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ABSTRACT 
 

An assessment of disturbances caused by ONKALO construction and use was made in 

2003 and updated in 2006 and 2007. This report is a summary of earlier experiments 

and new research data. The new data covers three disciplines; grouting materials, 

grouting technique and long-term safety, and these were collected as a part of the R20 

programme. Based on these results a recommendation has been given on the grouting 

methods which should be used during and after the R20 structure sealing. 

 

From a long-term safety viewpoint, it is important to continue sealing and restricting the 

water inflows into ONKALO, this way the disturbances due to water leakages (water 

intrusion, drawdown, upconing) can be controlled. Should the R20 structure not be 

sealed, disturbances in the groundwater flow fields would be almost as bad as building 

the whole of ONKALO without any sealing. The disturbances due to grouting materials 

are mitigated mainly by decreasing the amount of harmful materials used, mainly 

Ca(OH)2, as the rate of deterioration of bentonite slows down remarkably when pH is 

kept below 10. The aim of the new strategy is to seal the bedrock with low-pH cement, 

using less cement and a smaller number of grouting holes outside of the tunnel 

perimeter. 

 

Low-pH cement is a normal sulphate resistant grouting cement, with added silica as ≥ 

40 % of dry materials. In addition to silica other normal admixtures such as 

superplasticizers are used. According to tests, the functionality of low-pH cement is on 

the same level as the grouting cement presently used in ONKALO. The aim has been to 

find a suitable grouting material for all fracture conditions by modifying the viscosity of 

the grout and still maintaining the penetrability and improving the setting properties. 

More viscous grouting material increases the need for superplasticizer compared to the 

old grout used with the same water to dry material ratio. Increase in the amount of 

superplasticizers used does not have a significant effect on long-term safety. 

 

According to laboratory tests, adding silica to grouting material improves durability, 

when relative humidity is ≥ 95 %. Shrinkage and cracking of the cement does occur 

more often in low-pH cements than normal cements when RH decreases below 90 %. It 

is assumed however, that inside fractures the humidity is high. 

 

The analytical calculation method to design grouting is reported. The method is used for 

grouting designs and for optimization of the work. The primary method for grouting is 

still pregrouting. The method developed is based on the local inflow limits, by changing 

for examplethe grout mix properties and positioning of the grouting holes, with the aim 

reaching an optimal solution. In addition to this, five “type plans” were introduced to 

planning, these are tailored to bedrock conditions within a certain range of variations. 

Type plans are not applicable for certain special situations: shafts, post-grouting, and 

fractures that are parallel the tunnel, which need individual plans. It has also been 

observed that the diameter of investigation holes should be a minimum of 64 mm, in 

order to gather reliable bedrock fracture information. Another alternative would be to 

develop investigation methods that are better suited to smaller and less straight holes. 
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In the area of quality assurance, it has been noticed that the quality of the grouting 

cement varies and therefore the testing of the technical properties should be carried out 

regularly. Poor quality cement batchescan compromise the result of grouting, such 

substandard cement batches can be detected with careful quality surveillance. 

Observations and timely reporting from the construction site about any deviationin 

grout function(e.g. defective setting or gaining of strength) are required, in order for the 

grouting design group to provide effective solutions. 

 

Keywords: ONKALO, disturbances, inflow, drawdown, upconing, foreign materials, 

cement, grouting, low-pH cement, water leakage control  
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Vuotovesien hallinta ONKALOssa – toimintastrategia 

 

TIIVISTELMÄ 
 

ONKALOn rakentamisesta ja käytöstä aiheutuvien häiriöiden arviointia on tehty jo 

aiemmin vuosina 2003, 2006 ja 2007. Tämä raportti on yhteenvetoraportti, joka 

perustuu paitsi aiemmin saatuihin kokemuksiin myös uusiin tutkimuksiin. Uudet 

tutkimukset tehtiin kolmen eri projektin, (injektointimateriaali, injektointitekniikka ja 

pitkäaikaisturvallisuus) toimesta ja koordinoitiin keskitetysti R20 ohjelmassa. Näiden 

tutkimusten pohjalta on annettu suositus R20:n kohdalla ja sen jälkeen käytettävistä 

tiivistysmenetelmistä. 

