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R20 PROGRAMME: GROUT SETTING AND STRENGTH DEVELOPMENT IN 
ONKALO – LITERATURE REVIEW, OBSERVATIONS AND EXPERIMENTS 
 
ABSTRACT 
 
ONKALO is an underground rock characterisation facility planned to be a part of 
nuclear waste repository in future. ONKALO is located in Olkiluoto Finland. Posiva Oy 
owned by Teollisuuden voima Oy and Fortum Power & Heat Oy is responsible for the 
repository, research, construction and use of the ONKALO and closing of the 
underground facility after use. 
 
During construction of ONKALO it has been observed that the setting and strength of 
grouting materials have not sporadically developed as expected (in ONKALO). The 
phenomenon has been observed for the first time in the year 2005. The observations 
examined in this report are made in the grouting field tests and in ordinary grouting 
during the year 2007. The phenomenon has been observed with low pH and standard 
grouts and bolt grouting mortars. 
 
The reasons for this phenomenon are studied based on literature review, observations 
and tests in the field and laboratory. The effect of reactions between groundwater and 
grout, the effect of the raw materials as well as curing conditions, temperature and 
pressure are studied. There are several potential factors that can cause observed 
phenomenon. Some factors are more probable than others.  
 
Laboratory experiments for the samples of poor strength development were done. These 
samples were taken from the grouting holes or packers in which the strength of the 
grout was not developed as expected. The results of these experiments were compared 
to the results gained from the samples cast from the same grout batches and cured in the 
tunnel conditions. The purpose was to find out the factor causing slow strength 
development of the grouted mixes. 
 
One single reason, which can slow the setting of the grouts in ONKALO is the low 
temperature in the rock, but the temperature cannot cause the phenomenon alone. 
Locally groundwater contains compounds that can create chemically aggressive 
environment for (the Portland) cement based grouts. The groundwater chemistry in 
ONKALO has not been proved to cause delayed setting for micro fine sulphate resistant 
Portland cement. Groundwater itself may be mixed with grout in holes that slow the 
setting. 
 
After the phenomenon was observed, it was decided to test accelerated mixes to ensure 
the setting and strength development of the grout in rock. The suitable dozing was 
tested first in laboratory. After finding the dozing, a batch mixing test for accelerated 
mixes was organized in the ONKALO construction site. The effect of the accelerator 
was positive: setting was faster and early strength development better. The accelerator 
did not have any negative effects on the other properties of the grouts. 
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R20 OHJELMA: INJEKTOINTIMASSAN SITOUTUMINEN JA LUJUUDEN 
KEHITTYMINEN ONKALOSSA – KIRJALLISUUSKATSAUS, HAVAINNOT 
JA KOKEET 
 
TIIVISTELMÄ 
 
Onkalo on maanalainen tutkimustila, jonka on suunniteltu olevan tulevaisuudessa osa 
käytetyn ydinpolttoaineen loppusijoitustilaa. ONKALO sijaitsee Olkiluodossa 
Suomessa. Teollisuuden voima Oy:n ja Fortum Power & Heat Oy:n omistama Posiva 
Oy on vastuussa loppusijoitustilasta, tutkimuksesta, rakentamisesta, ONKALOn 
käytöstä ja maanalaisten tilojen sulkemisesta käytön jälkeen. 
 
ONKALOn rakentamisen aikana havaittiin käytetyillä injektointimassoilla esiintyvän 
satunnaisesti lujuuden kehitykseen liittyviä ilmiöitä: massa ei sitoudu odotetulla tavalla 
ja lujuuden kehittyminen on odotettua hitaampaa. Ilmiö havaittiin ensimmäisen kerran 
vuonna 2005, mutta tässä raportissa keskitytään ONKALOssa järjestetyissä 
kenttäkokeissa ja injektointitilanteissa vuoden 2007 aikana tehtyihin havaintoihin. 
Poikkeavaa lujuuden kehitystä on havaittu sementtipohjaisilla matalan pH:n massoilla, 
standardilaasteilla ja juotosmassoilla. 
 
Ilmiön havaitsemisen jälkeen ryhdyttiin selvittämään syytä poikkeavaan sitoutumiseen 
ja lujuuden kehitykseen. Tässä raportissa keskitytään tarkastelemaan mm. 
pohjavesikemian ja injektointiaineen mahdollisia reaktioita, injektointimassan raaka-
aineiden sekä olosuhteiden, kuten lämpötilan ja paineen mahdollista vaikutusta 
injektointimassan sitoutumiseen ja lujuuden kehitykseen. On olemassa useita 
vaihtoehtoisia tekijöitä, jotka voivat osaltaan aiheuttaa ilmiötä ONKALOn olosuhteissa. 
Muutamat tekijät vaikuttavat todennäköisemmiltä kuin toiset.  
 
Laboratoriossa tehtiin tutkimuksia näytteille, joiden lujuuden kehityksen oli havaittu 
olevan heikkoa. Näytteet oli otettu massasta, joka oli aiemmin injektoitu kallioon, mutta 
jonka lujuus ei ollut kehittynyt odotetusti. Tuloksia verrattiin vastaavista massaeristä 
valettuihin ja tunneliolosuhteissa säilytettyihin prismanäytteisiin. Laboratoriokokeiden 
avulla pyrittiin selvittämään injektointimassojen poikkeavan sitoutumisen ja lujuuden 
kehittymisen syytä. 
 
Kallion alhainen lämpötila on todennäköinen yksittäinen syy, joka voi viivyttää laastien 
sitoutumista ONKALOssa, mutta lämpötila ei voi yksin aiheuttaa lujuuden kehittymisen 
keskeytymistä. Pohjavesi sisältää paikoin yhdisteitä, jotka voivat luoda kemiallisesti 
aggressiivisen ympäristön Portland-sementtipohjaisille laasteille. ONKALOn 
pohjavesikemian ei ole osoitettu hidastavan sulfaatinkestävän Portland-mikrosementin 
sitoutumista, mutta pohjavesikemia voi vaikuttaa massojen kestävyyteen pitemmällä 
aikavälillä. Itse pohjavesi voi sekoittua massojen kanssa viivästyttäen sitoutumista. 
 
Ilmiön havaitsemisen jälkeen kokeiltiin kiihdytinainetta injektointimassoissa lisäaineena 
sitoutumisen ja lujuuden kehittymisen varmistamiseksi kalliossa. Sopivia annostuksia 
tutkittiin ensin laboratoriossa. Sopivan annostuksen löydyttyä ONKALOn alueella 
järjestettiin sekoituskoe kiihdytetyille massoille. Kokeessa kiihdytinaineen vaikutus 



  
 

testattujen massojen sitoutumiseen oli halutunlainen eivätkä massojen muut 
ominaisuudet heikentyneet.  
 
 
Avainsanat: hydrataatio, injektointi, injektointimateriaali, loppusijoitustila, lujuuden 
kehittyminen, ONKALO, sementti, sitoutuminen  



  
 

 
PREFACE AND ACKNOWLEDGEMENTS 
 
In the year 2006 began Posiva’s R20 programme which consisted of three projects 
called IMA, INKE and IPA. The target of IMA project was to develop grouting 
materials. This work is a part of the IMA project. The purpose of this report is to 
consider the possible factors causing the poor setting and strength development of the 
cementitious grouting materials in ONKALO. 
 
This report consists of literature review, observations concerning setting and strength 
development made in tunnel conditions and in laboratory. The field tests were organised 
in the ONKALO construction site and the laboratory tests in the laboratory of Contesta. 
 
The Chapters 1-5 and 7-8 have been written mainly by Petriikka Karttunen from Saanio 
& Riekkola Oy. The Chapter 6 has been written and the laboratory tests have been done 
by Paula Raivio from Contesta Oy. The field test was done by Paula Raivio and 
Petriikka Karttunen. The Chapter 9 has been written in a co-operation with Petriikka 
Karttunen, Paula Raivio and Johanna Hansen. The conclusions of the Chapter 10 were 
done in co-operation with Johanna Hansen (Posiva Oy), Ursula Sievänen (Saanio & 
Riekkola Oy), Tapani Lyytinen (ELY Management Oy), Petriikka Karttunen and Paula 
Raivio. The report and experiments have been instructed by Johanna Hansen. 
 
The authors want to express their gratitude to Johanna Hansen for being contact person, 
to Tapani Lyytinen and Ursula Sievänen for being assisting experts and for commenting 
the report, to personnel of the Contesta Oy, for analysing and testing of samples, to the 
crew of SK-Kaivin Oy and Aimo Hiironen (Posiva Oy) for all help and organising the 
field test and to Posiva Oy and Erkki Palonen for sponsoring the study. 



 1 

TABLE OF CONTENTS 
 
ABSTRACT 

TIIVISTELMÄ 

PREFACE 

NOMENCLATURES ..................................................................................................... 3 

NAMES AND COMPOSITIONS OF THE GROUTS ...................................................... 5 

SIMULATED GROUNDWATERS AND THEIR COMPOSITION ................................... 6 

1  INTRODUCTION ................................................................................................. 7 

2  OBJECTIVES ...................................................................................................... 9 

3  BACKROUND .................................................................................................... 11 
3.1  Grouting materials .................................................................................... 11 

3.1.1  Low pH cementitious grout ............................................................ 11 
3.1.2  Standard grout .............................................................................. 13 
3.1.3  Bolt grouting mortars ..................................................................... 13 

3.2  Earlier experiments and development work .............................................. 13 
3.2.1  Tests in laboratory ......................................................................... 13 
3.2.2  Tests in ONKALO .......................................................................... 14 

4  OBSERVATIONS OF THE SETTING AND STRENGTH  DEVELOPMENT      
BEHAVIOUR OF THE GROUTS FROM THE FIELD ......................................... 15 
4.1  Setting and strength development experiments ........................................ 17 

5  SETTING AND STRENGTH DEVELOPMENT - LITERATURE REVIEW........... 19 
5.1  Setting and early age strength development ............................................. 19 
5.2  Hydration of the cement ........................................................................... 20 

5.2.1  Stages of hydration ....................................................................... 20 
5.3  Grout components affecting the setting and the strength  development .... 25 

5.3.1  Cement ......................................................................................... 25 
5.3.2  Silica ............................................................................................. 27 
5.3.3  Accelerator (ACC) ......................................................................... 27 
5.3.4  Superplasticizer (SPL) ................................................................... 27 
5.3.5  W/DM –ratio .................................................................................. 28 

5.4  The effect of chemical reactions on the setting and strength      
development ............................................................................................. 28 
5.4.1  Leaching of the cations ................................................................. 28 
5.4.2  Exchange reactions ....................................................................... 29 
5.4.3  Sulphate attack ............................................................................. 29 
5.4.4  Chloride ingress ............................................................................ 30 
5.4.5  Organic compounds ...................................................................... 31 

5.5  The effect of properties of the grouts and curing conditions on the  setting 
and strength development ........................................................................ 31 
5.5.5  Porosity ......................................................................................... 31 
5.5.6  Pressure ........................................................................................ 32 
5.5.7  Temperature.................................................................................. 32 

6  LABORATORY TESTS ...................................................................................... 33 
6.1  Curing and compressive strength of laboratory prisms ............................. 33 

6.1.1  Laboratory results of 2006 tests: Curing at +20 C at appr.     
 100% RH ....................................................................................... 34 



 2 

6.1.2  Laboratory results of 2007 tests: Variable curing conditions .......... 36 
6.1.3  Curing in a closed mould at +11 C in plastic/water ........................ 44 

6.2  Effect of accelerator on setting and strength development ........................ 47 
6.3  Effect of simulated ground water chemistry on setting behaviour .............. 53 
6.4  Delayed-set injection grout samples from ONKALO .................................. 59 

7  BATCH MIXING TEST FOR ACCELERATED MIXES ....................................... 67 
7.1  Properties of the low pH grouts with accelerator ....................................... 68 

8  GROUTING SIMULATION TEST ....................................................................... 73 

9  DISCUSSION .................................................................................................... 75 
9.1.  Grout components .................................................................................... 75 

9.1.1  Cement type and quality ................................................................ 75 
9.1.2  Silica ............................................................................................. 76 
9.1.3  Superplasticizer ............................................................................. 76 
9.1.4  Accelerator .................................................................................... 76 
9.1.5  W/DM ratio of initial grout .............................................................. 77 

9.2  Grout properties ........................................................................................ 78 
9.2.1  Consistency................................................................................... 78 
9.2.2  Water demand caused by micro silica ........................................... 78 
9.2.3  Porosity and permeability .............................................................. 79 
9.2.4  Deformation of the grout ................................................................ 81 

9.3  Grouting process ...................................................................................... 82 
9.3.1  Mixing with water in rock ............................................................... 83 
9.3.2  Grouting pressure ......................................................................... 83 
9.3.3  Grout temperature before grouting ................................................ 84 

9.4  Curing conditions ...................................................................................... 85 
9.4.1  Temperature.................................................................................. 85 
9.4.2  Closed space (grouting hole) ......................................................... 86 
9.4.3  Organic compounds and microbes ................................................ 86 
9.4.4  Hydrostatic pressure ..................................................................... 87 

9.5  Interaction between groundwater and grout .............................................. 88 
9.5.1  Chemical attack ............................................................................. 88 
9.5.2  Chloride ingress ............................................................................ 90 
9.5.3  Leaching and exchange reactions of cations ................................. 90 
9.5.4  Effect of free and dissolved gases ................................................. 91 
9.5.5  Surface water ................................................................................ 92 

10  CONCLUSIONS ................................................................................................ 93 

APPENDIX 1: ONKALO FIELD TEST 7.3.2007 ........................................................ 103 

APPENDIX 2: LABORATORY TEST RESULTS ....................................................... 131 

APPENDIX 3: RESULTS OF THE BATCH MIXING TEST FOR THE ACCELERATED  
MIXES ................................................................................................ 135 

APPENDIX 4: QUALITY OF VANTAA TAP WATER 2007 ........................................ 139 
 



 3 

NOMENCLATURES 
 
ACC Accelerator. An admixture of the grout. Accelerates setting of the 

cement paste. 
Additive Substance used in manufacturing cement. 
Admixture Substance added into cement paste to improve its properties. For 

instance accelerator and superplasticizer are admixtures. 
AFm Group of calcium aluminate hydrates (Al2O3-Fe2O3-mono). 
AFt  Group of calcium aluminate hydrates (Al2O3-Fe2O3-tri). 
β-C2S  Dicalcium silicate. 
bcrit Critical aperture (related to grout penetration ability); all grout 

penetrates. 
bmin Minimum aperture (related to grout penetration ability); some grout 

starts to penetrate. 
BMT  Batch mixing test. 
CH Portlandite, calcium hydroxide Ca(OH)2. 
Cement paste General name of the mixture of water and cement. The W/DM ratio 

can vary depending on the use. May contain admixtures. 
C4A  Tetracalcium aluminate. 
C4AF  Tetracalcium aluminate ferrite, ferrite. 
C3S   Tricalcium silicate, alite. 
C2S   Dicalcium silicate, belite. 
C-S-H  Calcium silicate hydrate. 
Curing According to Vuorinen (1983) the curing is “Maintenance of 

humidity and temperature of freshly placed concrete during definite 
period following placing, casting, or finishing assure satisfactory 
hydration of the cementitious material and proper hardening of the 
concrete”. 

DM Dry material 
EDTA Ethylenediaminetetraacetic acid. 
Final setting According to Vuorinen (1983) the final setting is “A degree of 

stiffening of a mixture of cement and water greater than initial set, 
generally stated as an empirical value indicating the time in hours 
and minutes required for cement paste to stiffen sufficiently to resist 
to an established degree, the penetration of weighted test needle; also 
applicable to concrete or mortar with use of suitable test procedure”. 
The final setting of the grout used in ONKALO happens about at the 
age of 24 hours because of the rather high W/DM ratio (1.0 – 1.4). 
The final setting can be measured by Vicat-method.  

FT Field test organized in the ONKALO tunnel. 
GA GroutAid. Trade name of micro silica slurry, which is a raw material 

of grouts used in ONKALO. 
Grout Grout is a material used for sealing rock by grouting fractures. In this 

report the grout is a cementitious mixture of water, cement and 
micro silica slurry. It may contain admixtures as superplasticizer and 
accelerator.  

Hardening Gain of strength after setting. Strength development. 
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IMA Project concerning the technical development of low pH grouts 
during the years 2006-2008. 

Initial setting According to Vuorinen (1983) the initial setting is “A degree of 
stiffening of a mixture of cement and water less than final set, 
generally stated as an empirical value indicating the time in hours 
and minutes required for cement paste to stiffen sufficiently to resist 
to an established degree, the penetration of weighted test needle; also 
applicable to concrete or mortar with use of suitable test procedure”. 

INKE Project concerning the development of grouting technology in 
ONKALO during 2006-2008. 

LAC Low alkali cement type.  
Shear strength Maximum shearing stress, which a material or structural member is 

capable of developing, based on the original area of cross section. 
Shear strength (early age) can be measured by fall cone equipment 
(Vuorinen 1983). 

Setting Condition of the grout reached after the plasticity has diminished 
(Vuorinen 1983). Setting of the grout happens before hardening. The 
setting time depends on the material (for example W/DM ratio). See 
initial and final setting. 

SPL Superplasticizer. An admixture used in grouting materials in 
ONKALO. Improves flowing properties of grout. 

Strength 
development  Refers to compressive strength: The measured maximum resistance 

of a concrete or mortar specimen to axial loading, expressed as force 
per unit crosssectional area; or the specified resistance used in design 
calculations (Vuorinen 1983). 

UF Ultrafin 16 cement. A trade name of a sulphate resistant Portland 
cement used as a raw material in grouts in ONKALO. 

VTT Technical Research Centre in Finland. 
W/B  Water to binder ratio. 
W/C  Water to cement ratio. 
W/DM  Water to dry material ratio. 
WLM Water loss measurement. 
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NAMES AND COMPOSITIONS OF THE GROUTS 
 
Following nomenclature has been applied to injection grouts. The mix name consists of 
four parts XX-YY-ZZ-QQ, in which the first part XX refers to the cement 
(UF = Ultrafin 16). The second part, YY, refers to dry silica to total dry material weight 
ratio. The third part, ZZ, is the water to dry material ratio (W/DM) multiplied by 10 and 
the last part, QQ, is the superplasticizer (SPL) content expressed as weight percents 
(wt-%) out of total dry material. Other mix compositions are named likewise. Cement 
UF16, GroutAid silica slurry, SPL Mighty 150 has been used as materials. After the 
actual mix name, in brackets, the content (%) of accelerator is presented, if used. 

 
 

Name of the grout Old name of 
the grouts 

W/DM SPL Sil/Cem Accelerator 
[%] 

UF-41-14-4 P308B 1.4 4 0.69 0 
UF-41-14-4 (2%)  1.4 4 0.69 2 
UF-41-14-4 (5%)  1.4 4 0.69 5 
UF-41-14-3 P308 1.4 3 0.69 0 
UF-41-14-3 (2%)  1.4 3 0.69 2 
UF-41-14-3 (5%)  1.4 3 0.69 5 
UF-41-12-4  P307B 1.2 4 0.69 0 
UF-41-12-4 (2%)  1.2 4 0.69 2 
UF-41-12-4 (5%)  1.2 4 0.69 5 
UF-41-12-3 P307 1.2 3 0.69 0 
UF-41-12-3 (2%)  1.2 3 0.69 2 
UF-41-12-3 (5%)  1.2 3 0.69 5 
UF-41-10-4  1.0 4 0.68 0 
UF-41-10-4 (2%)  1.0 4 0.68 2 
UF-41-10-4 (5%)  1.0 4 0.68 5 
UF-41-10-3  1.0 3 0.69 0 
UF-41-10-3 (2%)  1.0 3 0.69 2 
UF-41-10-3 (5%)  1.0 3 0.69 5 
UF-15-10-2.8 5_5 1.0 2.8 0.18 0 
UF-15-10-2.8 (2%)  1.0 2.8 0.18 2 
UF-15-10-2.8 (5%)  1.0 2.8 0.18 5 
UF-00-08-2 U1 0.8 2.0 0.00 0 
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SIMULATED GROUNDWATERS AND THEIR COMPOSITION 
 
The compositions of two simulated ground waters (fresh ALL-MR and saline OL-SR), 
used as curing waters in laboratory tests (Vuorinen et al. 2005). The tests are described 
in the Chapter 6. 

 

  Fresh Saline 
  (ALL-MR) (OL-SR) 

pH  8.8 8.3 
Na+ mol/L 2.3·10-3 0.21 
Ca2+ - " - 0.13·10-3 0.1 
K+ - " - 0.10·10-3 0.54·10-3 

Mg2+ - " - 0.03·10-3 2.3·10-3 
Sr2+ - " -  0.40·10-3 
SiO2 - " - 0.03·10-3  

HCO3
- - " - 1.1·10-3  

Cl- - " - 1.4·10-3 0.41 
Br- - " -  1.3·10-3 
J- - " -  0.01·10-3 
F- - " -  0.06·10-3 
B- - " -  0.09·10-3 

SO4
2- - " - 0.10·10-3 0.04·10-3 

Ionic strength  0.003 0.5· 
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1  INTRODUCTION 
 
ONKALO is an underground rock characterisation facility planned to be a part of a 
nuclear waste repository in future (Figure 1-1). ONKALO, which will be completed in 
the year 2011, is located in Olkiluoto, Finland. Posiva Oy, owned by Teollisuuden 
Voima Oy and Fortum Power & Heat Oy, is responsible for the repository of spent 
nuclear fuel, the researches, construction and the use of ONKALO and the closing of 
underground facilities after the use. 
 
As ONKALO and nuclear waste repository will be completed the depth of about 
420 metres has been reached. The access tunnel and repository pass through several 
water conductive structures, which require sealing. 
 
Grouting of rock is a method by which it is possible to control the amount of inflowing 
groundwater into the tunnel. In practise the water conductive fractures are filled with 
grout and they cannot conduct water any more into the tunnel (Figure 1-2). It is 
necessary to prevent disturbances of geohydrological environment as the lowering of 
the groundwater table especially in ONKALO. If the rock has been grouted these 
disturbances are minimized. According to Riekkola et al. (2003) grouting protects also 
the tunnel and repository from the harmful effects of inflowing water. In addition to the 
positive effects grouting can also cause some harmful chemical effects on the 
geohydrological environment. That is why the development of the special grout recipes 
for grouting of the ONKALO was started. 
 
The development of suitable grouting materials began before the implementation of the 
construction (Kronlöf 2003)). The grouts were experimented first in a laboratory to find 
out the recipes chemically fitting in the environment of ONKALO (Kronlöf 2005a, 
Bodén & Sievänen 2006). The field tests were started in ONKALO after the suitable 
recipes were found (Sievänen et al. 2006). Field tests were necessary in order to find out 
the properties of different grouts in field conditions and their usefulness in grouting. The 
recent development work has been done within so-called R20-programme (Raivio & 
Hansen 2007, Ranta-Korpi et al. 2007).  
 
Until the end of the year 2007 the standard grouts were in main use in grouting of 
ONKALO. The low pH grout was used in grouting (field tests) a few times during the 
year 2007. The grouting field tests are described by Hollmen (2007) and Ranta-Korpi et 
al. (2007). 
 
During the ordinary grouting procedure and the field tests mentioned above it has been 
noticed that the grouts (both standard and low pH grouts) do not sporadically set and 
harden as expected in the grouting holes. The corresponding phenomenon was observed 
also in the case of bolt grouting mortars later. In order to understand the behaviour of 
the grouted material the setting and strength development have been studied in this 
work.  
 
Main focus of the report is on factors that occur soon within days or weeks after 
injection although many issues concerning durability are also dealt with. 
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Figure 1-1. Schematic plan of ONKALO and the deep repository. (Tanskanen 2007) 
 
 

  
 
Figure 1-2. The grouting hole and the fractures before and after grouting (Houlsby 
1990). 
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2  OBJECTIVES 
 
This report consists of two parts: The first is a literature review about factors, which 
have an effect on setting and strength development of the grout. At first the hydration 
process and its main stages in Portland cement has been described. This is considered 
because the understanding of the hydration process is essential in researching the factors 
affecting the setting and strength development of the grout. 
 
Following the literature review, the effect of the grout ingredients, curing conditions and 
other factors on the setting and the strength development of the grout have been 
evaluated. This was done to find out the possible reasons causing the setting and 
strength development phenomenon in ONKALO.  
 
The second part is the experimental part in which the laboratory and field test results 
have been described. One purpose of this part was to test the grouts in laboratory to find 
the reasons for the poor strength development. The purpose was also to study the 
samples (standard and low pH grout) with delayed setting from ONKALO. In addition 
the laboratory and field test results of the accelerated grouts are represented. The target 
of the laboratory and field tests for these accelerated grouts was to ensure the setting 
and strength development of the grout in the rock. 
 
