9% 2.5% 12.1% 12.0% 17.4% 18.5% 
180 1.7% 1.8% 5.9% 6.2% 7.5% 7.3% 
  

 
Table 6-25. Percentage of Eu on wall for the 0.1 g/L Glenium 51 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 13.8% 13.3% 9.2% 8.9% 14.0% 13.7% 
7 8.5% 7.7% 10.4% 9.9% 15.9% 15.7% 
30 4.5% 4.1% 8.0% 7.6% 15.1% 15.0% 
90 2.4% 2.1% 4.2% 4.1% 10.1% 10.9% 
180 1.7% 1.9% 2.7% 2.8% 20.1% 19.7% 
  

 
 



146 

-2.5

-2

-1.5

-1

-0.5

0

0.5

8 8.5 9 9.5 10 10.5

lo
g

(R
d
(m

3 /
kg

))

pH

1d series1

7d series1

30d series1

90d series1

180d series1

1d series2

7d series2

30d series2

90d series2

180d series2

 
 
Figure 6-64. pH dependency of Rd values for the 0.1 g/L Glenium 51 case at different 
sampling periods. 
 
 
Results for the cases with Rheobuild 1000 additions 
 
The first case investigated was Eu sorption onto granite with 1 g/L Rheobuild 1000 
added. The results for wall sorption are shown in Figure 6-65 and in Table 16 in 
Appendix 12. The results for wall sorption of Eu in the presence of 1 g/L 
Rheobuild 1000 show the same pattern from almost all the previous cases: wall sorption 
increases with pH. By comparing Ld values with the previous cases with SP present, the 
Ld values for 1 g/L Rheobuild 1000 are similar to the values for 1 g/L Mighty 150 and 
Glenium 51, which all are larger than those for 1 g/L EVO 26. The latter exhibits the 
lowest Eu wall sorption of all SP. Also with Rheobuild 1000 measured Ld seem to 
increase for all sampling times and in-diffusion in tube walls may not have reached a 
steady-state. 
 
The results for granite sorption are shown in Figure 6-66 and in Table 17 in 
Appendix 12. The effect of 1 g/L Rheobuild 1000 on Eu sorption onto granite is very 
similar to the effect seen for 1 g/L Mighty 150, which is not surprising since both SP are 
of the same PNS type. As in the case with Mighty 150, the effects at the last sampling 
time are small and even longer sampling periods would probably have given values that 
are very close to the reference case. The percentage of Eu left in solution and percentage 
of Eu on tube wall are given in Tables 6-26 and 6-27, respectively. 
 
The pH dependency of measured Rd values is shown in Figure 6-67. The dependency 
shows the same trend at all sampling times, that is, larger measured Rd values at lower 
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pH. The difference in Rd between the different pH becomes more marked at the later 
sampling times. This seems now to be firmly established as the general pattern for all Rd 

measurements with SP present. 
 

0

5

10

0 50 100 150

time (days)

L
d
 (m

L
)

1 %

10 %

100 %

Rheo pH8.5

Rheo pH9

Rheo pH10

Rheo pH8.5 %

Rheo pH9 %

Rheo pH10 %

 
 
Figure 6-65. Results of wall sorption of Eu in the presence of 1 g/L Rheobuild 1000. 
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Figure 6-66. Results of granite sorption of Eu in the presence of 1 g/L Rheobuild 1000. 
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Table 6-26. Percentage of Eu left in solution for the 1 g/L Rheobuild 1000 case of 
granite experiments. 

 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 20.8% 20.0% 28.7% 28.2% 37.2% 36.3% 
7 8.2% 7.7% 13.1% 12.3% 16.6% 15.4% 
30 3.6% 3.4% 5.2% 5.0% 11.3% 10.5% 
90 1.9% 1.8% 2.5% 2.5% 6.7% 6.2% 
180 1.1% 0.9% 1.2% 1.3% 3.7% 3.5% 
  

 
Table 6-27. Percentage of Eu on wall for the 1 g/L Rheobuild 1000 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 1.2% 1.2% 2.1% 2.1% 3.0% 3.0% 
7 0.7% 0.7% 1.8% 1.8% 5.6% 5.3% 
30 0.6% 0.6% 1.1% 1.1% 6.0% 5.7% 
90 0.4% 0.4% 0.7% 0.7% 4.7% 4.5% 
180 0.4% 0.3% 0.4% 0.5% 3.3% 3.2% 
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Figure 6-67. pH dependency of Rd values for the 1 g/L Rheobuild 1000 case at different 
sampling periods. 
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The second case investigated was Eu sorption onto granite with 0.1 g/L Rheobuild 1000 
added. The results for wall sorption are shown in Figure 6-68 and in Table 18 in 
Appendix 12. The results for wall sorption of Eu in the presence of 0.1 g/L Rheobuild 
1000 deviated from the general trend of this study because pH 8.5 show the strongest 
sorption.  Comparing the Ld values with those for the reference case (Table 6-12), shows 
that for pH 9 and 10, the values are similar. That is very believable, since Rheobuild 
showed relatively mild effects on Eu sorption at the higher 1 g/L concentration. 
Lowering the concentration to 0.1 g/L should then give even less of an effect. However, 
for pH 8.5 the results are somewhat curious, since here the measured Ld values are 
larger than the reference case. Why this intermediate concentration of Rheobuild 1000 
should actually enhance sorption compared to the reference case is not currently 
understood, but a reaction-mechanistic explanation may nevertheless be possible. 
Otherwise, precipitation of Eu could explain this behaviour, especially since the 
supposed in-diffusion curve (Figure 6-68) looks rather shaky for pH 8.5. 
 
The results for granite sorption are shown in Figure 6-69 and in Table 19 in 
Appendix 12. The results for 0.1 g/L Rheobuild 1000 are similar to the results for 
0.1 g/L Mighty 150, the other PNS type of SP: small effects are measured initially, but 
at the last sampling occasion the measured Rd values are very close to the reference 
case. However, the measured Rd values still showed an increase for the last sampling 
time, suggesting that in-diffusion is slower than for the reference case. The percentage 
of Eu left in solution and percentage Eu on tube wall are given in Tables 6-28 and 6-29, 
respectively. 
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Figure 6-68. Results of wall sorption of Eu in the presence of 0.1 g/L Rheobuild 1000. 
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Figure 6-69. Results of granite sorption of Eu in the presence of 0.1 g/L Rheobuild 
1000. 
 
 
Table 6-28. Percentage of Eu left in solution for the 0.1 g/L Rheobuild 1000 case of 
granite experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 3.9% 3.3% 6.1% 6.7% 3.0% 3.4% 
7 2.9% 3.3% 4.1% 3.3% 2.2% 2.1% 
30 2.7% 2.3% 2.0% 2.4% 3.6% 3.0% 
90 1.0% 1.5% 1.3% 1.5% 1.8% 1.2% 
180 0.6% 0.9% 0.6% 0.9% 0.8% 1.8% 
  

 
Table 6-29. Percentage of Eu on wall for the 0.1 g/L Rheobuild 1000 case of granite 
experiments. 
 
days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 3.7% 3.2% 7.2% 7.9% 0.4% 0.4% 
7 9.5% 10.9% 10.0% 8.2% 3.0% 2.9% 
30 24.5% 21.1% 4.0% 4.7% 11.6% 9.6% 
90 6.7% 10.2% 2.5% 2.7% 11.5% 7.9% 
180 8.6% 14.1% 1.5% 2.2% 5.8% 13.9% 
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The pH dependency of measured Rd values is shown in Figure 6-70. The pH 
dependency of the measured Rd values deviates somewhat from what is generally found 
here in the presence of a SP. The general behaviour is now established to show larger 
measured Rd values at lower pH. This is not what is found in this particular case. A 
comparison with the reference case (Figure 6-46), on the other hand, shows some 
similarities.  
 
The “inversion” behaviour of the curves, that is, peaks for the middle pH Rd-values, 
may be an effect of in-diffusion that have not reached a steady-state, even at the last 
sampling occasion. This can be compared with the reference case, where “inverted” 
curves appear for the intermediate sampling occasions.  
 
This, again, suggests that Rheobuild 1000 have the effect of slowing down diffusion of 
Eu into the granite, but had very little effect on sorption itself. 
 
 
6.4.3 SP sorption onto granite 
 
These series of experiments followed the same methodology as the previous series with 
Eu tracer. The main difference is that the tracer was not used. Instead the sorption of the 
SPs themselves is studied. 
 
However, for the PC types EVO 26 and Glenium 51 the detection method with UV 
spectroscopy did not produce usable results. An improved or alternative method for 
detection of these SPs has therefore to be decided before proceeding with these two 
experimental series. 
 
Results for the cases with Mighty 150 additions 
 
The first case investigated was Eu sorption onto granite with 1 g/L Mighty 150 added. 
The results for wall sorption are shown in Figure 6-71 and in Table 20 in Appendix 12. 
Results show that wall sorption of Mighty 150 at the 1 g/L concentration is 
measurable. The long-time trends seem to be increasing wall sorption and slightly 
stronger sorption at pH 9 than at pH 8.5 and 10.  
 
The results for granite sorption are shown in Figure 6-72 and in Table 21 in 
Appendix 12. The results for 1 g/L Mighty 150 sorption onto granite gave very low Rd 
values, some or all of them may be under the detection limit of the UV spectroscopy 
method. The precise value of detection limit has not yet been evaluated, but it is clear 
that nearly all measurements at one day are below the limit, because they generate 
negative Rd. The percentage of SP left in solution and percentage of SP on tube wall are 
given in Tables 6-30 and 6-31, respectively. 
 
The pH dependency of measured Rd values is shown in Figure 6-73. No trends in the Rd 
values dependency on pH can be discerned.  
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Figure 6-70. pH dependency of Rd values for Eu in the 0.1 g/L Rheobuild 1000 case at 
different sampling periods. 
 

1%

10%

100%

2

4

6

0 50 100 150 200

%
 o

n
 w

al
l

L
d
(m

L
)

time(days)

Mig pH8.5

Mig pH9

Mig pH10

Mig pH8.5 %

Mig pH9 %

Mig pH10 %

 
 
Figure 6-71.  Results of wall sorption of 1 g/L Mighty 150. 
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Figure 6-72. Results of granite sorption of 1 g/L Mighty 150. 
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Figure 6-73. pH dependency of Rd values for Mighty 150 for the 1 g/L case at 
different sampling periods. 
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Table 6-30. Percentage of Mighty 150 left in solution for the 1 g/L case of granite 
experiments. 
 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 100% 100% 92.4% 100% 100% 100% 
7 86.2% 86.7% 82.1% 82.1% 84.4% 84.1% 
29 87.0% 83.3% 85.4% 81.0% 84.7% 85.7% 
167 86.2% 83.6% 80.7% 82.7% 80.5% 84.9% 
 

 

Table 6-31. Percentage of Mighty 150 on wall for the 1 g/L case of granite 
experiments. 
 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 - - 0% - - - 
7 8.0% 8.3% 10.1% 9.9% 9.8% 10.0% 
29 9.5% 9.4% 12.8% 11.9% 5.7% 5.9% 
167 13.7% 13.7% 13.5% 13.5% 9.4% 10.2% 
 

 
 
Results for the cases with Rheobuild 1000 additions 
 
The second case investigated was SP sorption onto granite with 1 g/L Rheobuild added. 
The results for wall sorption are shown in Table 6-32 and Figure 6-74. 
 
 
Table 6-32. Results of wall sorption of 1 g/L Rheobuild 1000. Given as Ld values in mL 
and percentage of total amount. 
 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 
8 

n.d(* 
0.6 

- 
1.8% 

2.9 
3.1 

8.5% 
8.1% 

0.4 
0.8 

1.6% 
2.2% 

42 n.d. - 1.8 5.1% 2.4 1.8% 
125 5.6 14.9% 8.1 19.5% 2.2 6.2% 
448 0.9 2.9% 6.7 17.0% 1.5 4.6% 
 

*) not detected  
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Figure 6-74. Results of wall sorption of 1 g/L Rheobuild 1000.  
 
 
Results show that wall sorption of Rheobuild 1000 at the 1g/L concentration is 
measurable. As was also found for Mighty 1000, the trends over the sampling period 
seems to be that wall sorption increases with time and that it is slightly stronger at pH 9 
than the other pHs. 
 
The results for granite sorption are shown in Table 6-33 and Figure 6-75. 
 
Table 6-33. Results of granite sorption of 1 g/L Rheobuild 1000. Rd values in m3/kg. 
 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.001 0.0001 0.0020 0.0011 0.0014 n.d. 

8 0.0013 0.0014 0.0023 0.0020 0.0026 0.0005 

42 0.0020 0.0036 0.0024 0.0026 0.0035 n.d. 

125 0.0017 n.d.(* 0.0012 n.d. 0.0059 0.0003 

448 0.0018 0.0022 0.0029 0.001 0.0040 0.0009 

 
`*) not detected 
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Figure 6-75. Results of granite sorption of 1 g/L Rheobuild 1000. 
 
The results for 1 g/L Rheobuild 1000 sorption onto granite are similar to those for 
Mighty 150, which means very low Rd values, some or all of them may be under 
the detection limit of the UV spectroscopy method.  
 
For this series of experiments, the sampling period was somewhat extended to over 
a year. It was noted that the UV measurements gave double as high adsorption in 
the last samples compared to the previous samples, probably due to degradation of 
the Rheobuild 1000 because the solutions got more discoloured over time. 
Interestingly, this presumed degradation seems not to affect the calculated Rd 
values, which remains low but stable. 
 
The % SP left in solution and % SP on tube wall are given in Tables 6-34 and 6-35, 
respectively. 
 
Table 6-34. % Rheobuild 1000 left in solution for the 1 g/L case of granite 
experiments. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 95.2% 99.6% 84.3% 87.9% 92.2% 99.6% 
8 92.1% 91.7% 82.2% 84.1% 86.7% 95.5% 
42 90.4% 84.1% 84.4% 84.2% 79.9% 97.9% 
125 79.0% 89.4% 75.5% 81.8% 72.7% 92.3% 
448 88.3% 87.1% 72.2% 79.4% 79.4% 91.1% 
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Table 6-35. % Rheobuild 1000 on wall for the 1 g/L case of granite experiments. 
 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.0% 0.0% 7.2% 7.1% 1.1% 1.2% 
8 1.7% 1.7% 7.8% 7.6% 1.9% 2.1% 
42 0.0% 0.0% 4.8% 4.6% 5.6% 6.9% 
125 13.8% 15.2% 19.4% 20.0% 4.8% 6.1% 
448 2.7% 2.5% 15.7% 16.4% 3.7% 4.3% 
 

The pH dependency of the measured Rd values is shown in Figure 6-76. No trends in 
the Rd values dependency on pH can be discerned 
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Figure 6-76. pH dependency of Rd values for Rheobuild 1000 for the 1 g/L case at 
different sampling periods. 
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6.4.4 Eu sorption onto granite with grout leaching solutions 
 
In these series the SPs are added indirectly, by means of adding SPs to cement paste and 
then leaching the mixture for organic compounds with OL-SR. The leaching solution 
was then removed from the grout, Eu tracer was added to the solution and it is then used 
in subsequent sorption experiments on granite.  
  
In all cases two different grout types were used: normal and low pH grout, each giving a 
distinctive pH of leaching solution, 12.1 and 9.5, respectively.  
 
Results for the cases with Mighty 150 additions 
 
Mighty 150 was added to the cement paste of normal and low pH grout. Samples were 
then leached with a Eu tracer added to the leaching solution. The results for wall 
sorption are shown in Figure 6-77 and in Table 22 in Appendix 12. The results for Eu 
wall sorption in grout leaching solution showed large values, the final values for pH 9.5 
are in accordance with reference final values for pH 9 and 10 (Table 6-12). For pH 12.1, 
even stronger wall sorption is measured than these references. 
 
The results for granite sorption are shown in Figure 6-78 and in Table 23 in 
Appendix 12. The results for low pH grout (pH 9.5) showed reasonable accordance with 
the reference case at pH 9 and 10 (Table 3 in Appendix 12), suggesting that the organics 
in the leaching solution may not affect Eu sorption. Rd values were enhanced for the 
initial sampling occasions, but were otherwise not significantly different from the 
reference case. Results for the normal pH grout (pH 12.1), on the other hand, show a 
somewhat curious behaviour in so far that Rd values were enhanced at 30 days, 
compared with the reference, but then diminished at the next sampling at 90 days. The 
final values were, however, in accordance with reference values. Again, this suggests 
that organics in leaching solution does not affect Eu sorption. The percentage of Eu left 
in solution and percentage of Eu on tube wall are given in Tables 6-36 and 6-37, 
respectively. 
 
The pH dependency of measured Rd values is shown in Figure 6-79. No trends in the Rd 
values dependency on pH can be discerned, but it is clear that the measured Rd values at 
pH 12.1 fluctuates more over time than those at pH 9.5.  
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Figure 6-77.  Results of Eu wall sorption in leaching solution of grout with Mighty 150. 
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Figure 6-78. Eu sorption on granite in a leaching solution of grout with Mighty 150 
added. 
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Figure 6-79. pH dependency of Rd values for the experiments with Eu sorption on 
granite in a leaching solution of grout with Mighty 150 added. 
 
 
Table 6-36. Percentage of Eu left in solution for the experiments with Eu sorption on 
granite in a leaching solution of grout with Mighty 150 added. 
 
days Low pH grout pH9.5 Normal pH grout 

pH12.1 
 series 1 series 2 series 1 series 2 
1 0.9% 2.1% 3.8% 2.3% 
7 1.0% 1.9% 3.5% 2.1% 
30 0.5% 1.0% 0.4% 0.2% 
90 0.8% 2.2% 5.2% 3.0% 
180 0.6% 0.6% 1.4% 0.8% 
 
Table 6-37. Percentage of Eu on wall for the experiments with Eu sorption on granite in 
a leaching solution of grout with Mighty 150 added. 
 
days Low pH grout pH9.5 Normal pH grout 

pH12.1 
 series 1 series 2 series 1 series 2 
1 2.2% 4.8% 6.9% 4.2% 
7 6.6% 12.3% 13.6% 8.4% 
30 2.1% 4.3% 2.5% 1.5% 
90 3.3% 9.2% 30.1% 17.5% 
180 4.3% 4.1% 18.7% 10.0% 
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Results for the cases with EVO 26 additions 
 
EVO 26 was added to the cement paste of normal and low pH grout. Samples were then 
leached with a Eu tracer added to the leaching solution. The results for wall sorption are 
shown in Figure 6-80 and in Table 24 in Appendix 12. As was found in leaching with 
Mighty 150, results for Eu wall sorption in grout leaching with EVO 26 solution show 
large values, the final value for low pH grout at pH 9.5 is actually larger than reference 
final values at pH 9 and 10 (Table 3 in Appendix 12).  
 
Results for normal pH grout at pH 12.1 are particularly large and show the strongest 
wall sorption of all cases in this study using this methodology. It is clear that increasing 
pH has a profound positive effect on Eu adsorption on walls of the plastic tubes. 
 
It is also likely that some grout particles were carried over from the leaching 
experiments, this would explain the larger wall sorption compared with references. 
 
The results for granite sorption are shown in Figure 6-81 and in Table 25 in 
Appendix 12. For low pH grout, results were reasonably similar to the reference case at 
pH 9 and 10 (Table 3 in Appendix 11). This was similar to the tests with Mighty 150. 
This suggested that the organics in the leaching solution may not affect Eu sorption. Rd 
values are enhanced for the initial sampling occasions, but were otherwise not 
significantly different from the reference case. Results for the normal pH grout (pH 
12.1) show slightly enhanced Rd values for all sampling occasions compared with 
reference values at pH 10. This behaviour was different from the almost oscillating Rd 
values found for leaching solutions with Mighty 150 (Figure 6-76). The very slight 
enhancement in sorption may be due to the higher pH, compared with reference 
samples, or the presence of organics, or spurious grout particles. However, as with all 
previous cases, there are no negative effects on sorption from the organics in leaching 
solution.  The percentage of Eu left in solution and percentage of Eu on tube wall are 
given in Tables 6-38 and 6-39, respectively. 
 