 

Pitkäaikaisturvallisuuden näkökulmasta on tärkeää jatkaa ONKALOn tiivistämistä ja 

vuotovesien rajoittamista ja näin torjua vuotovesien aiheuttamat haitat (pohjaveden 

pinnan alenema, pintaveden tunkeutuminen tiloihin ja suolaisen pohjaveden nousu). 

Mikäli R20-rakennetta ei tiivistetä, on häiriö pohjavesien virtauskentässä lähes sama 

kuin tilojen rakentaminen kokonaan ilman tiivistystä. Tiivistämisessä käytettävän 

sementin haittavaikutuksia (korkean pH:n pluumi) torjutaan ensisijaisesti vähentämällä 

haitallisten aineiden, lähinnä Ca(OH)2:n, määrää ONKALOssa, koska bentoniitin 

rapautuminen hidastuu merkittävästi sen kanssa kosketuksissa olevan veden pH:n 

laskiessa alle 10. Uuden menettelyn tavoitteena on toteuttaa kallion tiivistäminen 

matalan pH:n sementillä, aiempaa pienemmillä sementtimäärillä ja vähemmillä profiilin 

ulkopuolelle jäävillä reikämetreillä. 

 

Matalan pH:n sementti on normaali sulfaatinkestävä injektointisementti, jossa silikan 

osuus on yli 40 % kuiva-aineista. Lisäksi matalan pH:n sementissä käytetään 

normaaleja injektointisementin lisäaineita kuten notkistimia. Matalan pH:n sementin 

tekninen toimivuus on kokeiden mukaan samaa luokkaa kuin nykyään ONKALOssa 

käytössä olevalla injektointisementillä. Tavoitteena on ollut hakea erilaisille 

rakoympäristöille sopiva injektointimateriaali modifioimalla lähinnä massan jäykkyyttä 

säilyttäen tunkeutuvuuden ja parantamalla sitoutumista. Jäykempi massa lisää 

notkistimen käytön tarvetta hieman verrattuna saman vesi-kuiva-ainesuhteen normaaliin 

sementtiin. Lisääntynyt notkistimen käyttö ei kuitenkaan oleellisesti vaikuta pitkä-

aikaisturvallisuuteen. 

 

Laboratoriokokeiden perusteella silikan lisääminen injektointisementtiin parantaa 

kestävyyttä, silloin kun olosuhteet ovat yli RH 95%. Kutistumista ja sementin halkeilua 

esiintyy matalan pH:n sementillä enemmän, kuin ns. normaalilla sementillä, kun kosteus 

laskee alle RH 90%. Oletusten mukaan kallionraossa vallitsee kuitenkin korkea 

kosteuspitoisuus. 

 

Injektoinnin kehitystyössä löydettiin yksinkertainen analyyttinen laskentatapa mitoittaa 

injektoinnit. Menetelmän avulla laaditaan injektointisuunnitelmat ja optimoidaan 

työsuoritusta. Ensisijaisena injektointimenetelmänä käytetään edelleen esi-injektointia. 

Uusi menetelmä on paikallisiin vuotovesirajoihin perustuva menetelmä, jossa mm. 

massojen ominaisuuksilla ja porareikien sijoittelulla pyritään optimaaliseen ratkaisuun. 

Lisäksi siirrytään tyyppisuunnitelmiin, jotka ovat räätälöity tietyntyyppisiin kallio-

olosuhteisiin niiden vaihteluväli huomioiden. Tyyppisuunnitelmat eivät kuitenkaan 

sovellu seuraaviin erikoistilanteisiin: kuilut, jälki-injektoinnit ja tunnelinsuuntaiset raot, 
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jotka tarvitsevat yksilölliset suunnitelmat. Injektoinnin kehitystyön aikana on havaittu, 

että tutkimusreikien halkaisijan tulee olla vähintään 64 mm, jotta kallion rakoilutiedot 

saadaan riittävän luotettavasti kerättyä. Vaihtoehtoisesti tutkimusmenetelmiä tulee 

kehittää niin, että ne soveltuvat pienempään reikäkokoon (ja täten käyrempiin reikiin). 