Before the observation of the setting and strength development behaviour was done, the 
laboratory tests for different grouts in different curing conditions had been started. 
These were done to test the effect of different curing conditions on the setting and 
strength development. The aim of these tests was also to study the deformation of the 
grouts and to compare and relate the laboratory test results to the results from ONKALO 
conditions. These test results have been very informative in the view of this study and 
they are presented here. 
 
In the discussion part the literature review and observations from the field and 
laboratory are concluded and the probability of every factor causing the strength 
development phenomenon in the ONKALO is estimated. 
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3  BACKROUND 
 
3.1  Grouting materials 
 
3.1.1  Low pH cementitious grout 
 
The low pH grout consists of water, fine-grained sulphate resistant Portland cement 
(Ultrafin 16), micro silica slurry (GroutAid) and naphthalene sulphonate based 
superplasticizer (Mighty 150) (Kronlöf 2005a, 2005b). In addition the accelerator CaCl2 
has been used in previous laboratory tests and in batch mixing test for accelerated 
mixes, but not in grouting in ONKALO during the year 2007. 
 
According to Bodén & Sievänen (2006) the pH values of the leachates of so-called low 
pH grouts are 11 or lower. One benefit of the low pH grout is that it contains smaller 
amount of alkalis than the standard grouting paste. In the case of standard grout the 
alkalis or bases produce an alkaline pulse as they release into the groundwater. This 
possibly has some negative effects on the dissolution of uranium oxide, on the function 
of bentonites and on the alteration of fracture fillings. One way to decrease these 
harmful effects is to replace the use of the standard grouts with the use low pH grouts. 
 
The low pH grout was developed by Anna Kronlöf in VTT (Technical Research Centre 
in Finland) (2005a, 2005b). According to Kronlöf (2005a, 2005b) the low pH grout was 
developed from standard grouts by changing the proportions of raw materials. In low 
pH grouts large part of cement is replaced with silica. The recipes were developed 
further in the laboratory of Contesta (Sievänen et al. 2006). 
 
The purpose of the development work has been also to develop suitable grouts for 
different rock environments (different fracture apertures) from the grouting point of 
view. The stiff grouts are meant for large fracture apertures and fluid grouts are for 
smaller apertures. The differences between recipes are in the W/DM ratio and in the 
SPL content (see Names and compositions of the grouts). In ONKALO there are also 
the fractures that probably cannot be grouted with cementitious grouts because the 
apertures are too small. In these cases the colloidal silica could be a potential alternative 
(Ranta-Korpi et al. 2007). The main properties of the low pH grouts measured in the 
field tests are given in the Table 3-2.  
 
 
 



 

 
Table 3-2. The main properties of the grouts UF-41-10-3, UF-41-10-4, UF-41-12-3, UF-41-12-4, UF-41-14-3, UF-41-14-4, UF-15-10-2.8 
measured in the field tests in ONKALO at the temperature of 7-14˚C (Ranta-Korpi et al. 2007). Compressive strengths tested at the 
laboratory, single test results except the average test results of 4 tested batches. 
 
 

Recipe Marsh value [s] Filter pump [ml] bmin 
[μm] 

bcrit 
[μm] 

Shear 
strength 

[kPa] 

Plastic viscosity 
(measured by 
stick)[mPas] 

Yield value 
(measured by 

stick) [Pa] 
The age [h] 0 0.5 1.0 0 0.5 1.0 0 0 6 0 0.5 1.0 0 0.5 1.0 
UF-41-10-3    100 130 120   10.6 61,2 108.7  49,2 56,3  
UF-41-10-4 131 123 95 267 255 140   3.5 27.9 43.2  36.6 25.0  
UF-41-12-3 114 113 113 275 293 225 47 126 1.1 36.6 56.7 49.7 31.2 28.3 27.1 
UF-41-12-4 56 51 49 323 330 290 39 81 2.3 15.4 25.2 26.3 15.6 15.5 16.3 
UF-41-14-3 54 53 52 333 337 360 38 85 0.9 22.0   16.1   
UF-41-14-4 41 41 41 310 326 305 34 117 1.0 10.4 16.6 17.4 8.4 9.3 9.4 
UF-15-10-2.8 39 41 38 278 240  62 192 0.5       
 

Recipe Curing 
Curing 

Temperature 
[˚C] 

Compressive strength [MPa] 

The age [d]   28 91 182 
UF-41-10-4 Plastic/air 12 15.0 31.4 35.9 
UF-41-12-3 Plastic/air 12 8.6 19.8 31.6 
UF-41-12-4 Water 11 2.4 15.9 19.6 
UF-41-14-4 Water 11 1.3 9.6 16.1 
UF-41-14-4, average Plastic/air 12 4.6 16.4 20.0 
UF-15-10-2.8 Water 11 5.5 15.8 21.2 

12 
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3.1.2  Standard grout 
 
The standard grout consists of water, fine-grained sulphate resistant Portland cement 
(UF16), naphthalene sulphonate based superplasticizer (Mighty 150) and micro silica 
slurry (GroutAid) (Ranta-Korpi et al. 2007). The pH difference between standard and 
low pH grout is a consequence of the different amount of micro silica slurry (see Names 
and compositions of the grouts). 
 
The grout UF-10-15-2.8 has been used in grouting until the end of the year 2007. This 
standard grout has been replaced with low pH grouts in ONKALO nowadays. 
 
3.1.3  Bolt grouting mortars 
 
The stiff cement pastes are used in grouting of bolt holes and in stabilising holes in 
ONKALO. These mortars have lower W/DM ratio than grouts used in ordinary 
grouting. The W/DM ratios of the mortars are about 0.4 as the W/DM ratios of the 
grouts are about 1.0 – 1.4. The mortars are mixtures of cement and water. The 
admixtures are not used.  
 
These cement pastes are described here because the setting and strength development 
phenomenon has been observed also in the case of bolt grouting mortars and pastes for 
hole stabilising. 
 
3.2  Earlier experiments and development work 
 
3.2.1  Tests in laboratory 
 
A feasibility study of low pH products was carried out at SKB and Posiva Oy in 2001-
2002. The requirements for the low pH cementitious grouts were given in the report of 
Kronlöf (2005a). The four binder material combinations for grouting were studied at 
VTT in 2003-2004 in accordance with the requirements (Kronlöf 2005a). The 
requirement for compressive strength was set later during the project. The binder 
material combinations were:  
 
1. Ordinary Portland Cement - Silica Fume,  
2. Blast furnace slag,  
3. Super Sulphate cement and  
4. Low Alkali Cement (LAC).  
 
LAC was not found suitable for grouting with tested W/DM and admixtures, other 
systems generally fulfilled the requirements in laboratory conditions except for the yield 
value (Kronlöf 2005a). 
 
The low pH mixes P2, P3 and P12 (Kronlöf 2005a) together with a few standard mixes 
were tested in the laboratory of Contesta first time in December 2004. The mixes were 
based on UF16 cement and GroutAid micro silica slurry. The low pH mixes had 
silica/cement ratio of 0.69 and the standard mixes had silica/cement ratio of 0.11. Either 
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SP40, SetControl II and Mighty 150 was used as superplasticizer and accelerator in one 
mix. 
 
Grouting test of low pH grouts was performed with the mix P3 in the pilot test 2 in 
ONKALO at 26.1.2005 (Sievänen et al. 2005). The mix P3 was tested at Contesta in 
2005 by varying its W/DM, superplasticizer type and amount and silica content and 
curing conditions. The mix P308B (UF-41-14-4) was developed among others 
(Sievänen et al. 2006).  
 
In 2006 the technical performance of various cementitious grouting materials for 
ONKALO were tested further in laboratory (Raivio & Hansen 2007). This report 
describes most of the laboratory work carried out by Contesta in 2007 relating to the 
technical properties of the grouts. Laboratory testing concerning the durability aspects 
of the low pH grouts has also been performed by VTT in 2007 (Orantie & Kuosa 2008). 
 
3.2.2  Tests in ONKALO 
 
The technical properties of the low pH and standard grouting materials have been tested 
in the grouting and mixing tests in ONKALO within the IMA and INKE projects. The 
aim of these tests was to verify the main properties of the grouts observed in the 
laboratory and field and study the usefulness of these mixes in grouting (the results are 
given in Table 3-2). The conditions in the tunnel are close to the real grouting 
conditions (temperature and humidity) and mixing equipment is the same as used in 
grouting. Because of this it is likely that the results of the field tests are more 
corresponding to the real properties of the grout in the rock than the laboratory results. 
During the year 2007 altogether 12 grouting and batch mixing tests were organized: Ten 
in the tunnel and two in the wash hall in the ONKALO construction site (Holmén 2007, 
Ranta-korpi et al. 2007). 
 
Several quality control tests of grouts were done (see Table 3-3). The test methods are 
described in more detail in the report of Ranta-Korpi et al. (2007). Also the effect of the 
W/DM (water to dry material ratio) ratio and the content of superplasticizer (SPL), the 
effect of the temperature, mixing time and curing time on the properties of the grouts 
were described and analysed (Ranta-Korpi et al. 2007). 
 
 
Table 3-3. The quality ensuring test methods used in ONKALO field tests. 
 

Method Measured property of the grout 
Penetrabilitymeter test Penetration ability 
Filter pump test Penetration ability 
Marsh cone test Flowing ability 
Mud balance test Density 
Fall cone test Early age shear strength 
Stick test Yield value and plastic viscosity 
Rheometer test Yield value and plastic viscosity 
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4   OBSERVATIONS OF THE SETTING AND STRENGTH 
 DEVELOPMENT BEHAVIOUR OF THE GROUTS FROM THE FIELD 

 
It has been observed a few times that the setting and strength of the grout have not 
developed as expected in the grouting holes in ONKALO. The phenomenon has become 
evident occasionally days, weeks or months after grouting. The phenomenon has turned 
out with both low pH and standard grouts and with rock bolt mortars (stiff cement 
pastes). The grout has been plastic in holes although it hardens normally during a couple 
of hours or days. The phenomenon has been observed for the first time in ONKALO 
during the year 2005. The first descriptions are written by Hollmén (2007) and Ranta-
Korpi et al. (2007).  
 
The early age strengths (observed e.g. by fall cone and beaker tests) of the samples from 
the same grout batch cured in the tunnel have developed normally (Ranta-Korpi et al. 
2007). A couple of times the grout prisms have been cast from the same grout batch, 
which has not set and hardened normally in the grouting hole. The densities and the 
chemical composition of these cast samples and samples got from grouting hole have 
been different. These details are described in the Chapter 6.4 and Appendix 1. Samples 
from grouting hole have been received in the laboratory weeks after grouting. Densities, 
compressive strengths and porosities have been analysed in the laboratory and 
compared with the results of the grout prisms, which has been cast from the same grout 
batch but cured in the tunnel. The results of these samples show some variation. 
 
Some unknown phenomenon has caused these differences during the time the grout was 
in the rock. In these cases the strength of the grout has not developed as expected 
although the grouting procedure was normal and the used materials were fresh. 
Investigations were started to find out the reasons causing different behaviour in rock.  
 
For the samples cast and cured in the tunnel conditions 500 Pa shear strength at the age 
of 6 hours comes true (Ranta-Korpi et al. 2007). In the grouting holes and possibly in 
the fractures the situation can be different. In spite of the poor strength development of 
the grout the tightness of the rock has been reached in the ONKALO tunnel at least until 
now.  
 
The phenomenon has been noticed in the grouting tests two times, in water loss test 
once and in grouting the extensometers once during the year 2007. The information 
about these cases is given in the Tables 4-1 and 4-2. The observations have been 
following: 
 
 The poor setting of the grout has been observed on 8.3.2007. The grouting was 

done one day earlier (7.3.2007). During water loss measurement (WLM) in control 
holes of the INKE-FT-1 (8.3.2007) the sample was squeezed from the grouting 
hole. The grout was UF-41-14-4. The samples have been studied in laboratory and 
the results are described in the Chapter 6.4. The observation was done at the tunnel 
chainage 1880 m. 
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 The observation of the poor strength development was done during the INKE-FT-2, 
subpart 2 on 13.6.2007. The grouting was done three weeks earlier during the 
INKE-FT-2, subpart 1 on 23.5.2007. The vertical shaft grouting hole was wet 
before grouting. Several pieces of plastic grout squeezed from the grouting hole of 
the previous grouting round (adjacent to the hole grouted earlier). The squeezed 
grout was UF-41-14-5.1 (Hollmén 2007, Ranta-Korpi et al. 2007). The samples 
have been studied in laboratory and the results are described in Chapter 6.4 and in 
Appendix 1. The observation was done in the personnel shaft 1 at the depth level of 
-90 m. 

 
 The observation was done on 2.10.2007 of the grout injected on 18.-19.9.2007. The 

samples were taken from the packer. The used grout was UF-15-10-2.8 at that time. 
The setting continued and hardening of the grout began after the packer was taken 
from the grouting hole. Grouting was done in personnel shaft at the tunnel chainage 
915.  

 
 The poor strength development has been observed in January 2008. In this case the 

cement paste has been used to grout the extensometers into the drill holes in 
November 2007. The used cement paste had the W/DM ratio about 0.4 – 0.45 and 
SR-cement (Tradename SR-cement, Manufacturer Finnsementti Oy) was used. The 
cement paste did not contain any admixtures. The drill holes were dry and 
ascending. The cement paste has not hardened in two months after the casting. The 
poor hardening was occurred probably in every (5) drill hole because the 
extensometer data from extensometers from every hole grouted at the same time 
was faulty at the same way. The temperature measurements have been done from 
the holes and values varied between 6.5 – 12.5˚C. The samples have not been 
studied in laboratory. The observation was done about at the level -190 m. 

 
 The poor setting has been observed in the case of stabilising the open vertical drill 

hole (the hole was full of water) at the end of the year 2007. In this situation the 
used W/DM ratio of the cement paste has been < 0.45 and SR-cement (Tradename 
SR-cement, Manufacturer Finnsementti Oy) and calcium aluminate cement Ciment 
Fondu Lafarge (Manufacturer Lafarge Nordiska Kalciumaluminater AB) were 
used. The cement paste did not contain any admixtures. It is possible that in this 
case the factor causing the poor setting was the mixing of the cement paste with 
groundwater. The hole intersected the HZ20 structure. The cement paste was 
poured into the hole without pressure.  
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Table 4-1. The observations of the poor setting and hardening of the grout.  
 

Observation 

Date of 
grouting / 
filling of 
the hole 

Date of 
observation 

was done 

Used 
recipe 

Sample 
taken 

Pressure 
used 

The 
description 
of the hole 

1 7.3.2007 8.3.2007 UF-41-
14-4 

x Yes  

2 23.5.2007 13.6.2007 UF-41-
14-5.1 

x Yes Wet, 
vertical 

3 18.-
19.9.2007 

2.10.2007 UF-15-
10-2.8 

x Yes  

4 November 
2007 

Two months 
later 

Cement 
paste 

 No Dry and 
ascending 

5 
December 
(?) 2007 

 Cement 
paste  

 No Wet, fast 
flow, 
vertical 

 
 
Table 4-2. The recipes and used raw materials of the grouts with poor setting and 
hardening. 
 

Observation W/DM Used 
cement 

SPL  
(if used) 

Silica  
(if used) 

1 1.4 UF16 Mighty 150 GroutAid 
2 1.4 UF16 Mighty 150 GroutAid 
3 1.0 UF16 Mighty 150 GroutAid 

4 0.4 – 
0.45 

SR - - 

5 <0.45 SR and 
Lafarge 

- - 

 
UF16 = Tradename Ultrafin 16, manufacturer Cementa AB, SR = Tradename SR-cement, manufacturer 
Finnsementti Oy, Lafarge = Tradename Ciment Fonfu Lafarge, manufacturer Lafarge Nordiska 
Kalciumaluminater AB. 
 
 
4.1  Setting and strength development experiments 
 
To avoid poor setting and hardening of the grout it is necessary to find out the reasons, 
which cause it. It was decided to organise laboratory tests to study the phenomenon and 
to find out the reasons. The batch mixing test for the accelerated mixes was organised to 
ensure the strength development in the field conditions after these prior laboratory tests. 
 
In order to verify or exclude the effect of the groundwater a few tests were organized. 
The strength development behaviour of the grouts has been under testing in the 
laboratory of Contesta and in VTT. The tests of Contesta are described in detail in the 
Chapter 6. In addition tests have been done in the ONKALO construction site to ensure 
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the function of the accelerator in the field conditions. These tests are described in the 
Chapter 7. The grouting simulation test was organized in ONKALO on 28.11.2007 to 
test if it is possible that the grout mixes with water during grouting. The test is described 
in detail in the Chapter 8. 
 
Several leaching tests for grout samples in different curing conditions have been done in 
VTT since 2004 to understand the basic chemistry of grouts. The changes of the pH 
values of curing solutions were measured in these tests. In addition the amount of 
leached components was measured from the solutions. These tests give information on 
leaching properties and this information can be utilised for assessing the leaching of 
grouts in rock.  
 
Also tests for fresh grout samples in the running water are being implemented in VTT 
(during the year 2008). These tests are not part of this research, but the results can be 
very informative in the view of this research because the papers considering 
corresponding experiments have been done only for hardened grouts. The results of 
VTT are not available before this report is published. 
 
The tests for hardened grouts cured in waters with different compositions and 
temperatures have been done in laboratory of Contesta. The curing of the samples has 
been done in simulated groundwater (see Simulated groundwaters and their 
compositions) and in air. The curing tests are described in the Chapter 6.3. The 
compressive strengths have been measured from these samples.  
 
Several test series have been organised to find out properties of grouts. In the laboratory 
of Contesta different accelerators and their dozing in the grout have been experimented. 
These tests are described in the Chapter 6.2. After finding suitable accelerator and 
dozing of it, the batch mixing test for accelerated mixes was organized in the ONKALO 
wash hall in the construction site. The main purpose was to accelerate the setting and 
early strength development and to ensure that the accelerator functions as wanted also in 
the field conditions. The target was also to measure the properties of several grout 
recipes with accelerator. The batch mixing test for accelerated mixes is described in the 
Chapter 7 and the detailed results are given in the Appendix 3. 
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5  SETTING AND STRENGTH DEVELOPMENT - LITERATURE REVIEW 
 
The grouts are mixed with the grouting equipment Häny 350 in the field conditions. The 
mixing order has been following: first the water and cement are mixed and then the 
water-cement mix is mixed with the admixtures like superplasticizer (SPL) and 
accelerator (ACC) and right thereafter with the micro silica slurry (Ranta-Korpi et al. 
2007). After mixing, the grout is lead into the agitator where the grout stays in a slow 
movement until the grout is injected. During and after the mixing the grout starts to 
become more gel-like or thixotropic (the setting starts). As a result of hydration the 
grout hardens finally. The mixing order is the same in the laboratory but the mixing 
equipment and mixing time are different. 
 
In this literature review it is important to remember that most of the experiments and 
researches described here have been done for the grouts, concretes and mortars with 
different W/DM ratios and raw materials. The results are only trend setting and there 
can be differences between described cement pastes and the grouts used in the 
ONKALO. 
 
5.1  Setting and early age strength development 
 
The terms used in this chapter have different descriptions according to the author. In 
this report the meanings are following (see also Nomenclatures): 
 
- Setting is a process that happens during the first few hours - day after mixing. During 

the setting the plasticity of the cement paste decreases and the paste reaches finally 
hardened state (Viirola & Raivio 2000). The initial and final setting can be measured 
by Vicat test (Tsivilis et al. 1995). 

 
- Hardening of the cement paste means a change, which happens after setting. During 

the hardening the strength of the cement paste increases. Hardening reaction 
continues as long as the hydration continues (Viirola & Raivio 2000).  

 
- Early shear strength can be measured by the fall cone equipment. The method is 

described in the report of Ranta-Korpi et al. (2007). The early age shear strength of 
the grouts used in ONKALO can be measured about at the age of 4 – 24 hours. 
 

- The later age strength of the grout can be measured by compressive strength tests. 
The method is described in the report of Ranta-Korpi et al. (2007). 
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5.2  Hydration of the cement 
 
The hydration is a reaction between cement and water. During this process chemical and 
physical changes occur in the mixture. As a consequence of mixing of cement and water 
the cement paste is produced and it starts to set and then harden. The hydration is a 
complicated series of chemical reactions and it begins spontaneously. Some of these 
reactions happen at the same time and some as results of other reactions (Viirola & 
Raivio 2000). Although the reaction rate is fast at the beginning the hydration can 
continue several years if the water is not consumed (Viirola & Raivio 2000, Kronlöf 
2005a). The most important factors, which have an effect on the hydration are the 
reactivity of the clinker, fineness of the cement and especially reactive surface area and 
the grain size distribution of the cement, water-cement –ratio of the cement paste, used 
admixtures and curing temperature (Viirola & Raivio 2000). 
 
To describe the main stages of hydration it is necessary to describe shortly the main 
phases of which the cement consists: 
 
According to Jawed et al. (1983) alite is the main phase of the Portland cement. Alite is 
an impure tricalcium silicate (C3S). The proportion of it is about 50-70%. It reacts fast 
with water and has a significant effect on the setting and hardening of the cement and 
further on the development of the strength. The portion of the belite in Portland clinker 
is about 15-30%. Belite is an impure dicalcium silicate (C2S). It reacts with water 
slowly and it has an effect on development of the later age strength of the cement paste.  
 
According to Taylor (1997) there is also an aluminate phase in Portland clinker. The 
proportion of it is about 5-10%. It reacts quickly with water and it does not have any 
significant effect on the development of the strength. However it is necessary in early 
reactions in cement. There is also the ferrite phase (C4AF) in Portland clinker. The 
proportion of it is about 5-15%. The reaction between ferrite and water is very fast and 
it happens in the beginning of the hydration. It reacts slowly also later. 
 
5.2.1  Stages of hydration  
 
According to Viirola and Raivio (2000) several researchers have described the 
hydration of Portland cement. The hydration of the cement is easier to understand if the 
hydration of each cement components is first described separately. The following 
description of the hydration is a summary of the report of Viirola & Raivio (2000). 
 
It is noteworthy that the standard grout used in ONKALO is a normal grout used also in 
elsewhere world. But the low pH grout differs from these ordinary grouts for instance 
because of the abundant micro silica slurry addition and different W/DM ratio. The 
hydration of the grout has not been described in the literature. That is why the hydration 
stages presented here are only trend setting. 
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The hydration of the calcium silicate 
 
Tricalcium silicate (C3S) 
As the tricalcium silicate (C3S) reacts with water the C3S sets and hardens. The products 
of this reaction are calcium silicate hydrate (C-S-H) and calcium hydroxide Ca(OH)2. 
The hydration of the tricalcium silicate has a significant effect on the setting and early 
age strength development (Lea 1998).  
 
In the beginning of hydration only a small proportion of C3S reacts with water. The 
reaction is very fast and exothermic and it takes only a few minutes. The initial reaction 
(initial stage) is followed by stage during which the reaction rate is slow (dormant 
stage). This stage takes a few hours. The amount of the material, which reacts during 
this stage is also small. After a few hours the major stage (accelerating stage) begins. 
The reaction rate accelerates and reaches maximum after 5-10 hours. During this stage 
permanent hydration products form and the cement paste starts to set. This is followed 
by a  during which the reaction rate slows down until the C3S runs 
out. Perfect hydration takes several years (Taylor 1997, Lea 1998). 
 
As the C3S reacts with water, calcium and silicate ions start to dissolve into the liquid 
phase at the beginning of the hydration (Taylor 1997, Lea 1998). The silicate ion 
concentrations in the liquid phase are at the highest immediately after the mixing and 
they lower quickly. The Ca2+ and OH- ion concentrations increase fast during the initial 
stage of the hydration. The increase continues during the dormant stage (Taylor et al. 
1989, Lea 1998). The notable production of the Ca(OH)2 begins just before the 
maximum concentrations have been reached. The ion concentrations decrease during 
the accelerating stage while the crystallisation increases (Wu & Young 1984). 
 
The reaction rate can be accelerated by chlorides and by adding hydrated C3S, calcium 
hydroxide, calcium sulphate or fine-grained calcium carbonate. Adding phosphates, 
borates or the salts of zinc or lead can slow the reaction rate down. The increase in the 
W/DM ratio accelerates the hydration rate in dilute suspensions (Lea 1998). 
Temperature has a significant effect on the rate of the reaction. The effect is most 
noteworthy from the beginning of hydration to the end of the accelerating stage (Taylor 
1997). 
 