The pH dependency of measured Rd values is shown in Figure 6-82. Trends in the Rd 
values dependency on pH are similar with the reference case: initially a negative 
dependency was seen but this gradually switched to positive dependency in later 
samplings. At the last sampling there seemed to be no pH dependence at all. 
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Figure 6-80.  Results of Eu wall sorption in leaching solution of grout with EVO 
26. 
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Figure 6-81. Eu sorption on granite in a leaching solution of grout with EVO 26 
added. 
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Table 6-38. Percentage of Eu left in solution for the experiments with Eu sorption 
on granite in a leaching solution of grout with EVO 26 added.  
 
days Low pH grout pH9.5 Normal pH grout 

pH12.1 
 series 1 series 2 series 1 series 2 
1 1.1% 0.7% 2.2% 4.1% 
7 0.7% 0.6% 1.1% 1.8% 
30 0.4% 0.4% 0.5% 0.1% 
90 2.2% 0.9% 0.3% 0.5% 
180 0.4% 0.3% 0.5% 0.5% 
 
 
Table 6-39. Percentage of Eu on wall for the experiments with Eu sorption on 
granite in a leaching solution of grout with EVO 26 added.  
 
days Low pH grout pH9.5 Normal pH grout 

pH12.1 
 series 1 series 2 series 1 series 2 
1 8.1% 5.4% 4.9% 9.0% 
7 6.8% 6.0% 5.3% 8.9% 
30 3.4% 4.0% 5.1% 1.4% 
90 12.2% 5.4% 3.9% 7.6% 
180 4.3% 2.7% 13.5% 15.6% 
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Figure 6-82. pH dependency of Rd values for the experiments with Eu sorption on 
granite in a leaching solution of grout with EVO 26 added. 
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6.4.5 Conclusions 

Eu sorption onto granite with direct addition of superplasticizers (SP) 

Direct addition of SPs reduced Eu sorption onto granite in the SP concentration range 
that was investigated (0.1-1 g/L wet weight).  

Higher concentrations of SPs further reduced Eu sorption, with one exception: the EVO 
26 which actually showed examples of increased sorption for the lower 0.1 g/L 
concentration. 

However, this behaviour can probably be attributed to decomposition of the EVO 26 
into smaller chains, during the course of the experiments. This suspicion is reinforced 
by the characterisations of EVO 26, which showed significant amounts of smaller 
molecular weight fractions. 

The PC types of SPs, the Glenium 51 and the EVO 26, were more efficient in reducing 
Eu sorption, than the PNS types of SPs, the Mighty 150 and Rheobuild 1000. For the 
PNS types of SPs, the effect on sorption was slight in the final measurements, even with 
the 1 g/L concentration.  

These conclusions are supported by inspecting mean values of the measured Rd values 
for the final sampling occasion (from Table 6-40 to 6-42). Note that pH is given as 
interval, since a certain drift to lower pH occurred in all the experiments. 

It appears that increasing pH reduces Eu sorption when SPs were not added. However, 
when SPs are added, increasing pH reduces Eu sorption even more, at least in most of 
the 1 g/L cases. The Rd values for Eu sorption with SP addition are diminished by 
factors 0.1-0.4 when increasing pH from 8.5 to 10, while without SP the corresponding 
Rd values are diminished with a factor 0.6. 

Table 6-40. Mean Rd values (m3/kg) and factor relative to reference Rd value for Eu 
sorption onto granite in OL-SR at pH interval 8-8.5 with direct addition of SPs. 

1 g/L 0.1 g/L
Value Factor Value Factor

Reference 2.5 0.3 1 2.5 0.3 1
Mighty 150 1.6 0.2 0.64 3.1 1.2 1

Rheobuild 1000 1.8 0.2 0.72 2.2 0.8 1
Glenium 51 0.14 0.01 0.056 1.1 0.1 0.44

EVO 26 0.18 0.01 0.072 0.13 0.01 0.052
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Table 6-41. Mean Rd values (m3/kg) and factor relative to reference Rd value for Eu 
sorption onto granite in OL-SR at pH interval 8.5-9 with direct addition of SPs. 

1 g/L 0.1 g/L
Value Factor Value Factor

Reference 1.5 0.4 1 1.5 0.4 1
Mighty 150 0.84 0.17 0.56 0.60 0.03 0.4

Rheobuild 1000 1.5 0.1 1 2.4 0.7 1
Glenium 51 0.045 0.003 0.03 0.27 0.01 0.18

EVO 26 0.12 0.02 0.08 0.048 0.000 0.032

Table 6-42. Mean Rd values (m3/kg) and factor relative to reference Rd value for Eu 
sorption onto granite in OL-SR at pH interval 9-10 with direct addition of SPs. 

1 g/L 0.1 g/L
Value Factor Value Factor

Reference 1.4 0.8 1 1.4 0.8 1
Mighty 150 0.68 0.14 0.49 0.87 0.13 0.62

Rheobuild 
1000

0.48 0.01 0.34 1.5 1.0 1

Glenium 
51

0.016 0.000 0.011 0.18 0.00 0.13

EVO 26 0.076 0.002 0.055 1.2 0.0 1

SP sorption onto granite  

Only the PNS type of SP Mighty 150 at 1 g/L was investigated and it shows very weak 
sorption onto granite.  

Eu sorption onto granite with grout leaching solution  

Only preliminary data for the two cases with Mighty 150 and EVO 26 added to cement 
paste and using grout leaching solutions in subsequent sorption experiments have been 
evaluated. These preliminary results show that no effects on Eu sorption, compared with 
the reference cases can be measured. 

6.5 Evaluation of the results gained in experiments common to CTH and 
HU

Data in raw format was exchanged between CTH and HU for the Eu sorption 
experiments with direct addition of Mighty 150, Glenium 51 and references. The raw 
data from HU was evaluated with the model used for the CTH experiments. In this 
report, only the 1 g/L additions of SP and references will be compared. A reservation 
must also be made for an eventual misinterpretation by CTH of the HU raw data. 
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Evaluated raw data from HU for the reference experiments are compared with CTH data 
in Tables 6-43 and 6-44 and Figures 6-83 and 6-84.  

The Ld values for wall sorption in the reference case are much larger (two orders of 
magnitude) for the HU experiments with glass tubes, compared with CTH experiments 
with plastic tubes (Figure 6-83). Eu seems to exhibit much stronger sorption on glass 
than on plastic. Otherwise the general trends are almost identical.  

Likewise, the Rd values show a large discrepancy between HU and CTH experiments, in 
some cases HU measures almost four orders of magnitude larger values than CTH. 
This striking difference, which will be a general feature in this comparison of results, 
will be discussed further below. 

Table 6-39. Ld (mL) values for wall sorption of Eu in the reference experiments, 
evaluated from HU raw data and compared with CTH data. 

HU data CTH data
days pH7 pH9 pH10 pH8.5 pH9 pH10

1 - - - 0.4 0.9 0.04
7 516 3299 662 0.7 5.0 1.4
30 356 11010 1483 1.8 17.0 25.0
90 270 1653 1215 2.1 22.1 12.4
180 6696 47269 2667 2.7 32.0 46.9
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Figure 6-83. Ld (mL) values for wall sorption of Eu in the reference experiments, 
evaluated from HU raw data and compared with CTH data. HU used glass while CTH 
used plastic tubes. 
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Table 6-44.  Rd (m3/kg) values for granite sorption of Eu in the reference experiments, 
evaluated from HU raw data and compared with CTH data. 

 HU data CTH data 
 pH7 pH9 pH10 pH8.5 pH9 pH10 

days #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 
1 - - - - - - 0.15 0.16 0.47 0.49 0.90 0.36 
7 85 127 95 103 44 40 1.23 1.33 1.59 1.07 2.07 1.66 
30 25 69 457 257 23 21 3.37 3.76 3.83 3.36 2.19 2.41 
90 193 11 171 9 39 29 1.80 2.51 2.75 0.90 1.60 2.81 

180 350 521 1696 375 69 57 2.71 2.26 1.79 1.22 1.93 0.78 
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Figure 6-84. Rd (m3/kg) values for granite sorption of Eu in the reference experiments, 
evaluated from HU raw data and compared with CTH data. 

Evaluated raw data from HU for the Mighty 150 1 g/L experiments are shown in Tables 
6-45 and 6-46 and Figures 6-85 and 6-86. Also in the case with 1 g/L Mighty 150 
present, the measured Ld values for wall sorption are two orders of magnitudes larger 
for the HU experiments compared with the CTH experiments. However, there is a 
significant effect of Mighty 150 in reducing wall sorption compared with the reference 
experiments in the HU, especially at pH 7 and 9. As can be seen in Figure 6-86, the 
discrepancy between HU and CTH of measured Rd values occurs also for the 1 g/L 
Migthy 150 experiments; the difference is one to two orders of magnitude. 

What is of fundamental importance for this investigation is that an effect of 1 g/L 
Mighty 150 on Eu sorption onto granite is measured by both CTH and HU. Although 
HU results are more scattered, the effect is clearly discernable: initially, at the 
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measurements at 7 and 30 days, a decrease in sorption compared with the reference case 
was observed. After 90 days this effect has almost disappeared. HU results at 180 days 
actually indicate a more severe effect of 1 g/L Mighty 150 on Eu sorption than CTH 
results, but generally the HU and CTH results are, at least, not contradatory.   

Table 6-45. Ld (mL) values for wall sorption of Eu in the 1 g/L Mighty 150 experiments, 
evaluated from HU raw data and compared with CTH data. 

HU data CTH data
days pH7 pH9 pH10 pH8.5 pH9 pH10

1 - - - 1.6 1.2 1.0
7 148 269 68 2.1 1.2 2.1
30 124 356 226 2.9 2.6 3.4
90 878 805 964 3.5 4.0 4.8
180 122 362 694 4.0 5.3 6.2
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Figure 6-85. Ld (mL) values for wall sorption of Eu in the 1 g/L Mighty 150 
experiments, evaluated from HU raw data and compared with CTH data. 
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Table 6-46.  Rd (m3/kg) values for granite sorption of Eu in the 1 g/L Mighty 150 
experiments, evaluated from HU raw data and compared with CTH data. 

 HU data CTH data 
 pH7 pH9 pH10 pH8.5 pH9 pH10 

days #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 
1       0.06 0.04 0.02 0.02 0.01 0.01 
7 10.8 12.7 4.9 4.8 4.4 3.0 0.38 0.20 0.10 0.10 0.04 0.04 
30 9.3 9.5 12.9 16.9 8.9 2.2 0.70 0.45 0.28 0.29 0.14 0.14 
90 180.0 27.4 16.1 9.4 12.3 17.8 1.19 1.15 0.88 0.64 0.44 0.49 

180 30.9 4.5 15.9 9.7 14.7 15.0 1.74 1.53 0.73 0.96 0.58 0.78 
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Figure 6-86. Rd (m3/kg) values for granite sorption of Eu in the 1 g/L Mighty 150 
experiments, evaluated from HU raw data and compared with CTH data. 

Evaluated raw data from HU for the Glenium 51 1 g/L experiments are shown in Tables 
6-48 and 6-49 and Figures 6-87 and 6-88. The results for Ld values for wall sorption, 
now in the presence of 1 g/L Glenium, show, as for reference and Mighty 150 samples, 
much stronger wall sorption in HU experiments than the corresponding CTH data. 
However, for both the Mighty 150 and Glenium 51 samples, the SP have clearly 
reduced wall sorption in the HU experiments, at least for pH 7 and 9 series.  

For the Rd values, the large difference in absolute values between HU and CTH was also 
present with 1 g/L Glenium 51, but the effect on Eu sorption onto granite with this SP 
showed identical effects in some cases. At pH 7(HU), 8.5(CTH) and pH 9 the reduction 
in sorption compared with references is between one and two orders of magnitude over 
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the whole sampling period. However, the data for pH 10, showed the only contradicting 
results in this comparison: HU data showed a very slight (if any) reduction in Rd values 
compared with the references, while CTH results showed a very large reduction of 
almost two orders of magnitude. 

This clear discrepancy is puzzling as otherwise, the data of HU and CTH show very 
good consistency regarding the effects of Mighty 150 and Glenium 51 on Eu sorption 
onto granite. 

Table 6-47. Ld (mL) values for wall sorption of Eu in the 1g/L Glenium 51 experiments, 
evaluated from HU raw data and compared with CTH data. 

HU data CTH data
days pH7 pH9 pH10 pH8.5 pH9 pH10

1 - - - 1.1 1.6 1.6
7 9 39 466 1.0 1.1 1.5
30 22 15 518 1.0 1.1 1.5
90 16 325 1 114 1.2 1.7 1.8
180 30 269 1 541 1.7 1.8 2.5
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Figure 6-87. Ld (mL) values for wall sorption of Eu in the 1g/L Glenium 51 experiments, 
evaluated from HU raw data and compared with CTH data. 
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Table 6-48.  Rd (m3/kg) values for granite sorption of Eu in the 1g/L Glenium 51 
experiments, evaluated from HU raw data and compared with CTH data. 

 HU data CTH data 
 pH7 pH9 pH10 pH8.5 pH9 pH10 

days #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 #1 #2 
1       0.021 0.026 0.012 0.011 0.006 0.006 
7 1.0 1.2 1.9 1.3 25.2 23.4 0.053 0.062 0.017 0.019 0.009 0.008 

30 1.2 1.2 0.7 0.5 13.0 15.6 0.082 0.094 0.023 0.026 0.011 0.011 
90 0.3 4.6 35.2 6.6 36.4 20.6 0.113 0.122 0.031 0.035 0.014 0.014 

180 2.5 2.0 31.8 12.3 44.8 63.9 0.129 0.148 0.043 0.047 0.016 0.015 
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Figure 6-88. Rd (m3/kg) values for granite sorption of Eu in the 1g/L Glenium 51 
experiments, evaluated from HU raw data and compared with CTH data. 

The difference in the measured values of Rd is likely due to the different experimental 
configurations that were employed (Table 5-3).

The first parameter in Table 5-3 that differs is the total Eu concentration. As stated 
before, with the relatively high concentration of about 5 10-7 M, there is a risk of 
precipitating Eu(OH)3 in the CTH experiments. However, if precipitations had taken 
place they should have been noted as large tracer losses in the experiments, giving 
apparently large “sorption” in the form high values of measured Ld or Rd. This was not 
the case. In the wall sorption experiments, that should be particularly sensitive to 
precipitations because of the absence of granite. The measured Ld values are lower than 
the HU values, which was measured at much lower total Eu concentration. In the 
granite sorption experiments the CTH Rd values are four orders of magnitudes lower 
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than the HU values, implying that also here much more Eu is in solution in the CTH 
experiments than in the HU experiments. 

This rules out the precipitation explanation for the large difference in Rd values, but 
instead suggests another difference in experimental configuration: the phase separation. 

While CTH only used centrifuging, HU employed both centrifugation and filtration. 
This may mean that the larger amount of Eu in solution measured by CTH may be a 
colloidal phase. This was suggested in Section 5.2.6 and occured at elevated 
concentrations of Eu. Centifuging alone may not have removed the colloids. 

An alternative explanation is colloid formation by the granite phase and subsequent Eu 
sorption on the colloidal phase. Once again centrifuging alone could not remove the 
colloids. However, the very high ionic strength of OL-SR water assures that granite 
colloid formation is very unlikely. Also, the size fractionation of the crushed granite and 
the granite washing procedure before starting the CTH sorption experiments should 
have removed granite particles less than 45 μm. On the other hand, it is possible that the 
washing in the CTH experiments have removed such small particles that would instead 
cause enhanced sorption by providing. 

Another explanation for the discrepancy in measured Rd and Ld values is the use of 
filters in the HU experiments for the phase separation. It could be suspected that a 
portion of the Eu in solution will adsorb onto the filter, leaving a much lower Eu 
concentration in solution after filtration, but before subsequent measurement. This 
explanation is likely also considering the high affinity Eu shows for all kinds of surfaces 
employed here (glass, plastic and granite) in this investigation. 

It should be noted that if there is any effect on HU Rd values, for example by filter 
sorption or by presence of small particles, this also affects the corresponding wall 
sorption Ld values, since these are calculated from remaining Eu concentration in 
presumed equilibrium with wall and granite.  

In conclusion, three possible explanations can be offered for the large differences 
between HU and CTH data:  

1) Eu colloid formation resulted in higher Eu concentrations in the CTH measurements 
since no filtration was used, and consequently lower Rd and Ld values for CTH 
results, 

2)  Presence of smaller granite particles in the HU experiments since no washing 
procedure was used, resulting in stronger Eu sorption and higher Rd and Ld values 
for HU results and 

3)  Filter sorption in the HU experiments, resulting in lower Eu concentrations in HU 
measurements and consequently higher Rd and Ld values for HU results. 

Further experimental investigations are necessary to determine which explanation(s) 
that may be valid. 
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6.6 Hydration and sorption studies at Empa/PSI 

6.6.1 Progress of hydration 

Heat of hydration 

The influence of SP on the hydration process of cement paste can be illustrated from 
investigations of the heat flow development. Figure 6-88 shows the retarding effect of 
the SP on the hydration of OPC. The maximum of the main hydration peak of OPC is
shifted from 14 h without admixture only slightly to 15 hours in the presence of the 
PNS-based Rheobuild 1000. The PCE-based Glenium 51 shifted the main hydration 
peak to 24 hours. Even after 1 week the total heat release of the OPC sample without SP 
exceeds the heat release of the samples with PNS, while for the PCE-containing sample 
a similar degree of heat release was observed. It is well known from literature that PCE-
based superplasticizers cause a stronger retarding effect than PNS-based products 
(Uchikawa et al. 1995, Hanehara & Yamada 1999). 

In the case of LAC and ESDRED based pastes, the sample containing PNS seems to be 
retarded slightly more than the sample to which PCE has been added (Figures 6-90 and 
6-91). However, the difference is quite small. In the case of ESDRED based paste the 
heat generated during the first minutes is somewhat larger than in the other mixes as the 
addition of Sigunit with its large quantities of aluminium sulphates facilitated fast 
precipitation of ettringite which released additional heat. 

Influence of admixtures on the solid phases

In the case of OPC the retardation of the hydration by the PCE-based Glenium 51 can 
be clearly seen in the TGA (Figure 6-92) and the XRD data (not shown). While in the 
absence of any SP and in the presence of Rheobuild 1000 significant quantities of 
ettringite were observed after one hour of hydration. No ettringite was found in the 
presence of Glenium 51. It has been observed that PCE-containing SP retards the
dissolution of the clinker phases and thus also retards the formation of hydration 
products. PCE adsorbs to C3A (aluminate) and C4AF (ferrite) and to their hydration 
products to a much higher extent than to the silicate phases (Yoshioka et al. 2002). 
Strictly speaking “adsorption” is not the correct term, as a part of the consumed polymer 
is probably irreversibly co-precipitated with early hydration products like monosulphate 
and C4AHx, and thus no longer available for dispersion (Flatt & Houst 2001). This is 
especially true in those cases where not enough soluble sulphates are available to react 
with C3A to ettringite during the very early hydration. 
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Figure 6-89. Heat flow development and cumulative heat of hydration of OPC paste 
with and without SP. 
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Figure 6-90. Heat flow development and cumulative heat of hydration of LAC with SP.
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The Protego 4R cement used in the OPC paste experiments contains no or very little 
aluminate C3A, and therefore the retarding effect of Glenium 51 was more distinct than 
it is generally observed for other OPC pastes (Lothenbach et al. 2007, Winnefeld et al. 
2007b). This retardation by Glenium 51 observed during the first hours for the OPC 
paste agrees also with the measured heat of hydration (see Figure 6-87).  

After 28 days and one year, however, no significant difference in the kind and amount 
of hydration products was observed in the absence or presence of SP. Puertas et al. 
(2005) observed after a hydration time of 2 and 28 days that the presence of a 
polycarboxylate-based SP induced no significant mineralogical modifications but slight 
changes in the precipitating C-S-H. An initial retardation of portlandite and ettringite 
formation has been reported for PCE-based SP (Lothenbach et al. 2007) as well as for 
PNS- and LS-based SP (Mikanovic et al. 2000, Puertas & Vázquez 2001). In the system 
investigated in this study, however, the effect of PCE is much more distinct than the 
effect of PNS which confirms the findings from the calorimetry. 

In the case of LAC, where a blended slag Portland cement (CEM III/B) and nanosilica 
were mixed, no significant differences in the kind or amount of hydration products was 
observed neither after 1 hour nor after 28 days or 1 year (Figure 6-90). Besides ettringite 
also a peak at 10.8 °2 theta, which could correspond to hemicarbonate, is observed in
the LAC samples with Glenium 51. No hemicarbonate was observed in the samples 
prepared with Rheobuild 1000 neither after 28 days nor after 1 year.

In the ESDRED based mixture (shotcrete) large amounts of ettringite are formed in the 
first minutes due to the addition of Sigunit, which contains high amounts of aluminium 
sulphates. Ettringite formation can be observed in both TGA (Figure 6-91) and XRD 
measurements. After 28 days and 1 year of hydration mainly ettringite, hemicarbonate 
as well as C-S-H are identified as the main hydration products. No significant difference 
in the composition of hydrates was observed after 1 hour, 28 days or one year of 
hydration. 