 

Lisäksi tulee kiinnittää huomiota laadunvarmistuskäytäntöihin. On havaittu, että 

injektointisementin laatu vaihtelee, ja tämän vuoksi massan teknisten ominaisuuksien 

testauksen tulisi olla säännöllistä. Viallinen sementtierä voidaan havaita huolellisesti 

tehdyillä laadunvalvontakokeilla. Jos injektointiaineen tunkeutuvuus tai muut ominai-

suudet ovat puutteellisia sementtierän huonon laadun takia, vaarantaa se injektoinnin 

lopputuloksen. Havainnot työmaalta liittyen poikkeavuuksiin esim. puutteelliseen 

sitoutumiseen tai lujuudenkehitykseen ovat myös erittäin tärkeitä, koska ilman 

yksityiskohtaista ja nopeasti saatua tietoa ei olosuhteita pystytä selvittämään ja 

ongelman ratkaisu viivästyy.  

 

Avainsanat: ONKALO, häiriöt, vuotovesi, pohjaveden pinnan alenema, suolaisen 

pohjaveden nousu, vieraat materiaalit, sementti, injektointi, matalan pH:n sementti, 

vuotoveden hallinta 
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LIST OF ABBREVIATIONS 
 

Accelerator An admixture, accelerating setting/hydration of the cement paste. 

Additive Substance used in manufacturing cement. For instance Cement 

Grinding Aid (CGA) 

Admixture Substance added into cement paste to improve the properties of 

the paste. For instance superplasticizer and accelerator. 

AFm Group of calcium aluminate hydrates (Al2O3-Fe2O3-mono) 

ALL-MR Simulated fresh granite groundwater 

C2S  Calcium 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 

Cement A powdered raw material of cementitious pastes 

Cement paste Mixture of water and cement. Cement pastes are part of grout, 

mortar concrete and shotcrete 

CGA Cement Grinding Aid. An additive used in grinding process of the 

cement powder 

Concrete Cement paste with coarse and fine aggregates and possible 

admixtures 

CRIEPI Central Research Institute of Electric Power Industry of Japan 

C4A Tetracalcium aluminate 

C4AF Tetracalcium aluminate ferrite, ferrite 

C3S Tricalcium silicate, alite 

C2S Dicalcium silicate, belite 

C-S-H Calcium-Silicate-Hydrate 

CTH Chalmers University of Technology 

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 to assure 

satisfactory hydration of the cementitious material and proper 

hardening of the concrete”. 

DIC Dissolved Inorganic Carbon 

DOC Dissolved Organic Carbon 

DM Dry material 
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EBS Engineering Barrier System 

FT Field test organized in the ONKALO tunnel 

GA Grout Aid. Trade name of a micro silica slurry, which is a raw 

materialof grouts used in ONKALO. Consists 50% of water and 

50% of silica fume (SF). 

Glenium 51 Trade name of a PCE based superplasticizer used e.g. in concretes 

GPC Gel Permeation Chromatography 

Grout Grout is a cementitious mix used in sealing of fractures in rock. 

The grouts used in ONKALO have the W/DM ratio about 1.0 – 

1.4. The grout is a mixture of water, cement, micro silica slurry 

and admixtures as superplasticizer, accelerator 

Hardening Gain of strength after setting. Strength development 

IR Infra Red Spectroscopy 

KTH The Royal Institute on Technology (in Sweden) 

Low pH grout Grout, which is made by using raw materials: Sulphate Resistant 

Portland Cement (UF16) and micro silica slurry (GA). 

Superplasticizer (Mighty 150) is used as admixture. The pH value 

of the leachate of the low pH grout is <11. 

Mighty 150 Trade name of a PNS based superplasticizer used e.g. in grouts 

MIP Mercury Intrusion Porosimetry 

NMR Nuclear Magnetic Resonance 

NUMO Nuclear Waste Organization of Japan 

OL-SR Simulated Olkiluoto Saline Water (reducing conditions) 

ONKALO The Underground Rock Characterisation Facility being built for 

rock characterisation for the final disposal of spent nuclear fuel 

PNS Poly Naphthalene Sulphonate 

Rheobuild 1000 Trade name of a PNS based superplasticizer used  in concretes. 