Dicalcium silicate C2S 
The hydration of the C2S produces the same products as the reaction of the C3S. In the 
case of dicalcium silicate the amount of the produced C-S-H phase is bigger and the 
amount of Ca(OH)2 is smaller. The β-C2S is the most important dicalcium silicate. Its 
reactivity is lower than the reactivity of the C3S and that is why the reaction rate and the 
development of microstructure proceed slower (Taylor 1997, Lea 1998). About 90% of 
the β-C2S reacts during the first year (Taylor 1997). 
 
The hydration of the aluminate and ferrite phases 
 
The aluminate and ferrite phases are mixed with each other in a normal clinker. The 
reactions are affected by silicate phase and also by Na+ and K+ ions (Viirola & Raivio 
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2000). It has to be taken into account that the aluminate and ferrite phases of the 
Portland cement differ essentially from the pure compounds (Viirola & Raivio 2000). 
 
Tricalcium aluminate C3A 
As the C3A reacts with water the products are the crystalline hexagonal C2AH8 and 
C4AH19 phases. These phases further change into cubic C3AH6 phases. Before the 
formation of the crystalline phases an amorphous gel forms on the surface of the C3A. 
The C3A phase reacts fast with water. After the formation of the hexagonal aluminate 
hydrate the fast setting of the paste begins (Taylor 1997, Lea 1998).  
 
Calcium sulphate is added into the Portland cement to slow down the setting. It is 
generally supposed that the slowing is a consequence of the forming of ettringite surface 
on C3A. This surface slows the diffusion of sulphate, hydroxide and calcium ions. As a 
consequence the reaction rate slows down. The higher the amount of the gypsum in the 
mix is, the longer the dormant stage takes (Taylor 1997, Lea 1998). Several theories 
about the slowing mechanism have been presented.  
 
In the beginning of hydration the amount of the hydrated C3A is higher in the mix 
containing calcium sulphate than in the mix containing no calcium sulphate (Taylor 
1997). If the liquid does not contain enough sulphate ions to form ettringite, a small 

amount of 12

_

34 HSAC  or calcium aluminate hydrate can form (Lea 1998). 
 
After the fast beginning of the reaction the hydration rate decreases. The duration of this 
dormant stage varies, but it takes longer as the amount of the calcium sulphate in the 
paste increases (Lea 1998). As the calcium sulphate runs out the second stage of 
hydration follows. The ettringite reacts with C3A and forms calcium monosulphate 
aluminate hydrate (Collepardi et al. 1978, Collepardi et al.1979, Pommersheim & 
Chang 1988, Kuzel & Pöllman 1991). As the ettringite runs out the hexagonal aluminate 
hydrate starts to form. It occurs as separate crystals or as a solid solution with 
monosulphate. The hydration of the C3A takes several months. The W/DM ratio and 
temperature have an effect on the reaction rate, among others things (Lea 1998). 
 
Tetracalcium aluminate ferrite C4AF 
The reaction products of the hydration of C4AF phase are similar to the products of the 
C3A. The reactivity of the ferrite phase seems to depend on the molar ratio of Al/Fe. 
The reactivity decreases usually as the Fe proportion increases. The pure C4AF hydrates 
fast in the beginning of the hydration, but the rate decreases and reactions continue 
steadily until the reactants run out (Taylor 1997, Lea 1998). 
 
The hydration of the Portland cement 
 
This description is a summary from the study of Viirola & Raivio (2000). 
 
The hydration is a reaction between water and cement and the product is solid material. 
In the hydration process alite, belite, tricalcium aluminate, calcium aluminate ferrite, 
calcium, sodium and potassium sulphates and calcium oxide react. The reaction is 
controlled by the dissolving rate of the phases into the water, nucleation and forming of 
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the hydrate crystals and the diffusion of the water and dissolved ions through the 
hydrated material (Viirola & Raivio 2000). 
 
At the beginning of the hydration the rate is controlled by the dissolving rate of the 
clinker phases and calcium sulphate. Later the nucleation and growth of the crystals 
control the rate. The diffusion rate of the water and dissolved ions are eventually the 
limiting factors of the reaction (Lea 1998). The heat production during hydration stages 
is shown in the idealised calorimetry curve (Figure 5-1). The heat production is 
comparable to the reaction stage (Taylor 1997). 
 
According to several authors the hydration of the Portland cement has been divided into 
four main stages: Initial, dormant, accelerating and decelerating stage. 
 
 

 
 

Figure 5-1. The heat production as a function of time during the main stages of 
hydration (Taylor 1997). Initial stage (A), dormant stage (A-B), accelerating stage (B) 
and decelerating stage (C-D). 
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Initial stage 
As the cement reacts with water the ions dissolve into the water and the formation of the 
hydrate phases begin (Figure 5-1 A). The sodium and potassium sulphates dissolve into 
the water immediately and as a consequence the concentrations of sodium, potassium 
and sulphate ions in the liquid increase. Also the calcium sulphate dissolves into the 
water and the calcium and sulphate ions transfer into the liquid (Viirola & Raivio 2000). 
 
As the C3S dissolves its composition stays unchanged. As a consequence of hydration 
the C-S-H phase precipitates on to the surface of the cement particles. As the C3S 
hydrates the calcium and hydroxide ion concentration of the liquid increases (Locher et 
al. 1976, Chen & Odler 1992).  
 
Locher et al. (1976), Chen & Odler (1992), Odler & Wonnemann (1983), Odler & 
Abdul-Maula (1984) and Gartner & Gaidis (1984 & 1989) have mentioned that the 
silicate ion concentration in the liquid remains low. In the initial stage of the hydration 
the amount of the hydrated C3S is small. At the beginning the C3A dissolves and reacts 
with calcium and sulphate ions in the liquid. The product is ettringite. In the initial stage 
the amount of the reacted C3A is 5 – 25%. According to Odler & Wonnemann (1983), 
Regourd (1978) and Regourd et al. (1980) the reaction rate of the C3A is affected by the 
dissolving rate of the sulphates and the amount of the sodium and potassium ions in its 
lattice. According to Viirola & Raivio (2000) only a very small amount of the β-C2S 
hydrates producing C-S-H phase and affects the proportion of the calcium and 
hydroxide ions in the liquid. At the beginning of the initial stage the hydration reaction 
is very fast but it slows down quickly as the protecting hydrate layer is formed on the 
surface of the cement particles.  
 
Dormant stage 
During the dormant stage the hydration of all the clinker minerals is slow (Figure 5-1, 
between A and B). This stage takes a few hours. During dormant stage the calcium 
hydroxide concentration of the liquid phase reaches the maximum. The peak is followed 
by the slow decrease of calcium hydroxide concentration. The sulphate concentration of 
the liquid stays unchanged (Viirola & Raivio 2000). 
 
Accelerating stage 
During accelerating stage the rate of the hydration increases again and it is controlled by 
the nucleation and growth of the hydration products (Figure 5-1 B). The hydration of 
the C3S accelerates and the nucleation of the second stage C-S-H begins. The C2S 
begins also to hydrate. The crystalline calcium hydroxide (CH) begins to crystallise 
from the liquid phase and the calcium ion concentration of the liquid decreases. The 
calcium sulphate dissolves completely and the sulphate ion concentration of the liquid 
phase decreases. This is a consequence of the transition of the sulphate ions into the AFt 
(calcium aluminate hydrate) phases and of the adsorption of the sulphates on the surface 
of the C-S-H phase (Viirola & Raivio 2000). 
 
Decelerating stage 
The hydration slows down as the amount of the material not reacted decreases and the 
diffusion controls the reaction (Figure 5-1 C - D). (Viirola & Raivio 2000). The 
hydration of the C3S and β-C2S continues and the amount of the C-S-H phase increases. 
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Large amount of C3S hydrates during 28 days. The increase in SO3 proportion of the 
cement increases the reactivity of the C3S (Locher et al. 1976). As the amount of the 
sulphate ions in the liquid phase decreases the formed AFt phase begins to react with 
C3A and C4AF. They produce monosulphate. The reaction rate (AFt into the AFm) 
depends on the original composition of the cement and it slows down as the molar ratio 
of the C4AF to C3A increases (Odler & Abdul-Maula 1987). If the original W/DM ratio 
is high enough the hydration continues as long as all the cement has reacted. Small 
amount of the cement particles may not react. As the W/DM ratio is small it is possible 
that considerable amount of material has not reacted as the hydration ends (Viirola & 
Raivio 2000). 
 
Ions in hydration 
 
As the hydration begins the amount of the calcium, potassium, sodium, sulphate and 
hydroxide ions increase fast in the pore solution (Figure 5-2). About two hours after the 
mixing has finished the concentration of the ions stays relatively unchanged. This 
unchanged period takes about ten hours. This indicates equilibrium between dissolution 
of cement phases and precipitation of the hydration products according to theory. The 
proportion of the calcium and sulphate ions decreases fast in the pore solution after 12 – 
16 hours. After that the pore solution contains only sodium, potassium and hydroxide 
ions (Taylor 1997).  
 
5.3  Grout components affecting the setting and the strength 
 development  
 
There are a few grout components, which have an effect on the hydration and further 
setting and strength development of the grout. Main factors affecting the setting and 
strength development are W/DM ratio of the grout and the proportion of silica and 
accelerator. In addition the quality of components including cement is an important 
factor. 
 
5.3.1  Cement  
 
There are differences in quality and composition of the cement. In Finland the Portland 
cement is made of the clinker that has been ground into fine grained form and into 
which calcium sulphate and other substances have been added. The reactivity of the 
cement can be controlled by the ratios of those additives (Viirola & Raivio 2000). 
 
The main raw material of the clinker is limestone consisting of calcium carbonate 
(CaCO3) (Viirola & Raivio 2000). Because the composition of limestone is 
heterogeneous some composition variation in the clinker may exist. According to 
Viirola & Raivio (2000) this can cause further reactivity differences for cement. 
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Figure 5-2. The ion concentrations in pore solution of the Portland cement during the 
first 20 hours of the hydration (Taylor 1997). 
 
 
Cements with different grain size distributions are available. Also the maximum grain 
size varies in cements. The smaller the grain size the larger the reactive area of the 
material is. Tsivilis et al. (1995) have experimented that the increasing surface area and 
the content of the particles in the size of 3 – 32 μm have an effect on the setting time of 
the cement paste (Tsivilis et al. 1995). 
 
Tsivilis et al. (1995) experimented also the effect of the C3A/C4AF ratio on the setting 
of the cement paste. The higher the ratio, the shorter the setting time is. In that research 
became apparent that also the SO3 proportion of the cement has an effect on the setting: 
The higher the proportion, the longer the setting time is. 
 
Because of these factors the cement products for example with different grain size 
distributions, maximum grain sizes, SO3 and additive proportions and different clinker 
provenance areas may have reaction differences. 
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5.3.2  Silica  
 
According to Larbi et al. (1990) silica fume addition accelerates the hydration process 
during early hours. Silica fume increases the amount of nucleation centres for the 
hydration products. According to Appa Rao (2001) the early age strength of the mortar 
with silica fume is significantly higher at W/B ratios (water to binder ratio) of 0.35 – 0.5 
than without silica fume. It is considered that the silica fume is a very effective strength-
developing raw material in cement products.  
 
According to Bayasi & Zhou (1993) the silica fume addition produces more 
discontinuous and impermeable pore structure. Holt (2007) has mentioned that the silica 
fume addition increases the leaching resistance and chemical resistance of the grout.  
 
5.3.3  Accelerator (ACC) 
 
Accelerator is an admixture, which has an effect on the setting time of the cement 
(Tsivilis et al. 1995). Some results of the Vicat tests for cement pastes with accelerator 
CaCl2 are given in the Table 5-1. Based on these results it seems to be evident that the 
setting of the cement paste is reached faster with accelerator than without it. Also the 
content of the accelerator has an effect on the time required to the setting. The 
concentrations of the accelerator or the W/DM ratios of the used cement pastes were not 
given. 
 
5.3.4  Superplasticizer (SPL) 
 
The SPL addition into the grout lowers the surface tension of water and allows the 
penetration of the water between solid particles. The SPL is generally used with dense 
mixes (low W/DM ratio) to improve the fluidity and further pumping and injection 
behaviour of grouts. SPL is needed only in a very small amount to achieve the wanted 
result. If the SPL content is too high the critical amount is reached and the setting 
becomes impossible (Morin et al. 2000).  
 
There are several experiments in which the influence of the SPL on the setting and 
hardening of the concrete or cement paste has been experimented. The results are 
contradictory. Bouzobaâ et al. (1998) have studied the effect of the SPL on the strength 
development of the mortar. In that experiment the used SPL was naphthalene based dry 
powder. The result was that the SPL has not any significant effect on the compressive 
strength of the cement pastes. Also Peiwei et al. (2001) studied the effect of the SPL on 
the compressive strength of the concrete. The result was that the SPL does not have any 
substantial effect on the strength of the concrete.  
 
Torrens et al. (1998) have studied the effect of SPL on the hydration of the cement 
paste. They have concluded that the SPL addition causes a retardation of the setting 
process of cement paste. The result was that also the dosage of the SPL has an effect on 
the amount of retardation. In that research it turned out that the SPL causes the 
prolongation of the dormant stage of the hydration. This further delays the onset of the 
accelerating stage. 
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Table 5-1. The average initial and final setting times of the cement pastes with 
accelerator CaCl2.  The results have been measured by Vicat method (Tsivilis et al. 
1995). 
 

CaCl2 Initial setting Final setting 
0% 120 min 166 min 
0.5% 97 min 135 min 
1.0% 75 min 108 min 

 
 
5.3.5  W/DM –ratio 
 
The W/DM (water to dry material ratio) ratio has an effect on the strength development 
of the grout. According to Holt (2007) it is generally agreed that as the W/C ratio (water 
to cement ratio) increases, the compressive strength decreases. According to Appa Rao 
(2000) the Abraham`s law (Equation 5-1) describes the relationship between W/C ratio 
(water to cement ratio) and strength development. The law is 
 
σc = A/Bw/c (5-1) 
 
in which σc is the compressive strength of the concrete, w/c is water to cement ratio, A 
and B are constants for the given material, age and test conditions. For grouts containing 
silica fume or other supplementary cementitious materials the law (Equation 5-1) is not 
directly applicable. In such cases the law is 
 
σc = A/BW/C eq.  (5-2) 
 
in which Ceq is an equivalent of cement according to Appa Rao (2000).  
 
The W/C ratio has an effect on the permeability of the grout. Grouts with low W/C ratio 
have fewer pores and lower permeability (Holt 2007). The amount of pores has an effect 
on several chemical reactions, which further have an effect on the strength loss (Holt 
2007, Luna 2006, Shanahan & Zayed 2006). 
 
5.4  The effect of chemical reactions on the setting and strength 
 development 
 
5.4.1  Leaching of the cations 
  
According to Shehata & Thomas (2006) cement based materials contain alkalis. Some 
of these are tied up in crystalline products and are not available for the reactions, but 
some alkalis are available and participate in reactions. 
 
Alonso (2006) describes that leaching involves the attack of water on the CH and C-S-
H. Hydration phases are not stabile and they dissolve in the pH below 12. The pore 
solutions of the grout are usually alkaline. The leaching process begins by removal of 
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alkalis, Na+ and K+. Then the CH phase dissolves. The calcium from the silicates 
dissolves later. 
 
The water causes decalcification of the hardened cement paste (Carde & François 
1998). The leaching increases porosity, which further increases permeability of the 
paste and the loss of strength (Carde & François 1998, Saito & Deguchi 2000). The 
leaching is dependent on the permeability of the cement based material (Holt 2007). The 
composition and the flow of water have a significant effect on the leaching ability (Holt 
2007). For instance NH4NO3 accelerates the leaching process (Carde & François 1998). 
 
Shehata & Thomas (2006) studied the amount of alkali that can be leached from the 
paste sample into solutions with different alkalinities. The result was that the 
availability of the alkalis into the surrounding solutions increases as the calcium and 
alkali content of the blend increases and the silica fume content decreases. Also the 
alkali concentration of the surrounding solution has an effect on the leaching. The 
conclusion made by Onofrei et al. (1992) was that the silica fume addition and the W/B 
ratio do not have an effect on the Ca+ ion release.  
 
5.4.2  Exchange reactions 
 
Ion exchange reactions are a risk for the hardened cement paste. These reactions take 
place if an aggressive fluid is present. As a consequence the Ca2+ ions may become 
removed from the cement paste as soluble or insoluble products. Also the substitution of 
the Ca2+ in C-S-H may happen. If an aggressive fluid is for instance seawater the Ca2+ 
ions are substituted by the Mg2+ions. As a result the C-S-H of the hardened cement 
paste weakens and the cement paste deteriorates. As a consequence the products can 
leach from the cement paste during time. Expansion and cracking of the cement paste 
can be a result from exchange reactions. Also the strength loss of paste is possible (Holt 
2007).  
 
5.4.3  Sulphate attack 
 
Sulphate attack is a phenomenon that happens when sulphates are involved. Some 
researchers consider the sulphate attack as a consequence of chemical reactions between 
the sulphate ions and the hydrated cement paste. The consequence is a chemical change. 
The sulphate attack can be also a physical change as a consequence of the chemical 
change of the cement paste (Neville 2004).  
 
The chemical and physical attacks can be separated: chemical attack involves the 
presence of sulphate ion while the physical attack involves the crystallisation of the salt, 
for example sulphate. The physical attack means change of sodium sulphate 
decahydrate into anhydrous sodium sulphate. As the crystallisation happens in the 
surface of a sample the large pressure develops and the sample breaks (Neville 2004).  
 
According to Shanahan & Zayed (2006) the sulphate attack usually produces expansion 
and cracking and further the loss of strength of the cement paste. This can be avoided by 
controlling the composition of the cement (raw material), especially tricalcium 
aluminate content. The tricalcium silicate has an effect on the amount of expansion. The 
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products of the sulphate attack depend on the type of the cations. In groundwater the 
sulphates are often a combination of calcium, magnesium and sodium sulphates 
(Shanthanam et al. 2006) while in seawater the magnesium sulphate is present (Lea 
1970). If the source is Na2SO4 the products are ettringite and gypsum (Shanahan & 
Zayed 2006). According to Lea (1970) the reaction with magnesium sulphate forms the 
calcium sulphoaluminate. This affects expansion and changes the concrete vulnerable to 
further attack and leaching. 
 
Planel et al. (2004) experimented the sulphate attack of the cement paste in a sodium 
sulphate solution to find out extend of calcium leaching during the sulphate attack. 
During sulphate attack the calcium hydroxide dissolves. This means an outward flux of 
the Ca+ ions. At the same time an outward flux of hydroxide ions and an inward flux of 
SO4

2- ions occur. In addition to sulphates other chemicals, for instance chloride in very 
high concentrations, can have an effect on the mechanism of reaction. According to 
Shanthanam et al. (2006) in groundwater the concentration of the chloride is usually not 
as high as in the seawater and the attach mechanism is thus different. 
 
According to Neville (2004) there is no unique ways to avoid sulphate attack because 
the mechanism of the sulphate attack depends on the cation of the sulphate. There are 
nevertheless some generally accepted manners to avoid it. The sulphate attack can be 
avoided by using mixes with low W/C ratio. The denser the paste, the poorer the 
permeability and the better the change to avoid sulphate attack.  
 
It is thought that the decreasing amount of C3A makes the cement more resistant to 
sulphate attack (Neville 2004). According to Lea (1970) the morphology of the 
aluminate has an effect on the resistance of the cement. If the aluminate is amorphous 
the cement is less susceptible to sodium or magnesium sulphate. According to Issar et 
al. (2000) the low C3S/C2S ratio improves the sulphate resistance of the cement. Lea 
(1970) and Issar et al. (2000) studied the sulphate resistant cement Type V in their 
papers. 
 
5.4.4  Chloride ingress 
 
Luna (2006) has described that the chloride ingress is a serious risk for cement paste 
because chloride reacts with the calcium hydroxide. The product is soluble and can 
leach away. As a result of this the strength of cement paste can weaken. It is also 
possible that the chlorides form salt crystallisation products in the pores. This happens if 
wetting and drying cycles for instance during the fluctuation of the groundwater are 
directed at the material. According to Barberon et al. (2005) the chloride can penetrate 
into the pore solutions of the cement paste if it is in contact with chloride solution.  
 
According to Halamickova & Detwiler (1995) the diffusion of the chloride into the 
cement paste decreases as the degree of hydration increases. Also the increase of the 
W/C ratio reduces the resistance of the chloride diffusion. Tumidajski & Chan (1996) 
have mentioned that the chloride diffusion into the cement paste can be reduced by 
minimizing the porosity of the cement paste. Replacing of the Portland cement by the 
slag reduces the chloride ingress. According to Mejlhede Jensen et al. (1996) the 
connectivity of the pores is an important factor, which has an effect on the chloride 
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ingress. In addition the increase of temperature accelerates the chloride ingress. 
According to Luna (2006) also the concentration of the chloride has an effect on ingress 
and it controls the reaction. 
 
5.4.5  Organic compounds 
 
The organic compounds have an effect on the cementing process (Tremblay et al. 2002). 
According to Paria & Yuet (2006), several researchers have concluded that almost all 
organic compounds have a retarding effect on the setting of the cement paste. 
 
Tremblay et al. (2002) have researched, that for instance the acetic, humic and tannic 
acid, ethylenediaminetetraacetic acid (EDTA) and sucrose have negative effects on the 
strength development of the cement paste and the hydration reaction is delayed. The 
four first of them lower the pH value of the pore solution and probably cause the poor 
cementing process. 
 
5.5  The effect of properties of the grouts and curing conditions on the 
 setting and strength development 
 
5.5.5  Porosity  
 
The hardened cement paste consists of hydration product, water, pores and material, 
which has not been hydrated yet. The strength of the cement paste is produced by the 
continuous three-dimensional structure of the calcium silicate hydrates. The porosity 
decreases the strength of the cement paste. Also the pore distribution has an effect on 
the strength (Viirola & Raivio 2000).  
 
The porosity consists of pores smaller than 1 nm to 1 μm in diameter. The small gel 
pores belong to the hydrated material and their proportion is about 0.2 – 0.3 ml/g of 
cement paste. The bigger pores are called capillary pores. The amount of porosity 
increases as the W/DM ratio increases. The porosity decreases as the hydration 
proceeds. As the original W/DM ratio is low the size of the capillary pores is about 10 – 
50 nm and as the W/DM ratio is high the size is about 3 – 5 μm (Lea 1998).  
 
The capillary pores bigger than 50 nm (macropores) weaken the strength of the material 
and improve the permeability of the cement paste. The smaller pores (micropores) are 
harmful because they have an effect on the drying shrinkage (Mehta & Monteiro 1993). 
It is also possible that the porosity of the cement paste increases by leaching (Carde & 
François 1998). If the porosity is high the aggressive fluids can penetrate through the 
paste and cause the negative effects on it (Neville 2004). The leaching and sulphate 
attack is more intense in the cement pastes with high porosity than in the pastes with 
low porosity (Neville 2004, Holt 2007). 
 
In addition to micro and macro pores the grout possibly contains varying amount of 
bigger air bubbles. According to Ranta-Korpi et al. (2007) the air is mixed into the grout 
during the mixing process and the amount of mixed air increases as the mixing time 
elongates. In ONKALO injection planning the amount of air mixed into the grout is 
assumed to be about 4%. 
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5.5.6  Pressure 
 
During grouting the grout is directed by pressure. The effect of the pressure on the 
strength development of the grout has been researched in a few experiments. 
 
Meducin et al. (2007) have experimented the effect of the pressure on the hydration of 
the tricalcium silicate. The test was organised at the room temperature and at the 
pressure of 1000 bar. The result was that the hydrates formed at the high pressure were 
the same as formed under the atmospheric pressure. A conclusion was that the effect of 
the pressure is kinetic. In that test it became apparent that the dissolution of C3S occurs 
faster, CH precipitates earlier and the porous network closes rapidly in the high 
pressure. 
 
Kronlöf (2003) have experimented an effect of pressure of 3 – 10 bars on the strength 
development of the grout. A conclusion of that test was that the effect of pressure on the 
strength development of the cement based grout is insignificant. The pressure has a 
slight accelerating effect on the strength development. 
 