The presence or absence of SP had, in some cases, a strong influence on the kinetics of 
hydration. After 28 days and 1 year, however, no significant influence on the 
composition of the hydrated grout was observed. This agrees with earlier findings of 
Puertas et al. (2005) and Lothenbach et al. (2007).
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6.6.2 Organics 

Concentration in the pore solution 

The concentration of dissolved organic carbon (DOC) was determined in the filtered 
pore solutions in the presence and absence of organic admixtures as a function of the 
hydration process. Generally, it was found that the fraction of organic carbon 
originating from the cement was quite low in the pore solutions of all cement pastes (5-
16 mmol L-1), while the amount of organic carbon introduced by the admixtures was in 
all cases much larger and ranged from 200 to 1300 mmol L-1 (Figure 6-94). The PNS-
based Rheobuild 1000 was always used in higher dosage than the PCE-based Glenium 
51 resulting in initially higher DOC additions. These concentrations decreased rapidly, 
so that after the first hour a large fraction of the admixtures was already adsorbed and 
concentrations of approximately 100 mmol L-1 DOC were observed. After one hour
similar concentrations were observed for both admixtures. After 28 days and 1 year, the 
DOC concentrations in the presence of Rheobuild 1000 were generally lower than for 
samples containing of Glenium 51, indicating stronger uptake of PNS compared to 
PCEs by the hydrating cement paste as PNS has a higher charge density than PCEs. A 
higher uptake of PNS-based than PCE-based SPs was reported previously by e.g. 
Uchikawa et al. (1995) and Hanehara & Yamada (1999).

In the case of ESDRED based paste, a significant fraction of the DOC measured in the 
pore solution originated from the organics present in the accelerator Sigunit. The 
formate present in Sigunit seems to have sorbed only partially on the hydrating cement 
pastes. After 28 days, a large portion of the DOC detected in the pore solution of the 
ESDRED based paste is expected to be attributable to formate.

Uptake by the solids 

From the concentrations measured and the amount of pore solution still present after 28 
and 360 days, the fraction of the organics taken up by solids was calculated (Table 6-
49). Approximately 80-90% of the PCE-based Glenium 51 was taken up by the solid; 
while approximately 40-60 mmol L-1 of DOC was still found to be dissolved after 28 
days or longer. PCE with higher molecular weight adsorb stronger than polymers with 
lower molecular weight (Winnefeld et al. 2007a). Commercial products can also include 
methacrylic monomers (Jolicoeur et al. 2006), which will hardly sorb at all onto the 
cementitious materials. 

Between 90-100% of the PNS was taken up by the solid, corresponding to measured 
DOC concentrations of 30-50 mmol L-1 in pore solution. The strong sorption of PNS 
and the presence of small quantities of PNS in the surrounding solutions is in agreement 
with the observations of Bonen & Sarkar (1995) and Glaus et al. (2006). Ruckstuhl et 
al. (2002) found that components of PNS leached into the groundwater, mainly 
monomeric sulphonated naphthalenes and the condensates up to the tetramer. Larger 
molecules were taken up by the solids and could not be identified in the solutions 
(Ruckstuhl et al. 2002, Lange et al. 2005). The monomers were observed to degrade 
while the oligomeric components were persistent (Ruckstuhl et al. 2002, Panizza et al. 
2006).
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The formate added with Sigunit showed the lowest uptake. After 28 days approximately 
70% of the formate had disappeared. No further investigations were carried out to 
discern whether the formate was taken up by the hydrating cement paste or whether it 
decomposed to CO2 and H2O.  

Based on the trends observed in the pore solutions it can be expected that the DOC 
concentrations in the systems investigated will slightly increase with time as the 
quantity of pore solution decreases. In an earlier study (Lothenbach et al. 2007), where 
similar concentrations of another PCE-based SP were employed, a lower uptake of SP 
by the solids was observed. There, DOC concentrations of approximately 150 mmol L-1

were determined after hydration times of three months and longer. This indicates that 
the results presented in this report are valid solely for the investigated SPs. Particularly 
in the case of PCE-based SPs, the chain length, chain density, backbone length and the 
chemistry of the side chains and backbone of the PCE can vary significantly between 
different products. This results in a strongly different uptake of the PCE by cementitious 
materials (e.g., Yamada et al. 2000, Winnefeld et al. 2007a).

Table 6-49.  Dissolved organic carbon (DOC) in the pore water and its uptake by 
solids. Table continues to the next page. 

Time DOC SP sorbed Sigunit sorbed pore solution
still present

(days) (mmol L-1) (%) (%) (%)

OPC, no SP (DOC added (mmol L-1): Cement: 16)
0.04 14 ±0.4
0.08 13 ±0.4
0.17 13 ±0.4
0.25 13 ±0.4
1 12 ±0.4
2 12 ±0.4
7 12 ±0.4
28 13 ±0.4
56 13 ±0.4
56 13 ±0.4
209 15 ±0.1
360 13 ±0.3

LAC with Glenium 51 (DOC added (mmol L-1): Cement: 16; Glenium 191)
0.04 108 ±1.0 51 99
0.04 92 ±1.9 59 99
28 42 ±0.8 89 69
360 63 ±1.0 82 68

OPC with Rheobuild 1000 (DOC added (mmol L-1): Cement: 16; Rheobuild: 442)
0.04 78 ±1.0 86 95
28 27 ±0.5 98 71
360 47 ±0.6 95 66
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LAC with Glenium 51 (DOC added (mmol L-1): Cement: 6; Glenium: 364) 
0.04  37 ±2.0 92   96
0.08  36 ±1.6 92   95
0.25  29 ±1.5 94   95
1 29 ±1.3 94   90
2 39 ±1.5 92   86
7 40 ±1.7 92   83
28  43 ±1.9 92   79
56  48 ±1.5 91   78
210 50 ±2.7 91   77
360  52 ±1.8 90   77

LAC with Rheobuild 1000 (DOC added (mmol L-1]: Cement: 6; Rheobuild: 1262) 
0.04 132 ±1.7 90   96
28  52 ±1.3 97   77
360  45 ±1.8 98   74

ESDRED based paste, no SP (DOC added (mmol L-1]: Cement: 5; Sigunit: 135; w/c = 0.75) 
0.04  137 ±1.3 9  93
28  59 ±1.2 69  72

ESDRED based paste with Glenium 51 (DOC added (mmol L-1]: Cement: 8; Sigunit: 202; 
Glenium: 365) 
0.04  245 ±1.2 93 88
0.08 231 ±2.2 93 84
0.17 215 ±2.3 94 83
0.25 206 ±2.4 95 80
1 199 ±1.5 91 75
2 197 ±1.2 90 71
4 183 ±2.6 91 67
7 148 ±5.3 95 64
7 162 ±1.6 93 63
7 148 ±3.3 95 64
14 150 ±1.7 93 64
28 136 ±3.8 94 60
56 166 ±1.8 89 58
209 182 ±1.3 87 55
360 164 ±2.2 89 57

ESDRED based paste with Rheobuild 1000 (DOC added (mmol L-1]: Cement: 8; Sigunit: 202; 
Rheobuild 847)
0.04 261 ±1.7 95 87
28 79 ±0.9 101 58

360 122 ±1.8 98 55
Note: The amount of SP and Sigunit sorbed was calculated taking into account the quantity of DOC 
originating from the cement and that the quantity of pore solution diminishes during the hydration (see 
last column). The percentage of pore solution still present after the different hydration periods is 
calculated from the amount of water initially added minus the amount of water used for the formation of 
hydrates during hydration of the cement paste as determined by TGA measurements.
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Influence of DOC on the concentration of other ions in pore solutions 

The influence of the addition of SP and of the accelerator Sigunit on the concentrations 
of cement-derived ions in pore solutions was also investigated. 

The addition of Glenium 51, which contains in addition to PCE some Na and sulphate 
(Table 2-8), leads to a slight increase in the Na concentrations in the case of OPC (Table 
6-50). This agrees with experimental observations of Lothenbach et al. (2007) and 
Leemann et al. (submitted). The slightly higher concentrations of Al and Si determined 
after one hour in the pore solution of OPC (Table 6-46) were not observed in the more 
detailed investigations of Lothenbach et al. (2007) and Leemann et al. (submitted) 
involving OPC and PCE-based SPs. Weak complexation of Ca by PCE was reported by 
Richter & Winkler (1987) and Fantiel et al. (2004). As the concentrations of the PCE in 
the pore solution were quite low, no increase in the Ca concentrations was observed in 
this work (Table 6-46) nor in the earlier studies involving OPC and PCE-based SPs 
(Lothenbach et al. 2007, Leemann et al. submitted). The composition variations
between different types of PCE can slightly modify the complexation properties as 
reported earlier by Richter & Winkler (1987) and Fantiel et al. (2004). Therefore, it 
should be noted that the results reported in this study and those reported elsewhere are 
valid solely for the investigated PCEs. However, based on the available (very limited) 
experimental evidence, the influence of these properties does not seem to significantly 
change the complexation properties of PCEs.

The addition of the PNS-based SP (Rheobuild 1000), which contains Ca, Na and 
sulphur (present as sulphonate), resulted in increased total sulphur concentrations after 
one hour. This is evident for LAC and ESDRED based pastes (Table 6-50), while the 
concentrations of the other ions did not change significantly. The difference between 
total sulphur and sulphate observed in the case of LAC was due to sulphonate present in 
the PNS (Table 6-50). The difference vanished after 28 days, which agreed with the 
DOC measurements. The latter showed that the concentration of dissolved PNS is 
reduced with time (Figure 6-94 and Table 6-49). In the case of ESDRED based paste,
clearly higher Na- and K-concentrations were observed in the presence of Rheobuild
1000 and Glenium 51 than in the absence of those SPs. While the increase in Na can at 
least partially be explained by the addition of SP, the origin of the enhanced K 
concentration was not clear.

After 28 and 360 days, the Na and total sulphur concentrations were still slightly higher 
in the presence of PNS-based SP. This agrees with the findings of Bonen & Sarkar 
(1995), Mikanovic et al. (2000) and Leemann et al. (submitted). In these studies an 
initial increase in the Na and sulphur concentrations in the pore solution was observed. 
Mikanovic et al. (2000) also reported an influence of PNS on the Ca concentrations 
during the early hydration, but the results are somewhat contradictory. After longer 
hydration times, however, no significant differences were found in the compositions of 
the pore solutions in the absence or the presence of PNS except a slight increase in the 
Na and total sulphur concentrations as observed in the experiments of Glaus & Van 
Loon (2003) and by Leemann et al. (submitted).
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Table 6-50. Dissolved concentrations1 of the main ions in the absence and presence of 
Glenium 51, Rheobuild 1000 and Sigunit. 

Al Ca K Na Stot S(VI)2 S(-II) 2 OH Si Cr Sr Ba
(mmol L-1)

OPC, after 1 hour
No SP 0.002 24 140 26 66 105 0.035 0.21 0.12 0.004
Glenium 0.13 23 130 32 75 97 0.11 0.21 0.11 0.006
Glenium 0.054 23 130 34 56 86 0.091 0.23 0.09 0.005
Rheobuild 0.003 24 130 28 75 90 0.038 0.22 0.11 0.009
OPC , after 28 days
No SP 0.053 2.4 200 79 1.1 270 0.084 0.001 0.10 0.010
No SP 0.052 2.3 na. na 1.1 na 0.085 0.001 0.10 0.010
Glenium 0.043 2.1 210 92 1.8 290 0.070 0.001 0.10 0.012
Rheobuild 0.058 2.4 200 85 2.4 270 0.097 0.001 0.10 0.012
OPC, after 360 days
No SP 0.010 1.9 210 90 3.4 270 0.051 0.003 0.08 0.008
Glenium 0.024 2.6 200 96 4.1 240 0.051 0.002 0.09 0.007
Rheobuild 0.021 2.9 200 94 6.8 250 0.048 0.003 0.10 0.010

LAC, after 1 hour
Glenium 0.015 20 26 18 25 23 < 0.1 30 0.094 0.008 0.10 0.016
Rheobuild 0.009 26 27 13 34 19 < 0.1 25 0.078 0.008 0.09 0.029
LAC, after 28 days
Glenium 0.157 2.1 13 16 15 3.4 11 15 0.42 < 0.0002 0.020 0.004
Rheobuild 0.096 3.2 15 16 11 2.4 8 11 0.32 < 0.0003 0.031 0.007
LAC, after 360 days
Glenium 0.20 2.8 19 24 na 19 0.22 < 0.0002 0.026 0.002
Rheobuild 0.16 3.7 21 25 na 17 0.17 < 0.0002 0.034 0.002
Rheobuild 0.16 3.0 na na na na 0.26 < 0.0002 0.030 0.002

ESDRED based paste, after 1 hour
Sigunit 0.013 29 130 43 34 18 0.27 0.10 0.14 0.067
Sigunit 0.004 26 na. na 33 na 0.05 0.09 0.14 0.027
Sigunit 0.006 33 130 45 32 32 0.11 0.09 0.14 0.009
Glenium+Sig. 0.015 25 190 79 45 27 0.24 0.13 0.16 0.008
Rheobuild+Sig. 0.011 33 20 77 53 13 0.27 0.15 0.18 0.009
ESDRED based paste, after 28 days
Sigunit 0.018 24 10 10 0.1 25 0.10 0.002 0.12 0.013
Glenium+Sig. 0.010 13 29 33 0.7 20 0.31 0.001 0.07 0.001
Rheobuild+Sig 0.012 19 23 24 0.8 22 0.24 0.001 0.11 0.002
ESDRED based paste, after 360 days
Glenium+Sig. 0.012 27 14 25 2.2 2.4 0.40 0.003 0.10 0.001
Rheobuild+Sig 0.015 33 14 23 4.6 3.6 0.26 0.006 0.13 0.002
1 Uncertainites are as follows: ICP-OES ≤ 10 %, pH measurement ≤ 10 %, Chromatography ≤  5 %, Colorimetry ≤  
20 %
2 Sulphate and HS- were determined separately in the LAC pore solutions by ion chromatography and colorimetry, 
respectively. In the OPC and ESDRED based systems, however, the measured total sulphur by ICP-OES is equivalent
to sulphate (S(VI)).

Generally, the addition of both, the PNS-based Rheobuild 1000 and the PCE-based 
Glenium 51 had little influence on the composition of the pore solutions. After the first 
hour, some organic carbon and sulphur from the PNS could still be found in the pore 
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solutions. After 28 days or longer, only a slight increase in organic carbon and slightly 
higher Na concentrations were observed in the pore solutions in the presence of SPs. 
This agrees with the experimental findings of Lothenbach et al. (2007) and Leemann et 
al. (submitted). 

6.6.3 Influence of the admixtures on radionuclide sorption 

Concentration range of admixtures in the sorption experiments 

The concentration range of the admixtures in the sorption experiments was chosen to 
cover the concentration range to be expected in the cement-based materials in the near 
field of a repository. To convert near-field relevant concentrations to those employed in 
the sorption experiments, the concentration of admixture in the porewater of intact 
cementitious materials and the S/L ratio of the system of interest have to be taken into 
account. In Table 6-51 the concentrations of the admixtures together with background 
concentrations in cement are listed as a function of the hydration time. The 
concentration of admixtures to be considered in the sorption studies was estimated 
based on measurements after a hydration time of 28 days. Table 6-49 shows that the 
DOC concentration of admixtures in the pore solution varies between ~ 0 - ~ 1000 mg 
L-1. Note that these concentrations were determined in the porewater of cementitious 
systems with S/L ratios ranging between 1.9 and 11 kg L-1. The latter values vary 
depending on the w/c ratio used to prepare the cementitious materials. Batch-sorption
studies, however, require much lower S/L ratios. In previous investigations it was 
observed that uptake studies with Ni(II) on HCP can be carried using a S/L ratio of 
typically 10-3 - 0.1 kg L-1 (Wieland & Van Loon 2002, Wieland et al. 2006).

The S/L ratio selected for the present study is 2.5·10-2 kg L-1. However, significantly 
lower S/L ratios are normally used for Eu(III) and Th(IV) sorption studies due to strong 
uptake of these elements by HCP (e.g., Wieland et al. 1998, Tits et al. 2000, Tits et al. 
2003b, Wieland et al. 2004). Based on the activity of the available tracers it was 
predicted that the S/L ratio should range between 10-4 - 10-3 kg L-1 to achieve 
statistically significant count rates in radioassay. The S/L ratio is 2.5·10-4 kg L-1 for this
study of Eu(III) and Th(IV) sorption by HCP. Reduction of the S/L ratio in the sorption 
studies compared to intact system further implies that the amount of admixture in 
contact with HCP has to be reduced accordingly to simulate realistic in situ conditions 
in intact systems. The concentration of admixtures in the sorption studies, which 
corresponds to in situ conditions, was estimated to range between ~ 0 – ~ 10 mg L-1

DOC at S/L = 2.5·10-2 kg L-1 and between ~ 0 – ~ 0.1 mg L-1 DOC at S/L = 2.5·10-4 kg 
L-1. Table 2-8 shows that the carbon contents of the Glenium 51, Rheobuild 1000 and 
Sigunit suspensions are 18 wt%, 21 wt% and 2.5 wt%, respectively. With this and based 
on the above DOC ranges, the maximum suspension concentrations in the sorption 
experiments were estimated to be about 20 mg L-1 for Glenium 51 and Rheobuild 1000
at S/L = 2.5·10-2 kg L-1, and 400 mg L-1 for Sigunit at S/L = 2.5·10-2 kg L-1.
Furthermore, the suspension concentrations are a factor of 100 lower at S/L = 2.5·10-4

kg L-1. The admixture concentrations, which were selected for the sorption experiments 
based on the above assessment of the concentration range, are summarized in Table 6-
51.
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Table 6-52 indicates that uptake of the radionuclides by HCP was also investigated in 
the absence of admixtures. The effect of the admixtures on uptake was investigated 
using four different concentrations. The two lower values correspond to in situ 
conditions as discussed above, while the two upper concentrations correspond to 
concentrations used earlier by Glaus & Van Loon (2003). In the latter study 
concentrations of 0.02 wt%, 0.2 wt% and 2 wt% were selected to simulate “worst case” 
conditions. 

Table 6-51. Concentration of admixtures (mg L-1 NPOC) in the porewater of intact 
cementitious materials after a hydration time of 28 days 1.

w/c S/L

(kg L-1)

Background

(mg L-1]

Glenium 51

(mg L-1)

Rheobuild 1000

(mg L-1)

Sigunit 2

(mg L-1)

OPC 0.8 4.3 156 348 168 -

LAC 1.1 1.9 72 444 552 -

ESDRED

based paste

0.5 11 96 564 ~ 0 972

1 Note that concentrations were calculated based on the concentrations given in Table 5-1(1 mmol L-1 =
12 mg L-1).

2 The concentration of Sigunit in the ESDRED based paste was determined for a system with w/c = 0.75 
rather than 0.5 (Table 5-1).

Table 6-52. Concentration of admixtures (mg L-1 admixture suspension) used in the 
sorption studies. 

S/L

(kg L-1)

Glenium 51

suspension

(mg L-1)

Rheobuild 1000

suspension

(mg L-1)

Sigunit

suspension

(mg L-1)

2.5·10-2 0/10/100/200/2000 0/5/50/200/2000 0/20/200/1250/2000

2.5·10-4 0/0.1/1/20/200 0/0.05/0.5/20/200 0/0.2/2/20/200
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Influence of admixtures on radionuclide uptake by an ion exchange resin 

Figure 6-96 shows uptake of Ni(II), Eu(III) and Th(IV) by the DOWEX 50 W X-4
cation exchange resin as a function of increasing suspension concentration of 
admixtures. These experiments were carried out to discern the potential of the 
admixtures used in this study to form solution complexes with the above elements.  

In the case of Ni, a significant influence on sorption was observed in the presence of 
Glenium 51 and Rheobuild 1000 at suspension concentrations above about 100 mg L-1.
The effect is much smaller for Sigunit. In the case of Eu, Rheobuild 1000 and Sigunit 
reduce sorption to the cation exchange resin above a suspension concentration of about 
100 mg L-1. No effect on sorption, however, was observed in the presence of Glenium 
51. Neither Glenium 51 nor Rheobuild 1000 exert a detrimental effect on sorption in the 
case of Th. Nevertheless, reduction in sorption was found in the Sigunit containing 
solutions. The above findings suggest that the influence of the three admixtures on the 
uptake of the above radionuclides is element-specific. The results show that there is a 
potential of PCE and PNS based SPs to form complexes in solution with Ni(II). Eu(III) 
can form complexes with the PNS based SP. Sigunit (formate) promotes complex 
formation with Eu(III) and Th(IV) in solution, which may give rise to sorption 
reduction at high formate concentrations. At the present time the chemical nature of 
these complexes is unclear. 