SEM Scanning Electron Microscope 

Setting The 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).  

Shear strength The 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. 

Shotcrete Spraying concrete for tunnel support 

SKB Swedish Nuclear Waste Management Company 
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SP Superplasticizer 

SPL Superplasticizer. An admixture used in grouting and concrete 

industry 

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. 

TC Tunnel Chainage 

TDS Total Dissolved Solids 

TOC Total Organic Compound 

UF Ultrafin 16 cement. A trade name of a sulphate resistant Portland 

cement used in grouts  

W/C Water to cement ratio of the cement paste. 

W/DM Water to dry material ratio of grout 

VTT Technical Research Centre in Finland 
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1 INTRODUCTION 

In 2004, Posiva started the construction of an underground rock characterisation facility 

named ONKALO at the Olkiluoto site to collect more detailed information on the host 

rock. The construction of ONKALO will alter the hydrology and geochemistry of the 

surrounding host rock. Opening of the tunnel may cause draw down of oxygen- and 

carbon dioxide-rich surface waters, and may cause upwards movement of saline waters 

from greater depths. Both of these identified disturbances might affect the functionality 

of the planned engineering barrier system (EBS) of the final disposal facilities. Because 

of these changes in the groundwater table level, a hydraulic gradient will develop that 

may induce groundwater movement in fractures in more distant locations. To limit the 

possible disturbance, it is necessary to limit the inflow of water to tunnel. 

Before the construction work, multiple site investigations were conducted during the 

last fifteen years. Based on these investigations two fracture zones of central importance 

with respect to ONKALO constructions have been defined in Olkiluoto island. The 

subhorizontal fracture zones RH19A and B were encountered between 70 and 170 

meters depth in the ramp, and other fracture zones RH20A and B are expected to be 

encountered between 290 to 330 meters depth from surface. The major volume of water 

inflow to ONKALO is expected to be from these two fracture zones. Furthermore the 

RH20 fracture zone is expected to divide the rock mass hydrologically into two 

different zones, with the rock above RH20 only very weakly connected to the rock mass 

below RH20 where the final disposal of the spent fuel will be located. Therefore sealing 

of the fracture zones, and especially sealing of rock mass below the RH20 fractures, 

needs to be investigated carefully.  

The decision points related to groundwater inflow into excavated ONKALO rooms 

were outlined by Vieno et al. (2003). There are three major decision points. First, 

practices of groundwater inflow management need to be established before ONKALO 

construction work starts. Second, these practices should be evaluated and adjusted 

before ONKALO access tunnel penetrates the first major subhorizontal fracture zone 

(R19). Third, evaluation and adjustment of the same practices should be achieved before 

ONKALO access tunnel penetrates the second major subhorizontal fracture zone 

(RH20) and enters the argued disposal facility block. 

To achieve the major decisions, R19 fracture related research was carried out before the 

penetration of the structure. The results of the research are reported in Ahokas et al. 

(2006). Furthermore, recommendations of the R19
1
 research are presented as 

background information in this report in next chapter. Based on the recommendations 

from R19 research, Posiva decided to establish a new research programme R20. This 

report presents the results of the programme. 

 

                                                 
1
 RHX  as such is a Finnish acronym for hydrogeological feature X  and RX  a similar acronym for 

geological feature X. Furthermore HZX have been used to describe hydrogeological zones. However, in 

this report R19, R20, HZ19 and HZ20 are used as quotations from spoken language when referring to 

R19 (or R20) fracture related research or research programme 
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1.1 Background of the R20 programme 

The consequences of the drawdown of saline waters and groundwater movement in 

fractures were first assessed at the time of planning construction of ONKALO and are 

reported in Vieno et al. (2003). Some aspects of this assessment were amended few 

years later and reported in Löfman & Mészáros (2005). The R19 zone was penetrated in 

early 2006 and the groundwater disturbances were assessed using the latest information 

and reported in the R19-related assessment (Ahokas et al. 2006). The outcomes of it 

were the following. 

 The use of the current grouts should be continued until sufficient knowledge and 

experience has been obtained with low-pH cement. Further investigations are 

also needed to improve the knowledge of properties and behaviour of grouting 

materials currently in use. 