5.5.7  Temperature 
 
According to Kim et al. (1998) temperature has an important effect on the strength 
development of the concrete (hydration rate and strength). If the curing temperature of 
the cement paste is low in the beginning of curing, the early age strength is also low and 
vice versa. In the case of high curing temperature during the first hours the final strength 
will be decreased. The periodic (duration 24 h) temperature change (increase from 20˚C 
to 40˚C or decrease from 20˚C to 5˚C) during the first 7 days has an effect on the later 
age strength. The low compressive strength of the concrete can be a consequence of 
high curing temperature. According to Lothenbach et al. (2006) the porosity of the 
cement paste increases if it is cured in the high temperature. This is a consequence of 
the dense C-S-H phase and decrease of the ettringite content of the grout. 
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6  LABORATORY TESTS 
 
During the development of low pH injection grout in laboratory the common procedure 
has been to cure the prism samples for compressive strength testing at +20 C and at 
about 100% relative humidity (RH) as done normally for concrete prisms. Obviously 
the curing conditions in laboratory differ of the actual environment from the ONKALO: 
tunnel 50 - 100% RH and 5 - 20 C during construction and rock & groundwater 
7 - 12 C (Holt 2008). The rock temperature has been around +7 C in 2007 
(Appendix 1). The tunnel air and water temperatures vary according to the season, but 
have been generally a few degrees higher, around +10 C most of the year (Appendix 1). 
It is not very well known, what is the relative humidity in fractures inside the rock. It is 
supposed to be close to 100% RH in fractures that have been filled with water before 
grouting. Closer to the tunnel walls the relative humidity of the fractures is possibly 
lower and tends to follow the relative humidity of the tunnel air that varies according to 
the season and actions performed in the tunnel. 
 
It is believed that the temperature difference has been partly the reason for observed 
differences in behaviour of the injection grout in rock and of that cast in prisms or other 
sample holders (Raivio & Hansen 2007). The need to understand more comprehensively 
the behaviour of the low pH injection grout in actual environmental conditions was 
recognized and the prisms were tested at different curing conditions in laboratory in 
2007 to better describe the grout behaviour at ONKALO. 
 
It has been noticed earlier in laboratory that curing at +20 C in moist air sometimes 
leads to strength loss at later ages of the standard mixes, also cracking has been 
observed in a low pH injection grout laboratory prism (Raivio & Hansen 2007). This led 
to studies of deformation along with the compressive strengths of the prisms at 
laboratory at different curing conditions. 
 
Variable curing conditions and their effect on the strength development and the 
deformation of the low pH injection grout in laboratory is described in this Chapter. 
Also compressive strength test results of the field tests are described and compared to 
laboratory prisms. 
 
In 2007 most injection grout prisms were cured at +11 C in water or at +12 C in plastic 
in laboratory that correspond better to the actual field conditions at ONKALO. These 
temperatures are closer to tunnel air temperature, although rock temperature is yet 
lower. However, strength loss has occurred also at moist conditions at +11 - +12 C.  
 
6.1  Curing and compressive strength of laboratory prisms 
 
Laboratory mixes are made with the mixer Desoi DKM-70D and the mixing order for 
the low pH injection grout is: water + cement (mixing 2 min) + SPL + GroutAid micro 
silica slurry (mixing 3 min). For mixes without silica (UF-00-08-2) the total mixing 
time is shortened to 4 minutes as the mix did not behave in gelatinous manner. The 
usual procedure is to cool the materials at +12 C and to mix the grout while cooling the 
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mixer container with cold tap water during mixing at room temperature. The samples 
were kept at +12 C the first day and thereafter at chosen curing condition. Many 
parameters of most fresh and hardened mixes were tested and the composition and all 
the test results are presented in Appendix 2. For compressive strength testing 3 - 6 
prisms sized 40 mm x 40 mm x 160 mm were cast. For deformation measurements 3 
prisms were cast with metal studs at opposite ends. 
 
Curing of shear and compressive strength samples at +12 C was done usually in open 
cups the first few hours at about 50% RH in laboratory. After about 4 hours the samples 
have been covered with plastic to prevent drying. It was observed in the tests of March 
2008 that curing of open samples may lead to partial drying of the sample surface. The 
drying of sample surface might have exaggerated a little the laboratory shear and 
compressive strength results. It is not known if cracking of the prisms have occurred 
already during the first 24 h at +12 C/50% RH. Presently these phenomena are being 
studied, but they may have occurred also in the ONKALO tunnel if the shear strength 
and cup-test samples are left uncovered during curing. Differences in relative humidity 
probably have a little or some effect to the different behaviour of grout in fractures and 
in sample holders. It seems that the sample holders need to be covered directly after 
casting in order to get more comparable test results between grout in fractures and 
samples cured in tunnel. 
 
6.1.1  Laboratory results of 2006 tests: Curing at +20 C at appr. 100% RH 
 
Curing at +20 C and approximately 100% RH has been the most used curing method in 
laboratory for the injection grout prisms in 2006 and also before that. The prisms have 
been cast at the age of 1 h after the Marsh fluidity test. This is because mostly a 3-liter 
batch has been mixed and there would not have been enough grout for the 1 h Marsh 
test if the prisms are cast from fresh grout. Cooling to +12 C of materials, during 
mixing and curing has been the target for the first 24 hours. At the age of 1 d the prisms 
have been demoulded and put at +20 C at approximately 100% RH for the rest of the 
curing period. Moisture curing is necessary because the high W/DM prisms would 
otherwise dry at lower relative humidity and start to shrink and crack.  
 
The age of casting affects a little to the strength development. So does the cement 
consignment, temperature variation and especially mixing efficiency, among others. 
These have been discovered several times as different material consignments, mixers 
and batch sizes have been used. 
 
Table 6-1 shows the single 2006 test results at +12 C the first 24 hours and later cured 
at +20 C at approximately 100% RH. The results of the mixes prepared and cured at 
+7 C the first 24 hours and later at +20 C at approximately 100% RH are shown in 
Table 6-2. Only the results of the mixes that were mixed with the Desoi AKM-70D 
1500 W at similar conditions are shown on the tables. Material consignments vary in the 
mixes. 
 
Strength loss has been observed in some mixes first time during summer 2006. During 
autumn 2006 also cracking of a few prisms cured at 20 C/100% RH was discovered 
(Raivio & Hansen 2007). These led to studies of different curing conditions on the 
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properties of the injection grout mixes late in the year 2006 followed by several tests 
during 2007.  
 
Table 6-1. Single laboratory test results with an efficient mixer at 12 C target 
temperature during the first 24h of the micro cement mixes UF-00-08-2 with no silica, 
UF-15-10-2.8 with moderate silica and UF-41-14-4 high in silica (Raivio & Hansen 
2007). Batch size about 3 litres, curing after 1d at 20 C/100% RH, mixer Desoi AKM-
70D 1500 W.  
 

Mix 
 Density Marsh  

fresh 
Marsh  

1h 

Filter 
Pump 
fresh 
100 

m 

Bleed. 
2 h 

Shear 
str.  
6 h 

Shear 
str.  
24 h 

Comp. 
str.  
1 d 

Comp. 
str.  
28 d 

Comp. 
str.  
91 d 

 kg/m3 s s ml vol-% kPa kPa MPa MPa MPa 
UF-00-08-2 1560 33.5 38.0 320 1.4 1.5 >245 2.8 22.9 20.3* 
UF-00-08-2 1472 31.5 35.5 210 2.5 0.58 >245 2.4 15.3  
UF-15-10-2.8 1439 34.5 43.5 310^ 0.4 1.6 >245 2.4 22.6 27.1 
UF-15-10-2.8 1410 35.0 37.5 305 0.3 0.8 >245 1.9 29.4  
UF-41-14-4 1321 40.0 60.0 310 0.0 2.1 >245 0.7 15.7 21.4 
UF-41-14-4 1318 39.5 44.5 305 0.1 1.6 196 0.6 15.2  
UF-41-14-4#1 1330 39.0 53.5 295 0.1 2.1 >245 0.7 16.9  
UF-41-14-4#2 1343 41.5 56.5 305 0.1 2.1 >245 0.7 15.7  
UF-41-14-4#3 1319 38.5 50.0 300 0.1 1.9 >245 0.7 13.9  
* Strength loss at 91 d 
^ Filter size 130 m. 
# Total mixing time: #1: 4 min, #2: 6 min, #3: 8 min.  
 
Table 6-2. Single laboratory test results with an efficient mixer at 77 C target 
temperature during the first day of the micro cement mixes UF-00-08-2 with no silica, 
UF-15-10-2.8 with moderate silica and UF-41-14-4 high in silica (Raivio & Hansen 
2007). Batch size about 3 litres, curing after 1d at 20 C/100% RH, mixer Desoi AKM-
70D 1500 W.  
 

Mix Density Marsh 
fresh 

Marsh 
1 h 

Filter 
Pump 
fresh 

100 m 

Bleed. 
2 h 

Shear 
str.  
6 h 

Shear 
str.  
24 h 

Comp. 
str.  
1 d 

Comp. 
str.  
28 d 

Comp. 
str.  
91 d 

 kg/m3 s s ml vol-% kPa kPa MPa MPa MPa 
UF-00-08-2 1563 33.0 41.5 310 0.9 0.2 >245 1.2 24.0 18.8* 
UF-00-08-2# 1507 36.5 40.0 310 0.9 0.4 >245 1.5 23.0  
UF-15-10-2.8 1472 37.0 74.0 310 0.2 0.7 >245 1.0 22.2 12.2* 
UF-15-10-2.8# 1463 42.0 52.0 210 0.3 0.8 116 0.5 23.5  
UF-41-14-4 1329 43.5 87.0 240 0.0 0.9 94 0.4 13.0 24.4 
UF-41-14-4# 1326 45.0 71.0 155 0.0 0.8 >245 1.1 17.9  
* Strength loss at 91 d. 
# Prolonged mixing (2+8 minutes). 
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6.1.2  Laboratory results of 2007 tests: Variable curing conditions  
 
In 2007 the curing conditions of the compressive strength prisms were varied. It was 
important to keep the prisms moist during curing, because otherwise they would have 
dried and cracked. The prisms were cured in moulds similarly at +12 C the first day 
after which they were hard enough to be demoulded and put in +11 - +12 C or +20 C in 
water or in plastic to keep them moist.  
 
At curing room of +12 C the RH would be around 50% that is too low for curing of the 
prisms. After about 4 hours the moulds were covered with plastic. After 1d some 
demoulded prisms were first wrapped in plastic and then put in water, but as this caused 
some leakage of water inside the plastic, the prisms were taken out of the water later. 
The water temperature was a little lower, about +11 C, than the air due to evaporation 
of water from open containers. If the water container was covered with the lid, the water 
temperature was close to +12 C. 
 
 
Table 6-3. Variable curing conditions and compressive strength test results of the mixes 
UF-00-08-2, UF-15-10-2.8 and UF-41-14-4. Batch size about 2 - 3 liters, mixer Desoi 
AKM-70D 1500 W. Prism samples 40x40x160 mm3. Curing first 24h covered in moulds 
at +12 C and ~50% RH. After 1d at +12 C and ~100% RH in plastic bags and prism 
surfaces have been moist to dry. 
 

          

Comp. 
str.  
1 d 

Comp. 
str. 
7 d 

Comp. 
str. 
28 d 

Comp. 
str. 
56 d 

Comp. 
str. 
91 d 

Comp. 
str. 

147 d 

Comp. str. 
182 d 

Comp. 
str. 

273 d 

 Mix 

Age of 
casting 

the 
prisms 

Temp. 
<1d, 
50% 
RH 

Temp. 
>1d 

Water 
or 

~RH 
>1d 

        

     °C  °C % MPa MPa MPa MPa MPa MPa MPa MPa 
UF-00-08-2 1 h 12 20 100 5.58 17.1 22.7      
UF-00-08-2 1 h 12 20 water 5.58 15.6 21.1 20.7     
UF-00-08-2 fresh 12 20 100 4.24 16.9 23.7      
UF-00-08-2 fresh 12 11 water 3.73 13.4 19.8 24.8 23.4 23.1 22.6 21.9 
UF-00-08-2 1 h 12 11 water 4.56  19.2   22.2   
UF-00-08-2* fresh 12 12 100 3.46 13.2 19.7 24.0 21.4 22.8 24.2  
UF-15-10-2.8 1 h 12 20 100 2.18 6.9 20.3      
UF-15-10-2.8 1 h 12 20 water 2.18 6.8 18.4 20.7     
UF-15-10-2.8* fresh 12 12 100 1.22 3.6 6.9 12.9 16.9 16.9 18.0  
UF-15-10-2.8 1 h 12 12 100 1.71  15.1  25.4    
UF-41-14-4 1 h 12 20 100 0.58 2.1 16.9      
UF-41-14-4 1 h 12 20 water 0.58 1.7 13.2 20.1     
UF-41-14-4 fresh 12 20 100 0.53 1.9 14.5      
UF-41-14-4 fresh 12 11 water 0.61 1.39 2.5 8.3 14.6 18.6 16.9 16.8 
UF-41-14-4 1 h 12 11 water 0.67  3.2   14.4   
UF-41-14-4* fresh 12 12 100 0.48 1.2 2.8 10.7 13.6 16.5 19.4  
UF-41-14-4 1 h 12 12 100 0.54  8.3  19.5    
UF-41-14-4 1 h 12 12 100 0.56  8.2  19.6    
*some water had come into contact with the prisms the first months
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At the same time prisms were cast to study the deformation in corresponding 
environment. Variable curing conditions and corresponding compressive strength test 
results are presented in Table 6-3 and in the following figures. 
 
As can be seen from Table 6-3 the compressive strength test results vary depending on 
curing conditions, material consignments and whether the prisms are cast from fresh or 
1h old grout, but also batch size and grout temperature after mixing may affect to the 
test results. Curing in water lowers the strength development. Casting the prisms at 1h 
age gives a little better early strength, but it affects negatively at later age. The 3 last 
mixes of UF-41-14-4 of Table 6-3 have been mostly made and cured in the same 
manner, but the first of them was cured a couple of months in plastic in water in the 
beginning. The cement consignment has been the same in the three mixes, but GroutAid 
was of older consignment and also the grout temperature was about 6 C lower in the 
first mix. The details of the mixes are given in Appendix 2. 
 
All the mixes of the Table 6-3 have been tested for compressive strength at the age of 
28 d. If all the other variable conditions are disregarded except the curing temperature, 
either +20 C of +12 C, it can be calculated that the mean 28 d compressive strength at 
+12 C is 87% of that at +20 C of the mix UF-00-08-2, 57% of the mix UF-15-10-2.8 
and only 34% of the mix UF-41-14-4. It seems that the higher the micro silica and SPL 
content and W/DM ratio the slower the compressive strength development will be at 
lower temperature of +12 C. Variation occurs, of course, due to different curing 
conditions. Final strength is eventually reached of the mix UF-41-14-4 at the age of 
3 - 6 months at +12 C supposing that the grout is not leached or harmed otherwise 
before that. It can also be estimated that the compressive strength development slows 
further at even lower temperature of about +7 C that is close to present temperature of 
ONKALO rock (Ranta-Korpi et al. 2007). 
 
More detailed descriptions of the effects of variable curing conditions on volume 
deformation and compressive strength development of the studied mixes are as follows. 
 
Curing at +20 C and at 100% RH or in water was tested of the mixes UF-00-08-2 
and UF-41-14-4 to observe the general trends and possible differences in the two 
environments (Fig. 6-1). Compressive strength results of the prisms are given in 
Figure 6-2. 
 
The prisms were cast of fresh grout for deformation tests. The deformation test prisms 
were cured at +20 C/100% RH the first 24h while compressive test prisms were cured 
at +12 C. Curing in these conditions shows expansion of both samples during the 56d 
measuring period. The expansion is relatively high of the prisms UF-41-14-4, 
approximately 3.5 times bigger than of the prisms UF-00-08-2. The actual expansion 
has probably been even higher because no measurements could be made while the 
prisms are still hardening in the mould during the first 24 hours. Indeed, it was observed 
by bare eye that the grout UF-41-14-4 had already expanded in the mould and had risen 
above the surface of it. Later curing in water gives slightly lower total expansion than 
curing in air at 100% RH. This may be due the fact that the water temperature is usually 
slightly lower due to evaporation of water that cools the remaining water at the same 
time. 
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A few map cracks were observed at 28 d on the prism UF-41-14-4 cured in 100% RH. 
The UF-41-14-4 prisms in water reached the peak at 28 d after which they started first 
to shrink, but later again expanded. This may indicate that cracks started to form also in 
the prisms cured in water. 
 
The prisms were cast either at the age of 1 h or freshly after mixing. At 56 d all the 
mixes show approximately the same 20 MPa compressive strength of the water cured, 
+2 C prisms cast at 1 h. The mix UF-00-08-2 is quickest in the strength development, 
but starts actually lose a little of the maximum strength after 28 d. This could have be 
caused by deformation and possibly cracking of the mix. The mix UF-15-10-2.8 is 
somewhat slower in strength development, and seems to be close to maximum strength 
at 56 d.  
 
The mix UF-41-14-4 with highest silica content and W/DM is clearly slowest in early 
strength development of the three mixes. Yet, it seems that it has not reached the 
maximum strength at 56 d while cured at +20 C in water in spite of the probable micro 
cracks that may have been forming during water curing after about 40 days. Cracking 
may have possibly caused re-expansion. 
 
Water curing gives slightly lower strength development than curing in 100% RH at 
+20 C. The water temperature may actually have been a little lower, by approximately 
1 C, than the air temperature due to cooling effect caused by the evaporation of water. 
Besides, water is probably more effective to damp the heat development of reactive 
cement and this may result in slightly lower strength than in the air-cured prisms. 
 
The time of casting the samples has a noticeable effect on the strength especially at 28 d 
(not studied at later ages). Freshly cast mix UF-00-08-2 shows slightly better strength at 
28 d than the mix cast at 1 h. The already formed cement hydrate minerals are possibly 
partially destructed at 1 h after re-mixing and casting in the mould and this has a slight 
negative effect on the strength at 28 d. 
 
The slower reactivity (and strength development) of the mix UF-41-14-4 allows mixing 
and casting the grout at the age of 1 h that, indeed, seems even to accelerate the 
hydration. The grouts are kept in laboratory at +12 C for 1 h without mixing and 
thereafter mixed with a bore drill mixer just before casting in to the moulds.  
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Figure 6-1. Volume change of the laboratory prisms cured at +20 C either at 100% RH 
or in water. The prisms were cast of fresh grout. 
 

 
 
Figure 6-2. Compressive strengths of the laboratory prisms cured at +20 C either at 
100% RH or in water. 
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Curing at appr. +11 C in water was tested of the mixes UF-00-08-2 and UF-41-14-4 
to observe the effect of the lower curing temperature on the deformation and strength 
development of the prisms. These curing conditions are supposed to be closest to the 
environment prevailing in moist fractures in ONKALO rock, although the temperature 
may be even lower in rock. 
 
The open water container was kept in a room at +12 C air temperature. The temperature 
of water remains at a little lower level than in the air, because the water cools due to 
evaporation to approximately +11 C.  
 
The prisms were cast of fresh grout for deformation and compressive strength tests. The 
magnitude of expansion of the mix UF-00-08-2 (Figure 6-3) is at slightly lower level 
compared to that at +20 C (Figure 6-1) up to 56 d. The maximum expansion of the mix 
UF-00-08-2 is about 0.52 mm/m at the age of 3 weeks in water at +11 C. After that UF-
00-08-2 shrinks a little but remains approximately at the same level through the whole 
measuring period of nearly 6 months. 
 
Two out of 3 UF-41-14-4 prisms were a little soft at the age of 1 d as the prisms were 
remoulded at +12 C. Two prisms yielded at the deformation measurement and showed 
erroneously shrinkage values while compared to the next day's measurement. The third 
prism seemed to give a consistent measurement result with over the measuring period. It 
showed expansion by about 0.5 mm/m from 24 hours age up to 48 hours age, thereafter 
about 0.3 mm/m up to 72 hours. It is credible that the actual expansion is most intense at 
the beginning of the hardening period. This is why the measurement result of about 
0.5 mm/m between the 24 h to 48 h is added also to the other two prism results and the 
average of the three prisms is shown in Figure 6-3. Naturally, there has been expansion 
in the prism mould during the first 24 h, but it has probably been smaller than in those 
cured in water at +20 C. 
 
The expansion of the prisms UF-41-14-4 is again clearly higher than that of the prisms 
UF-00-08-2, the difference is about 2.8 times. Yet the total amount of the expansion is 
only half of that caused by curing in water at +20 C (Figure 6-1) up to about 56 d and 
the expansion has been slightly less steep. After that the expansion gets steeper and 
reaches a maximum at 86 d followed by a small shrinkage and a flattening period up to 
113 d. Expansion then begins again and continues through the measuring period up to 
about 6 months. 
 
Compressive strength results of the prisms are given in Figure 6-4. The mix UF-00-08-2 
is again quickest in the strength development of the freshly cast prisms in water at 
+11 C, but reaches the maximum strength slower, at 2 months, than at +20 C. After this 
the strength starts to lower little by little. This could have been caused by possible 
cracking of the prisms. The weigh of the prisms increases steadily little by little and is 
about 3.3% higher at the age of 6 months in water at +11 C compared to the start. The 
UF-00-08-2 prisms cast at 1 h the same day as the freshly cast prisms with same 
material batches shows better compressive strength only at the age of 1 d, after that the 
strength is a little poorer than those prisms cast of freshly mixed grout (note: only 3 
measurements made of the grout cast at 1 h). Due to slower reactivity of the mix 
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UF-00-08-2 at +11 C, the compressive strength at 28 d is slightly lower than at +20 C, 
but slightly better at later ages.  
 
It is possible that almost the first 3 months hardening period in water at +11 C of the 
mix UF-41-14-4 shows expansion that is connected mostly to the hydration of cement 
and strength development. The peak of deformation at 3 months actually coincides 
exactly to the turning-point of the steepest strength build-up gradient (Figure 6-4). After 
3 months the strength of the mix UF-41-14-4 continues to grow with a slower rate up to 
5 months reaching the maximum strength of 18.6 MPa. The compressive strength was 
not tested at 4 months, but it is supposed to settle between the 3 and 5 months strengths 
as the 3 months strength is already deviating from the steepest strength build-up 
gradient. 
 
The later expansion period after about 4 months may be connected to forming of micro 
cracks in the UF-41-14-4 prisms (Fig. 6-3). It may have already diminished the 
maximum strength at 5 months and at 6 months the strength is clearly descending likely 
due to cracking. About 1.5 MPa higher maximum strength level is reached quicker in 
water at +20 C at the age of 2 months although expansion is already nearly 2 mm/m. 
The weigh of the prisms also increases steadily little by little and is about 2.9% higher 
at the age of 6 months in water at +11 C compared to the start. 
 
The UF-41-14-4 prisms cast at 1 h show better compressive strength at the ages of 1 d 
and 28 d (Fig. 6-4), after that the strength is clearly poorer than those prisms cast of 
freshly mixed grout (note: only 3 measurements made of the grout cast at 1 h).  
 

 
 

Figure 6-3. Volume change of the laboratory prisms cured at +11 C in water. The 
prisms were cast of fresh grout. 
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Figure 6-4. Compressive strengths of the laboratory prisms cured at about +11 C in 
water. Note: the prisms cast at 1 h measured only at ages 1, 28 and 147 days. 
 
Curing at +12 C and at appr. 100% RH. The relative humidity of the curing room at 
+12 C of Contesta Oy is balanced to approximately 50% as the water containers are 
open and water is let freely to evaporate. Therefore the prisms cannot be cured freely in 
air at +12 C, as this would lead to shrinkage and cracking of the prisms due to drying. 
The prisms of the mixes UF-00-08-2, UF-15-10-2.8 and UF-41-14-4 were cast and 
wrapped tightly in plastic and then put in water in a closed container at +12 C as humid 
environment was reached for. The water temperature is about 1 C lower in open 
containers and approximately the same as air in containers that are covered with a lid. 
Unfortunately, some water managed to get into contact with the prisms and this resulted 
into partly zigzag manner of the deformation curves. This is why the deformation of the 
prisms at +12 C at approximately 100% RH is not presented in this report. 
 
Deformation of the field prisms UF-41-14-4 wrapped in plastic (no water contact) at 
+12 C is presented in Fig. 6-5. They represent the mode of deformation of the prisms 
that are dry at the surfaces, but cured tightly wrapped in plastic so that the RH would be 
close to 100% and there would be no weight loss and shrinkage due to drying. Nor 
would the prisms gain weight due to water intake. The prisms show rather extensive 
autogenous shrinkage. After 9 months curing in plastic at +12 C the compressive 
strength of the prisms was 23.8 MPa in average. 
 