Influence of admixtures on radionuclide uptake by cement paste 

The influence of the admixtures on Ni(II), Eu(III) and Th(IV) uptake by cement paste 
was investigated to further assess whether or not sorption reduction may give rise to 
radionuclide mobilisation in a cementitious near field of repository. Figures 6-97 to 
6-99 show the effect of Glenium 51, Rheobuild 1000 and Sigunit on the uptake of 
Ni(II), Eu(III) and Th(IV) by HCP as obtained from two series of experiments run in 
parallel. The sorption value (Rd) of Ni(II) was found to range in value between about 
0.55 and 0.75 m3 kg-1 in the absence of admixtures. The mean value was determined to 
be 0.65 ± 0.11 m3 kg-1. Note that the uncertainty range for the Rd value in this type of 
experiments was estimated to be 0.4 to 0.8 m3 kg-1 (Wieland & Van Loon 2002). Figure 
6-94 shows that the admixtures have no significant influence on the uptake of Ni(II) by 
HCP in the relevant concentration range of the admixtures (Glenium 51 and Rheobuild
1000 < 20 mg L-1; Sigunit < 400 mg L-1). Small reduction in uptake appears at enhanced 
concentrations of Sigunit.
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Figure 6-96. Influence of the admixtures (CA = Glenium 51, Rheobuild 1000 and 
Sigunit) on the uptake of a) Ni(II),b) Eu(III) and c) Th((IV) by the DOWEX 50 W X-4  
cation exchange resin. 
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Figure 6-97. Influence of Glenium 51, Rheobuild 1000 and Sigunit on the uptake of 
Ni(II) by HCP. 
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Figure 6-98 reveals strong uptake of Eu(III) by HCP in the absence of admixtures (Rd =
100 – 150 m3 kg-1, which agrees with earlier in-house measurements (Tits et al. 2000, 
Wieland et al. 2004). It was estimated that the uncertainty range for the Rd value in this 
type of experiments could range between 30 - 300 m3 kg-1 (Wieland & Van Loon 2002). 
Figure 6-98 further shows that the admixtures have no significant influence on the 
uptake of Eu(III) by HCP in the relevant concentration range (Glenium 51 and 
Rheobuild 1000 < 0.2 mg L-1; Sigunit < 4 mg L-1). Furthermore, Glenium 51 and 
Rheobuild 1000 have no significant effect even at higher concentrations if the expected 
uncertainty range and scatter in the data is taken into account. However, a small effect 
appears at enhanced concentrations of Sigunit. Uptake of Eu(III) increases with 
increasing concentration of Sigunit, presumably due to predominant formation of an Al 
precipitate under these conditions. 

The findings are very similar for Th(IV) (Figure 6-99). Strong uptake of Th(IV) by HCP 
was observed. In the absence of admixtures Rd values range between 100-200 m3 kg-1 in 
line with earlier in-house studies (Wieland et al. 2004, Wieland et al. 2006). In the case 
of Rheobuild 1000 and Sigunit a trend to increasing uptake with increasing 
concentrations appears from the measurements. Nevertheless, the effect is hardly 
significant within the expected error range.  

6.6.4 Conclusion of studies at Empa/PSI 

The investigation of the solid and liquid phase of hydrating OPC, LAC and ESDRED
based paste in the absence and the presence of a PCE based and a PNS-based 
superplasticizer showed a retarding effect in some cases in the early phase of the 
hydration process. After 28 and 360 days, however, no significant difference in the 
amount of the different hydrates formed was observed. 

After the first hour 50-90% of the PCE and 80-90% of the PNS was no longer in the 
solution and after 28 days approximately 80-90% of PCE and 90-100% of PNS were 
taken up the solid, resulting in 20-60 mmol L-1 of dissolved organic carbon under the 
given experimental conditions. Based on the trends observed in the pore solutions, a 
slight increase of the amount of dissolved organic carbon with time can be expected. In 
a study, where another PCE-based SP had been used, DOC concentrations of 
approximately 150 mmol L-1 were determined in solution, indicating that the properties 
of the PCE, such as chain density, chain length or the length of the backbone have a 
strong influence on the uptake of the PCEs by the cement paste. 

Beside the increase of dissolved organic carbon also a slight increase of Na 
concentrations was observed in the pore solution, as the two SPs added to the 
cementitious systems contain Na. After 28 and 360 days no other significant differences 
were observed in the compositions of the liquid phases. This indicates that PCE and 
PNS form only weak complexes with cement-derived ions such as Na, K, Ca, or Al. 
Therefore, no pronounced effect on the concentration of these ions in pore solution is 
anticipated.
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Figure 6-98. Influence of Glenium 51, Rheobuild 1000 and Sigunit on the uptake of 
Eu(III) by HCP. 
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)

Figure 6-99. Influence of Glenium 51, Rheobuild 1000 and Sigunit on the uptake of 
Th(IV) by HCP. 
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Sigunit consists of aluminium sulphate and formate. After 28 days approximately 70% 
of Sigunit was taken up by the solid, which gave rise to organic carbon concentrations 
of about 90 mmol L-1 in the pore solution of the ESDRED based cement paste. Sigunit 
is an accelerator and promotes the formation of ettringite in the initial phase of the 
hydration process.  The instantaneous formation of ettringite clearly shows up in the 
composition of the cement paste. No significant difference in the compositions of the 
hydrate assemblage after one hour, 28 or 360 days of hydration was observed. Due to 
constant composition of the hydrate assemblage and further, due to weak interaction of 
formate with the cement paste it is assumed that the DOC concentration in the pore 
solution of ESDRED based paste will not change significantly after 28 days of 
hydration. 

Sorption experiments with Ni(II), Eu(III) and Th(IV) on the DOWEX cation exchange 
resin indicate element-specific complex formation of the admixtures, i.e., Glenium 51 
seems to form strong complexes with Ni(II), Rheobuild 1000 with Ni(II) and Eu(III), 
while Sigunit forms complexes with Eu(III) and Th(IV). The results from the sorption 
experiments with Ni(II), Eu(III) and Th(IV) on HCP, however, demonstrate that the 
admixtures have no significant influence on radionuclide uptake by HCP in the 
concentration range relevant to in situ conditions. From this one may infer that the 
above admixtures exert no disturbing effect on radionuclide retention in the 
cementitious near field. The concentration of radionuclides will not be enhanced in the 
pore solution compared to a system free of admixtures. Therefore, the source term into 
the far field can be estimated based on radionuclide partitioning in the cementitious near 
field and with no detailed consideration of the influence of admixtures. Together with 
the measured concentrations of Glenium 51, Rheobuild 1000 and Sigunit (formate) this 
information is essential to assess source terms into the far field. 

6.7 Results from borehole monitoring in ONKALO 

Results of the monitoring of hydrogeochemistry at Olkiluoto until the end of 2006 have 
been published in Pitkänen et al. (2007) and report includes results from grout 
monitoring boreholes. This chapter includes also new results from the year 2007.  

As reported in Pitkänen et al. (2007), a clear indication of the effect of grout on 
groundwater was observed in the grout monitoring boreholes very soon after starting the 
monitoring (Figure 6-100). High pH was observed from the boreholes ONK-KR3 (from 
the first measurements) and ONK-KR4 (within a few days after flushing out the drilling 
water) that represented the most recently grouted rock. In ONK-KR3 and KR4 grout 
was observed from the drill core. The ONK-KR3 monitoring point that represents the 
grouting environment of low pH grout shows more significant decrease of pH than the 
ONK-KR4 with normal pH grout. In ONK-KR2 pH values were also slightly elevated 
in the beginning of monitoring. The following factors have been given in Pitkänen et al. 
(2007) that explain the higher pH values in ONK-KR3 and 4: observed grout in the drill 
cores, lower inflow rates gave a longer time for the grout-water interaction and flushing 
occured in ONK-KR4 during the early monitoring period. The decrease in pH cannot be 
explained by variable flow conditions; hence it should be caused by the availability of 
hydroxide sources (Ca(OH)2, etc.). 
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In Figure 6-101 inflow rates during monitoring are presented for the boreholes and 
groundwater stations. Inflow rates in boreholes drop relatively quickly in approximately 
three months after the start of monitoring and reaching stable levels. The inflow 
increase observed in ONK-PVA1 at the end of May 2006 is due to installation of the 
new on-line measurement cell (Pitkänen et al. 2007). Groundwater stations ONK-PVA1 
showed large variations while ONK-PVA2 and ONK-PVA3 had consistent flow rates. 
These flow rate differences do not show in pH values measured. Monitoring of ONK-
KR1, ONK-PVA1, ONK-PVA2 and ONK-PVA3 showed pH values typical to 
groundwaters in shallow bedrock (i.e. HCO3-rich groundwater type, e.g. Pitkänen et al. 
2004) at Olkiluoto suggesting no grout influence.  

After over 2 years of monitoring the pH in the normal pH grout borehole surrounding 
(ONK-KR4) is at a level of about 10 and in the low pH grout surrounding (ONK-KR3) 
at a level of about 8, which is about the pH level of the groundwater stations, 
representing a typical pH value for the groundwater at this depth. ONK-KR1 and ONK-
KR2 also show pH values close to 8. 

A decrease in EC (electrical conductivity) is observed in all boreholes, which can be 
explained by the decrease in pH (OH- ions) (Figure 6-101). However, for the ONK-KR4 
the situation is a bit complicated because of the presence of dilute flushing water which 
decreases with time as seen in the increase of chloride content (Figure 6-102). In ONK-
PVA2 EC values as well as chloride content are much higher than in the others. 
Pitkänen et al. (2007) have contributed the difference observed in groundwater stations 
to differing hydrological conditions. ONK-PVA2 that has very high EC and chloride 
content, has been drilled in less permeable rock than the other groundwater stations, and 
represent brackish SO4 type groundwater (Pitkänen et al. 2007). For ONK-PVA3 the 
EC results seem to have some continued disturbance, whereas all the other monitored 
boreholes show stable trends. Surprisingly, a negative pH-EC correlation was observed 
after 12.4.2007. 

A slight increase was seen in the alkalinity values in all boreholes except ONK-KR4 
where significant decrease was observed (Figure 6-103). This decrease is clearly 
connected to the decrease in pH and OH- concentrations. The leaching of Ca(OH)2 and 
KOH from the fresh grout can clearly be seen in the Figure 6-104 as the Ca and K 
contents correspond to the pH trends seen in the Figure 6-100. ONK-PVA2 has 
significantly higher Ca content than any other monitoring location. According to 
Pitkänen et al. (2007) ONK-PVA2 represents brackish SO4-type groundwater; where as 
most of the groundwater samples are fresh or brackish HCO3 types. This explains 
clearly higher Cl (Figure 6-102), Ca and SO4 values monitored (Figure 6-106).
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Figure 6-100. pH results from ONKALO monitoring boreholes. Data collected 9.8.2005 
– 1.11.2007. 
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Figure 6-101. EC results from ONKALO monitoring boreholes. Data collected 
9.8.2005- 1.11.2007.
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Figure 6-102. Flow rates measured during borehole monitoring programme in 
ONKALO for A) boreholes ONK-KR1-4 and for B) groundwater stations ONK-PVA1-3. 
Data collected 9.8.2005 - 1.11.2007. 
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Figure 6-103. Chloride content results from ONKALO monitoring boreholes. Data 
range 23.8.2005 – 4.6.2007. 
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Figure 6-105. Ca and K content as a function of time measured from ONKALO 
groundwater monitoring boreholes and groundwater stations. Data range 23.8.2005 
– 4.6.2007. 

�



 201 

SO4 content
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Figure 6-106. SO4 content as a function of time measured from ONKALO 
groundwater monitoring boreholes and groundwater stations. Data range 23.8.2005 
– 4.6.2007. 
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Dissolved inorganic carbon (DIC i.e. dissolved carbonate but expressed as elemental 
C concentration) contents (Figure 6-107) showed slightly increasing trend in all 
monitored locations except ONK-KR4 and ONK-PVA2. ONK-KR3 showed the steep 
trend. A decrease observed in DIC values (ONK-KR4) give the reason it was 
excluded probably resulted from carbonate precipitation (Pitkänen et al. 2007).  
 
In the first quarter to half-year period of monitoring elevated DOC levels were 
observed in all monitoring boreholes compared to ONK-PVA1 (Figure 6-108). This 
could be explained by some leaching of organics from grout. ONK-KR2 was an 
exception as it follows very closely the values of ONK-PVA1. DOC levels decreased 
with time and after one year they are close to background level of ONK-PVA1. ONK-
KR1 stands out showing elevating trend through the whole time of monitoring. Time 
of grouting (Table 2-17) does not seem to have any effect on DOC values measured. 
However, the composition of the grout may have differing effects on the leaching of 
organics. For example ONK-KR1 is the only location where SP Set Control II has 
been used. In general DOC values show a weak increasing trend after ~1.5 years of 
monitoring, but this was also observed in all background references ONK-PVA1-3. 
 
Conclusion 
 
As concluded in Pitkänen et al. (2007) and according to the results presented in this 
study the influence of grout can evidently be seen in the boreholes ONK-KR3 and 
ONK-KR4, where grout filling was observed in the drill core. The monitoring 
programme has continued for two years, during which time the monitoring water pH 
has decreased at the background level (around 8) in low pH grout environment. 



 202 

However, the normal pH grout has increased the groundwater pH to around 10 after 
two years of monitoring. 
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Figure 6-107. Dissolved inorganic carbon (DIC). Data range 23.8.2005 – 4.6.2007. 
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Figure 6-108. Dissolved organic carbon (DOC). Data range 23.8.2005 – 4.6.2007. 
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6.7.1 Organic components in ONKALO borehole monitoring groundwater 

Three groundwater samples from the boreholes ONK-PVA1, ONK-KR4 and ONK-KR3 
were delivered to CRIEPI for the analysis. Organic component was analysed using 
methods listed below:  

TOC: after visual observation to check any floating matter, TOC analysis was 
conducted after filtration, 
GPC: samples were analysed after vacuum concentration and filtration and 
IR and 1H/13C-NMR: analyses were conducted after vacuum concentration.  

Results from TOC analysis 

TOC analysed for each sample are shown in Table 6-53. The sample from ONK-KR4 
showed lower TOC content than ONK-PVA1 and ONK-KR3.  

Results from GPC analysis 

GPC results are shown in Figure 6-109. No polymers that suggest the main components 
of SP were present, and only low molecular substances were detected. The main SP 
component would show as a large peak around 20 minutes (see Figure 6-3 for details), 
which was thought to be derived from humic substance in the groundwater and/or low 
molecular organics, i.e. cement grinding aid, from grouts.  

Results from IR analysis  

The IR profiles are shown in Figure 6-110. The only detected chemical bondings were 
of H2O and/or CO3

2-. The precipitates in each sample were mainly composed of 
inorganic salts, e.g. calcium chloride or calcium carbonate.

Results from 1H-NMR and 13C-NMR analysis  

The 1H-NMR profiles are shown in Figure 6-111, and the results of both detections are 
shown in Table 6-54. The ethoxy, hydroxy, acetyl, ethyl and methyl silene groups were 
detected in all samples suggesting possible existence of some kind of surface-active 
agent. 

In KR4 (in addition to the possibility of surface-active agent) it is possible that there is 
also some kind of chemical additive released from the cementitious material, e.g. tri-
ethanol-amine as cement grinding aid because of the detection of aromatic compounds, 
amino-methylene group and oxy-methylene group. According to the results there is also 
a possibility of an existence of eluted SP40 compounds, i.e. MS transmutation substance 
such as methylol amine or a group of methylol amine.  

TOC, GPC, IR and NMR analyses were operated on ONKALO groundwater samples to 
observe the possible elution of SP from cementitious grouting materials. The main 
findings from this study may be summarized as follows:  
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Water in contact with the normal pH grout/SP40 system and low pH 
grout/Mighty 150 system or that had not been in contact with any cementitious 
materials at all showed an evidence for existence of some surface-active agent, e.g. 
lubricating oil for drilling bit.  

In the normal pH grout/SP40 system it seems possible that some cement grinding 
aid and/or SP40 compounds were eluted and appeared in the groundwater. 

Table 6-53. TOC in ONKALO groundwater samples. 

Sample TOC (mg/L) 

ONK-PVA1 14.4 

ONK-KR3 14.4 

ONK-KR4 10.8 

 

.
Figure 6-109. GPC profiles of samples ONK-PVA1, ONK-KR3 and ONK-KR4 
(molecular weight distributions).  
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Table 6-52. Chemical bonding groups in ONKALO samples ONK-PVA1, ONK-KR3 and 
ONK-KR4, detected by NMR analysis. 

   
1H-NMR ethoxy group, hydroxy group, acetyl group, ethyl group, methyl silene group ONK-PVA1 
13C-NMR n.d. 
1H-NMR ethoxy group, hydroxy group, acetyl group, ethyl group, methyl silene group ONK-KR3 
13C-NMR Carbonyl group 
1H-NMR Aromatic compounds, amino-methylene group, oxy-methylene group, ethoxy 

group, hydroxy group, acetyl group, ethyl group, methyl silene group 
ONK-KR4 

13C-NMR n.d. 
 

Figure 6-110. IR profiles of samples ONK-PVA1, ONK-KR3 and ONK-KR4 (chemical 
bonds).  
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Figure 6-111. 1H-NMR profiles (chemical bonds).  

6.8 Summary of leaching results 

Leaching of the superplasticizers Mighty 150 (PNS), Rheobuild 1000 (PNS), EVO 26 
(PCE), Glenium 51 (PCE) and SP40 (PMS) from normal and low pH grouts were 
studied at three different laboratories at HU (Glenium 51 and Mighty 150), CTH 
(Mighty 150, Rheobuild 1000, EVO 26, Glenium 51) and NUMO (Mighty 150, 
Glenium 51 and SP40). In the following section the results acquired from similar 
experiments have been compared and evaluated. Main findings from all experiments are 
summarized in Section 6.8.2. 
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At Empa/PSI the leaching of organics were studied in the filtered pore solutions of OPC 
and LAC pastes as a function of the hydration process of the cement paste. Admixtures 
studied included superplasticizers Glenium 51 and Rheobuild 1000. Also Sigunit was 
studied which is an accelerator used in ESDRED based paste (shotcrete). 

6.8.1 Leaching of organics from different cement mixtures- comparison of the 
results from different laboratories (NUMO, HU, CTH) 

There are four common grout mixtures that have been used in leaching tests at NUMO, 
HU and CTH, namely XRef52, XP308B, P308B and P379G representing different grout 

SP mixtures (see Table 2-2 for details). The analysis of elution of organics [TOC 
(mg/L)] from cement pastes was performed at NUMO in fresh leaching tests (see 
Section 6.1.1 for complete results) where fresh grout was immersed in different types of 
waters including OL-SR. Powder leaching tests were also performed on different S:L 
ratios at NUMO in which the TOC was measured after 38 weeks of leaching (266 days). 
At HU and CTH the analysis on elution of organics [at HU TOC (mg/L) and at CTH 
NPOC (ppm)] was performed on samples prepared for sorption studies that were started 
after finishing the leaching experiments. These leaching tests were performed using 
grout powder (crushed from hardened grout) mixed with OL-SR water (see Section 5.2 
for experimental procedures). Details on the leaching tests compared here are presented 
in Table 6.55.  

By definition, TOC would include all carbon of organic origin, while NPOC would only 
include the part that consists of non-volatile compounds. The latter are purged away 
together with CO2 when running the TOC instrument in NPOC mode. 

Results from different analyses conducted in these three laboratories are presented in 
Figure 6-112. In the legend, the initial pH of the leachant at the start of the experiments 
is given. pH stabilized in the experiments (42 days) in case of normal pH grouts at 11.9 
(HU) and in case of low pH grouts at 9.70 (HU). CTH results show similar results 
(duration 213 days), with normal pH grout buffering the pH to 12.1 and low pH grout at 
9.5. In NUMO’s fresh grout experiments the initial pH 12 increased slightly in case of 
normal pH grouts and lowered to approximately 10.8 by the end of the experiments 
(duration 56 days). In powder leaching tests the trend was similar (see Figure 6-112)
except after 266 days pH in low pH grout system had lowered to < 10, similarly to the 
HU and CTH experiments.   
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Table 6-55. Leaching tests on the common samples at different laboratories. 