 Development and testing of low-pH cement should be continued both in the 

laboratory and in particular in the field.  

 Development and testing of complementary grouting materials, such as silica 

sol, for smaller fractures should also be continued. It is likely that a combination 

of low-pH cement and silica sol will be needed in the future. 

 A risk comparison between presently used grouts and alternative grouts should 

be carried out before using alternative grouts.  

 Other means to prevent and control inflows, such as hydraulic liners, such as 

those that are planned for the shafts in the ONKALO tunnel, should be 

considered. 

 Smart grouting should be applied. Although advanced grouting is in use in 

ONKALO and the grouting fans are being focused only on leaking tunnel 

sections, more effort could be devoted into grouting optimisation to minimise 

the amount of grout introduced. 

 

1.2 Targets of the R20 programme 

To implement the research and development work indicated in the R19-related assess-

ment, a new RH20 related research programme has been established to ensure that 

acceptable sealing methods are developed before penetrating the RH20 structure. This 

programme will coordinate the development work of grouting materials and grouting 

methods to be used in ONKALO after penetrating the RH20 fracture zone. Long-term 

safety studies and field-testing at ONKALO related to methods to control groundwater 

inflows are included also in the scope of programme. The main target is the 

development of a groundwater sealing method for ONKALO that fulfils the 

requirements arising from long-term safety, constructability and quality assurance. The 

more detailed objectives are: 

 to develop a practice for the groundwater inflow management that meets the 

needs of grouting performance and long-term safety; 

 to set up acceptance criteria for grouting material(s) to be used; 



11 

 

 to reduce the use of harmful materials in construction; 

 to ensure the availability of efficient grouting materials and techniques at major 

flowing fractures encountered by ONKALO excavations; and 

 to assess the risks associated with different suggested solutions.  

In summary, the objective of the RH20-related programme is to prepare an 

implementable grouting process that fulfils the requirements arising from long-term 

safety considerations. The final results, including the selected sealing method, have to 

be ready before the R20 fracture zone is penetrated, which is estimated to occur during 

the summer 2008. 

 

1.3 Structure of the programme 

The programme is executed in three subprojects. 1) The first project covers long-term 

safety related investigations aimed at producing specifications for grouting materials, 

their combinations and material-specific quantity limits that can be used in ONKALO. 

These investigations take into account the microstructure of fresh and cured grout, 

leaching of grout, transport of leached components and their interaction with the rock 

and with the engineering barrier system. 2) The second project covers development of 

grouting material aimed at further optimising and producing grouting materials 

fulfilling the established requirements. Currently used cementitious grouting material 

and low-pH cement alternatives are considered. 3) The third project focuses on 

development of a grouting method(s) aimed at applying the currently used and alterna-

tive grouting materials in ONKALO. The resulting grouting method(s) to control the 

groundwater inflow needs to fulfil the same requirements for grouting referred to above. 

 

1.4 Report structure 

This report defines research and development activities related to R20 programme, and 

results of the programme. Chapter 2 describes hydrogeological disturbances, what the 

construction of ONKALO might cause for the area, and how disturbances have been 

evaluated in theoretical level. Chapter 3 describes progress of the construction of 

ONKALO and experiences of the construction work. Chapter 4 focuses on chemical 

effects of grouting, and it includes laboratory results of tested grouts. Chapter 5 focuses 

on comparison of different low-pH grouting materials including field tests of selected 

grouts.  Chapter 6 presents the methodology how to carry out the grouting work in 

ONKALO. The final chapter concludes the results of the programme and list the 

recommendations. 

Layout of ONKALO has been updated during the programme. Latest version is 

presented in Figure 3-1. Previous layout has been used during the programme and in 

other figures old layouts have been presented. 



12 

 



13 

 

2 HANDLING OF HYDROGEOLOGICAL DISTURBANCES 

2.1 General 

For the hydrogeological description of the site, the key function of geology and the 

geological model is to provide geometrical background in addition to measured 

hydrological data, describing the potential pathways for fluid flow. Therefore, in the 

current geological model, much emphasis is placed on the definition of the extent of the 

geological zones and for this approach extensive use of geophysical data has taken 

place. As an example, the correspondence of hydrogeological zone HZ20B and 

HZ20B_Alt (Ahokas et al. 2007) and geological zone BFZ080 is shown in Figure 2-1 

both in 3D and as a horizontal profile in 2D. 