It has been observed also earlier at VTT (Orantie & Kuosa 2008) that the low pH 
injection grout prisms that are cured without either losing weight or gaining weight that 
rather extensive autogenous shrinkage occurs. The prisms are actually shrinking without 
losing any weight (=no water is allowed to evaporate from the prisms). The behaviour is 
quite opposite of the low pH injection grout prisms that expand considerably if cured 
freely in water. The reasons for this kind of behaviour at different curing conditions are 
discussed in Chapter 9.2.2. 
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The compressive strengths of the laboratory prisms that were cured first wrapped in 
plastic in water in a closed container at +12 C is presented in Figure 6-5. The prisms 
had come into contact with water during the curing and at 2 months age the prisms in 
the plastic bags were put on the shelf of a closed box above the water surface. The air 
temperature inside the box was the same as in water, +12 C. 
 
The compressive strength test results of Figure 6-6 coincide rather well with those 
shown in Figure 6-4, especially the first 1-2 months. The mix UF-41-14-4 shows more 
rapid strength build-up at the age of 2 months. The deviations may partly be caused by 
different cement consignment and partly by differences in curing. The mix 
UF-15-10-2.8 settles nicely between the other two, but closer to the mix UF-41-14-4. 
Actually the final strength of the two at 5 months age is almost the same, but the mix 
UF-15-10-2.8 has already evened out in strength build-up while the mix UF-41-14-4 
seems still to be building strength. 
 
 

 
 
Figure 6-5. Volume change due to autogenous shrinkage of the field prisms UF-41-14-4 
cured in plastic at +12 C. The prisms were cast of fresh grout. The studs at the end of 
the prisms were loose and they were glued at the ends of the prisms in the laboratory. 
For this reason the measuring started at the age of 4 days. Average compressive 
strength was 23.8 MPa after 274 days. 
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Figure 6-6. Compressive strengths of the laboratory prisms cured at +12 C in plastic 
bags surrounded the first 2 months by water and later by air. The prisms were damp as 
some water came into contact with them during curing. 
 

6.1.3  Curing in a closed mould at +11 C in plastic/water 
 
As described earlier in this chapter curing of the low pH injection grout freely in air or 
water leads to rather large expansion of the prisms. The situation differs from the rock 
where expansion is prevented by the fracture walls. In this test the idea was to prevent 
the expansion of the grout by casting the low pH injection grout into a closed mould in 
laboratory. This would simulate more closely the actual situation in the rock. Strength 
development and microstructure of the prisms were studied. 
 
The mix UF-41-14-4 was mixed and cast freshly into the mould that was covered with 
steel lid (Figure 6-7a). The mould was wrapped tightly in double plastic bags and placed 
in open water container (Figure 6-7b) that was kept in a room with +12 C air 
temperature to make comparisons to other samples cured likewise. Curing temperature 
of water remains at a little lower level than in the air, approximately +11 C.  
 
Some time during the 4-months curing time the plastic bags had broken and water had 
come into contact with the prism mould (Figure 6-7c). Obviously some water had come 
into contact with the prisms, too. The prisms looked otherwise solid as they were 
demoulded (Figure 6-7d), but small pieces on grout, max  2 - 3 cm had chipped off 
from the prism tops. White crystals were observed on the chipped surfaces (Figure 6-8). 
These are probably portlandite. It is possible that chipping of the prism surfaces have 
occurred during the curing due to autogenous shrinkage when water has not yet come 
into contact with the prisms. Later, when water has come into contact with the prisms, 
they may have expanded tightly against the mould surfaces. Portlandite crystals 
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probably have crystallized on the chip surfaces while the prisms have come into contact 
with water. 
 

 

 
Figure 6-7a. Grout UF-41-14-4 cast into 
a closed mould. 

 
Figure 6-7b. The mix UF-41-14-4 was 
cured 4 months in a closed mould in 
plastic bags in water of appr. +11 C. 

 
Figure 6-7c. Water had penetrated in 
plastic bags during the 4-month curing 
time. 

 
Figure 6-7d. The UF-41-14-4 prisms 
after the 4-months curing time in the 
closed mould. 

 

 
 
Figure 6-8. Prism of mix UF-41-14-4 after 4 months in a closed mould in water at 
+11 C and thereafter 2 months in a plastic bag at +12 C. A chip of grout have come off 
at the top right hand corner while demoulding at the age of 4 months. White portlandite 
crystals have been formed on the chip surface. This prism was tested for flexural 
strength at the age of 4 months and for compressive strength at the age of 6 months. 
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One of the prisms was tested for compressive strength directly after demoulding at the 
age of 4 months. One prism was also tested for flexural strength and cured further in a 
plastic bag at +12 C with the third prism. Compressive strengths were again tested at 
the ages of 5 and 6 months. According the test results the final strength of the mix 
UF-14-41-4 is nearly reached at the age of 5 months in the closed mould at 
+11 - +12 C. The strength at 6 months is almost the same. The strength test results are 
given in Table 6-4 and all test results in Appendix 2. 
 
The prisms were studied with a stereomicroscope after demoulding at the age of 
4 months. There were some air pores in the prism, max  1.9 mm. The pores were 
filled with water. Some portlandite had crystallized in the pores. The grout was 
otherwise dense and homogenous. No bigger silica agglomerates were observed. The 
broken surface had splintered in the compressive strength test. After the broken surface 
had dried plenty of white crystals, approximately  0.1 mm in size, was observed on it 
(Figure 6-9). These are most likely portlandite crystals (Ca(OH)2).  
 
The bigger cracks that caused chipping on the prism surface, were formed probably due 
to autogenous shrinkage. The cracks also contained plenty of portlandite crystals 
(Figure 6-10). They were bigger in size, approximately  0.2 - 0.3 mm, than those in 
the grout. The crystals in crack have probably crystallized after water had come into 
contact with the prisms during the curing of 4 months.  
 
 
Table 6-4. Strength test results of the UF-41-14-4 low pH injection grout cast into a 
closed mould for 4 months in laboratory.  
 

Age Curing Temp. 
C 

Compr.  
Strength 

MPa 

Flexural  
Tensile 

Strength 
MPa 

119d (4 months) Closed mould,  
Plastic bag in water,  

Dry - later wet prisms 

11 17.3 1.22 

147d (5 months) Plastic bag, dry prisms 12 19.8 - 
182d (6 months) Plastic bag, dry prisms 12 20.2 - 
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Figure 6-9. Broken surface of a prism of 
mix UF-41-14-4 after 4-months in a closed 
mould in water at +11 C. Plenty of white 
portlandite crystals, approximately  0.1 
mm in size, have crystallised in the grout. 
Bigger portlandite crystals are seen in the 
air pores. The height of figure about 9.0 
mm. 

 
 

Figure 6-10. Prism of mix UF-41-14-4 
after 4-months in a closed mould in water 
at +11 C. A crack has formed probably 
due to autogenous shrinkage of a dry 
prism. Later when water had come into 
contact with the prism plenty of white 
portlandite crystals, approximately  0.2 
- 0.3 mm in size, have crystallised on the 
crack surfaces. The height of figure about 
13.7 mm. 

 

The curing of mix UF-41-14-4 in the closed mould surrounded by water at +11 C may 
resemble the actual environment in fractures in ONKALO. If the fracture is dry 
autogenous shrinkage of the mix probably occurs and fractures may be formed. If 
moisture is available in the fracture the grout probably behaves in expanding manner 
and fills tightly the fracture. There seems to be no harm of the pressure given by 
fracture walls to the compressive strength development, although it is rather slow. The 
final strength is achieved at about 5 months and it is slightly better than those of mix 
UF-41-14-4 cured freely in water at +11 C at the same age.  
 

6.2  Effect of accelerator on setting and strength development 
 
Micro silica used in injection grouts demands more water and SPL to make the grout 
more workable. These lower the strength development of the mixes, especially during 
the first weeks, the effect being stronger the higher the micro silica amount (15 - 41% of 
DM) and the lower the temperature (+11 … +20 C) are (Figs. 6-2 & 6-6). It was 
recognized that the early age setting and strength development of the injection grout 
need to be improved. For this purpose accelerated normal and low pH injection grouts 
were tested in laboratory to find suitable type and amount of the accelerators. Besides 
the setting behaviour and strength development it was necessary to study the effect of 
adding ACC into the grout on its fresh state properties. 
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Two types of accelerators were tested for the injection grouts: alkali free Mapequick 
AF-2000 by Rescon Mapei and 36% calcium chloride liquid by Nedmag Industries. 
Dosing of ACC was either 2 or 5 wt-% of DM. Two consignments of cement UF16 
were used in the tests. GroutAid of two consignments was tested in the mixes with 2% 
of accelerator. In the tests with 5% ACC and in the reference mixes GA was used of the 
later, April 2007 consignment. Variation in materials had some effect to the test results. 
All the results are given in Appendix 2. 
 
The mixing order and times were kept otherwise the same, but the accelerator was 
added into the grout 30 s before the mixing time ended. The materials were cooled at 
+12 C before mixing. The grouts were also cooled during mixing by immersing the 
mixing bowl into cooling water. After mixing the grout temperatures varied around 
19 - 23 C. 
 
After mixing usual tests were performed but penetration ability by filter pump and 
Marsh fluidity were tested more often. The changes in workability were studied up to 
two hours. The shear strength and bleeding test specimens were cast from freshly mixed 
mix and cured usually at +12 C, in two cases at +7 C. The prisms were cast from the 
fresh grout or at 1 h, wrapped in plastic bags at 1 d and cured at +12 C. The prisms of 
two mixes were cured in plastic bags at +7 C. Compressive strength of the prisms was 
tested at the ages of 1, 28 and 91 d. 
 
The test results of the mixes with 2% of accelerator are shown in Table 6-5 and 5% in 
Table 6-6 together with two reference mixes (ACC 0%). The compressive strength 
development is shown in Figures 6-11 and 6-12.  
 
Both accelerators impair the Marsh fluidity, the effect being more intense with ACC 
AF-2000 than with ACC CaCl2, with higher ACC dosing and elapsed time. With 5% of 
ACC CaCl2 the Marsh fluidity was quite acceptable of the mix UF-41-14-4 (5%); it was 
slightly poorer at fresh state (43.5 s) and somewhat poorer at the age of 1 h (55.0 s) 
compared to the reference mix (37.0 s and 46.0 s, respectively). This means in practice 
that pumpability still exists. 
 
Using 2% of ACC does not have much affect on penetration ability by the filter pump, it 
is practically the maximum with almost all mixes. Only the mix UF-41-10-3 (2%) with 
ACC CaCl2 starts slightly to decline in penetration ability at the age of 1 h and onwards. 
 
5% dosing of ACC AF-2000 affects negatively the penetration ability of the mix 
UF-41-14-4 (5%), comparable mix with 5% ACC CaCl2 has no negative effect on 
penetration ability up to 1h. Better mixing improves penetration ability with 5% 
AF-2000. 



 

 
 
Table 6-5. Laboratory tests at +12 C of the injection grout mixes with accelerator (ACC 0 or 2 wt-% of DM). Two cement consignments. 
Batch volume varies between 2.9 - 4.5 l, mixer Desoi AKM-70 D 1500 W. 
 

Mix ACC ACC SPL Batch Bulk  
density 

Marsh 
fresh 

Marsh 
1h 

Marsh 
2h 

Filter 
Pump 
fresh 
100 

m 

Filter 
Pump 

15 
min 
100 

m 

Filter 
Pump 
0.5 h 
100 

m 

Filter 
Pump 

1 h 
100 

m 

Filter 
Pump 

2 h 
100 

m 

Bleed. 
2h 

Shear 
str. 
4h 

Shear 
str. 
6h 

Shear 
str. 
24h 

Comp. 
str. 

prisms 
cast 

at age 

Comp. 
str. 
1d 

Comp. 
str. 
28d 

Comp. 
str. 
91d 

 type % % volume l g / ml s s s ml ml ml ml ml vol-% kPa kPa kPa  MPa MPa MPa 
UF-15-10-2.8, 
reference mix  0 2.8 3.0 1443 33.5 38.0  310     0.3  0.62 >245 1 h 1.71 15.1 25.4 
UF-15-10-2.8 (2%) CaCl2 2 2.8 4.5 1440 35.5 43.5 52.5 310   310 310 0.5 0.40 3.47 >245 fresh 2.29 14.8 26.2 
UF-41-14-4,  
reference mix  0 4 2.9 1313 37.0 46.0  310     0.1  1.01 >245 1 h 0.56 8.2 

19.6 

UF-41-14-4 (2%) AF-2000 2 4 2.9 1343 38.5 44.0  305 310 310 310  0.0 <0.15 <0.15 43 1 h 0.27 9.0 20.1 

UF-41-14-4 (2%) CaCl2 2 4 2.9 1314 40.0 50.5  310 310 295 310  0.1 0.25 2.18 >245 1 h 0.75 10.9 21.4 

UF-41-14-3 (2%)* CaCl2 2 3 4.5 1257 34.4 40.0 44.0 310   310 310 0.5 0.16 1.18 103 fresh 0.48 4.8 14.3 

UF-41-12-3 (2%) CaCl2 2 3 4.5 1305 >100   310   310 300 0.0 1.18 6.72 >245 fresh 1.0 14.3 24.7 

UF-41-10-3 (2%) CaCl2 2 3 4.5 1403    300   270 220 0.0 2.77 12.8 >245 fresh 1.82 19.5 29.9 
*probably erroneous test results possibly due to weighing error (bulk density too low). 
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Table 6-6. Laboratory tests at +12 C or +77 C of the injection grout mixes with accelerator (ACC 0 or 5 wt-% of DM). Two cement 
consignments. Batch volume varies between 2.9 - 5.2 l, mixer Desoi AKM-70 D 1500 W. 
 

Mix Temp. 
target ACC ACC SPL Batch Bulk 

density 
Marsh 
fresh 

Marsh 
1 h 

Marsh 
2 h 

Filter 
Pump 
fresh 
100 

m 

Filter 
Pump 

15 
min 
100 

m 

Filter 
Pump 
0.5 h 
100 

m 

Filter 
Pump 

1 h 
100 

m 

Filter 
Pump 

2 h 
100 

m 

Bleed. 
2 h 

Shear 
str. 
4 h 

Shear 
str. 
6 h 

Shear 
str.  
24 h 

Comp. 
str. 

prisms 
cast 

at age 

Comp. 
str. 
1d 

Comp. 
str. 
28d 

Comp. 
str. 
91d 

 °C type % % volume l g / ml s s s ml ml ml ml ml vol-% kPa kPa kPa  MPa MPa MPa 
UF-15-10-2.8, 
reference mix 12   0 2.8 3.0 1443 33.5 38.0  310     0.3  0.62 >245 1 h 1.71 15.1 25.4 

UF-15-10-2.8 (5%) 12 CaCl2 5 2.8 4.5 1407 37.5 50.5 86.5 300   310 120 0.2 1.61 14.6 >245 fresh 2.78 17.4 23.6 
UF-41-14-4,  
reference mix 12   0 4 2.9 1313 37.0 46.0  310     0.1  1.01 >245 1 h 0.56 

8.2 
19.6 

UF-41-14-4 (5%) 12 AF-2000 5 4 2.9 1352 63.5 >100  290 160 170 80  0.0 1.0 1.17 57 1 h 0.23 7.6 17.3 

UF-41-14-4 (5%) 12 AF-2000 5 4 5.2 1309 48.0 >100  300  300 300 300 0.0 0.94 1.32 53 fresh 0.17 4.1  

UF-41-14-4 (5%) 12 CaCl2 5 4 2.9 1314 43.5 55.0  310 305 310 300  0.0 1.08 5.02 196 1 h 0.84 11.3 20.6 

UF-41-14-4 (5%) 12 CaCl2 5 4 4.5 1294 42.0 77.0  300   310 160 0.0 1.00 6.04 245 fresh 0.87 13.3 20.0 

UF-41-14-4 (5%) 7 AF-2000 5 4 5.2 1304 65.0 >100  305  300 285 260 0.0 0.71 1.22 31 fresh 0.13 2.7  

UF-41-14-4 (5%) 7 CaCl2 5 4 4.5 1310 45.0 85.0  300   300 140 0.0 0.68 3.68 130 fresh 0.58 4.0 14.3 
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Figure 6-11. Compressive strengths of the laboratory prisms cured at +12 C in plastic 
bags. Either Mapequick AF-2000 or Nedmag CaCl2 was used as accelerator except in 
the two reference mixes with no accelerator. The prisms were cast from freshly mixed 
grout or at the age of 1 h, see Table 6-5 for details.  
 

 
Figure 6-12. Compressive strengths of the laboratory prisms cured at +12 C or at 
+77 C in plastic bags. Either Mapequick AF-2000 or Nedmag CaCl2 was used as 
accelerator except in the two reference mixes with no accelerator. The prisms were cast 
from freshly mixed grout or at the age of 1 h, see Table 6-6 for details. 
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The main focus on the test series has been to achieve more rapid early setting at low 
temperatures. With ACC AF-2000 this goal is not reached with 2% dosing (Table 6-5). 
At 28 and 91 d the compressive strength test results are slightly better than those of the 
reference mix, but poorer than those of the mix with 2% CaCl2. 
 
The mix UF-15-10-2.8 (2%) with ACC CaCl2 shows about 5 times better 6 h shear 
strength (3.47 kPa) compared to the reference mix, and compressive strength is almost 
the same or slightly better up to 91 d (Table 6-5). The mix UF-41-14-4 (2%) with ACC 
CaCl2 has doubled the shear strength at 6 h (2.18 kPa) and the compressive strength is 
markedly better up to 91 d compared to the reference mix. The mixes with lower W/DM 
-ratio and SPL amounts further clearly improve the shear and compressive strengths 
with 2% CaCl2. 
 
The mix UF-15-10-2.8 (5%) with ACC CaCl2 (Table 6-6) shows more than 20 times 
better 6 h shear strength (14.6 kPa) compared to the reference mix, at 1 d the 
compressive strength is 1.5 times better and at 28 d still slightly better than those of the 
reference mix. At 91 d the situation is reversed. Different cement consignments and 
batch sizes probably affect somewhat to the test results, too. 
 
The ACC AF-2000 behaves quite poorly in the mix UF-41-14-4 (5%) (Table 6-6). At 
6 h the shear strength is slightly better (1.32 kPa) than that of the reference mix 
(1.01 kPa), but already at 24 h the shear strength drops drastically to about 1/4th of the 
reference and at 1 d and 28 d the compressive strengths of the well mixed grout are 
clearly lower than those of the reference mix. The difference in compressive strength is 
not so marked in the grout that was mixed less efficiently in smaller amount. 
 
The mix UF-41-14-4 (5%)with ACC CaCl2 shows 5 - 6 times better 6 h shear strength 
(5 - 6 kPa) and about 1.5 times better 1 d and 28 d compressive strength than those of 
the reference mix, at 91 d the difference in compressive strengths is quite small 
(Table 6-6). The results are slightly better with the grout that was mixed more 
efficiently as a bigger batch and with fresh cement consignment although also the age of 
casting the prisms has some effect to the strength development. 
 
The mix UF-41-14-4 (5%) with ACC AF-2000 or CaCl2 was tested also with curing the 
samples at +7 C (Table 6-6). The mix with AF-2000 was made with same cement 
consignment and batch size as at +12 C. The behaviour is almost identical and poor at 
both temperatures, but still slightly poorer at +7 C. Only the shear strength at 6 h is 
slightly better at +7 C than the reference mix UF-41-14-4 without ACC at +12 C. The 
mix with 5% CaCl2 shows about 3.5 times better 6 h shear strength (3.68 kPa) than the 
reference mix, but after 1 d the strength development slows remarkably being only 
slightly better than that of the mix with 5% AF-2000 at 28 d. Lower curing temperature 
therefore slows the strength development during the first weeks, but by using 5% ACC 
CaCl2 in the low pH injection grout the early setting may be fastened considerably also 
at +7 C temperature. 
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6.3  Effect of simulated ground water chemistry on setting behaviour  
 
During the field tests in ONKALO it has been observed occasionally that the setting and 
hardening of the standard and low pH injection grouts has been remarkable longer in the 
rock than of the test samples taken from same grouts and cured in the tunnel. Obviously 
lower temperature in the rock may explain the differences to some degree, but there 
seem to be other reasons for delayed setting in the rock, too. It has been suspected that 
the effect of groundwater chemistry on the reactions of the fresh injection grout may 
partly explain the delayed setting in the grouting holes. It was considered also possible 
that the contact of water with the grout slows the setting solely. For example, locally the 
W/DM -ratio may rise because groundwater is mixed with grout. 
 
To study the effect of groundwater chemistry on setting behaviour and strength 
development, test samples were prepared of the mixes UF-15-10-2.8 and UF-41-14-4 in 
laboratory. The grouts were tested for some fresh state properties and several samples 
were cast for shear strength and compressive strength testing. The test specimens were 
cured at +12 C in air and in two types of simulated ground waters.  
 
The compositions of the two simulated groundwater solutions (ALL-MR and OL-SR) 
are shown in the beginning of the report (see Simulated groundwaters and their 
composition). The solutions were prepared by VTT and delivered to the laboratory just 
before mixing ready-cooled to about +8 C. Both solutions comprised of 7 liters. 
 
A 4-liter batch was prepared of the mixes UF-15-10-2.8 and UF-41-14-4 as usual 
having cooled materials and with cooling during mixing. Bulk density, Marsh fluidity 
and penetration ability by filter pump of the fresh grout were measured. For shear 
strength tests 24 samples and for compressive strength tests 3 prism moulds with 3 
prisms in each were cast from the fresh grout (Figure 6-13). Of both grouts 8 shear 
strength test samples and 1 prism mould were put for air curing at +12 C and for curing 
in boxes with both ALL-MR and OL-SR waters in the same room. Because of the 
limited amount of water to cover all the samples some gravel in plastic bags were put in 
the boxes to raise the water surface above the test samples (Figure 6-14). The boxes 
were covered with lids after all the samples were put inside. 
 
The grout temperatures after mixing were about +21 C of the mix UF-41-14-4 and 
+24.5 C of the mix UF-15-10-2.8 (Table 6-8). The grouts seemed to have raised also 
the water temperatures due to cement hydration reactions during the first 24 h in the 
boxes. It was estimated that the water temperatures had been around +14 C in average 
in the boxes during the first 24 h while the air temperature had been +12 C. After the 
first day also water temperature dropped close to +12 C as prism moulds and almost all 
shear strength samples had been removed for testing. The higher temperature of the 
water-cured samples the higher the shear strength and compressive strength test results 
to some degree compared to air-cured samples at least during the first day. However, the 
water-cured samples are fully comparable to each other as they were treated similarly 
during curing. 
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Figure 6-13. Compressive strength prism 
samples of the mix UF-41-14-4 being cast 
in the +12 C curing room. At the back 
setting test sample holders. 

Figure 6-14. AL-MR (right) and OL-SR 
(left) water containers with compressive 
strength prism moulds on the bottom and 
setting test samples on the top in the 
+12 C curing room.  

 

 

Shear strength was tested at the ages of 4, 5, 6, 7, 8, 24 and 31 h (Table 6-7). The 
minimum shear strength value possible to obtain with the method is 15 kPa and the 
maximum 245 kPa. It was not necessary to test the shear strength at 48 h as all the 
samples would have already reached the maximum 245 kPa. After 24 h the prisms were 
demoulded and bare prisms were put back into water- or air-curing. Compressive 
strength test was performed at 1, 28 and 91 d (3 measurements per age). Shear strengths 
between 4 and 10 hours are shown in Figure 6-15 and between 4 and 31 hours in 
Figure 6-16. Compressive strength results are also shown in Figure 6-17. 
 
The mix UF-41-14-4 has clearly better shear strength development up to 8 hours in air 
(+12 C) and in both ALL-MR and OL-SR waters (+14 C) than the mix UF-15-10-2.8 
(Table 6-8). After that the situation is clearly reversed. The effect of the fresh ALL-MR 
water compared to the air-cured UF-15-10-2.8 samples is only slightly increasing and is 
possibly mostly due to the little higher temperature of the curing water. However, the 
saline water OL-SR raises remarkably the shear strength of the mix UF-15-10-2.8 
during the first 8 hours and the difference grows steeply and almost linearly from 6 to 
8 hours (Fig. 6-15). It is difficult to say if this mutual relationship lasts between 8 and 
24 hours, as all the UF-15-10-2.8 test samples have reached their maximum shear 
strength by the age of 24 hours (Fig. 6-16). Another test at the age of 16 hours would 
have been necessary to clarify this. 
 