Laboratory
Sample 

type Leachant

Sample/ 
leachant 

ratio Results
Initial 

pH
Duratio

n
Analysis 

frequency
HU powder OL-SR 1:10 TOC (mg/L) 7,9,10 42 days One week

CTH powder OL-SR 1:20 NPOC (ppm) 7,9,10 213
days

One month

NUMO fresh grout OL-SR 1:4 TOC (mg/L) 12 56 days 1,3,7,28 
and 56 days

NUMO powder OL-SR 1:10 TOC (mg/L) 12 266
days

Once

NUMO powder OL-SR 1:50 TOC (mg/L) 12 266
days

Once

NUMO powder OL-SR 1:100 TOC (mg/L) 12 266
days

Once

NUMO powder OL-SR 1:1000 TOC (mg/L) 12 266
days

Once

As seen in cases of reference samples representing normal and low pH grout without 
any SP addition (XRef52 and XP308B, respectively), the normal pH grout shows higher 
elution of organics as compared to low pH grout. It is also evident that the addition of 
SP increases the elution of organics in low pH grout. In Figure 6-111 the results from 
sample Ref52 (SRPC + Mighty 150) are shown (only HU and CTH results are 
compared as NUMO used different SP for this recipe, see Table 2-2). When comparing 
the results from Ref52 (Figure 6-111) and XRef52 (Figure 6-112), analyses the effect of 
adding superplasticizer to normal pH grout seems to be smaller that that of low pH 
grout. In general the increase of the elution of organics is rather small when adding 
superplasticizers suggesting that most of the leaching can be attributed to cement 
grinding aids. The fresh grout used seems to have had an increasing effect on the TOC 
results (see pH 12 NUMO TOC in Figure 6-112).

As already mentioned above, the elution of organics reaches steady state approximately 
after 30 days in all cases. This seems to be the case also in the fresh leaching tests. 
NPOC results are very stable and show that already by the first analyses (32 days) the 
steady state has been reached. The results from similar set ups used at HU and NUMO 
(leachate to powder ratio 10) support these results showing similar values. 

It is also clear that the grout sample to leachant ratio affects the elution of organics 
significantly and contributes the most of the differences observed in results gained from 
different laboratories on the same grout mixtures. 
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Elution of organics
Sample XRef52 (normal pH grout, no SP)

0

10

20

30

40

50

60

70

0 3 7
1
4

2
7

2
8

3
2

4
2

5
6

6
0

6
4

6
5

9
4

1
1
4

1
2
7

1
4
7

1
7
7

1
8
3

1
8
4

2
1
3

2
6
6

Days

T
O

C
(m

g
/L

)/
N

P
O

C
(p

p
m

) 
Elution of organics

Sample XP308B (low pH grout, no SP)

0

10

20

30

40

50

60

70

0 3 7 14 27 28 32 42 56 60 64 65 94 11
4

12
7

14
7

17
7

18
3

18
4

21
3

26
6

Days

T
O

C
(m

g
/L

)/
N

P
O

C
(p

p
m

)

Elution of organics
Sample P379G (low pH grout, Glenium 51)
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Sample P308B (low pH grout, Mighty 150)
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Figure 6-112. Elution of organics in analyses done at HU, NUMO and CTH. Figure 
shows measured elution of organics from grout mixtures leached with OL-SR water 
during different sampling periods. Note that TOC (mg/L) results from NUMO and HU 
are shown using coloured symbols whereas NPOC (ppm) results from CTH are shown 
in black and white symbols. Different leachate to powder ratios for TOC in NUMO 
powder leaching tests are given in legend.  
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Elution of organics
Sample Ref52 (normal pH grout, Mighty 150)
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Figure 6-113. Elution of organics from normal pH grout + Mighty 150 mixture Ref52. 
Note that TOC (mg/L) results from HU are shown using coloured symbols whereas 
NPOC (ppm) results from CTH are shown in black and white symbols. The high values 
in CTH experiments at 114 days are attributed to instrumental malfunction. 

6.8.2 Main findings on the leaching of organics from grouts 

According to the results gained in NUMO experiments (see Section 6.1) (fresh leaching 
tests) the addition of SP clearly increased the observed TOC. In general, comparison 
among unit mass powdered samples, the TOC values measured from the low pH grouts 
were confirmed to be smaller than that from the normal pH grouts. Most of the eluted 
organic substances are attributable to the cement grinding aid (CGA). Elution of main 
SP components was not detected in any leaching experiments done at NUMO; instead 
smaller low molecular weight substances that indicate impurities, CGA and also the 
degradation products in the case of PNS typed SP were detected. 

NPOC measurements (see Section 6.2.2) done at CTH show that in normal pH grout 
only EVO 26 and Mighty 150 have contributed to the NPOC values detected but in low 
pH grout all SPs seem to have an increasing effect on the mean NPOC values (Table 6-
7). Background levels observed are attributed to cement grinding aids used in cement. 
Contributions of SPs are observed to be of same magnitude as of CGA where such 
contributions can be measured at all. Leaching seems to be stable during the whole 
experimental period of 200 days. 

According to the leaching tests performed at HU (see Section 6.3.1), of whose duration 
is only 42 days, the steady state in the TOC is also reached by the end of the 
experiments (Figure 6-27). In these experiments the grouts with superplasticizers show 
higher values than reference samples that do not contain any SP in both low pH grouts 
and normal pH grouts. Reference sample representing low pH (XP308B) has clearly 
lower TOC values than reference sample representing normal pH grout (Xref52). Both 
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of these observations confirm the other results in the study. Addition of superplasticizer 
increases the observed TOC more in the low pH grout than in the normal pH grout. The 
addition of Mighty 150 to low pH grout has clearly the strongest effect. This is also the 
case in fresh leaching tests by NUMO where in OL-SR system the same phenomenon is 
observed. No such effect is observed when leaching in ALL-MR or deionised water (see 
Figure 6-1). Also in CTH’s NPOC results this large effect of Mighty 150 is observed. 

Addition of Glenium 51 has smaller effect on the elution of organics in all experiments 
than the Mighty 150 (NUMO, CTH and HU). According to the experiments at CTH and 
NUMO, the addition of Glenium 51 in the low pH grout still leads to smaller elution of 
organics than in any normal pH grout samples with or without SP. Similar trend is 
observed also in the HU experiments but not as clearly. The effect of Glenium 51 is also 
smaller than that of Rheobuild 1000 (in case of low pH grout) or EVO 26, which were 
included in CTH experiments. 

Empa/PSI results on cement paste samples using Rheobuild 1000 or Glenium 51 as 
admixtures show in the case of Rheobuild 1000 a lower DOC concentration in the pore 
solution after one year even though Rheobuild 1000 was used in higher initial dosages 
than Glenium 51. The difference is very small in case of LAC (see Figure 6-95). Based 
on the temporal trends observed in the pore solutions a slight increase of the amount of 
dissolved organic carbon can be expected for these two SP’s. In case of Sigunit, used in 
ESDRED cement paste, no such increase is observed. 

6.9 Summary of sorption results 

Radionuclide sorption was studied in several different experimental set-ups. Studies at 
HU and CTH included sorption of Eu on rock using direct addition of SP (0.1g/L and 1 
g/L concentrations of SPs) and indirect addition of SP in the form of leachants (prepared 
in the leaching tests). The former were discussed in Section 6.5. Reference experiments 
were performed with no SP addition. At HU the effect of graphite on Eu sorption was 
studied using direct SP addition (1g/L). Sorption of SP on rock was also studied at 
CTH. 

Influence of the admixtures on radionuclide sorption on cement paste was studied at 
Empa/PSI.  

The main results obtained from the experiments listed above are presented in 
Table 6-56, which shows the main findings for each superplasticizer and accelerator 
studied at different laboratories. 
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Table 6-56 . Summary of sorption experiments done at HU, CTH and Empa/PSI. The 
effect of different admixtures on sorption in various experiments. (n.r. = no result, blank 
= not studied) 

PNS type superplasticizer PCE type superplasticizer Accelerator

Experiment Mighty 150
Rheobuild 

1000 Glenium 51 Evo 26 Sigunit Laboratory

Eu sorption 
on granite 
with direct 
addition of 

superplastiz
icers        

(0.1-1 g/L)

Sorption is reduced slightly (higher the 
concentration, bigger the reduction)

Sorption is  
clearly 

reduced  by 
1-2 orders of 
magnitude 
(higher the 

concentration, 
bigger the 
reduction)

Sorption is 
reduced

Sorption is 
reduced 
slightly 

(higher the 
concentratio

n, bigger 
the 

reduction)

CTH

Some reduction at 
highest 1g/L SP 
concentration

Reduction at 
highest SP 

concentration 
especially at 
pH 7 and 9

HU

Eu sorption 
onto granite 
with grout 
leaching 
solutions

No effects on Eu 
sorption can be 

measured 
(preliminary result)

n.r.

No effects 
on Eu 

sorption 
can be 

measured 
(preliminary 

result)

CTH

High sorption, measurements below the detection limit in most cases HU

SP sorption 
on granite

Very weak sorption 
onto granite n.r. CTH

The effect 
of graphite 

on Eu 
sorption on 
granite (SP 

directly 
added)

Eu sorption is increased by graphite at pH 10* HU

Sorption 
experiment
s of Ni (II), 
Eu (III) and 
Th (IV) on 

dowex 
cation 

exchange 
resin 

(influence 
of 

admixtures)

Strong 
complex 

formation with 
Ni (II) and Eu 

(III)

Strong complex 
formation with 

Ni (II)

Strong 
complex 
formation 

with Th (IV) 
and Eu (III)

Empa/PSI

Sorption of 
Ni (II), Eu 

(III) and Th 
(IV) on HCP 
(hardened 

cement 
paste)

No significant influence on the 
radionuclide uptake relevant to in 

situ conditions

No 
significant 

influence on 
the 

radionuclide 
uptake 

relevant to 
in situ 

conditions

Empa/PSI
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7 CONCLUSIONS 

Long-term safety aspects of superplasticizers and other cement paste components were 
studied in this joint Nagra - NUMO - SKB - Posiva project with aim to develop a 
methodology for the evaluation of the long-term safety aspects of superplasticizers (SP) 
and other organic components of cement pastes. The study also evaluated the effects of 
SPs and other cement paste components that have already been used or that are most 
likely to be used in the construction of the high-level nuclear waste repositories in 
Sweden, Switzerland, Finland and Japan. The main long-term safety issue of concern is 
whether the superplasticizers and/or other organic components in cement pastes might 
affect the transport properties of radionuclides. A full evaluation of whether the 
superplasticizers can be used in a high-level nuclear waste repository cannot be 
answered based on the studies but a classification of the superplasticizers based on their 
impact on sorption of radionuclides has been done. 

Specific questions addressed within this project are:

Are the organics leaching out of the cement paste or not? 
How much organics are leached and when? 
Which kind of organics, degradation products are formed?
Are the organics affecting radionuclide sorption? 

The basic methodology for testing, leaching and analyzing of leachants and solid 
samples of different types has been developed at CRIEPI. Two different methodologies 
for studying the impact of SPs on the sorption of Eu on crushed rock has been tested 
/developed by HU and Chalmers. 

Analytical methods for analyzing of organics leaching from grout have been 
successfully tested by CRIEPI and Chalmers. At CRIEPI the total organic content 
(TOC) of the leachants was analyzed by Infrared absorption spectrometry (IR) followed 
by Gel Permeation Chromatography (GPC) for the identification of the organic 
compounds. At Chalmers several different analytical methods were tested (e.g. IR, UV 
spectroscopy, NMR, MALDI-TOF), difficulties encountered were due to the low 
amount of organics obtained after the freeze-drying and diethyl ether extraction 
procedure from the originally small samples with low content of organics, and therefore 
the methods at Chalmers need to be improved. Use of liquid-liquid extraction might be 
a solution. Based on the analyses performed so far the naphtalenesulphonate type SPs 
Mighty 150 and Rheobuild 1000 are very similar and confirm the chemical structures of 
polysulphonates. 

The TOC analyses performed on the grout mixes showed that in addition to the SP, 
organics are present in several the components of grout mixes, for example in cement 
grinding aid and in micro silica slurry. The result suggests that even in fresh leaching 
tests, the main high molecular weighted organics will not elute from the cementitious 
material, but the low molecular weighted cement grinding aid (CGA) will elute. Of the 
TOC of the grout, more than 90% remains in the low pH grout after 60 days and in 
normal pH grout greater than 80% remains. For some of the samples some indications 
of small amounts of raw materials or decomposed materials of SPs leached out was seen 
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based on the GPC analyses, e.g. Naphthalene dimer was observed in leaching tests with 
low pH grout (P308B).  

In the cement paste hydration tests at Empa/PSI after 28 and 360 days 80-90% of PCE 
(polycarboxylic ester) and 90-100% of PNS were adsorbed by the solid, which results in 
concentrations of dissolved organic carbon attributed to PCE or PNS between 20 and 60 
mmol L-1 in the different cement pastes (OPC, LAC and ESDRED based cement paste). 
Based on the trends observed in the pore solutions a slight increase of the amount of 
dissolved organic carbon with time can be expected for the two superplasticizers. A 
slight increase in Na concentrations in pore solution was observed, as the two 
superplasticizer added contain Na. No other significant differences in the composition 
of the liquid phases between samples with and without superplasticizers were observed, 
thus indicating that PCE or PNS do not form strong complexes with dissolved ions such 
as Na, K, Ca, or Al under the alkaline conditions found in cement paste porewaters.

In addition to the studies with SPs, the influence of Sigunit on the concentration of 
organic carbon in the solution of hydrating shotcrete was investigated by Empa/PSI.
Sigunit consists of aluminium sulphate and formate and is used as an accelerator in the 
production of shotcrete. After 28 days approximately 70% of Sigunit was taken up by 
the solid, which gave rise to an organic carbon concentration of about 90 mmol L-1 in
the pore solution of the shotcrete.

Based on the tests performed at Chalmers the sorption of Eu on rock samples decreased 
clearly (about 1-2 orders of magnitude decrease in Rd) in the presence of the 
polycarboxylate type SPs EVO 26 and Glenium 51, for added SP contents of about 0.04 
g/L and 0.4 g/L (dry weight). The effect was clearly lower for PNS type (Mighty 150 
and Rheobuild 1000). It was almost negligible for the lower added SP content 0.04 g/L 
but more noticeable for the higher added SP content 0.4 g/L. At the lower SP content 
0.04 g/L the effect on the lowering of Rd is within the range of error bars.

For Mighty 150 the impact on sorption of Eu on crushed rock is fairly small, the effect 
is strongest at the highest pH (pH 10) tested.

The results from Helsinki University show that there is a fairly high sorption on the 
glass vessel used. Otherwise the decrease in sorption of Eu is not that clearly affected by 
the addition of SPs as in the tests at Chalmers. 

When comparing the results from studies with SPs, Mighty 150 and Glenium 51, an 
effect of 1 g/L Mighty 150 on Eu sorption onto granite was measured by both. For 
Glenium 51 the effect on Eu sorption onto granite showed identical effects at pH 7 and 
9, and a strong effect of about one to two orders of magnitude compared with the 
reference with no SP. However, the data for pH 10, showed contradicting results; HU
data showed a very slight (if any) reduction while CTH results showed a very large 
reduction of almost two orders of magnitude. Otherwise, the data of HU and CTH 
showed very good consistency regarding the effects of Mighty 150 and Glenium 51 on 
Eu sorption onto granite.
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The overall differences in results between HU and CTH are likely due to the different 
experimental configurations applied, and three possible explanations can be offered for 
the large differences between HU and CTH data: 1) Eu colloid formation resulting in 
higher Eu concentrations in the CTH measurements since no filtration was used, and 
consequently lower Rd and Ld values for CTH results: 2) Presence of smaller granite 
particles in the HU experiments since no initial rock washing procedure was used, 
resulting in stronger Eu sorption and higher Rd and Ld values for HU results. 3) Filter 
sorption in the HU experiments, resulting in lower Eu concentrations in HU 
measurements and consequently higher Rd and Ld values for HU results. The difference 
in the experimental sorption results between HU and CTH remains to be investigated 
with additional experiments. 

Sorption experiments with Ni(II), Eu(III) and Th(IV) performed at PSI on a cation 
exchange resin indicate that the admixtures may form complexes in solution with the 
above elements. Nevertheless, no influence on the uptake of radionuclides by cement 
paste was observed in systems where the ratio of admixtures to HCP was selected 
according to the expected ratio in the cementitious near field of a repository, which has 
earlier been reported by Glaus & Van Loen 2003.

GPC, IR and NMR analyses of field samples collected from monitoring boreholes in 
grouted areas in ONKALO did not indicate any SPs in the sampled waters rather there 
was an evidence of the possibility of some surface-active agent, e.g. lubricating oil for 
drilling bit. Though the analyses of one sample from the monitoring point for an area 
grouted with normal pH grout/SP40 (MS) grouted area indicate the presence of some 
organic compounds, which could a possibily be of cement grinding aid and/or some 
SP40-derived compounds.
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8 ISSUES FOR FURTHER CONSIDERATION 

During the studies presented in this report it was found out that the cement pastes 
actually contains organic materials in several components. These were observed to leach 
out from the cement paste during the early phase of leaching. Some information on the 
organic compounds used as cement grinding aids was delivered from some 
manufacturer and the analyses of lechants in this study provided some basic information 
on the organic components. For the pozzolan micro silica slurry however, no 
information was available from the manufacturer and no information could be obtained 
during this study. As one major part of the organics observed from the leachants were 
cement grinding aid components it will be important to investigate the effect of these on 
radionuclide sopriton on rock. 

Additional aspects include whether the superplasticizers and other cement paste 
admixtures and additives will form strong and stable complexes with the radionculides 
leaching from the waste, e.g. the spent fuel. This is an issue for further consideration. 

According to the present study a small part of the organics and SPs are leaching out in 
the early period after grouting. The time dependent behaviour of the SPs should be 
investigated further by both experimental and modelling studies, in order to be able to 
estimate the potential impact of these at different time steps in the evolution of a spent 
fuel repository. 

Further experimental investigations are necessary to interpret the effect of experimental 
configurations on the differences of the results from HU and CTH in order to find out an
explanation(s) for the observed differences in Eu(III) sorption on granite. 
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Details acquired from manufacturers. This is confidential information and will not be 
distributed outside of the project. 
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A2 sample preparation and testing 

A2.1 Task 

Ten cementitious grout samples were prepared and tested by Contesta Oy in April - July 
2006. The mixes included 5 low pH producing grouts and 5 normal pH grouts. Mixing 
and testing of grouts in laboratory was done for SP project according to the instructions 
given by Posiva Oy. About 5 - 6 kg of each sample were also cast in tins, cured for 
more than 28 days, dried and crushed to powder. For further tests the powdered samples 
were sent to University of Helsinki and Chalmers University of Technology.

A2.2 Materials 

Cement and micro silica used in the mixes were delivered by Posiva Oy. The micro 
cement Ultrafin 16 (UF16, producer Cementa Ab) was used in the tests. Ultrafin 16 is a 
sulphate resistant (chromate reduced) and low alkaline injection Portland cement,
designation in accordance with EN 197-1: CEM I 52.5 R. Its compact density is 
approximately 3100 - 3200 kg/m3 and d95-particle size is less than 16 µm.

The micro silica used is commercial GroutAid (GA) by Elkem. The bulk density of the 
GroutAid used in the laboratory was 1390 kg/m3 and solids content 50% which are 
average bulk density and solids content given by the producer. GroutAid particles are 
extremely fine having more than 90% less than 1 µm.

As some variation occurs in the quality of both UF16 and GA all the mixes were 
prepared with same cement and micro silica batches to minimize the impact of material 
quality variation on further test results.

The superplasticizers (SP) used in the laboratory tests were Mighty 150 (naphtalene 
sulphonate), Rheobuild 1000 (naphtalene sulphonate), Sikament EVO 26 
(polycarboxylate) and Glenium 51 (polycarboxylate). Mighty 150 was delivered by 
Posiva Oy and the other three SPs were delivered by Chalmers University of 
Technology.

Product information was collected mainly from producers’ data sheets and it is gathered 
in Table 2-7 in Chapter 2. 
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A2.3 Mixes 

The mix recipes were given by Posiva Oy (Table A1-1). The recipes are defined by 
silica/cement -ratio (sil/cem), water/dry materials -ratio (W/DM) and superplasticizer 
type and amount (Table A2-2). Altogether 5 low pH producing mixes and 5 normal pH 
mixes were prepared both for testing and crushing. The superplasticizers used were 
ready made mixtures including water. The amount of SPs was calculated as weight-% of 
dry material of the mix. The target temperature for sample preparation and curing 
during the first day was 12 C.  

Table A2-1. The mix recipes of SP project mixes.  