 

    a) 

 

 

 

 

 

 

 

 

    b) 

 

 

 

 

 

 

 

Figure 2-1. Comparison of hydrogeological zones HZ20B and HZ20B_Alt (in blue) and 

geological brittle deformation zone BFZ080 (in light brown) in a) 3D and b) horizontal 

2D sections at the level –420 m. 
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The main geometry of the zones is very similar, giving confidence to the models, 

although there is some variation in the locations of drillhole intersections, as high-T 

values in drillholes (which has been the basis on the definition of hydrogeological 

zones) may not always correspond to the exact location of geologically defined fault 

cores (for definition of fault core, see Mattila et al. 2008). Similarly, the extents of the 

zones may differ due to differences in the observed hydrological and geophysical 

connections, leading to different sizes for the zones. 

Generally, the hydrological and geological zones are located in approximately in the 

same volume but, as stated above, the specific geometry and locations of the zones 

within the volume differ from each other that can be explained by complex internal 

properties of the zones. Fault zones consists typically of a more deformed fault core and 

a so-called zone of influence, which is still affected by the faulting and characterised by 

higher fracture frequency, slickensided fractures and wall-rock alteration; in some 

occasions, the zone of influence may be more permeable than the fault core, which often 

consists of specific fault products such as breccia and gouge, and can therefore even act 

as the less permeable part of the fault, effectively promoting fluid flow in the zone of 

influence. Based on current observations, this may be the case in the HZ20 system, 

where the fault cores do not always correspond to the most transmissive parts of the 

hydrogeological zones, whereas the correlation with the zones of influence seems to be 

somewhat better. In addition, even single fractures may be highly transmissive, as 

exemplified by the HZ19 system, in which case the definition of these types of 

hydrological zones is geologically difficult. 

As an illustrative example, the HZ20 system is studied in greater details. 

 

2.2 The HZ20 system as an example of site geology 

The HZ20 system is currently considered as a specific domain or volume consisting of 

hydrological zones, namely HZ20A and HZ20B, and site-scale fault zones BFZ098 and 

BFZ080 (see Figure 2-2). The geology of the system has recently been summarised by 

Kemppainen et al. (2008), who described the hydrological and geological data of the 

system in an integrated manner and in Mattila et al. (2008) who focussed on the 

description of the purely geological properties of the system and summarised in detail 

the geological evolution of the faults. 
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Figure 2-2. Site-scale zones of the current geological model (Mattila et al. 2008), with 

the fault zones in the HZ20 system indicated with labels. 

The fault zone BFZ098 is the uppermost fault zone in the HZ20 system and BFZ080 is 

located some tens of meters below the BFZ098. According to the modelled geometry, 

the main core of the BFZ098 would intersect the ONKALO tunnel at chainage c. 3138 – 

3141 m and BFZ080 at the chainage c. 3290 – 3293 m.  Based on fault analysis, these 

fault zones are originally thrust faults which were later reactivated in several different 

deformation phases, as indicated by geological data collected from tunnel and drillholes 

(Mattila et al. 2008). 

BFZ098 is a gently dipping fault with an approximate dip of c. 25 degrees towards SE. 

It is located only some tens of meters above the fault zone BFZ080. The core of the 

fault is 0.1 – 2.7 m thick, with a typical thickness of 1 m, yet the defined core sections 

consist of few to several thinner (10 cm-scale) gouge- or breccia-bearing sections and 

generally higher fracture frequency. In addition, in some drillholes, the fault core is 

characterized by pervasive or fracture-controlled illitisation, kaolinisation and 

sulphidisation or weathering.  The fault is intersected by 23 drillholes. According to the 

engineering based RG-classification system, the core consists of densely fractured 

sections (RiIII) and clay-filled sections (RiIV) in most of the intersecting drillholes. 

Based on electromagnetic Sampo Gefinex analysis, fault pair BFZ098 and BFZ089 may 

extend farther in the NW, at least to KR3. This continuation is now indicated as a 

separate fault zone BFZ040. 