The fresh ALL-MR water improves generally the shear strength of the mix UF-41-14-4 
compared to the air-cured samples up to 8 h. At 31 h the shear strengths are the same. 
Considering the little higher water-curing temperatures it seems that the behavior is 
similar to that of the mix UF-15-10-2.8. On the other hand, the saline water OL-SR 
raises remarkably the shear strengths of the mix UF-41-14-4 the whole testing period, 
4 - 31 hours, compared to the air-cured samples. The little higher water temperatures 
probably exaggerate a little the difference. 
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The fresh ALL-MR water seems to have a negligible or quite small (positive) effect on 
the shear strengths of either of the injection grouts during the first day (Figs. 6-15 and 
6-16). The saline OL-SR water has a remarkable positive effect on early shear strengths 
of both injection grout mixes during the first day.  
 
 



 

Table 6-8. Laboratory tests of the effect of simulated fresh (ALL-MR) and simulated saline (OL-SR) ground water on the two injection 
grout mixes. Of the same batches also reference samples were tested at air +12�C. The water-cured samples were cured at a little higher 
temperature, appr. +14�C during the first 24 h, later curing temperature was also +12�C. Batch volume 4 l, mixer Desoi AKM-70 D 1500 
W.  

Mix Curing 

Temp. 
of grout 
at end of  
mixing 

Curing 
temp. 
<1d 

Curing 
temp. 
<1d 

Bulk 
density 

Marsh 
fresh 

Filter 
Pump 
fresh 

100 ��m 

Shear 
str. 
4 h 

Shear 
str. 
5 h 

Shear 
str. 
6 h 

Shear 
str. 
7 h 

Shear 
str. 
8 h 

Shear 
str. 
24 h 

Shear 
str. 
31 h 

Comp. 
str.  
1 d 

Comp. 
str. 
28 d 

Comp. 
str. 
91 d 

  °C °C  g / ml s ml kPa kPa kPa kPa kPa kPa kPa MPa MPa MPa 

UF-15-10-2.8 Air 24.6* 12 12 1433 32.5 310 <0.15 <0.15 0.41 1.18 2.23 >245 >245 1.6 13.4 21.0 

UF-15-10-2.8 ALL-MR  ~14 12    <0.15 0.25 0.78 1.64 4.32 >245 >245 1.6 7.5 17.9 

UF-15-10-2.8 OL-SR  ~14 12    0.21 1.57 3.37 7.21 12.6 >245 >245 1.6 11.7 19.1 

UF-41-14-4 Air 20.9* 12 12 1307 36.0 295 <0.15 0.40 1.47 1.71 3.68 157 196 0.47 6.7 19.2 

UF-41-14-4 ALL-MR  ~14 12    0.23 1.18 1.27 6.04 6.69 111 196 0.39 2.5 13.4 

UF-41-14-4 OL-SR  ~14 12    1.27 1.86 6.36 10.0 21.0# 196 240 0.47 8.4 15.7 
* cooling during mixing 
# testing age calculated to 8h, measurement took place at age 8h 40min (= 25.6 kPa) 
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Figure 6-15. Laboratory shear strength test results 4 to 10 hours after casting of the 
mixes UF-15-10-2.8 and UF-41-14-4. Reference samples cured in air at +12 C while 
water curing occurred at approximately +14 C during the first day. Higher water 
curing temperatures probably slightly exaggerate the shear strengths compared to air-
cured samples. 
 

 
Figure 6-16. Laboratory shear strength test results 4 to 31 hours after casting of the 
mixes UF-15-10-2.8 and UF-41-14-4. Reference samples cured in air at +12 C while 
water curing occurred at approximately +14 C during the first day. Higher water 
curing temperatures probably slightly exaggerate the shear strengths compared to air-
cured samples. 
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Figure 6-17. Compressive strength test results of the laboratory mixes UF-15-10-2.8 
and UF-41-14-4. Curing temperature was +12 C after the first day. 
 

Compressive strength test results of the mixes show different behaviour of the two 
water-cured samples. During the first day the prisms were covered with water only on 
the top cast surface. After demoulding the 1 d prisms were tested and other bare prisms 
were put back into water that thereafter affected the prism surfaces from all directions.  
 
The mix UF-15-10-2.8 has exactly the same 1 d compressive strength at all 3 curing 
conditions (Table 6-8, Fig. 6-17). At 28 d both water-cured prisms have lower 
compressive strengths, especially the one cured in ALL-MR water has dropped 
significantly compared to the air-cured prism. At 91 d the order is the same: air cured 
sample is best, the OL-SR cured prism is slightly behind and ALL-MR prism still a 
little poorer in compressive strength. 
 
The 1 d compressive strengths are at approximately the same level of the mix 
UF-41-14-4. The ALL-MR cured prism shows the lowest value. At 28 d the ALL-MR 
prism shows distinctly lower value compared to the air-cured prism. However, the 
prism cured in saline OL-SR water has somewhat better 28 d compressive strength 
compared to the air-cured prism. At 91 d the compressive strengths are in similar order 
than those of the UF-15-10-2.8 prisms, the differences are yet doubled. Air curing in 
plastic bags gives the best compressive strength. Curing in saline water results in 
somewhat poorer strength and in fresh water still lower strength. 
 
The fresh ALL-MR water has clearly negative effect on compressive strength 
development on the longer term compared to air-cured prisms of both injection grouts. 
The saline OL-SR water has a somewhat negative effect on 28 d compressive strength 
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of the mix UF-15-10-2.8. On the contrary, the saline OL-SR water seems to be 
beneficial to the strength development at 28 d of the low pH mix UF-41-14-4 at +12 C 
temperature. At 91 d the situation is similar of both mix types: air curing in plastic bag 
works best, saline OL-SR water curing remains slightly behind and fresh ALL-MR 
water drops the compressive strength slightly more. The differences in compressive 
strengths of the 3 curing conditions are about twice as big in the mix UF-41-14-4 
compared to the mix UF-15-10-2.8. 
 
6.4  Delayed-set injection grout samples from ONKALO 

 
During 2007 there have been few of occasions where delayed setting has been observed 
of injection grouts that have been injected into fractures of the rock surrounding the 
ONKALO tunnel. The grout has been squeezed out of the holes or observations of soft 
grout a couple of weeks after injection have been made. 
 
The injection grouts showing delayed-set vary in composition from normal to low pH 
grouts. Some of these grout samples have been studied in the laboratory of Contesta. 
The first sample of low pH grout UF-41-14-4 was studied more thoroughly with several 
methods and a research report was drawn from the results (Appendix 1). The rest of the 
delayed-set samples were studied for their microstructure, bulk density and compressive 
strengths (Table 6-9). Bulk density, water absorption and porosity were calculated from 
the weight results after wet weighing the samples in water and as wet and surface dry in 
air after several days of immersion in water and dry weighing after drying at 105 C. 
 



 

Table 6-9. Tests made of the delayed-set injection grout samples from ONKALO field tests or customary injection in 2007. Field samples 
either squeezed out from the injection hole or taken from the packer. Field mixer Häny 350.  
 

Mix, date of 
taking the 

samples, sample 
type 

 

Corresponding field 
test or batch mixing 
test, date of injection 
into fractures, place 

Thermal 
analysis 

DTA 

Light 
microscopy of 
thin sections 

Light microscopy 
of broken samples 

Scanning 
electron 

microscopy 
SEM 

Compr. str 

Bulk density 

Water absorption 

Porosity 

Chemical 
analysis of Na2O 

& K2O 

UF-41-14-4 
8.3.2007, 
squeezed 

 

INKE FT-1, 7.3.2007, 
injection hole nr. 5 X X  X X X X 

UF-41-14-5.1 
13.6.2007, 
squeezed 

(at the same time 
BMT-3 and 

laboratory tests 
13.6.2007) 

 

INKE FT-2, subpart 1, 
23.5.200, injection hole 
PP88, Figs. 6-18a & b  

 

  X  X X 

 

UF-15-10-2.8 
2.10.2007 from 

the packer 

 

Customary injection, 
18-19.9.2007,  

Fig. 6-19 
  X  X X  

 

60 



61 

 

  
Figure 6-18a. Pieces of mix UF-41-14-5.1 
that were squeezed out from the hole in 
ONKALO on 13.6.2007 (injected on 
23.5.2007). Photo taken by Kalle Hollmén 
(2007). 

Figure 6-18b. Squeezed pieces of mix UF-
41-14-5.1 from ONKALO on 13.6.2007 as 
brought to the laboratory the next day. 

 

 
Figure 6-19. Pieces of mix UF-15-10-2.8 taken from the packer on 2.10.2007 about 
two weeks after the customary injections (injected on 18.9.2007). The biggest piece was 
used for density measurements and the other two for microscopy studies. 
 

 

Plenty of capillary size porosity (in m scales up to about 5 m) and small air pores 
(<100 m) are observed in the low pH injection grouts with help of a microscope.  
 
Observations have been made with light and electron microscopy of the 7.3.2007 
squeezed and prism samples of the mix UF-41-14-4 that are presented in Appendix 1. 
According to SEM observations there are small pores and cavities in both samples, but 
in the squeezed sample the cavities seem to be more numerous, often larger or longer. In 
the prism sample the maximum cavity observed with a scanning electron microscope is 
6 x 13 m, in the squeezed sample 7 x 34 m. The pores are often sharp edged and 
angular. 
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The delayed-set grout of the low pH mix UF-41-14-5.1 from the 23.5.2007 injection has 
been studied with a stereomicroscope. Small-scale air porosity can be seen in its 
microstructure (Fig. 6-20). The pore size observed with a stereomicroscope is at 
maximum about 100 m. Capillary size porosity cannot be seen with a 
stereomicroscope.  
 
The delayed-set grout of the normal mix UF-15-10-2.8 has also been studied with a 
stereomicroscope. Small-scale porosity is common also in its microstructure (Fig. 6-21). 
 
Different curing conditions have been used for the delayed-set samples at laboratory. 
This is partly due to need for finding the proper curing conditions for this kind of 
samples and partly due to lack of time for lengthy curing comparable to ONKALO 
conditions. It has been noticed during testing that curing has some effect on the bulk 
density and strength development of the samples and may increase variation in the test 
results. Higher curing temperature lowers the porosity and increases bulk density and 
compressive strength. On the other hand, the delayed-set pieces from ONKALO are 
more or less ragged and rather small in size and they have already been cured 
differently the first days or weeks before the samples came into the laboratory, so the 
results of them are therefore suggestive. The values related to bulk density 
measurements and strength development values are given in Table 6-10. 
 
Water absorption and porosity of all the samples are high, but some variation occurs 
depending on sample composition, sample type (prism, squeezed), sample age, curing 
conditions and whether it is from laboratory or field. Curing temperature at laboratory 
has been rather close to the actual ONKALO rock temperature in 2007 (Ranta-Korpi et 
al. 2007). At about +12 C the strength development is slow and therefore the samples 
have been mostly cured up to 3 months. 
 
As water absorption grows, so does porosity while the bulk density decreases. Water 
absorption expresses the amount of water that can be absorbed by a dry solid piece of 
grout. The porosity values indicate the open porosity that can absorb this water 
(SFS-EN 1936. 1999).  
 
Water cannot intrude into the smallest pores. The method of dry/wet-weighing was 
executed without pressure, with pressure some more pores would have been intruded, 
and the porosity values would have been higher than those of the Table 6-10. Even with 
pressure not all the smallest closed pores can be intruded by water anyway, so these are 
not included in the porosity values.  
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Figure 6-20. Small air pores of the mix UF-41-14-5.1 from 
the injection on 23.5.2007. Edge of the core sample towards 
rock is on the right side. Height of the image 13.6 mm. 

 

 
Figure 6-21. Small air pores of the mix UF-15-10-2.8 taken 
from the packer on 2.10.2007. Maximum pore size is about 
100 m. Height of the image 2.8 mm. 
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The calculated porosity variation in the mixes UF-41-14-4 (or SPL 4.8 or 5.1%), either 
squeezed or prism samples, is almost negligible, the average being 77.0% with 
coefficient of variation 2.3%. However, the 91 d compressive strength varies between 
1.2 - 19.6 MPa, average 8.9 MPa and coefficient of variation 93%. Lowest values are 
those of the squeezed samples (1.2 - 6.3 MPa). Porosity variation is so small that it 
cannot explain the high variation of the compressive strength test results alone. 
 
Besides lowering the strength high porosity of the low pH and normal grout samples 
probably helps ground water to circulate in the grout. This has a negative effect to the 
leaching properties of the grout and affects also the longer-term behaviour and 
durability of the grout. 
 
Of course the strength test results of the squeezed samples are not very representative 
due to somewhat poorly constructed samples and variable curing. However, it seems 
that also other reasons for delayed setting and poor strength development need to be 
looked for in addition to porosity. 
 
Some leaching of alkalis Na2O and K2O is observed in the 7.3.2007 UF-41-14-4 
squeezed sample compared to the prism sample (Appendix 1). This may suggest that 
water penetration may have occurred through the grout in hole although part of the 
leaching may have occurred during sample storage in water and could have been 
slightly higher in the squeezed sample due to slightly higher porosity. Different 
environment directly after injection and casting may also have affected to the test 
results. Lower alkali content of the squeezed sample may have contributed a little to 
delayed setting, as increased alkalis accelerate cement hydration. However, this 
deduction should be verified with analyses of the other samples. Besides, the used 
Ultrafin 16 cement is already low-alkaline injection cement so the differences in the 
analysis results need not to have contributed to the delayed setting of the grout in 
ONKALO. 
 
 



 

Table 6-10. Bulk density and strength test results of the delayed-set injection grout samples from ONKALO field tests or customary 
injection in 2007 and of the reference samples from laboratory. 

   Mixer Mixing 
time 

UF16 
cement GA Curing of samples 

in laboratory 
Water 

absorption Porosity 

Bulk 
density, 

after 
mixing 

Bulk 
density,  

hardened 
Age 

Bulk 
density,  

hardened 

Bulk 
density,   

hardened 

Shea
r 

stren
gth  
6h 

Comp. 
strength 

91d 
Remarks 

Date of 
injection or 

casting Mix 
Sample type, 
date of taking  s batch batch  

% of dry 
weight Vol-% 

Fresh 
grout g/l d 

Dried 
sample g/l 

Wet 
sample 

g/l    
 
Low pH mixes: INKE FT-1 injection test 7.3.2007 at ONKALO, samples ½ prism and squeezed sample from the injection nr. 5 
 

7.3.2007 UF-41-14-4 field prism Häny 350 120 + 180 1.2.2007 22.2.2007 water +11°C  112.4 74.4 1280 91 662 1407 0.30 1.7 cast at age 1h 

7.3.2007 UF-41-14-4 
squeezed 
8.3.2007 Häny 350 120 + 180 1.2.2007 22.2.2007 water +11°C  124.2 76.5 ? 91 616 1381 ?   

 
Low pH mixes: INKE FT-2 subpart 1 injection test 23.5.2007 at ONKALO, squeezed sample from the injection hole PP88; SPL amount too high 
 

23.5.2007 UF-41-14-5.1 
squeezed 
13.6.2007 Häny 350 30 + 45 7.5.2007 22.2.2007 water +10°C  144.2 78.5 1335 26 544 1329 0.29  

 

23.5.2007 UF-41-14-5.1 

cylinder, 
squeezed 
13.6.2007 Häny 350 30 + 45 7.5.2007 22.2.2007 water +11°C  132.1 77.8 1335 91 589 1367 0.29 6.3 

calculated to cube 
strength 

23.5.2007 UF-41-14-5.1 

cylinder, 
squeezed 
13.6.2007 Häny 350 30 + 45 7.5.2007 22.2.2007 plastic bag +12°C  156.8 79.8 1335 91 509 1307 0.29 1.2 

calculated to cube 
strength 

 
Low pH mixes: BMT-3 batch mixing test 11-13.6.2007 at ONKALO, SPL amount too high; laboratory tests at Contesta 
 

11.6.2007 UF-41-12-4.8 field prism Häny 350 30 + 45 19.3.2007 16.5.2007 plastic bag +12°C  100.8 72.1 1380 93 715 1435  23.1 cast at age 1h 
13.6.2007 UF-41-12-4 laboratory prism Desoi AKM-70D 120 + 180 2.2.2007 Lot 15/07 plastic bag +12°C  98.9 72.1 1367 91 729 1449 1.75 26.5 cast at age 1h 
12.6.2007 UF-41-14-4.8 field prism Häny 350 30 + 90 19.3.2007 15.7.07 plastic bag +12°C  125.0 76.5 1330 92 612 1377  15.6 cast at age 1h 

13.6.2007 UF-41-14-4 laboratory prism Desoi AKM-70D 120 + 180 2.2.2007 Lot 15/07 plastic bag +12°C  117.6 75.8 1313 91 644 1402 1.01 19.6 cast at age 1h 
 
High pH mixes: Customary injection 18-19.9.2007 at ONKALO, sample taken from the packer 2.10.2007 
 

18.9.2007 UF-15-10-2.8 
taken from the 
packer 2.10.2007 Häny 350 ? ? ? 

wet paper+plastic 
bag +20°C  78.3 67.5  28 862 1537    
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7  BATCH MIXING TEST FOR ACCELERATED MIXES 
 
Batch mixing test for accelerated mixes was organised in the wash hall in the ONKALO 
construction site on 29.-30.10.2007. The target of this test was to ensure the function of 
accelerator in the field conditions. Other target was to verify the properties of the 
accelerated low pH grouts and grouts without accelerator. The test results for the grouts 
without accelerator are available from the laboratory and from the field conditions are 
presented in the report of Ranta-Korpi et al. (2007).  
 
The accelerator was taken into use to accelerate the setting of the cement paste and 
ensure the sufficient strength development. Several recipes were tested with accelerator: 
UF-41-14-4, UF-41-14-3, UF-41-12-4, UF-41-12-3, UF-41-10-4, UF-41-10-3 and 
UF-15-10-2.8. Most of these recipes were tested both with 2% and 5% accelerator 
contents to find out the optimal concentration to accelerate the setting of the grout. The 
dozing is important because too fast setting may have negative effects on the technical 
properties of the grouts. The used recipes are given in the Table 7-1. 
 
The temperature in the wash hall was 12.4 – 12.5˚C and the curing temperature of the 
samples was the same during the mixing test. The temperature of the grout varied 
between 15.1 – 18.7˚C during the first 3.5 h. The used consignments were following: 
cement 12.10.2007, silica 29.7.2007 and 6.9.2007, superplasticizer 1.3.2007 and the 
accelerator 8.11.2006. The used accelerator was Nedmag Ca liquid in which the CaCl2 
concentration was 30 – 40 wt%.  
 
 
Table 7-1. The recipes used in the batch mixing test for the accelerated mixes. 
 

Recipe UF16 [kg] Water 
[kg] GroutAid [kg] Mighty 150 

[kg] 
Accelerator 

[kg] 
UF-41-14-4 (0%) 65 109 90 4.4 0 
UF-41-14-4 (0%) 65 109 90 4.4 0 
UF-41-14-4 (2%) 65 109 90 4.4 2.2 
UF-41-14-4 (5%) 65 109 90 4.4 5.4 
UF-41-14-3 (5%) 65 109 90 3.3 5.4 
UF-41-12-4 (5%) 75.4 100.9 103.7 5.1 6.4 
UF-41-12-3 (2%) 74 99 102 3.7 2.4 
UF-41-12-3 (5%) 74 99 102 3.7 6.3 
UF-41-10-4 (2%) 83 83 114 5.6 2.9 
UF-41-10-4 (5%) 83 83 114 5.6 7.1 
UF-41-10-3 (2%) 85.9 85.9 118.1 4.4 2.9 
UF-41-10-3 (5%) 85.9 85.9 118.2 4.3 7.2 
UF-15-10-2.8 (2%) 125 125 45.9 4.1 3.0 
UF-15-10-2.8 (5%) 125 125 45.9 4.2 7.5 
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7.1  Properties of the low pH grouts with accelerator 
 
The detailed results are given in Appendix 3. 
 
The Marsh value of the grout increases faster with the accelerator than without it as a 
function of time (Figure 7-1).  
 
The Marsh value of the grout UF-41-14-4 (0%) rises slower as a function of time than 
the values of the grouts UF-41-14-4 (2%) and UF-41-14-4 (5%). The Marsh value rises 
fastest in the case of 5% accelerator. This means that the larger the amount of the 
accelerator is, the faster is the increase of the Marsh value as a function of time. The 
measurement of Marsh value for the grouts UF-41-10-3 (2%) and UF-41-10-3 (5%) did 
not succeed, because the mix was too thick to run through the funnel.  
 
The Marsh value measurement was not successful for the fresh grout UF-41-10-4 (5%), 
because the cone clogged up, but after half an hour and an hour the measurement was 
successful. This is probably a consequence of poor or inadequate mixing of the fresh 
grouts with low W/DM ratio. After the first sampling (fresh grout) the grout was left in 
the agitator (in slow movement) for the next measurement. During this period the grout 
probably mixed better because the flowing property of the grout was better and the 
measurement succeeded at the age of half an hour and an hour. 
 
The yield value development of the grout as a function of time does not change 
significantly when adding the accelerator. For instance the yield values of the grouts 
UF-41-14-4, UF-41-14-4 (2%) and UF-41-14-4 (5%) developed similarly and there 
were no differences between the grouts with the different contents of accelerator 
(Figure 7-1). During the first half an hour the yield values of the grouts decreased. After 
second half an hour the decrease of the yield values were not as deep as during the first 
half an hour. In some cases the values did not change after 0.5 – 1.0 hour.  
 
It was presumed that the accelerator has an effect on the setting of the grout for instance 
based on the study of Tsivilis et al. (1995). In the batch mixing test for accelerated 
mixes became apparent that the early age shear strength of the grout UF-41-14-4 
reached about two times as high value with 5% accelerator than without it at the age of 
12 hours (Figure 7-2). 
 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-1. The development of the Marsh value (on the left) and the yield value as a function of time (on the right).  
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Early age shear strength at the age of 4 - 7 hours
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Early age shear strength at the age of 7 - 24 hours
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Figure 7-2. The development of the early age shear strength during time. 
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The filter pump values of the grouts were slightly higher with accelerator than without it 
(Appendix 3). Although the Marsh value measurement did not work out for the fresh 
grouts with the lowest water to dry material ratio, because of the clogging of the cone, 
the filter pump measurement results were rather high (almost all results were >300 ml). 
In several cases the filter pump results of grouts with W/DM ratio of 1.0 were lower 
than 300 ml measured at any time. This indicates that the W/DM ratio has an effect on 
the filter pump results (penetration ability of the grout). 
 
The filter pump results (Appendix 3) were generally high in the batch mixing test for 
accelerated mixes compared to the earlier results without accelerator (Table 3-2). It is 
possible that the values are incorrect because the pump was broken. The measured 
maximum value with water is 330 ml. This value should be the maximum value, which 
can be measured with this pump. Several results in batch mixing test for accelerated 
mixes were higher than 330 ml. That is why these results are possibly not comparable to 
other results. 
 
The penetrability meter results of the grouts are given in the Appendix 3. In several 
cases the added accelerator improved the penetration ability of the grout. The bmin and 
bcrit values were smallest with the largest amount of the accelerator and largest with the 
smallest amount. The development of the penetration ability of the grout UF-41-14-4 
with 5% accelerator as a function of time is shown in the Figure 7-3. 
 
The compressive strength results are given in the Table 7-2. The accelerator addition 
increases the compressive strength both at the age of 28 and 91 days. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-3. The development of the bmin and bcrit values of the grout UF-41-14-4 (5%) 
with time. 
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Table 7-2. The compressive strengths at the ages of 28 and 91 days. 
 

Recipe 28d [kPa] 91d [kPa] 
UF-15-10-2.8 (2%)   
UF-15-10-2.8 (5%) 17.1 25.4 
UF-41-10-3 (2%)   
UF-41-10-3 (5%) 18.8 27.2 
UF-41-10-4 (2%) 19.1 34.1 
UF-41-10-4 (5%) 21.9 28.4 
UF-41-12-3 (2%)   
UF-41-12-3 (5%) 16.8 26.1 
UF-41-12-4 (5%) 12.5 21.2 
UF-41-14-3 (5%) 10.2 18.7 
UF-41-14-4_1 4.9 18.0 
UF-41-14-4_2   
UF-41-14-4 (2%) 6.1 19.0 
UF-41-14-4 (5%) 11.8 20.1 
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8  Grouting simulation test 
 
The mixing ability of the grout and water was tested in ONKALO on 28.11.2007 with 
cylinder test. The aim of this test was to model the real grouting situation in which the 
grouting hole is possibly full of water before filling with the grout. During grouting the 
water escapes to the fractures from the hole, but some water still stays in the grouting 
hole with the grout. 
 