A2.4 Mixing, testing and conditions for sample preparation in laboratory 

All the grout materials and specimens were cooled before mixing and during the first 
day. During mixing, the whole mixing device up to the edge of the mixing bowl was 
immersed in a tank filled with running cold tap water. Cold tap water (5-9 C) was also 
used in the mixes. Weighing the materials and testing was usually performed at room 
temperature (about 20 C). The temperatures during mixing were recorded at the 
beginning and at the end of mixing. The target temperature was 12 C. After the first 
day the compressive strength prisms were stored at a temperature of 20 C and a 
humidity of 100% RH until tested at the age of 28 days. 

For mixing of grouts a boring machine equipped with high-power disc was used 
(Figures A2-1a & A2-1b, AEG SB2E 750 SuperTorque, 0-1200/3400 rpm). The mixing 
volume was about 3 litres and the mixing speed was adjustable between 0-3400 rpm. 
The mixer was very efficient for most of the mixes. All the mixes except the mix 
XP308B without SP were fluid. The mix XP308B was especially stiff and needed extra 
swinging during the mixing (Figs.A2-2a & A2-2b). Due to cooling of materials and 
during mixing the mix temperature was kept close to the target temperature during 
sample preparation. 

  
Mix 

  
sil/cem 

  
W/DM 

Cement UF16 
batch 

GroutAid 
batch 

Superplasticizer 
type 

SPL 
amount   

w-% of DM 
Temp. °C 

target 
Low pH masses:               
P308B 0.69 1.40 060221 050919 Mighty 150 4 12 
P308C 0.69 1.40 060221 050919 Rheobuild 1000 4 12 
P308D 0.69 1.40 060221 050919 Sikament EVO 26 1 12 
P379G 0.69 1.20 060221 050919 Glenium 51 1.5 12 
XP308B 0.69 1.40 060221 050919  - -  12 
Normal pH masses:               
Ref52 0.075 1.20 060221 050919 Mighty 150 1 12 
N1 0.00 0.80 060221   Rheobuild 1000 1 12 
N2 0.00 0.80 060221   Sikament EVO 26 0.7 12 
N3 0.00 0.80 060221   Glenium 51 0.7 12 
XRef52 0.075 1.20 060221 050919  - -  12 
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Figure A2-1a. Boring machine mixer equipped with high-power disc.

Figure A2-1b. During mixing the mass was cooled by immersing the mixing bowl 
in a tank filled with running cold tap water

Figure A2-2a. The mix XP308B without SP was considerably stiff compared to 
other mixes. 
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Figure A2-2b. The mix XP308B being mixed with extra swinging.

The mixing order for grouts was normally as follows: cement powder was added to a 
most of the water and the mixing proceeded for 2 minutes after which SP was added 
together with the remaining water. Finally micro silica slurry (GroutAid) was slowly 
added to the mixture. Mixing continued for 3 minutes at elevated speeds. Total mixing 
time was generally 5 minutes. The age of the mixes was measured from the end of the 
mixing time. For some mixes the total mixing time was reduced to 4 minutes, if no 
GroutAid was added.

Directly after mixing the Marsh funnel test was performed to determine the fluidity of 
the grout (Figure A2-3). In the Marsh funnel test, the time is measured for 1 litre of 
grout to run through the funnel (total volume 1.5 l). The bulk density of the mix was 
calculated by weighing the 1 litre volume. The batch was held in a bucket in the cabinet 
at 12 C until it was mixed again with a boring machine mixer and tested at the age of 1 
h with a Marsh funnel.  

Samples were taken after the first Marsh funnel test for the shear strength tests and for 
the bleeding test. For compressive strength testing 3 prisms sized 40 mm x 40 mm x 160 
mm were cast of each mix of the portion that was tested at a 1 hour Marsh funnel test. 
The specimens were stored in the cabinet at 12 C for the first day, after that at 100% 
RH / 20 C.

The bleeding test was measured at the age of two hours. Bleeding (water separation) 
was measured as water separated at the surface of the grout that was sucked with a 
pipette and weighed. The result was given as volume-% of separated water. The fall 
cone test was used to determine early shear strength of the mixes and was performed at 
the age of six hours (Figure A2-4). In the test the cone was dropped into the mix and the 
depth of the indent was observed and the corresponding shear strength was determined 
from a table. Compressive strength testing was performed at the age of 1 and 28 days 
(Figure A2-5). 
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Figure A2-3. Marsh funnel test directly after mixing and at 1 hour age.

Figure A2-4. Fall cone test to determine shear strength of the grout at 6 h.

Figure A2-5. Compressive strength testing of a prism of hardened grout at 1 and 
28 days. 

A2.5 Preparation of samples for further studies 

Grout mixes for further testing were prepared in similar manner as for the testing the 
fresh and hardened properties, only the volume of the batches was slightly larger, 
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approximately 4 litres. This gave enough material to produce about 2.5 kg of dry, 
crushed and powdered samples.  

Directly after mixing, the grout was poured into three one litre tins which were filled up 
to upper edge and covered with a cap that was tapped tightly onto the tin (Figs. A2-6a 
and A2-6d). By doing this it was possible to cure the samples airtight. The stiff mix 
XP308B was vibrated mechanically to remove large air bubbles (Figure A2-7). The 
injection grouts were allowed to cure in tins at room temperature for about 40 days 
(Figure A2-8). 

Figure A2-6a. The fluid grout was poured into three 1 litre tins. 

Figure A2-6b. The tins were filled up to an upper edge. 
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Figure A2-6c. The caps were placed onto the tins. 

Figure A2-6d. Finally the caps were hammered tightly onto the tins to secure airtight 
curing. 

Figure A2-7. Vibration of the stiff mix XP308B to remove large air bubbles. 
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Figure A2-8. The injection grout cure in tins at room temperature for about 40 days.

After the curing, the material of two tins was crushed to a maximum of approximately 2 
cm particle size. It was not possible to pulverize the material completely to powder as 
the samples still were very wet. The crushed samples were spread onto a large plate and 
permitted to dry for approximately 11 days in a drying cabinet at room temperature (20-
22 C) with airflow from bottom to top (Figure A2-9).  

The material of the third tin of each grout type was cut into two halves and one half was 
also let to dry in the same drying cabinet. The idea was to measure the sample porosity 
of the half samples. However, the crushed samples decreased significantly in volume 
due to loss of free water and it was necessary to add most of the half tin samples to the 
crushed samples in order to get enough material for further tests. 

After drying the crushed samples were further crushed to maximum particle size of 
about 5 mm (Figure A2-10). Most of the material was powder at this point (Figure A2-
11) and the pulverizing was stopped as the fine powder started to take atmospheric 
moisture and block the crushing device. Each powdered sample (approximately 2.5 kg) 
was then packed into five tins and sent for further tests. One tin with 500 g powder of 
each sample was sent to Chalmers University of Technology, the remaining 2 kg 
divided into four tins was delivered to University of Helsinki. The powder can be either 
sieved to a desired grain size, or further crushing can be manually done using a mortar 
and pestle.
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Figure A2-9. A drying cabinet for crushed samples and half tin samples. Airflow from 
bottom to top at room temperature. 

Figure A2-10. Crushing of a dried grout sample.           
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Figure A2-11. The finely ground SP project samples. 
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A2.6 Laboratory test results of fresh and hardened grouts 

The main results of the test series of the grout mixes are presented in Table A2-2, all
results are presented in Appendix 2B. The tests were over a one day period except for 
the N3 mix. The planned SP amount of N3 mix was 1 w-% of dry material. It turned out 
that this gave drastic bleeding at two hours. During preparation of samples for crushing, 
the SP amount was lowered to 0.7% that gave minor bleeding at two hours at room 
temperature. However, the N3 test sample that was cured at 12 C was still soft at 2 
hours and no bleeding result was achieved. The samples cast for crushing and cured at 
room temperature gave homogenous material for further tests. 

Table A2-2. The main results of the test series of the grout mixes for SP project. 

  
Date 

  
Mix 

Temp. 
beg. of 
mixing 
(water) 

°C 

Temp.  
end of 
mixing 
(mass) 

°C 

Bulk 
density 
kg/ m3 

Marsh 
fresh 

s 

Marsh  
1h 
s 

Bleeding 
2h  

vol-% 

Shear 
strength  

6h     
kPa 

Comp. 
strength  

1 day 
MPa 

Comp. 
strength 
28 days 

MPa 

Low pH 
masses:                    

26.4.2006 P308B 4.9 12.8 1340 43.0 50.0 0.2 1.08 0.29 12.0 
26.4.2006 P308C 4.7 10.0 1343 45.0 67.5 0.2 1.00 0.38 13.9 
26.4.2006 P308D 4.7 10.0 1322 40.0 40.0 0.0 0.81 0.42 16.1 
26.4.2006 P379G 5.0 10.6 1372 37.5 41.0 0.1 0.98 0.60 20.9 
26.4.2006 XP308B 5.0 13.3 1313  -  - 0.0 5.32 0.59 13.4 

Normal pH 
masses:                    

27.4.2006 Ref52 5.5 12.3 1378 36.0 40.0 1.8 0.90 0.82 9.2 
26.4.2006 N1 4.8 9.3 1565 43.0 66.0 1.0 1.18 2.6 22.4 
26.4.2006 N2 4.6 9.4 1582 41.5 46.0 3.8 0.29 2.2 29.6 

8.6. & 
9.6.2006 N3 8.5/9.4 12.7/13.3 1591 34.5 35.5 no result <0.15 3.00   
26.4.2006 XRef52 4.9 9.1 1397 39.0 43.5 1.2 0.64 0.55 9.2 
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Table A2B-1. Grout testing results. Table continues to the following page. 
Injection grouts of SPL project 2006, laboratory testing            
Testing at Contesta Oy, Rajatorpantie 8C, PL 23, FIN-01601 Vantaa, tel. +358 9 2525 2441, gsm +358 50 387 2441, fax +358 9 2525 2426, www.contesta.fi    

Mix compositions              

    

Fill     
(super-

plast. not 
included)   

Approximate 
until batch 

size about 3 l         

Sil/cem of 
dry 

materials             

      W/DM per Weight total Water Dry mat Of dry materials   
Of dry 
materials Cement Cement 

GroutAid 
GA dry GA slurry GA Water 

Date Mix W/DM total mass g total g total g cem % GA % sil/cem type&batch amount g amount g amount g batch amount g 

Low pH masses:                     

26.4.2006 P308B 1,40 0,5833 4000 2333 1667 59,27 40,73 0,69 UF16 060221 988 679 1358 050919 1655 
26.4.2006 P308C 1,40 0,5833 4000 2333 1667 59,27 40,73 0,69 UF16 060221 988 679 1358 050919 1655 
26.4.2006 P308D 1,40 0,5833 4000 2333 1667 59,27 40,73 0,69 UF16 060221 988 679 1358 050919 1655 
26.4.2006 P379G 1,20 0,5455 4200 2291 1909 59,27 40,73 0,69 UF16 060221 1132 778 1555 050919 1513 
26.4.2006 XP308B 1,40 0,5833 4000 2333 1667 59,27 40,73 0,69 UF16 060221 988 679 1358 050919 1655 

                      

Normal pH masses:                     
27.4.2006 Ref52 1,20 0,5455 4200 2291 1909 93,02 6,98 0,075 UF16 060221 1776 133 267 050919 2158 
26.4.2006 N1 0,80 0,4444 4700 2089 2611 100 0 0,000 UF16 060221 2611 0 0  2089 
26.4.2006 N2 0,80 0,4444 4700 2089 2611 100 0 0,000 UF16 060221 2611 0 0  2089 

8.6.+9.6.2006 N3 0,80 0,4444 4700 2089 2611 100 0 0,00 UF16 060221 2611 0 0  2089 
26.4.2006 XRef52 1,20 0,5455 4200 2291 1909 93,02 6,98 0,075 UF16 060221 1776 133 267 050919 2158 

                      
Low pH masses, cast for crushing:                     

27.4.2006 P308B 1,40 0,5833 5300 3092 2208 59,27 40,73 0,69 UF16 060221 1309 899 1799 050919 2192 
27.4.2006 P308C 1,40 0,5833 5300 3092 2208 59,27 40,73 0,69 UF16 060221 1309 899 1799 050919 2192 
27.4.2006 P308D 1,40 0,5833 5300 3092 2208 59,27 40,73 0,69 UF16 060221 1309 899 1799 050919 2192 
27.4.2006 P379G 1,20 0,5455 5400 2945 2455 59,27 40,73 0,69 UF16 060221 1455 1000 1999 050919 1946 
27.4.2006 XP308B 1,40 0,5833 6000 3500 2500 59,27 40,73 0,69 UF16 060221 1482 1018 2037 050919 2482 

                      

Normal pH masses, cast for crushing:                     
27.4.2006 Ref52 1,20 0,5455 5500 3000 2500 93,02 6,98 0,075 UF16 060221 2326 175 349 050919 2826 
27.4.2006 N1 0,80 0,4444 6000 2667 3333 100 0 0,000 UF16 060221 3333 0 0  2667 
27.4.2006 N2 0,80 0,4444 6000 2667 3333 100 0 0,000 UF16 060221 3333 0 0  2667 
27.4.2006 N3 0,80 0,4444 6000 2667 3333 100 0 0,00 UF16 060221 3333 0 0  2667 
27.4.2006 XRef52 1,20 0,5455 5500 3000 2500 93,02 6,98 0,075 UF16 060221 2326 175 349 050919 2826 
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Continuing from the previous page. 
             Curing of comp.strength prisms:   
             First 24h after mixing in target temperature 12°C.   

     Test properties (measured)      After 1 day curing at  20°C, 100% RH until the testing age   

  Fill       
Mixing at 

room temp. 
* Cooling 

during mixing 

W/DM      
(superpl. 
included) 

Bulk 
density 

Marsh 
fresh 

Marsh 1h Bleeding 
2h  

Fall cone   
6h     

Comp. strength 1 day Comp. strength 28 
day 

Remarks! 

Superplast. Superpl. Superpl. Batch Temp. °C Temp. °C Temp. °C   1000 ml 

1000 ml 1000 ml     Prism 40mmx40mmx160mm Prism 
40mmx40mmx160mm 

  

type amount % amount g volume l target beg. of mixing end of mixing W/DM g s s vol-% kPa 
MPa MPa 

  

                  

Mighty 150 4 67 2,94 12 4,9 12.8* 1,40 1340 43,0 50,0 0,2 1,08 0,29 12,0  

Rheobuild 1000 4 67 2,94 12 4,7 10.0* 1,40 1343 45,0 67,5 0,2 1,00 0,38 13,9  

Sikament 1 17 2,94 12 4,7 10.0* 1,40 1322 40,0 40,0 0,0 0,81 0,42 16,1  

Glenium 51 1,5 29 2,99 12 5,0 10.6* 1,20 1372 37,5 41,0 0,1 0,98 0,60 20,9 1 day prisms sized 29mmx40 mm (moulds leaked). 

   0 2,94 12 5,0 13.3* 1,40 1313  -  - 0,0 5,32 0,59 13,4  

                  

                  

Mighty 150 1 19 2,91 12 5,5 12.3* 1,20 1378 36,0 40,0 1,8 0,90 0,82 9,2 Strength test at 27 days. 

Rheobuild 1000 1 26 2,92 12 4,8 9.3* 0,80 1565 43,0 66,0 1,0 1,18 2,6 22,4  

Sikament 0,7 18 2,92 12 4,6 9.4* 0,80 1582 41,5 46,0 3,8 0,29 2,2 29,6 28 day prisms sized 35mmx40 mm (moulds leaked). 

Glenium 51 0,7 18 2,92 12 8.5/9.4 12.7*/13.3* 0,80 1591 34,5 35,5 no result <0.15 3,00  Still soft at 2 hrs 
   0 2,91 12 4,9 9.1* 1,20 1397 39,0 43,5 1,2 0,64 0,55 9,2  

                  

                  

Mighty 150 4 88 3,90 12   1,40         

Rheobuild 1000 4 88 3,90 12   1,40         

Sikament 1 22 3,90 12   1,40         

Glenium 51 1,5 37 3,85 12   1,20         

   0 4,42 12   1,40         

                  

                  

Mighty 150 1 25 3,81 12   1,20         

Rheobuild 1000 1 33 3,72 12   0,80         

Sikament 0,7 23 3,72 12   0,80         

Glenium 51 0,7 23 3,72 12   0,80         
   0 3,81 12   1,20         
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Laboratory details for analysis results presented in Tables 2-2 and 2-3. 

GEOLOGICAL SURVEY OF FINLAND
GEOLABORATORY

24.08.2006 11:15:43
GTK / ETELÄ-SUOMEN YKSIKKÖ Espoo

Lindberg Antero

 

ANALYTICAL REPORT

ORDER ID 88267 REF:

PROJECT: 1803036 RESP. AREA: 212
AREA:
MAP SHEET:
SAMPLE TYPE: SAMPLES: 2

METHOD CODE SAMPLES    DETERMINATIONS
+ 175X 2 70
307 2 2
307My 2 58
307Pp 2 18
43 1 1
811L 1 1

Geolaboratory

Eeva Kallio
Laboratory manager

______________________________________________________________________________
Geological Survey of Finland
Geolaboratory
PO Box 96
02151  ESPOO
Phone 020 550 11
Fax 020 550 2507
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METHOD DESCRIPTIONS AND COMMENTS

Order ID 88267
Date of issue 24.08.2006 11:15:43

THE RESULTS ARE VALID ONLY FOR THE SAMPLES TESTED
THE REPORT MAY ONLY BE QUOTED IN FULL

THE RESULTS HAVE BEEN PRODUCED DURING: 04.08.2006 - 24.08.2006.

ONLY RESULTS WITH A + MARK IN FRONT OF THE METHOD CODE
ARE COVERED BY THE SCOPE OF ACCREDITATION

43 Grinding in tungsten carbide grinding vessel

+ 175X Multielement determination by XRF technique(pellet)
The main rock forming elements are REPORTED as oxides.
Lower detection limits are:
Na2O 0.067, MgO 0.033, Al2O3 0.019, SiO2 0.021, P2O5 0.014,
K2O 0.0036, CaO 0.0042, TiO2 0.0050, MnO 0.0078 and Fe2O3 0.014.

 S  ja Cl 0.006.
 Sc, V, Cr, As, La, Ce, Pb and Bi 0.003.
 Ni, Cu, Zn, Ga, Sn, Ba 0.002 and Sb 0.01
 Rb, Sr, Zr, Mo, Th and U 0.001.
 Y and Nb 0.0007.

Detection limits depend on the matrix of the sample and
can therefore vary from sample to sample.
If the samples contain fluorine, carbon, boron, lithium and beryllium 
method 175X needs information of their concentrations. These 
elements have not been determined of these samples.
The carbon content of the samples has been taken into
consideration in the calculation of the results in sample L06062227.
The carbon content of sample L06062226 was not determined because 
there was not enough sample. (If there should be more than 1% 
carbon present, the results should be recalculated.)

307 Hydrofluoric acid-perchloric acid dissolution

307M Elemental determination by the ICP-MS-technique
Because the sample weight of the sample L06062226 was only 
30 mg , the results can be inaccurate.
The results of Tl were not reported. The Tl-results are inaccurate for both samples..

307P Elemental determination by the ICP-AES-technique
Because the sample weight of the sample L06062226 was only 
30 mg , the results can be inaccurate.

811L Determination of C with carbon analyzer

Additional comment: 24.8.2006 Antero Lindberg
Working error in the lab considering sample L06062226
First bricket of the sample has been lost or destroyed. Sample left was not big enough for analysis.
However, a bricket and analyses were made, against instructions.
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Table 4a-1. Original recipe for OL-SR. Adjustments made to stabilize pH are given in 
the last column. 

Preparation of the solution 
General:
- Adequate amounts and concentrations of stock solutions (of solutions 3-10) are 

made in MIlliQ-water. 
- The prepared stock solutions are flushed with Nitrogen (CO2 < 0.1 ppm) over night 

and taken into the glove-box (CO2-free atmosphere) and then let equilibrate with the 
glove-box atmosphere with loosely closed caps. 

- Prepare some CO2-free MilliQ-water into the glove-box (flushing with N2 over 
night outside the glove-box and continue flushing inside the glove box for at least 
some hours) and let the water equilibrate with the glove-box atmosphere with 
loosely closed cap for about a week. 

Preparation:
- Weigh 

o 1) NaCl 
o 2) CaCl2 and add MilliQ water (about 700 mL), but leave room for addition 

of stock solutions and adjustment of pH. 
o When all the salt has dissolved flush the solution with e.g. Nitrogen  (CO2 < 

0.1 ppm), at least over night before taking into the glove-box. 
o Inside the glove-box pipet the needed amounts of stock solutions 3) -10) to 

the salt solution under continuous stirring. 