In this test the cylinder (39 cm long) was filled with water first and then the grout 
(UF-15-10-2.8) was pumped into it by the grouting equipment with the pressure of 
30 bar (Figure 8-1). The excess water came out from the cylinder via the valve in the 
end of the cylinder but a small amount of water stayed in the cylinder. The cylinder was 
closed and the pressure was kept at 30 bars. The grout stayed in the vertical cylinder 
over the night at the temperature of 12˚C. At the next morning, after 14.5 hours, the 
grout had set as expected in the one end of the cylinder, but there was about 8 cm of the 
soft grout in the other end, where the grout was in contact with water. The pressure of 
the cylinder decreased during the night. 
 
It is possible that the mere contact with water does not cause the poor hardening. The 
solidified grout samples have been cured in water in the laboratory starting at age of 1 d 
and the strength has developed as expected thereafter. It is more probable that in this 
test the strength development was poor because the grout was mixed with water. It is 
not clear, what is the role of the pressure.  
 
This test clarified that the grout can mix with water during grouting and the mixing with 
water retards the early strength development of the grout. This is probably a 
consequence of the increasing W/DM ratio of the grout in the end where the grout was 
in contact with water. 
 
 

 
 

Figure 8-1. The mixing of the water and grout was tested by cylinder on 28.11.2007 in 
ONKALO.  
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9  DISCUSSION 
 
Several things can have an effect on the setting and the strength development of the 
grout at the same time. These factors and their probabilities are dealt with in the 
following based on the literature review and observations from the laboratory and field.  
 
The studying of this phenomenon has been difficult because the observations, grouts, 
and conditions have been different in each case (see Chapter 4).  
 
9.1.  Grout components 
 
9.1.1  Cement type and quality 
 
Variation in the quality of the cement can have an effect on the setting and strength 
development of the grout. For instance the age of the cement, the varying grain size 
distribution and the quality of the clinker can cause differences between cement 
consignments and further have an effect on the setting and strength development of the 
grout.  
 
Moistening of the cement can have an effect on the reactivity of the cement. The 
moistening is probable if the cement is preserved in the tunnel conditions, because the 
relative humidity is rather high. In ONKALO tunnel the humidity is about 80-100% and 
it is possible that the cement hydrates partly if occasionally stored in tunnel or silo. 
According to Viirola & Raivio (2000) it is possible, that the cement hydrates partly by 
the humid air, but the complete hydration requires water about 35-45% of the cement 
weight. According to Ranta-Korpi et al. (2007) the moistened or hydrated cement does 
not necessarily work in the expected way. The quality control tests of the grout made of 
the moistened cement indicates that only the penetration ability measured by filter pump 
deteriorates because of the moistening. Other properties including early age shear 
strength developed normally. Because of this the moistening of the cement cannot be 
the solely factor causing the poor setting and strength development. 
 
To avoid too early hydration, the cement should be stored in a low humidity and a 
correct temperature environment, not in tunnel. If the removal of the grouting 
equipment from the tunnel and its storage in dry site is not possible, the silo must 
always be drained after grouting to avoid contact of cement with the humid air. The 
fresh and correctly stored cement batch should be taken into use in every grouting to 
ensure that the cement hydrates normally after mixing with water. 
 
All the cements used in ONKALO are sulphate resistant. It seems that in the view of the 
strength development there is no differences between used cement products, because the 
phenomenon has been observed in the case of Portland cements UF16 and SR-cement 
(Tradename SR-cement, Manufacturer Finnsementti Oy) and Lafarge calcium aluminate 
cement (Ciment Fonfu Lafarge, Manufacturer Lafarge Nordiska Kalciumaluminater 
AB) (see Chapter 4).  
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9.1.2  Silica 
 
The effect of silica on the strength development of the grout is positive. The silica 
improves the strength development of the grout with W/B ratios between 0.35 – 0.50 
(Appa Rao 2001). In low pH grouts used in ONKALO the silica fume content is very 
high (see Names and compositions of the grouts) (Ranta-Korpi et al. 2007). This 
possibly helps to compensate partly the effect of high W/DM ratio increasing the 
amount of pores. High specific surface area of the silica portion leads to high water 
demand of the low pH grout (Holt 2007).  
 
The strength development phenomenon has been observed in addition to the low pH 
grouts with silica also in the case of standard grouts (much lower silica content) and the 
bolt mortars for extensometers (without silica). These mortars are mixes of cement and 
water with low W/DM ratio (about 0.4 – 0.5) without admixtures and silica. Because the 
phenomenon has been observed also with these mixes (see Chapter 4), the factor, which 
causes the phenomenon is possibly not the silica or the dosing of it. 
 
According to Holt (2007) cement-based materials containing silica fume show in 
general enhanced chemical resistance compared to Portland cement with the same water 
to binder ratio due to lower permeability and higher C-S-H content.  
 
9.1.3  Superplasticizer 
 
The dosing of superplasticizer per DM is quite high in the grouts used in ONKALO. 
The manufacturer of the SPL Mighty 150 (Mighty 150) describes that the normal 
dozing of SPL is 0.6 – 2.4% of the weight of the ordinary cement (DM). In ONKALO 
the used proportion is 2.8 – 4.0% of the DM. According to Morin et al. (2000) too large 
SPL content may prevent the setting. However the dozing of SPL is always the same for 
the same recipe in ONKALO (grouting and tests) and in laboratory, so this cannot 
explain solely why some grout batches made with the same recipe show poor strength 
development.  
 
As mentioned in the Chapter 4 the phenomenon has been observed also in the case of 
mixes without admixtures. This means that the superplasticizer or the dosing of it 
cannot solely cause the phenomenon. 
 
9.1.4  Accelerator 
 
Tsivilis et al. (1995) experimented that the accelerator has a fastening effect on both the 
initial and final setting times of the cement paste (Table 5-1). In batch mixing test for 
accelerated mixes it was also recognised that the accelerator (CaCl2) quickens the 
hydration reaction of the grout (Chapter 7). The setting and the early age shear strength 
developed faster with accelerator than without it (Figure 9-1). The larger the accelerator 
proportion is, the faster the hydration. The wanted strength is achieved faster with 
accelerator than without it. 
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Figure 9-1. The development of the early age shear strength as a function of time. The 
strength develops fastest with largest accelerator content. The results from the batch 
mixing test organised in wash hall in ONKALO area on 29.-30.10.2007. 
 
 
Based on these tests it is obvious, that the accelerator does not retard the setting or 
strength development of the grout. Instead the accelerator improves them. According to 
laboratory results for accelerated mixes (Figure 6-12) it seems that the accelerator may 
have a retarding effect on the later age strength of the grout. 
 
The accelerator has not been used in grouts during the year 2007. The accelerator was 
taken into use as the poor setting and strength development was observed and the need 
of ensuring of the hydration became necessary. Because of this the accelerator seems 
not to be the factor, which caused the poor setting and strength development of the 
grouts in ONKALO during the year 2007 or earlier. 
 
9.1.5  W/DM ratio of initial grout 
 
High W/DM ratio of the low pH grout gives slower strength development during the 
first months compared to the standard grout, especially at the lower temperatures 
(Table 6-3). 
 
If the W/DM ratio of the grout is too high the setting can deteriorate. The poor setting 
and strength development have been observed with several different W/DM ratios in 
ONKALO. The ratio has varied between 0.4 and 1.4 in studied cases. Because the 
phenomenon has been observed also with the pastes with very low initial W/DM ratio 
(0.4) the high (1.4) initial W/DM ratio cannot solely cause the phenomenon. 
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The situation is different if for instance groundwater is mixed with grout in grouting 
hole or fracture during injection and the initial W/DM ratio of the cement paste 
increases as a consequence of it (see Chapter 9.5.1). 
 
9.2  Grout properties 
 
The behaviour of the low pH grout mix is characterized by relatively high amount of 
micro silica (41% of DM) in the grout. The standard grout possesses also rather high 
content of silica (15% DM) in the grout. Grout properties affect to the strength 
development and possibly to the durability of the grouts in ONKALO. The grout 
properties are described in the following Chapters. 
 
9.2.1  Consistency 
 
According to King (2006) the inclusion of a quantity of extremely fine micro silica 
particles in a concrete mix inevitably creates a much more cohesive material although, 
being spherical in shape, the particles of micro silica do have a “lubricating" effect on 
the concrete. In order to maintain workability either water or SPL content can be 
increased. The resultant concrete will still appear cohesive in comparison with an 
ordinary concrete mix. However, the micro silica concrete does behave in a thixotropic 
manner and, when it is vibrated, it will have the mobility required for easy compaction.  
 
In a similar manner also the low pH grout behaves in a sort of thixotropic manner; it has 
negligible bleeding and yet it is flowable. The grout requires a bit more force before 
starting to flow. Rheology of the low pH grout UF-41-14-4 is such that its yield value is 
approximately double of that of the normal grout mix UF-15-10-2.8 used in ONKALO 
(Raivio & Hansen 2007). 
 
Thixotropic nature and high yield value affect to the microstructure of the low pH grout. 
The pore sizes and shapes may not necessarily alter much after placement into the 
fractures because of the cohesion of the grout.  
 
In the case of ONKALO it is beneficial that the grouts resist the groundwater pressure 
better and are not as vulnerable for the groundwater pressure as the standard grouts.  
 
9.2.2  Water demand caused by micro silica 
 

Despite the high W/DM-ratio the low pH mix possesses autogenous shrinkage while no 
moisture transfers outside or inside of the samples (Fig. 6-5). This is surprising as the 
water amount is so high that it would be well enough for the hydration reactions. 
According to Holt (2007) autogenous shrinkage will not be a concern because of the 
high water/binder ratios. Possibly the observed autogenous shrinkage is due to strong 
bond of micro silica particles with water attached to their surfaces. The water that is 
adhered on to the micro silica particles may not be easily usable for the cement 
hydration reactions. 
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Micro silica may resemble silica gel in behaviour to some degree. According to 
Hienonen & Lahtinen (2007) silica gel is a water-adsorbing material, which at best 
adsorbs water more than 35% of its weight at relative humidity of 80%. It is the most 
common chemical used for removing moisture from transportation packages. Silica gel 
granules are filled with micropores, which adsorb water. The ability of silica gel to 
retain water is based on the large internal area f these pores. The internal area is about 
600...700 m2 per gram. The good properties of silica gel include the ability to absorb 
moisture until the saturation point is reached. Water is contained nearly permanently in 
silica gel, which is why the humidity levels of the air space can be maintained below a 
certain level and the absorbed humidity is not released back into the air space.  
 
Specific surface area of micro silica (= particle surfaces) is 15 m2/g (GroutAid® 
Product Information). High specific surface area explains the water demand of micro 
silica (Holt 2007) or drying capacity of silica gel (Hienonen & Lahtinen 2007). The 
specific surface area of UF16 cement (1.6 m2/g) is about 10% of that of micro silica. 
UF16 is a very finely ground cement type and also has high specific surface for a 
cement (Ultrafin 16 Technical Data Sheet) compared to ordinary cement that may have 
a specific surface of about 0.3 - 0.5 m2/g (Taylor 1997).  
 
As calculated total micro silica content per 1 gram of dry material of the low pH grout 
mix UF-41-14-4 has an average specific surface of about 6 m2/g while that of cement is 
about 1 m2/g (total 7.1 m2/g of DM). Thus, as the hydration proceeds, it is believed that 
cement consumes the free (loose) water between the particles, but may not be able to 
release the water that is adhered on to the micro silica surfaces as long as the relative 
humidity stays on high level. If RH drops due to evaporation to the environment, also 
micro silica loses water and eventually the grout starts to crack because of drying.  
 
Similarly calculated, specific surface of the standard grout mix UF-15-10-2.8 is 3.6 
m2/g and that of the high pH mix UF-00-08-2 the same as for the cement, 1.6 m2/g of 
DM. In that sense, the specific surface of the normal grout mix is also high compared to 
plain UF16 cement. 
 
Nevertheless the poor setting and strength development have been observed also in the 
case of bolt grouting mortars and cement pastes for stabilising the holes. These pastes 
do not contain micro silica and this indicates that the phenomena caused by the water 
demand due to an increased amount of micro silica cannot solely cause this 
phenomenon in all observed cases. 
 
9.2.3  Porosity and permeability 
 
The high porosity is due to high W/DM ratio of the grout (Lea 1998). In the case of 
grouts used in ONKALO the W/DM ratio is between 1.0 – 1.4. W/DM-ratio is high due 
to water demand caused by high amount of micro silica (Holt 2007). The low pH grout 
must also be workable, which limits the possibility to decrease the W/DM ratio.  
 
According to Holt (2007) the porosity of the cement paste can be reduced by decreasing 
the W/DM ratio and by adding silica fume. Silica fume makes the pore structure more 
discontinuous and impermeable. Silica fume addition decreases the porosity and further 



80  

decreases the risk of the penetration of the aggressive fluids and their effect on the grout 
(Holt 2007). 
 
The studied porosity of those delayed-set samples from ONKALO and simultaneous 
field and Contesta laboratory prism samples are very close to each other determined by 
the wet/dry weighing method (Table 6-10). The total porosities are on the same level as 
in those laboratory samples of the same composition (UF-15-10-2.8 and UF-41-14-4) 
studied at the laboratory at VTT with methods of water uptake, water pressure treatment 
and drying (Orantie & Kuosa 2008). 
 
According to Orantie and Kuosa (2008) most of the pores in grouts used in ONKALO 
are capillar. In laboratory tests longitudinal pore cavities have been observed with SEM 
and they seem to be more common in one delayed-set sample of the low pH grout 
compared to the prism sample of the same batch (Ch. 6-4, Appendix 1). Especially the 
position of the longitudinal cavities in relation to core walls should be studied. This 
might shed light to the conditions where and why the cavities have been formed and 
whether they are connected to the delayed setting of the grout in ONKALO. 
 
Porosity is connected to the strength development. The higher the porosity the lower the 
strength will be (Taylor 1990). The high micro silica content in the low pH grout 
improves the shear strength during the first hours despite the higher W/DM ratio 
compared to the standard grout. Later the strength development is slower in the low pH 
grout. 
 
As the porosity of the delayed-set samples from ONKALO and those from field and 
laboratory prisms are at the same level, it seems likely that the porosity has not been 
solely a factor in causing the delayed setting and slow strength development of the 
ONKALO samples. 
 
High porosity of the low pH injection grout may favour the penetration of groundwater 
and help to leach its constituents. However, according to the tests of VTT (Orantie & 
Kuosa 2008) the low pH grouts resisted quite well the penetration by water. The high 
amount of micro silica reduces the permeability of the grout and lowers the penetration 
by water. 
 
According to King (2006) this reduction in permeability is primarily due to the 
refinement of the structure of the cement paste by the presence of very small particles of 
micro silica acting as additional nucleation centres for hydration. The reduction in 
permeability has beneficial effects on the durability of concretes that are exposed to 
attack by sulphates, chlorides, acids, carbonation or frost. The reaction of the micro 
silica with calcium hydroxide reduces, and may virtually eliminate, the calcium 
hydroxide content of the cement matrix and this also greatly improves the durability of 
the concrete. However, successful resistance to any type of aggressive action does 
depend upon adequate curing of the concrete.  
 
Although reduction in permeability in the low pH grout is observed in the VTT tests 
(Orantie & Kuosa 2008), it needs to be considered how well the tests represent the 
actual conditions at ONKALO. The test samples at VTT were water cured in 1 litre cans 
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at +20°C for 3 months until about the final strength was reached before water 
permeability tests were performed. The tested samples were bigger in size (20 mm thick 
samples) than the grout material in most of the narrow fractures. Information of the 
fracture samples that are located further away from the ONKALO walls is indirect and 
can be estimated for example of the changes in groundwater leakages from the injected 
cores. Delayed setting has been observed in core samples in drilled holes close to the 
ONKALO tunnel and they are bigger in size (max Ø 75 mm).  
 
The actual conditions that are formed in the injected fractures differ considerably from 
the tested laboratory samples. Delayed setting is an early phenomenon, a few hours up 
to a few weeks. The low pH UF-41-14-4 grout has high W/DM and it is flowing at fresh 
state while injected into the fractures at a cold environment. Water permeability of the 
fresh low pH grout may differ considerably from that of the well-cured grout that has 
reached its final strength before testing. Is it possible that the fresh grout is mixed with 
groundwater already during injection or shortly afterwards before gaining almost any 
strength? This would mean increase in W/DM of the grout at places and its slower 
strength development. 
 
In the laboratory tests at Contesta it was observed that fresh and saline groundwater in 
contact already with the fresh grout and onwards seemed to affect positively to early 
setting (Table 6-8). The simulated groundwaters acted therefore as accelerators. 
Compressive strengths at longer-term 28 d – 91 d were best of the air-cured samples. 
Fresh water curing was the most harmful curing in longer term. Saline groundwater was 
beneficial for compressive strength at 28 d, but at 91d its compressive strength dropped 
somewhat from the air-cured sample. Therefore, on the longer term both types of 
simulated groundwaters affected negatively to the compressive strength of both mixes. 
The effect was twice that strong in the low pH mix UF-41-14-4 compared to standard 
mix UF-15-10-2.8. 
 
The effect of groundwater on the delayed setting of the low pH grout may be 
considerable, but it needs to be studied further. Systematic information lacks so far on 
the number of cases of delayed setting of both normal and low pH grouts. Detailed 
description of the mixes, material data, preparation and mixing of grouts, dates, times 
and places of observations of the delayed-set samples need to be collected. Besides 
mapping the delayed-set grout samples also ground water characteristics at the spots 
should be recorded, using either already found data or taking water samples for 
analyses. The role of hydrostatic pressure caused by groundwater at variable depths at 
ONKALO should also be considered as a factor contributing to the delayed setting of 
injection grouts. 
 
9.2.4  Deformation of the grout 
 
The low pH grout behaves in different manner depending on the surrounding 
environment or the curing conditions. Deformation occurs in both wet and dry 
environments and its magnitude is also temperature dependent. (Ch. 6.1.2) 
 
In wet environment the grout is expanding quite considerably. This is probably 
beneficial for the grout performance as expansion helps to seal the fractures tightly. 
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Internal pressure may rise inside the grout, but destruction of the grout microstructure 
was not observed in a laboratory test of prevented expansion of 4 months. 
 
According to Holt (2007) shrinkage occurs due to the loss of water from a cement-based 
material. Drying and autogenous shrinkage are the main shrinkage types and they can 
occur both at early and later ages. If there is too much shrinkage the concrete will crack 
and the structure's durability can be severely compromised. Early age shrinkage refers 
commonly to first day, while the concrete is setting and starting to harden, later age to 
concrete at an age of 24 hours and beyond. All drying shrinkage is dependent on the 
environment surrounding the concrete, especially the temperature, relative humidity and 
wind speed. Autogenous shrinkage is defined as the macroscopic volume change 
occurring with no moisture transferred to the exterior surrounding environment. 
 
In a dry environment (no moisture transfer into or out of the grout) autogenous 
shrinkage and cracking occurs although theoretically it should not occur due to high 
W/DM -ratio (Holt 2007). Shrinking may be connected to the high amount of micro 
silica that adsorbs water on its particle surfaces (Ch. 9.2.2). The water adhered to micro 
silica may not be usable for cement hydration reactions, provided that the relative 
humidity remains on a high level. This may lead to internal drying of the low pH grout 
and following autogenous shrinkage and cracking. 
 
Of course, if evaporation of water from the low pH grout occurs in the fractures, the 
grout dries and starts to crack for that reason. However, the environment inside the rock 
is believed not to favour evaporation of water. 
 
Naturally, if cracking occurs it weakens the strength development of the low pH grout. 
It is supposed that the groundwater in the fracture system of ONKALO prevents 
autogenous cracking of the low pH mix (Orantie & Kuosa 2008). Therefore cracking 
need not to play major role in the strength development. In dry fractures cracking will 
probably occur, but it is not essential to fill those fractures with the grout at all. Later, if 
water runs through the dry, cracked grout, the capacity of micro silica to adhere water 
on its surfaces will most likely resume. The formed cracks may be sealed again. 
However, it is not known if the strength starts to build up again in such a case. 
 
Deformation of the low pH grout occurs in the longer term, it takes several months to 
develop (Ch. 6.1.2). Therefore it is not believed that deformation plays a major role in 
the delayed setting and slow (early) strength development. 
 
9.3  Grouting process  
 
The grouting process is usually repeated in the same manner. Only the used grout, the 
grouting pressure and the grouting time are different, based on the fracture properties 
and probe hole investigations. Some grouting holes might be connected with each other 
through fractures and some may show water loss values even if the hole does not leak 
water out. This makes the analysis of grouting process very complicated from the grout 
setting point of view. It is known that grouting process have an influence on the final 
grouting result and careful design is needed to prevent different phenomena like 
backflow and erosion of grout during grouting.  
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9.3.1  Mixing with water in rock 
 
The setting and strength development of the grout may be disturbed by the mixing of 
water with the grout during grouting. If the water mixes with grout the W/DM ratio of 
the grout increases and the setting may be prolonged. The water mixing -test described 
in the Chapter 8 indicates that the grout can mix with water during grouting. As a 
consequence of this the grout does not possibly set and harden normally. Mixing with 
water is possible because the grouting holes are often full of water. It is also possible 
that the hydrostatic pressure of groundwater resists the flow of the grout and that the 
mixing with water increases. The mixing may be only a local phenomenon and it is 
possible that this does not explain the poor setting and strength development in as large 
scale as in whole grouting hole. 
 
The most of the grouts, which have set poorly, have been quite fluid (UF-41-14-4, UF-
41-14-5.1 and UF-15-10-2.8) and according to Ranta-Korpi et al. (2007) the Marsh 
values are usually between 39 – 41 seconds. The mixing with water is easier in the case 
of fluid grouts (W/DM about 1.4) than in the case of stiffer grouts (W/DM about 1.0) 
used in ONKALO. Nevertheless in one poor setting observation the used material has 
been a mortar for grouting the extensometers in which the W/DM ratio is low 
(0.4 - 0.45). The poor setting and strength development has been observed in the case of 
different W/DM ratios. 
 
The poor setting has been observed also in the case of dry extensometer grouting holes. 
In these cases the mixing with water has not happened and the increase of W/DM ratio 
caused by mixing with water cannot be the only factor causing the phenomenon. 
 
9.3.2  Grouting pressure 
 
The grouting pressure varies between 45 – 80 bar (overpressure) during grouting in 
ONKALO (Hollmén 2007). Based on the information of the experiments of Meducin et 
al. (2007) and Kronlöf (2003) the effect of the pressure on the strength development is 
insignificant and cannot cause the deterioration of the strength development of the grout 
in ONKALO. 
 
It is possible that the flow of grout in the fracture caused by pressure can cause further a 
different pore distribution. The flowing of the grout is necessary for grout to penetrate 
in the fractures. The pores may stretch and connect with each other during flowing in 
the fracture. The pores may form a network, which is more permeable than the separate 
pores. According to Neville (2004) this permeable pore network increases the 
permeability of the fluids and exposes the cement to fluid attack or other chemical 
reactions. The different pore distribution of the grout cured in the tunnel and the 
injected grout has been noticed in the INKE-FT-2 field test. The results of this 
notification are described in the Chapter 6.4. 
 
It is possible that the pressure can cause the differentiation of the fluid and solid phase 
of the grout. The fluid has lower viscosity than the solid phase. As a consequence of this 
the fluid flows faster than the solid phase. As the pressure is directed into the grout 
containing both fluid (pore fluid) and solid phases (hydrated cement), the phases 
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possibly flow with different rate and as a consequence they differentiate. The ions 
dissolved into the liquid phase may be removed from the grout with the liquid phase. 
The water differentiation from the grout under pressure has not been experimented and 
this is why this presumption should not be taken as a fact. 
 
If injection continues for a long time so at 80 bars pressure, it may cause destruction of 
early forming hydration products as the grout is moving forward. It is possible that the 
setting of the grout is prolonged because of the renewing flow of grout in the early age. 
Low pH grout develops quicker setting during the first 4 - 8 hours compared to standard 
grout. It is likely that also during the first hour the hydration reactions are faster in the 
low pH grout.  
 
From the rheological point of view the low pH grout is more resistant due to higher 
yield value compared to standard grout (Raivio & Hansen 2007) and may require longer 
injection time. Thus, if the injection continues at high pressure for about one hour there 
are more hydration products in the low pH grout to be destructed because of the 
pressure. If the grout is not really moving any more while the pressure is still on, the 
microstructure of the grout may be quite stable due to its cohesive nature while the 
grout is still soft and early hydration reactions continue. Possibly the longitudinal pore 
cavities are formed in the grout near to the end of the injection period.  
 
If high pressure affects in this manner further acceleration of the low pH grout with 
admixture may cause even more destruction of the formed hydration products in the 
hole and still delay the setting. Groundwater may also act in an accelerating manner 
(Table 6-8) if in touch with the grout at the fresh state and onwards.  
 