 

 Recipe for 1L of OL-SR      till 5 L 
   pH 11       0     100x 
 chemical  solubility MW amount of chemical Note Stock  amount of   

 formula g/l (g/mol)  mg/L  = g/L   solution stock solution 

USED 
Amounts 
g/L 

1) CaCl2 2H2O 1000 147,02 147,02 0,15 
No stock 
solutions chemical added 0,7351 

2) NaCl 360 58,44 29750,00 29,75 
made of 

these amount   148,7500 
            g /100 mL mL/L  

3) MgCl2 6H2O 1670 203,3 6,099 0,00610 

 
These stock   0,6099 1,0 0,6099 

4) SrCl2 6H2O 1062 266,62 42,659 0,04266 
solution

s 4,2659 1,0 0,2133 
5) KCl 340 74,56 39,547 0,03955 are kept 3,9547 1,0 3,9547 

6) NaBr 790 102,9 134,799 0,13480 

in the 
glove-

box 13,4799 1,0 13,4799 
7) NaF 40 41,99 2,629 0,00263   0,2629 1,0 0,2629 
8) KI 1270 166,01 1,112 0,00111   0,1112 1,0 0,1112 
9) Na2SO4   162 142,04 6,207 0,00621   0,6207 1,0 0,6207 
10) H3BO3 50 61,83 5,262 0,00526   0,5262 1,0 0,5262 
 NaOH  39,998 71,000 0,07100  7,1000   
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o Measure the pH of the solution and adjust to 8.3 with NaOH or HCl and fill 
up to make 1 L of OL-SR. 

o Let the prepared OL-SR equilibrate for some days before use. 
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Table 4b-1. Recipe for ALL-MR.  

Preparation of the solution: 
General:
- Adequate amounts and concentrations of stock solutions, 1) - 5), are made in 

MilliQ-water.  
- The prepared stock solutions are flushed over night with Nitrogen (CO2 < 0.1 ppm) 

by placing the stock solution  with an open lid inside a closed flow through vessel. 
After taking the solutions into the glove-box they are let equilibrate with the glove-
box atmosphere with loosely closed caps.  

- Prepare some CO2-free MilliQ-water into the glove-box (flushing with N2  over 
night outside the glove-box and continue flushing inside the glove box for at least 
some hours) and let the water equilibrate with the glove-box atmosphere with 
loosely closed cap for about a week. 

Preparation in the glove-box (always use CO2-free MilliQ water): 
- Prepare the fresh silicate solution by adding the chemical to some water, measure 

the pH and adjust the pH to 8.8 with HCl and fill up the volume.  
- Take about 800 mL of  water. 
- Add 5 mL of stock solutions 1) -6) under continuous stirring.  
- Weigh the bicarbonate amount in a beaker and dissolve it in a small amount of water 

and when all is dissolved rinse it to the prepared solution.  
- Measure the pH of the solution and adjust if needed to 8.8 with 0.1 M HCl and fill 

up with water to make 1 L of ALL-MR.  
- Let the prepared ALL-MR equilibrate with closed cap for some days before use. 

 
Recipe for 1L of ALL-
MR     

   pH 8.8          
  chemical  solubility MW amount of chemical Stock  solution  Stock solution 
          chemical amount amount 
  formula g/l (g/mol)  mg/L g /50 mL mL/L 

1) CaCl2 2H2O 1000 147,02 18,85 0,1885 5,0 
2) NaCl 360 58,44 56,34 0,5624 5,0 
3) MgCl2 6H2O 1670 203,3 5,97 0,05970 5,0 
4) KCl 340 74,56 7,46 0,07460 5,0 
5) Na2SO4   162 142,04 14,20 0,14200 5,0 

6)  * Na2SiO3 9H2O 50 61,83 5,26 0,07960 5,0 

  NaHCO3     89,56     
  * This stock solution must always be freshly prepared in the glove-box.  
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APPENDIX 5 
 
Appendix 5A: FTIR measurements on KBr-discs 
 

 

4000.0 3000 2000 1500 1000 400.0

15.0

20

25

30

35

40

45

50.0

cm-1

%T 

Glenium 51

3443.0

2879.0

1722.0

1574.0
1469.0

1347.0

1283.0

1250.0

1110.0

951.8

843.6

524.4

 
 
Infrared assignment of the polycarboxylate sample Glenium 51 
 

cm-1 Attribution 
3443 OH 
3000-2800 C-H2 and C-H3  stretch 
1722 C=O probably in ester 
1574 Carboxylate ion (COO-) 
1469 C-H2 and C-H3 asymmetrical deformation 
1347  
  
1110 C-O-C asymmetrical stretch in ether 
  
829 C-H aromatic out of plane bending 
681 C-H deformation in aromatic ring 
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4000.0 3000 2000 1500 1000 400.0

25.0

30

35

40

45

50

55

60

65

70.0

cm-1

%T 

EVO 26

2886.0

1732.0
1468.0

1345.0
1282.0

1243.0

1114.0

963.5 842.2

528.1
3565.0

 
 
Infrared assignment Polycarboxylate sample EVO 26 

 
cm-1 Attribution 
3565  
3000-2800 C-H2 and C-H3  stretch 
1732 C=O in ester 
1468 C-H2 and C-H3 asymmetrical deformation 
1345  
  
  
1114 C-O-C asymmetrical stretch in ether 
  
829 C-H aromatic out of plane bending 
681 C-H deformation in aromatic ring 
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4000.0 3000 2000 1500 1000 400.0

48.0

50

55

60

65

70

75

80

82.0

cm-1

%T 

Mighty 150

3436.0

1595.0

1505.0

1445.0
1357.0

1184.0

1120.0

1033.0

892.4

829.6

681.5

561.2

1620.0

 
 
Infrared assignment Polysulfonate sample Mighty 150 
 
 

 

 
 
 
 
 

cm-1 Attribution 
3436 H2O 
3000-2800 C-H2 stretch 
1620 H2O 
1595 
1505 

C=C aromatic stretching 

1470-1430 CH2 scissoring 
CH bending in aromatic ring 

1357 ? 
1184 S=O asymmetrical stretching, sulfonate salt 
1120 ? 
1033 S=O symmetrical stretching, sulfonate salt 
829 C-H aromatic out of plane bending 
681 C-H deformation in aromatic ring 
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4000.0 3000 2000 1500 1000 400.0

45.0

50

55

60

65

70

75

80.0

cm-1

%T 

Rheobuild 1000

3360.0

1594.0

1505.0
1444.0

1358.0

1179.0

1121.0
1032.0

828.5

682.1

560.8

1624.0

 
 
Infrared assignment Polysulfonate sample Rheobuild 1000 
 

cm-1 Attribution 
3436 H2O 
3000-2800 C-H2 stretch 
1620 H2O 
1595 
1505 

C=C aromatic stretching 

1470-1430 CH2 scissoring 
CH bending in aromatic ring 

1357 ? 
1184 S=O asymmetrical stretching, sulfonate salt 
1120 ? 
1033 S=O symmetrical stretching, sulfonate salt 
829 C-H aromatic out of plane bending 
681 C-H deformation in aromatic ring 
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Appendix 5B: Calibration curves for measuring the concentration using ATR-FTIR. 
Glenium 51 and EVO 26 were measured at 1112 cm-1 and Mighty 150 and Rheobuild 
1000 were measured at 1032 cm-1.

Glenium 51, FTIR

konc. g/l

0,001 0,01 0,1 1 10 100

A
bs

0,001

0,01

0,1

EVO 26, FTIR

konc. g/l

0,01 0,1 1 10 100

A
bs

0,001

0,01

0,1
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Mighty 150, FTIR

konc. g/l

0,01 0,1 1 10 100

A
bs

0,001

0,01

0,1

Rheobuild 1000, FTIR

Konc. g/l

0,1 1 10 100

A
bs

0,0001

0,001

0,01

0,1
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 5C: UV-absorption 

Glenium 51 
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Mighty 150 
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Rheobuild 1000 
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Appendix 5D: Calibration curves for measuring the concentration using UV-
absorption 

Glenium 51,190 nm

g/l

0,0001 0,001 0,01 0,1 1 10
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10

EVO26 190 nm
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Mighty 150, 294 nm
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Rheobuild 1000, 294 nm

g/l
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A
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Appendix 5E: SEC measurements of the polymers. 
 
Rheobuild 1000: SEC in distilled water with 0.2 M NaNO3 using UV detector (230 
nm) 

ml

20 22 24 26 28 30 32

U
V

 s
ig

na
l

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12
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Appendix 5F: 1H NMR predictions and the actual spectra for the carboxylate polymers 
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Peaks from the solvent: 
Glenium 51: 4.87 ppm (H2O), 3.36 ppm (MeOH)  
EVO 26: 3.5 ppm (partly from H2O), 2.5 (DMSO) 
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13C NMR predictions and the actual spectra for the carboxylate polymers 
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Water solutions used as received with addition of small amounts of d-DMSO. DMSO 
was used as a reference signal at 40 ppm. 
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1H NMR predictions and the actual spectra for the sulfonate polymers 
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Peaks from the solvent: 
 
3.5 ppm (H2O), 2.5 ppm (DMSO)  
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13C NMR predictions and the actual spectra for the sulphonate polymers 
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No Peaks from the solvent (D2O)! 
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Appendix 5G: MALDI-TOF mass spectra on Glenium 51 and EVO 26 

Glenium 51, Na+-added, Reflector mode, Positive ions, Max 7kDa, O6, Only THF 
soluble fraction!
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Glenium 51 Reflector mode, Positive ions, Max 7 kDa, L11 from H2O solution (No 
Na!) 
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EVO 26 Na+-added, Reflector mode, Positive ions, Max 7 kDa, M14 (from H2O
solutions) 
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Glenium 51 Reflector mode, Positive Ions, Max 7 kDa, L19, from MeOH solution (No 
Na+-added) 
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EVO 26 Reflector mode, Positive ions, 7 kDa L20 from MeOH (No Na+-added) 
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Appendix 5H: ATR-IR spectra of the leaching samples 
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Appendix 5I: 13C-NMR spectra of saturated D2O solution of the freeze dried leach 
sample from a EVO 26 polymer 
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2006/03/02 
Report of Analytical Results 
HCC Y. Tanaka 

Objectives: 
To conduct analyses for three types of superplasticizers, Glenium 51, Mighty 150 and 
SP40, analysis of organic additives such as cement grinding agents containing in Ultra-
fine cement UF16, and analysis of any organic additives using in micro silica slurry 
GroutAid, which contains Silica Fume. 

Samples: 
- Superplasticizers: Glenium 51 (500 mL), Mighty 150 (500 mL), SP40 (500 mL), 
- Cement:: UF16 (2 kg) and  
- micro silica slurry: GroutAid (1 L). 

These samples have been received at HCC Chigasaki Technical Center on 2006/01/27. 

Analytical items:

Table 1  Analytical items
Sample Appearance Solid 

content 
(%)

pH
(20

deg.C)

IR GPC

Glenium 
51

Visual 
check

Drying 
at 105 
deg. C

pH
meter

IR of solid 
content

GPC

Mighty 
150

Visual 
check

Drying 
at 105 
deg. C

pH
meter

IR of solid 
content

GPC

SP40 Visual 
check

Drying 
at 105 
deg. C

pH
meter

IR of solid 
content

GPC

UF 16 Visual 
check

-- -- IR of solid 
content from 
ethanol extract*

GPC of solid 
content from 
ethanol extract*

GroutAid Visual
check

-- -- IR of solid 
content from 
filtrate of liquid 
phase

GPC of solid 
content from 
filtrate of liquid 
phase

* By means of the method, Taiheiyo Cement Research Report, No. 148, pp12-21 
(2005) 
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IR measurements: 
IR (Infra-red spectrometry) measurements were done in the following conditions. 

Shimadzu: FT-IR Prestige-21, Method: KBr method. 
GPC measurements: 
GPC (Gel Permeation Chromatography) measurements were done in the following 
conditions. 

For Glenium 51, SP40, organic additives containing in UF16, and organic 
additives using in 

GroutAid: 
Tosoh: GPC System 8020 series, Column: Shodex OHpak SB804 x2 
Mobile phase: 0.1M-Na2SO4:MeOH(8:2 vol), Standard: Polyethyleneglycol 
(Mw= 105~102),  
Detector: RI (or UV), Required solution: 2 mL. 

For Mighty 150: 
Tosoh: GPC System 8020 series, Column: Shodex KS804 x2 
Mobile phase: 0.1M-Na2SO4:MeOH(8:2 vol), Standard: Polystyrenesulfonate 
Na (Mw= 105~102),  
Detector: RI (or UV), Required solution: 2 mL. 

Summary of analytical results: 

Table 2  Summary of analytical results 
Sample Appearanc

e
Solid 

content
(%)

pH
(20

deg. C)

IR GPC

Glenium 51 Dark 
brown 
solution

33.7 6.7 Polycarboxylate ether 
(PCE) polymer,
see Fig. 1.

PCE polymer and trace amounts of 
un-reactive monomers,
see Fig. 2.

Mighty 150 Dark 
brown 
solution

40.2 8.3 Naphthalene-
sulfonate 
formaldehyde 
condensate salt, 
see Fig. 3.

Naphthalene-sulfonate 
formaldehyde condensate salts 
having several naphthalene 
skeletons, 
see Fig. 4.

SP40 Colorless 
transparen
t solution

40.0 9.9 Melamine-sulfonate  
formaldehyde 
condensate salt,
see Fig. 5.

Melamine-sulfonate  formaldehyde 
condensate salts having several 
melamine skeletons, 
see Fig. 6.

UF 16 Gray fine 
power

-- -- Trace amounts of solid 
contents having 
inorganic salts and 
organic substances, see 
Fig. 7.

At least one GPC peak at 
Low MW part, assuming 
that it should be 
diethyleneglycol or 
aminoalcoholes,
see Fig. 8.

Grout
Aid

Blac
k
susp
ensi
on

-- -- Very trace 
amounts of solid 
contents, un-
identifying, 
see Fig. 9.

Very small of one GPC peak 
at low MW part,
see Fig. 10.
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IR and GPC Analyses: 

IR and GPC of Glenium 51

Sample Mw Mn Mw/Mn GPC
Glenium 

51
22,174 12,148 1.8 Fig. 2

Mw: weight av. molecular weight, Mn: number av. molecular weight 
IR and GPC of Mighty 150  
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Sample Mw Mn Mw/Mn GPC
Mighty 

150
8,072 298 27 Fig. 4

Mw: weight av. molecular weight, Mn: number av. molecular weight 
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IR and GPC of SP40 

Sample Mw Mn Mw/Mn GPC
SP40 16,237 5,991 2.7 Fig. 6
Mw: weight av. molecular weight, Mn: number av. molecular weight 
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IR and GPC of UF16 ethanol extract 
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IR and GPC of GroutAid liquid phase filtrate 
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Analytical details: 
Glenium 51 

Fig. 11 PCE polymer of Glenium 51    Fig. 12 Monomers used for Glenium 51

According to Fig. 1 and Fig. 2. Glenium 51 should be polycarboxylate ether (PCE) 
polymer which is a copolymer of Na methacrylate and M-PEG methacrylate as a main 
polymer, having Mw= approximately 22,000, Mn= approximately 12,000 and Mw of 
the side chain length= approximately 1,000 (Fig. 11 and Fig. 12). 

Glenium 51 contains trace amounts of at least one un-reactive monomer, assuming that 
it is M-PEG methachrylate monomer at 23 minutes of the retention time on GPC chart 
(O marked in Fig. 2). On the other hand, one more monomer, methacrylic acid is not so 
clearly seen (Fig. 12). 

A remarked note: on this GPC system, X marked (Na+ ion) peak is appeared in any 
cases, which must be eliminated. 

Mighty 150 
From Fig. 3 and Fig. 4, Mighty 150 should be naphthalene-sulfonate formaldehyde 
condensate Na salt, having Mw= approximately 8,000 (Fig. 13). Looking at the GPC 
chart (Fig. 4), several peaks and shoulders can be seen. This means that Mighty 150 
consists of at least four kinds of polymers possessing several naphthalene skeletons.. 
One sharp peak at approximately 24 minutes of the retention time should be an oligomer 
of two naphthalene skeletons (O marked in Fig. 4).



285

Fig. 13 Polymer of Mighty 150

SP40
From Fig. 5 and Fig. 6, SP40 should be melamine-sulfonate formaldehyde condensate 
Na salt, having Mw= approximately 16,000 (Fig. 14). The components of SP40 are 
similar to that of Mighty 150 (O marked in Fig. 6).

Fig. 14 Polymer of SP40

UF16 ethanol extract
This analysis was done according the method mentioned on “Taiheiyo Cement Research 
Report, No. 148, pp12-21 (2005)”. Trace amounts of solid contents having inorganic 
salts and organic substances have been obtained from the drying part of the ethanol 
extract by means of ethanol extraction. As seen from Fig. 7 and Fig. 8, at least one GPC 
peak can be recognized. Assumingly, that should be diethyleneglycol or aminoalcoholes 
(Tri-ethanolamine) or their esters (Fig. 15).
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Fig. 15  Diethyleneglycol and Aminoalcohol

GroutAid liquid phase filtrate
From Fig. 9 and Fig. 10, very trace amounts of solid contents was obtained from the 
filtrate of GroutAid liquid phase. The GPC of the filtrate shows very small of one peak 
at low MW part, but could not be identified. This peak might be derived from other 
inorganic ions or background ghost.
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Figures of sample preparation at Empa. 

Figure 1. Nanosilica (Aerosil 200), CEM I 42.5 N, and SikaFume-HR/TU.

Figure 2. Mixing of the grout samples. 

Nanos
ilica

CEM I 
42.5 N

SikaF
ume
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Figure 3. Casting in 0.5 L bottles.

.Figure 4. Sealed samples stored at 20 °C. 
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Figures 1-6 
Change of hydrates composition in thin plate leaching test (XRD analysis) 

Figure 1. Hydrates composition in REF52(SP40) thin plate specimens/ deionized water.  

Figure 2. Hydrates composition in P308B thin plate specimens/ deionized water.  
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Figure 3. Hydrates composition in REF52(SP40) thin plate specimens/ ALL-MR.   

Figure 4. Hydrates composition in P308B thin plate specimens/ ALL-MR.  
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Figure 5. Hydrates composition in REF52(SP40) thin plate specimens/ OL-SR.  

Figure 6. Hydrates composition in P308B thin plate specimens / OL-SR. Change of 
pore size distribution in thin plate leaching test.
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Tables 1-10 

Table 1. pH measured in OL-SR leaching solutions of Reference (SP-free) grouts. 

Time 
(d)

Normal pH grout Low pH grout
pH 7 pH 9 pH 

10
pH 7 pH 9 pH 

10
32 12.1 12.1 12.1 9.6 9.6 9.6
60 12.2 12.2 12.2 9.6 9.5 9.5
94 12.2 12.2 12.2 9.6 9.6 9.6
177 12.1 12.1 12.1 9.4 9.5 9.4
213 12.2 12.2 12.2 9.5 9.5 9.5

Table 2. pH measured in OL-SR leaching solutions of grouts with Mighty 150 addition. 

Time 
(d)

Normal pH grout Low pH grout
pH 7 pH 9 pH 

10
pH 7 pH 9 pH 

10
28 11.8 11.9 12.0 9.6 9.6 9.6
65 12.2 12.1 12.1 9.5 9.5 9.6
114 12.2 12.2 12.2 9.5 9.6 9.5
184 12.1 12.1 n.a.(* 9.6 9.4 n.a.

*) not analysed 

Table 3. pH measured in OL-SR leaching solutions of grouts with Glenium 51 addition. 

Time 
(d)

Normal pH grout Low pH grout
pH 7 pH 9 pH 

10
pH 7 pH 9 pH 

10
27 12.0 12.0 12.0 9.7 9.6 9.7
64 12.2 12.2 12.2 9.6 9.6 9.6
147 12.2 12.2 12.2 9.5 9.4 9.4
183 12.1 12.1 12.1 9.5 9.5 9.5

Table 4. pH measured in OL-SR leaching solutions of grouts with Rheobuild 1000 
addition.

Time 
(d)

Normal pH grout Low pH grout
pH 7 pH 9 pH 

10
pH 7 pH 9 pH 

10
31 12.2 12.2 12.2 9.6 9.6 9.6
62 12.2 12.2 12.2 9.6 9.5 9.5
93 12.2 12.2 12.2 9.6 9.5 9.5
142 12.2 12.2 12.2 9.5 9.6 9.5
212 12.1 12.1 12.1 9.5 9.4 9.6
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Table 5. pH measured in OL-SR leaching solutions of grouts with EVO 26 addition. 