The description of injection technique is a speculation of what could have happened, 
and needs more data to either confirm or abandon the ideas. 
 
Because the poor setting has been observed also in the case of the grouting the 
extensometers, it is unlikely that the poor setting is caused solely by the grouting 
procedure. In the case of extensometer grouting the cement paste has been let into the 
hole via the hose and without pressure instead of injecting. The setting of the cement 
paste nevertheless deteriorated. This may indicate that the pressure, which causes 
flowing of the paste and which probably causes different pore distribution into the paste, 
does not deteriorate the strength development.  
 
9.3.3  Grout temperature before grouting 
 
The temperature of the grout before grouting can also have some effects on the strength 
development. Usually the temperature of the grout is about 10 - 20 °C before grouting 
(Ranta-Korpi et al. 2007). Because the strength have developed in a different way in the 
samples cured in tunnel than in the grout grouted into the grouting hole (samples from 
the same grout batch with same temperature), the temperature of the grout before 
grouting cannot be the only factor causing the difference. 
 
After grouting the temperature of the grout probably decreases fast into the temperature 
of the rock. This change can have an effect on the strength development. There is no 
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evidence of the decreasing temperature of the grout after grouting or the rate of 
decrease, but the phenomenon is probable. 
 
Because the temperature of the grout increases almost always during the mixing 
process, it is unlikely that the a bit higher temperature deteriorates the setting of the 
grout in a few cases. Based on the batch mixing tests organised within the IMA project 
(Ranta-Korpi et al. 2007) the temperature is about 12 – 19˚C after mixing and before the 
grout is injected into the grouting hole. 
 
9.4  Curing conditions 
 
9.4.1  Temperature 
 
In ONKALO the grouts behave in different way in tunnel than in the rock. This is 
possibly a consequence of the differences in curing conditions, temperature and relative 
humidity, between tunnel and rock, which might partly explain the difference in setting 
behaviour and results from quality control. The grout cured in the higher temperature 
hardens faster than the grout cured at the lower temperature (Kim et al. 1998). Because 
the temperature is lower in the rock (grouting holes) than in the tunnel in ONKALO the 
hydration reactions are probably also slower in the rock.  
 
The temperature difference between tunnel and rock is about 5˚C (in tunnel about 12˚C 
and in the rock about 7˚C) (Ranta-Korpi et al. 2007). The difference probably does not 
alone cause as large difference of strength development as is observed between tunnel 
(normal strength development) and rock (poor strength development). The temperature 
of the rock is about constant (+7°C) in ONKALO, but there are also small temperature 
differences.  
 
Although the temperature of the rock is rather low the hydration of the grout happens 
nevertheless. Only the reaction rate is slower. The setting and strength development 
have been observed to be normal at the same temperature in the laboratory.  
 
The temperature of the groundwater can be different in different fractures because the 
water can flow from near the surface. If water comes from the surface the temperature 
can be rather high. This can further have an effect on the behaviour of the grout in 
separate fractures. It is also possible that the temperature difference of the groundwater 
is stabilised by the temperature of the rock. The measured groundwater temperatures 
have been about 6 – 8°C. 
 
The target has been to cure the laboratory grouts at Contesta close to the ONKALO 
temperatures. Curing in laboratory has been usually at +12°C after mixing in 2007, 
some samples have been cured also at +7°C.  The 28 d compressive test results of the 
Table 6-3 show that the strength development of the low pH mix UF-41-14-4 slows 
significantly at +12 C compared to curing at +20 C. The drop is clearly bigger than 
with the mix UF-00-08-2 with no silica and with the mix UF-15-10-2.8 with moderate 
silica. SPL content and W/DM ratio are also higher with the micro silica content of the 
mix UF-41-14-4 and they, too, affect to the slowing of the strength development. Final 
strength is eventually reached in laboratory after 3 - 6 months at +12 C. It is expected 
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that the tendency of slower strength development is further somewhat intensified and 
the mutual differences of the three mixes may be bigger at +7 C that is close to present 
temperature of ONKALO rock. 
 
The grout that has been injected into the fractures of ONKALO reach the rock 
temperature quickly and not much can be done to delay that. Heating of the grout may 
have a slight effect to the curing conditions, but it has not been tested at ONKALO so 
far. 
 
Temperature definitely plays a role for delayed setting and slow strength development, 
but cannot solely explain the observed cases. 
 
9.4.2  Closed space (grouting hole) 
 
As the grouting has been finished the grouting hole is closed by packer. After the packer 
has been removed the hardened grout functions as a plug. The grouting hole is fairly 
closed space after this. The situation in grouting hole is not a closed system because the 
groundwater and gases are possibly in interaction with grout. It is also possible that the 
soluble products are drifted away from the grouting hole via fractures and small pores of 
the rock.  
 
It is not known if grouting hole contains also gases and groundwater in addition to the 
grout. It is not possible to study the amount of these liquids and gases or their 
compositions. If in grouting hole there are some connections to the fracture network, it 
is possible that the hydrostatic pressure pushes groundwater or gases into the grouting 
hole and into or through grout. Dissolving of the soluble products of the grout may 
happen. If this happens the grout can deteriorate. 
 
Another thing caused by closed space in grouting hole is that the grout is not in contact 
with flowing air and the relative humidity (RH) stays about unchanged and rather high 
after the space is closed. The RH has a significant effect on the setting and strength 
development of the grout.   
 
Drying of the uncovered sample surfaces during early age may have given exaggerated 
shear and compressive strength test results in laboratory and in field compared to actual 
conditions in rock fractures. In laboratory it has been observed that if no drying or 
moisture transfer in or out of the samples happens during curing rather big autogenous 
shrinkage occurs in the low pH grout. 
 
It is believed that the RH in the fractures of ONKALO rock is at high level and no 
drying of the grout can happen due to drop in RH. If inflow of groundwater occurs the 
grout swells. If no groundwater is present, there is no moisture transfer in or out of the 
grout and autogenous shrinkage may occur.  
 
9.4.3  Organic compounds and microbes 
 
Organic compounds have an effect on the hydration of the cement (Tremblay et al. 
2002). Nonhumic organic matter can possibly occur in the ONKALO tunnel (Pedersen 
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(2007). For instance micro-organism or human remains as cellulose, proteins, amino 
acids, organic acids or urine can be transformed into the carbonhydrates and 
polysaccharides by micro-organisms (Hjerpe 2004, Pedersen 2007, Tremblay et al. 
2002). These substances and organisms are possible present also in environment of 
ONKALO. The humic portion of the organic compounds can be alkanes and fatty acids 
(Tremblay et al. 2002). In addition to organic oils, anti-freeze-solutions and fuels have 
been used in vehicles in ONKALO (Juhola 2007). 
 
The micro-organisms in ONKALO groundwater are nitrate, iron, manganese and 
sulphate reducing bacteria, autotrophic and heterotrophic acetogens and autotrophic and 
heterotrophic methanogens. In the shallow parts there is more living biogrout than in the 
deep parts. In the shallow parts the organisms larger than bacteria may also proliferate. 
The transition from the shallow to deep part occurs in the depth of a couple of tens of 
meters (Pedersen 2007). The micro-organisms of the groundwater may cause the 
strength development phenomenon in ONKALO. 
 
In ONKALO there live also microbes on the tunnel walls. It is probable that the 
microbes live also in rock fractures and grouting holes. If the microbe population varies 
within small area they can cause the strength development differences within small area. 
It is possible that micro-organisms living in groundwater or tunnel walls or the remnants 
or products of them have an effect on the setting and strength development of the 
grouts. 
 
According to Tremblay et al. (2002) several organic compounds as sucrose and organic 
acids deteriorate the hydration process of the cement. The microbes can also use urine 
as the nourishment and further transform these into carbohydrates.  
 
The acetic acid acts as a catalyst in the explosives used in ONKALO (Juhola 2007). 
According to Tremblay et al. (2002) the acetic acid is one organic compound, which 
causes serious strength development risks for cement pastes. During this study it is 
assumed that the acetic acid should break up during the explosion in ONKALO. It is 
nevertheless possible that the acid remnants can be in tunnel after explosion and these 
remnants can further have an effect on the strength development of the grout. The 
grouting equipment and the raw materials stored in the grouting equipment preserved in 
the tunnel can be contaminated with the acid during explosions.  
 
9.4.4  Hydrostatic pressure 
 
Meducin et al. (2007) experimented the effect of the pressure on the hydration of the 
tricalcium silicate. The result was that the pressure of 1000 bar does not have any 
significant effect on the hydration process. Also Kronlöf (2003) experimented the effect 
of pressure (3 – 10 bar) on the strength development of the grout and the conclusion was 
that the effect is insignificant.  
 
In the rock the groundwater causes the hydrostatic pressure. The pressure is about 2 
MPa in the depth of 200 metres in ONKALO. As the grout has been injected into the 
grouting hole and fractures it is possible that the groundwater penetrates into or through 
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the porous cement paste because of the hydrostatic pressure. It is also possible that this 
penetrating water dissolves ions from the grout. 
 
The hydrostatic pressure is directed into the grout immediately after the grouting as the 
grout is still fresh and flowing. It is possible that the penetration of the groundwater and 
gases and dissolving of the grout into water are more effective in the case of fresh grout 
than in the case of hardened grout. The hydrostatic pressure, which resists the flow of 
the paste, can help the mixing of water into the grout. This phenomenon has been 
described in the Chapter 9.1.5. 
 
Because the phenomenon has been observed in the case of dry holes, where the 
groundwater is not in an interaction with grout, it is possible that the hydrostatic 
pressure does not have an effect on or it is not involved in the phenomenon in every 
observed case.  
 
It is not known if gases appear in ONKALO rock as such or whether they are mixed 
with groundwater in all places. Nor is known whether hydrostatic pressure could direct 
first the possible gases and later perhaps groundwater towards the dry holes. According 
to Lea (1970) the action of gases on concrete is usually negligible. Sulphur dioxide and 
carbon dioxide are the gases usually responsible for any attack on concrete and under 
moist conditions a fairly rapid attack is occasionally experienced. 
 
9.5  Interaction between groundwater and grout 
 
The interaction of the groundwater and hardened grout has been experimented in several 
studies but the effect of the groundwater on the fresh grout has not. The fresh grout 
experiments are important because during grouting the groundwater is in interaction 
with fresh grout. It is assumed that the fresh grout is different system than the hardened 
grout.  
 
The poor setting and strength development of the grout has been observed several times 
in the case of wet grouting hole or hole, which is full of water. In these cases the grout 
injected into the hole is in contact with groundwater and gases dissolved in 
groundwater. Nevertheless some observations of the poor strength development have 
been done from dry extensometer holes (situation before grouting) where the 
groundwater is possibly not in contact with the cement paste. Because of this the 
interaction with groundwater may not be solely the factor causing the phenomenon. 
 
9.5.1  Chemical attack 
 
There are several factors in groundwater, which possibly have an effect on the strength 
development of the grout. A sulphate attack is one possibly risk for grouts used in 
ONKALO.  
 
According to Shanahan and Zayed (2006) the sulphates can cause the sulphate attack on 
the grout if it is not made from sulphate resistant cement. That is why the sulphate 
resistant cement Ultrafin 16 (UF) is used in ONKALO. In addition the grouts used in 
ONKALO contain a high amount of silica (Holt 2007). According to Holt (2007) the 
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silica improves the chemical resistance of the grout. According to several researches the 
sulphate attack tests have been performed generally for the hardened cement paste 
samples. According to Santhanam et al. (2006) the process is quite slow in hardened 
cement pastes and the results can be viewed after about 12 weeks. 
 
According to Neville (2004) the type of the sulphate attack depends on the sulphate type 
and that is why there is no unique way to avoid sulphate attack. Thus it is possible that 
the sulphate resistant cement does not prevent the sulphate attack in ONKALO.  
 
The sulphate content of the groundwater in ONKALO is mentioned in the report of 
Äikäs et al. (2000) and Holt (2007). The sulphate content is given as a function of depth 
in the Table 9-1. In the depth of about 150 m the groundwater contains Na, Ca, Cl, 
HCO3 and SO4 ions. In the depth of about 200 m the groundwater contains Na, Ca, Cl 
and SO4 ions (Ahokas 2006). The SO4 concentrations are below the limit of 600 mg/l 
(Haveman et al. 1998). According to by 50 Concrete Code (2004, Table 3.2) the limit 
value for groundwater is much stricter, 200 mg/l in chemically aggressive environment. 
The values of the depths of 100-300 m presented in the report by Holt (2007) exceed the 
limit given by the Concrete Association of Finland (2004). 
 
The high chloride content of the groundwater has an effect on the sulphate attack 
(Shanthanam et al. 2006). According to Pitkänen et al. (2004) the chloride proportion of 
the groundwater increases as a function of depth and is rather high in ONKALO (see 
Chapter 9.3.2). The high chloride content of the groundwater in ONKALO possibly 
may contribute to the deteriorating of the strength development of the grout.  
 
Possibly the effect of the sulphate attack is completely different when the grout is fresh 
or when the grout is hardened. It is possible that interaction between a fresh sample and 
water is also completely different from interaction between hardened sample and water 
and it possibly happens faster and is probably more thorough in a fresh grout sample. 
Because of the lack of the experiments it would be necessary to experiment the possible 
sulphate attack of the fresh grout. By doing this it would be possible to estimate the 
possibility of the sulphate attack during real grouting. 
 
In addition to the sulphate attack some other chemical attacks are also possible for the 
grouts used in ONKALO. 
 
 
Table 9-1. The sulphate content of the groundwater in ONKALO (Holt 2007).  
 

Depth [m] Sulphate content [mg/l] 
0 – 100 63 

100 – 200 310 
200 – 300 200 
300 – 400 130 
400 – 600 25 
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The cements, which are based on the calcium compounds, can dissolve in acidic 
conditions. According to Lea (1970) all the constituents of set Portland cement tend to 
lose lime to solutions of pH below 10-11 and there is no hydrated compound present, 
which is entirely resistant to solutions of lower pH value. High alumina cement is more 
resistant to the action of weak solutions of organic acids than Portland cement, but 
against strong solutions it is less resistant.  
 
According to Lea (1970) waters which are acidic owing to the presence of free carbon 
dioxide, of organic or inorganic acids, are more aggressive in their action, the degree 
and rate of attack increasing as the acidity increases and the pH value of the solution 
falls. In general, acid solutions, which attack cement mortars or concretes by dissolving 
part of the set cement progressively weaken the material by removal of the cementing 
constituents. The main cause of acidity in natural waters is the presence of carbon 
dioxide and humic acid.  
 
According to Holt (2007) the groundwater pH, acidity and ammonium (NH4) contents 
of the groundwater in ONKALO are acceptable and should not cause any concern for 
grout performance. Limit values are given for concrete in chemically aggressive 
environments in Concrete Association of Finland (2004). Other limit values given in 
Concrete Association of Finland (2004) for groundwater are dealt with in the following 
chapters. It must be kept in mind that the limit values are designed for concrete 
mixtures, not injection grout with much higher w/c ratios and no aggregates.  
 
9.5.2  Chloride ingress 
 
The groundwater of ONKALO environment is originated from different stages of the 
Baltic Sea (Pitkänen et al. 1996). The chloride content of the groundwater increases as a 
function of depth (Pitkänen et al. 2004).  
 
The grouts used in ONKALO have W/DM ratios of 1.0 – 1.4. According to Lea (1998), 
the porosity increases as the W/DM ratio increases. According to Halamickova and 
Detwiler (1995) this can further increase the risk of chloride ingress.  
 
Chloride ingress possibly has an effect on the strength development of the cement 
pastes (Holt 2007, Luna 2006) and these reactions can be possible also in the 
environment of ONKALO. The chloride content of the groundwater is high in 
ONKALO area. The average content in the boreholes is 8450 mg/l according to Äikäs et 
al. (2000).  
 
9.5.3  Leaching and exchange reactions of cations 
 
The leaching of the cations can cause the poor strength development for the grouts in 
ONKALO. The lowered content of K+ and Na+ ions in the sample with delayed-set 
considered in the Chapter 6.4 and in Appendix 1 is possibly a reference of this. 
According to Holt (2007) the high porosity of the grout can contribute to the leaching of 
the cations.  
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Leaching involves the attack of water on the calcium hydroxide and calcium silicate 
hydrate (CSH) present in hydrated cements. Solid hydrates of cement paste are more 
persistent at pH above 12-13, but at a lower pH the hydration phases no longer remain 
stable and thus dissolving takes place (Holt 2007).  
 
The rather high magnesium proportion of the groundwater of the ONKALO, which 
nevertheless stays below limit value 300 mg/l (Äikäs et al. 2000, by 50 2004), may have 
an effect on the exchange reactions of the grout. According to Holt (2007) the Mg2+ can 
substitute Ca2+ ions. 
 
Leaching tests have usually been done for the hardened samples (Carde & François 
1998, Saito & Deguchi 2000, Shehata & Thomas 2006). The leaching of the cations is 
probably different in the cases of fresh and hardened grout. The exchange reaction tests 
for the fresh grout are necessary to find out the real risk of exchange reactions in the 
conditions of ONKALO. 
 
9.5.4  Effect of free and dissolved gases 
 
Because the grout samples cured in laboratory in tap water at about 7˚C set and harden 
normally but not in real ONKALO groundwater at about the same temperature, there is 
possibly some significant difference between these waters. In this context the gases 
dissolved in the water are considered. It is noteworthy that the mixing water of the grout 
is tap water in ONKALO and laboratory and only the curing conditions are different. It 
is possible that the effect of dissolved gases is insignificant. Between ONKALO 
groundwater (curing water in rock) and tap water of capital region of Finland (Vantaa) 
(the curing water in laboratory) there are some differences (Table 9-2). 
 
It is well known that the dissolution ability of several gases for instance oxygen and 
carbon dioxide increases as the temperature decreases (Lide 2008). It is possible that the 
cold groundwater contains larger amount of dissolved gases than the warm 
groundwater. 
 
Because the poor strength development has been observed also in the case of dry 
extensometer grouting holes, it is possible that the gases dissolved in the groundwater 
are not the sole factors, which can cause the phenomenon.  
 
 
Table 9-2. The most common dissolved gases in ONKALO groundwater and tap water 
of capital region of Finland (Äikäs et al. 2000, Pitkänen & Partamies 2007, Quality of 
Vantaa tap water 2007 (Appendix 4). 
 

Dissolved gas Groundwater in ONKALO Tap water of capital region 
of Finland (Vantaa) 

CO2 30 mg/l 0.5 mg/l 
CH4 0.01 – 0.1 mg/l - (?) 
O2 <1 mg/l 13 mg/l 
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The chemical attack can be caused by the liquid or gas, which penetrates into the 
cement paste Allahverdi & Škvára (2000). In dry grouting hole can be some gases, 
which possibly have some interaction with grout. The gases dissolved into the 
groundwater can escape while the hydrostatic pressure decreases (as the water becomes 
closer the tunnel wall by the fractures). This may cause the escape of the gases into the 
grouting hole where the grout may get into interaction with the gas. It is possible that 
the dry grouting holes have connections (fractures) by which the gases can move 
although the water leakages are insignificant. 
 
According to Andersson et al. (2007) the DIC contents of the groundwater in ONKALO 
are high and partial pressure of CO2 in groundwater is over atmospheric values in the 
upper part of bedrock in Olkiluoto. Deeper DIC and CO2 contents are extremely low, 
particularly in saline groundwaters.  
 
Partial pressure of CO2 of the grout mixing water probably tends to level with the partial 
pressure of CO2 of groundwater if they get into contact with each other. 
 
According to Lea (1970) the carbon dioxide in water may be in "free" or "aggressive" 
form. Some free CO2 is necessary to stabilise the calcium bicarbonate equilibrium in the 
presence of calcium carbonate. The aggressive CO2 is classified as chemically 
aggressive environment according to Concrete Association of Finland (2004) and Holt 
(2007) and the standard testing method is given for determining aggressive CO2 in 
Concrete Association of Finland (2004). 
 
The effect of dissolved or free gases on the cement pastes in ONKALO is not known. 
 
9.5.5  Surface water 
 
Before grouting the hole is drilled or bored. Sometimes also the water loss measurement 
is done before grouting. In all these processes a large amount of water is pumped into 
the rock. The water used in these processes is surface water from the Korvensuo 
reservoir.  
 
It is possible that this pumped water stays in the rock long time, even until the grouting 
begins. In some grouting holes the water can be groundwater, surface water or mixture 
of these. During grouting this water may mix with grout. It is not known if the surface 
water has some effect on the strength development phenomenon. 
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10  CONCLUSIONS 
 
Several possible factors, which can cause the poor setting or strength development 
within hours – weeks after injection, have been studied in this report. It seems that the 
phenomenon is probably a result of several factors. Although several possible reasons 
have been studied, it is possible that the factor, which deteriorates the setting and the 
strength development of the grout in ONKALO is not yet known. If it is necessary to 
find out the factor, which causes the phenomenon, additional observations and studies 
are needed.  
 
The uncertainty of the observed cases of delayed setting and changing quality and type 
of the samples makes the determination and conclusion difficult. The varying 
conditions, sampling techniques and sampling methods increase uncertainty. 
 
In spite of these factors of uncertainty, following conclusions can be drawn based on the 
literature review and the observations from the field and the laboratory: 
 
 The most likely single reason, which can have an effect on slow setting of the 

grouts in ONKALO is the low temperature condition in the rock (grouting hole and 
fracture). The temperature cannot cause the phenomenon alone. The setting can be 
slowed down caused by low temperature. This can further make the grout 
vulnerable to other factors. 

 
 Grout needs certain shear strength until the packers can be removed to prevent the 

backflow caused by groundwater pressure (Axelsson 2006). It is possible that the 
increasing depth requires shear strength higher than currently set. Also the 
evaluation of the actual shear strength in the grouting hole may deviate from the 
laboratory conditions. The groundwater may mix into the grout and still decrease 
the estimated shear strength. 

 
 It is possible that the used cement type is vulnerable to setting and strength 

development phenomenon in ONKALO conditions. In places, the carbon dioxide 
can cause an acid attack, which means lowering of the pH and carbonation of 
calcium compounds, which can further cause deterioration of the grout. The cation 
exchange (Mg) reactions and sulphate attack are also possible in places. 

 
 The effect of microbes or products of them and other organic compounds (present 

in tunnel walls or in grouting holes in ONKALO) on the setting and strength 
development of the grout is not known.  

 
Several possible reasons for grout behaviour have been discussed in this report. The 
amount of observations is not sufficient to exclude any of them. Therefore it is 
important to gather immediate information on grout behaviour in continuation 
especially if there are phenomena which cannot be explained directly. There should be 
readiness for laboratory services and methods in the field to follow up controlled the 
setting process beside the grouting operation.  
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Regardless of the observed setting and strength development phenomenon the tightness 
requirement of the ONKALO tunnel has been reached. The effect of the poor setting 
and strength development on the durability of grouts has not been analysed within this 
study. In case the leakages shows increasing trend in future, which might indicate the 
insufficient performance of sealing, there are practical actions to be considered like post 
grouting, evaluation of the role of the leakages etc.    
 
Although the factor causing the phenomenon is not certainly known, it has been 
succeeded to develop the way by which the setting of the grout can be ensured at early 
age. Accelerator (2 – 5%) added into the grout recipes fastens setting of the grout. The 
grouts, which contain accelerator have suitable properties in the view of grouting and 
the use of these grout recipes is recommended in ONKALO.  
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APPENDIX 2: LABORATORY TEST RESULTS 
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APPENDIX 3: Results of the batch mixing test for the accelerated mixes 
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New name b min, 

fresh [µm] 
b crit, fresh 

[µm] 
b min, 0,5h 

[µm] 
b crit, 0,5h 

[µm] 
b min, 1,5 h 

[µm] 
b crit, 1,5 h 

[µm] 

UF-15-10-2.8 (2%) 29 117     
UF-15-10-2.8 (5%) 28 91     
UF-41-10-3 (2%) 44 93     
UF-41-10-3 (5%) 51 99     
UF-41-10-4 (2%) 36 81     
UF-41-10-4 (5%) 48 119     
UF-41-12-3 (2%) 29 64     
UF-41-12-3 (5%) 26 62     
UF-41-12-4 (5%) 38 85     
UF-41-14-3 (5%) 33 79     
UF-41-14-4_1 25 79     
UF-41-14-4_2 27 63     
UF-41-14-4 (2%) 28 63     
UF-41-14-4 (5%) 25 61 29 62 49 121 
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APPENDIX 4: QUALITY OF VANTAA TAP WATER 2007 
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