Time 
(d)

Normal pH grout Low pH grout
pH 7 pH 9 pH 

10
pH 7 pH 9 pH 

10
7 12.1 12.1 12.1 9.5 9.6 9.6
35 12.1 12.1 12.1 9.5 9.5 9.5
69 12.2 12.1 12.1 9.5 9.6 9.5
166 12.2 12.2 12.2 9.5 9.5 9.5
188 12.1 12.1 12.1 9.4 9.4 9.4

Table 6. NPOC (ppm) measured in OL-SR leaching solutions of Reference (SP-free) 
grouts. 

Time 
(d)

Normal pH grout Low pH grout
pH 
7

pH 
9

pH 
10

pH 7 pH 9 pH 10

32 25 1 27 1 23 0 7.2 0.2 8.0 0.2 7.7 0.2
60 18 0 17 0 18 0 7.6 0.2 6.9 0.2 6.6 0.2
94 22 0 21 0 22 0 7.3 0.1 7.3 0.1 7.8 0.1
177 17 1 18 1 19 1 5.5 0.5 5.8 0.5 6.0 0.5
213 23 1 24 1 21 1 6.3 0.4 5.7 0.4 6.8 0.5

Table 7. NPOC (ppm) measured in OL-SR leaching solutions of grouts with Mighty 150 
addition.

Time 
(d)

Normal pH grout Low pH grout
pH 7 pH 9 pH 

10
pH 7 pH 9 pH 

10
28 23 1 23 1 23 1 19 1 20 1 20 1
65 25 0 26 0 28 0 24 0 23 0 23 0
114 42 1 37 1 58 1 22 0 22 0 26 0
127 29 0 28 0 27 0 24 0 23 0 23 0
184 31 0 26 0 31 0 25 0 27 0 29 0

*) not analysed 

Table 8. NPOC (ppm) measured in OL-SR leaching solutions of grouts with Glenium 51 
addition.

Time 
(d)

Normal pH grout Low pH grout
pH 7 pH 9 pH 

10
pH 7 pH 9 pH 

10
27 21 1 23 1 21 1 16 1 16 1 16 1
64 22 1 26 1 25 1 14 1 14 1 14 1
147 20 0 21 0 21 0 12 0 12 0 12 0
183 25 1 26 1 19 0 11 0 11 0 12 0
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Table 9. NPOC (ppm) measured in OL-SR leaching solutions of grouts with Rheobuild 
1000 addition. 

Time 
(d)

Normal pH grout Low pH grout
pH 7 pH 9 pH 

10
pH 7 pH 9 pH 

10
31 27 1 26 1 27 1 22 1 23 1 23 1
62 21 0 29 0 27 0 25 0 26 0 26 0
93 26 1 27 1 29 1 26 1 29 1 27 1
142 27 1 25 0 25 0 32 1 32 1 29 1
155 23 1 23 1 22 1 28 1 29 1 30 1
212 23 0 23 0 25 0 25 0 26 0 28 0

Table 10. NPOC (ppm) measured in OL-SR leaching solutions of grouts with EVO 26 
addition. 

Time 
(d)

Normal pH grout Low pH grout
pH 7 pH 9 pH 

10
pH 7 pH 9 pH 

10
7 n.d.(* n.d. n.d. 37 1 37 1 36 1
35 44 1 44 1 49 1 36 1 35 1 35 1
69 67 1 67 2 72 2 31 1 50 1 57 1
166 43 0 45 0 47 0 23 0 22 0 22 0
188 45 0 43 0 45 0 18 0 20 0 19 0

*) not detected 
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Table 1. Sorption of europium onto Kivetty granite in saline solution and in SP-containing (0.1 g/L) saline solution. 
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Table 2. Sorption of europium onto Kivetty granite in saline solution and in SP-containing (1 g/L) saline solution.  
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Sorption result tables from CTH experiments. 

Table 1.  Results of pH measurements in the initial water exchanges. 

10 mL experiments 35 mL experiments 
no solid with solid no solid with solid 

Exch. 
water 

# pH7 pH9 pH10 pH7 pH9 pH10 pH7 pH9 pH10 pH7 pH9 pH10 
1 - - - - - - 7.5 8.8 9.9 8.1 8.7 9.4 
2 7.6 8.7 9.8 8.5 8.8 9.6 7.3 9.0 10.0 8.2 8.9 9.5 
3 7.8 8.8 9.8 8.5 8.8 9.7 7.5 9.0 10.0 8.3 8.9 9.6 
4 7.9 8.9 9.9 8.5 8.9 9.8 7.1 9.0 10.0 8.3 8.9 9.8 

 
Table 2. Results of wall sorption of Eu for the reference case. Given as Ld values in mL 
and percentage of total amount. 

days pH8.5 pH9 pH10 
1 0.4 0.2 3.8% 0.9 0.1 8.4% 0.04 0.04 0.4% 
7 0.7 0.1 5.8% 5.0 0.0 33.1% 1.4 0.4 12.0% 
30 1.8 0.1 14.5% 17 2 63.4% 25 8 70.9% 
90 2.1 0.1 17.1% 22 3 69.6% 12 2 56.3% 
180 2.9 0.3 21.4% 32 1 77.7% 47 35 79.5% 
 

 Table 3. Results of granite sorption of Eu for the reference case. Rd values in m3/kg. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.15 0.00 0.16 0.00 0.47 0.01 0.49 0.01 0.90 0.01 0.36 0.00 
7 1.2 0.1 1.3 0.1 1.6 0.1 1.1 0.1 2.1 0.1 1.7 0.1 
30 3.4 0.0 3.8 0.1 3.8 0.1 3.4 0.1 2.2 0.0 2.4 0.0 
90 1.8 0.0 2.5 0.0 2.8 0.1 0.90 0.02 1.6 0.0 2.8 0.0 
180 2.7 0.0 2.3 0.0 1.8 0.0 1.2 0.0 1.9 0.1 0.78 0.07 
 

Table 4. Results of wall sorption of Eu for the case with 1 g/L Migthy added. Given as 
Ld values in mL and percentage of total amount. 

days pH8.5 pH9 pH10
1 1.6 12.8% 1.2 0.7 10.8% 1.0 0.1 8.9%
7 2.1 16.4% 1.2 0.1 10.9% 2.1 0.1 17.4%
30 2.9 22.2% 2.6 0.1 21.6% 3.4 0.1 25.9%
90 3.5 26.0% 4.0 0.3 29.8% 4.8 0.3 33.5%
180 4.0 28.6% 5.3 0.1 36.9% 6.2 0.2 40.1%
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Table 5. Results of granite sorption of Eu for the case with 1 g/L Mighty 150 added. Rd
values in m3/kg. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.06 0.01 0.04 0.01 0.02 0.00 0.02 0.00 0.01 0.00 0.01 0.00 
7 0.38 0.02 0.20 0.02 0.10 0.00 0.10 0.00 0.04 0.00 0.04 0.00 
30 0.70 0.05 0.45 0.05 0.28 0.00 0.29 0.00 0.14 0.00 0.14 0.00 
90 1.2 0.1 1.2 0.1 0.88 0.01 0.64 0.01 0.44 0.00 0.49 0.00 
180 1.7 0.1 1.5 0.1 0.73 0.01 0.96 0.01 0.58 0.00 0.78 0.00 
 

Table 6. Results of wall sorption of Eu for the case with 0.1 g/L Mighty added. Given as 
Ld values in mL and percentage of total amount. 

days pH8.5 pH9 pH10 
1 2.1 0.0 17.53% 1.7 0.3 14.79% 2.1 0.2 17.04% 
7 3.3 0.0 25.07% 6.0 0.1 38.13% 9.4 0.7 47.88% 
30 4.8 0.0 33.23% 7.0 0.1 42.91% 15 0 60.38% 
90 6.5 0.3 40.88% 13 1 58.95% 16 2 56.77% 
180 7.3 0.2 44.36% 13 0 59.04% 16 2 62.88% 
 

Table 7. Results of granite sorption of Eu for the case with 0.1 g/L Mighty 150 added. 
Rd values in m3/kg. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.07 0.00 0.09 0.00 0.13 0.00 0.16 0.00 0.21 0.00 0.12 0.00 
7 0.64 0.02 0.54 0.01 0.42 0.01 0.49 0.01 0.57 0.02 0.51 0.02 
30 1.6 0.0 1.4 0.0 0.78 0.01 0.73 0.01 0.55 0.01 0.35 0.00 
90 1.0 0.0 1.4 0.0 0.81 0.01 0.98 0.01 0.79 0.01 0.28 0.01 
180 2.2 0.0 3.9 0.1 0.62 0.01 0.57 0.01 0.78 0.01 0.96 0.01 
 

Table 8. Results of wall sorption of Eu for the case with 1 g/L EVO added. Given as Ld
values in mL and percentage of total amount. 

days pH8.5 pH9 pH10 
1 n.d.(*  0.10 0.03 0.9% 0.14 0.02 1.3% 
7 0.15 0.05 1.4% 0.10 0.02 1.0% 0.53 0.16 5.0% 
30 0.28 0.24 2.7% 0.27 0.01 2.6% 0.42 0.08 4.1% 
90 0.51 0.18 5.0% 0.55 0.13 5.3% 0.81 0.01 7.9% 
180 0.73 0.04 7.2% 0.78 0.07 7.6% 0.92 0.05 9.0% 
 

*) not detected
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Table 9. Results of granite sorption of Eu for the case with 1 g/L EVO 26 added. Rd
values in m3/kg. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.017 0.000 0.017 0.000 0.011 0.000 0.012 0.000 0.014 0.000 0.013 0.000 
7 0.044 0.001 0.042 0.001 0.026 0.000 0.028 0.000 0.027 0.001 0.025 0.001 
30 0.10 0.00 0.10 0.00 0.053 0.000 0.068 0.000 0.049 0.000 0.048 0.000 
90 0.16 0.00 0.16 0.00 0.083 0.001 0.12 0.00 0.061 0.000 0.061 0.000 
180 0.17 0.00 0.19 0.00 0.11 0.00 0.14 0.00 0.078 0.000 0.074 0.000 
 

Table 10. Results of wall sorption of Eu for the case with 0.1 g/L EVO added. Given as 
Ld values in mL and percentage of total amount. 

days pH8.5 pH9 pH10 
1 0.3 0.0 2.8% 0.8 0.1 7.3% 2.2 0.3 17.8% 
7 0.2 0.1 1.9% 0.8 0.1 7.6% 2.4 0.1 19.6% 
30 0.3 0.3 1.3% 0.5 0.0 4.4% 2.2 0.2 19.0% 
90 0.4 0.0 3.6% 0.5 0.0 4.7% 4.7 0.3 33.3% 
180 0.4 0.0 4.6% 0.6 0.0 6.1% 6.9 0.3 42.8% 
 

Table 11. Results of granite sorption of Eu for the case with 0.1 g/L EVO 26 added. Rd
values in m3/kg. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.014 0.000 0.012 0.000 0.0040 0.000 0.0059 0.000 0.013 0.000 0.018 0.000 
7 0.032 0.001 0.029 0.001 0.0094 0.000 0.0098 0.000 0.039 0.001 0.041 0.001 
30 0.061 0.001 0.050 0.001 0.020 0.000 0.021 0.000 0.15 0.00 0.16 0.00 
90 0.087 0.001 0.082 0.001 0.030 0.000 0.031 0.000 0.52 0.01 0.50 0.01 
180 0.13 0.0 0.12 0.0 0.048 0.000 0.048 0.000 1.2 0.0 1.2 0.0 
 

Table 12. Results of wall sorption of Eu for the case with 1 g/L Glenium added. Given 
as Ld values in mL and percentage of total amount. 

days pH8.5 pH9 pH10 
1 1.1 0.2 9.6% 1.6 0.2 13.8% 1.6 0.0 13.3% 
7 1.0 0.0 8.7% 1.1 0.1 9.6% 1.5 0.3 12.4% 
30 1.0 0.1 9.4% 1.1 0.2 10.0% 1.5 0.0 13.1% 
90 1.2 0.1 11.3% 1.7 0.0 15.1% 1.8 0.1 15.3% 
180 1.7 0.3 15.1% 1.8 0.1 16.0% 2.5 0.2 20.9% 
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Table 13. Results of granite sorption of Eu for the case with 1 g/L Glenium 51 added. Rd
values in m3/kg. 

days  pH8.5 pH9  pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.021 0.001 0.027 0.001 0.011 0.000 0.014 0.000 0.0064 0.000 0.0090 0.000 
7 0.053 0.001 0.062 0.001 0.017 0.000 0.019 0.000 0.0085 0.001 0.0078 0.001 
30 0.083 0.001 0.094 0.001 0.023 0.001 0.026 0.001 0.011 0.000 0.011 0.000 
90 0.11 0.00 0.12 0.00 0.031 0.000 0.035 0.000 0.014 0.000 0.014 0.000 
180 0.13 0.00 0.15 0.00 0.043 0.001 0.047 0.001 0.016 0.000 0.016 0.000 
 

Table 14. Results of wall sorption of Eu for the case with 0.1 g/L Glenium added. Given 
as Ld values in mL and percentage of total amount. 

days pH8.5 pH9 pH10 
1 3.7 0.0 27.2% 1.5 0.1 13.3% 2.0 0.2 16.2% 
7 6.6 0.1 39.9% 2.5 0.0 20.3% 3.0 0.2 22.6% 
30 7.9 0.2 45.8% 3.3 0.0 25.5% 4.4 0.1 30.6% 
90 8.4 0.4 47.3% 3.1 0.2 24.9% 5.3 0.7 35.4% 
180 9.8 0.5 51.8% 4.1 0.3 30.6% 24 2 71.6% 
 

Table 15. Results of granite sorption of Eu for the case with 0.1 g/L Glenium 51 added. 
Rd values in m3/kg. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.025 0.001 0.035 0.001 0.011 0.000 0.015 0.000 0.0047 0.000 0.0091 0.000 
7 0.12 0.00 0.14 0.00 0.025 0.001 0.027 0.001 0.012 0.000 0.013 0.000 
30 0.32 0.00 0.35 0.00 0.058 0.001 0.061 0.001 0.030 0.000 0.031 0.000 
90 0.66 0.01 0.76 0.01 0.13 0.00 0.13 0.00 0.076 0.002 0.069 0.002 
180 1.1 0.0 1.0 0.0 0.28 0.00 0.26 0.00 0.17 0.00 0.18 0.00 
 

Table 16. Results of wall sorption of Eu for the case with 1 g/L Rheobuild added. Given 
as Ld values in mL and percentage of total amount. 

days pH8.5 pH9 pH10 
1 0.6 0.2 5.1% 0.7 0.2 6.5% 0.8 0.0 7.3% 
7 0.9 0.0 7.6% 1.4 0.1 11.9% 3.3 0.0 24.4% 
30 1.7 0.1 14.0% 2.1 0.1 17.2% 5.1 0.1 33.7% 
90 2.1 0.1 17.4% 2.5 0.0 20.3% 6.7 0.1 40.3% 
180 3.1 0.0 23.9% 3.2 0.1 25.3% 8.2 0.1 45.8% 
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Table 17. Results of granite sorption of Eu for the case with 1 g/L Rheobuild 1000 
added. Rd values in m3/kg.

days  pH8.5 pH9  pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.076 0.001 0.077 0.001 0.048 0.001 0.049 0.001 0.032 0.001 0.034 0.001 
7 0.22 0.00 0.23 0.00 0.13 0.00 0.13 0.00 0.094 0.00 0.099 0.00 
30 0.52 0.01 0.53 0.01 0.35 0.00 0.36 0.00 0.14 0.00 0.15 0.00 
90 0.97 0.01 0.98 0.01 0.73 0.01 0.73 0.01 0.25 0.00 0.26 0.00 
180 1.7 0.0 1.9 0.0 1.5 0.0 1.4 0.0 0.47 0.01 0.48 0.01 
 

Table 18. Results of wall sorption of Eu for the case with 0.1 g/L Rheobuild added. 
Given as Ld values in mL and percentage of total amount. 

days pH8.5 pH9 pH10 
1 9.4 0.3 47.8% 12 1 53.2% 1.3 0.6 11.2% 
7 31 10 74.4% 23 3 69.5% 13 1 56.2% 
30 86 10 88.8% 18 1 65.2% 30 8 75.2% 
90 65 9 87.0% 17 0 64.1% 59 28 85.1% 
180 134 9 93.4% 21 1 69.6% 69 42 86.2% 
 

Table 19. Results of granite sorption of Eu for the case with 0.1 g/L Rheobuild 1000 
added. Rd values in m3/kg. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 0.47 0.01 0.57 0.01 0.28 0.00 0.27 0.00 0.63 0.01 0.56 0.01 
7 0.58 0.04 0.49 0.03 0.40 0.01 0.51 0.02 0.82 0.04 0.86 0.04 
30 0.52 0.02 0.64 0.02 0.86 0.01 0.73 0.01 0.44 0.02 0.55 0.02 
90 1.8 0.0 1.1 0.0 1.3 0.0 1.2 0.0 0.90 0.06 1.4 0.1 
180 2.8 0.1 1.6 0.0 2.9 0.0 1.9 0.0 2.2 0.1 0.83 0.09 
 

Table 20. Results of wall sorption of 1 g/L Mighty 150. Given as Ld values in mL and 
percentage of total amount. 

days pH8.5 pH9 pH10 
1 n.d.(* - n.d. - n.d. - 
7 3.2 8.5% 4.2 10.6% 3.8 9.8% 
30 3.7 9.7% 5.0 12.7% 2.2 5.9% 
90 n.m.(** - n.m. - n.m. - 
180 5.1 13.7% 5.4 13.7% 3.6 9.8% 
 

*) not detected **) not measured
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Table 21. Results of granite sorption of 1 g/L Mighty 150. Rd values in m3/kg. 

days pH8.5 pH9 pH10 
 series 1 series 2 series 1 series 2 series 1 series 2 
1 n.d.(* n.d. 0.0016 n.d. n.d. n.d. 
7 0.0013 0.0011 0.0019 0.0020 0.0013 0.0013 
29 0.0008 0.0016 0.0004 0.0017 0.0021 0.0018 
90 n.m.(** n.m. n.m. n.m. n.m. n.m. 
167 0.00003 0.0006 0.0014 0.0009 0.0023 0.0010 

 
*) not detected **) not measured 

Table 22. Results of Eu wall sorption in leaching solution of grout with Mighty 150. 
Given as Ld values in mL and percentage of total amount. 

days LAC pH 9.5 OPC pH 12.1
1 23 4 69.7% 19 2 64.8%
7 61 3 85.5% 39 8 78.7%
30 42 15 80.6% 67 34 86.1%
90 39 22 78.9% 55 28 85.2%
180 63 9 87.3% 124 42 94.3%

Table 23. Results of Eu sorption on granite in a leaching solution of grout with Mighty 
150 added.  Rd values in m3/kg. 

days LAC pH 9.5 OPC pH 12.1
series 1 series 2 series 1 series 2

1 2.0 0.0 0.90 0.01 0.48 0.01 0.82 0.02
7 1.7 0.2 0.86 0.09 0.48 0.04 0.83 0.09
30 3.8 0.1 1.9 0.0 5.3 0.2 8.7 0.3
90 2.3 0.1 0.76 0.04 0.24 0.04 0.50 0.04
180 2.8 0.1 2.9 0.1 1.1 0.1 2.2 0.1

Table 24. Results of Eu wall sorption in leaching solution of grout with EVO 26. Given 
as Ld values in mL and percentage of total amount. 

days LAC pH 9.5 OPC pH 12.1
1 72 2 87.9% 22 1 68.5%
7 100 16 90.1% 49 1 82.4%
30 84 11 89.8% 101 12 91.2%
90 52 4 84.7% 132 5 93.3%
180 97 0 91.4% 270 63 96.1%
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Table 25. Results of Eu sorption on granite in a leaching solution of grout with EVO 26 
added.  Rd values in m3/kg.

days LAC pH 9.5 OPC pH 12.1
series 1 series 2 series 1 series 2

1 1.7 0.0 2.6 0.0 0.83 0.02 0.42 0.01
7 2.8 0.3 3.2 0.4 1.8 0.2 0.98 0.09
30 4.9 0.1 4.2 0.1 3.8 0.1 1.4 0.6
90 0.74 0.01 1.8 0.0 6.5 0.2 3.2 0.1
180 4.3 0.1 7.0 0.2 3.5 0.2 2.9 0.2
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