The width of the influence zone of BFZ098 is in average 39.6 m, varying from 15 m 

(KR22) to 72.5 m (KR7). It is usually characterized by increased fracturing, slickenside 

fractures, elevated hydraulic conductivity and alteration. 
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BFZ080 is a gently dipping fault with an approximate dip of c. 20 degrees towards SE. 

The core of the fault is 0.2 to 8.58 m thick, with a typical thickness of approximately 1 

m. Similarly to the zone BFZ098, the core of the zone consists of few to several thinner 

(10 cm-scale) gouge- or breccia-bearing sections and generally higher fracture 

frequency. The fault is intersected by 21 drillholes. According to the RG-classification 

system, the core consists of densely fractured sections (RiIII) and clay-filled sections 

(RiIV) in most of the intersecting drillholes. Hydraulic conductivity is often also 

elevated. In three drillholes (KR1, KR13 and KR15), there are no clear geological 

indications of a deformation zone at the intersections. However, according to 

geophysical and hydraulic results, slickensided fractures and the general geometry of 

the fault these drillholes do intersect a deformed zone. 

There are not many indications of hydrothermal alteration related to the core of this 

fault. Kaolinisation is most common (pervasive as well as fracture-controlled). 

Furthermore, there is occasional illitisation and sulphidisation. 

Based on the current geological evidence, once intersected by tunnel, the cores of the 

zones are likely to consist of few to several 10 cm-scale clay or breccia sections or 

clearly increased amount of slickensided fractures, located within an interval of few 

meters, and generally elevated fracture frequency. The influence zones of these faults 

contain slightly higher fracture frequency, characterised mainly by slickensided 

fractures. The extents of the influence zones are ten to few tens of meters, both in the 

hanging walls and footwalls of the faults and between the two fault cores, the influence 

zones may overlap each other. 

 

2.3 Transport of grout leachates 

The transport of grout leachates was assessed by computational means. This is because 

experimental arrangements at the site are not practicable due to the long time scales in 

the leaching process.  

There are several computational tools available to help in formulating theoretical 

explanations and to perform numerical analyses with several candidate theories. In this 

assessment, the porous media concept and the discrete fracture network concept are 

utilised. 

First, the actual hydrogeological features of the site and the current understanding are 

discussed.The implications are not considered in this connection. Next, the theoretical 

framework is introduced to make dependencies between design parameters and 

hydrogeological conditions more explicit. This is followed by justifications of the 

selection of the consequences of alternative construction decisions to be analysed. Next, 

the computationally obtained estimates of the implications are explained together with 

the relevant descriptions of the tools used. The implications are considered in terms of 

the induced disturbance into the flow field and the induced flow paths. 

 

2.3.1 Site conditions 

According to the latest Olkiluoto site description (Andersson et al. (2007)) the 

groundwater flow field within the limiting lineaments (see Figure 2-3) is controlled at 
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shallow depths by surface topography (shown in Figures 8-6 and 8-7 in Andersson et al. 

(2007)). The flow direction is mostly downwards below the hills, whereas near the 

shoreline and below the areas of lower elevation flow is horizontal and/or upwards. The 

horizontal flow is mainly due to the anisotropy in the fracture orientations of the 

sparsely fractured rock at shallow depths. 

 

Figure 2-3. Conceptual hydraulically conductive hydrogeological zone geometry within 

lineaments “LINX”. 

Deeper in the sparsely fractured rock the flow is towards the more conductive zones. 

Hydrogeology in the central parts of Olkiluoto is dominated, in general, by the 

subhorizontally oriented zones HZ19, HZ20 and HZ21 appearing in the order of 

increasing depth, which are connected by the vertical zone HZ004. HZ004 connects the 

zones HZ19, HZ20 and HZ21 ultimately to the sea. 

When simplifying the flow field to its most dominant features, the majority of the 

groundwater above HZ19 flows into it and a portion of this groundwater in turn flows 

into HZ004.  Once in HZ004 the groundwater flows to greater depths.  The remaining 

groundwater below HZ19 flows vertically and eventually enters HZ20.  In deeper parts 

of HZ20, the groundwater flow is towards HZ004.  Similar flow patterns are seen 

between HZ20 and HZ21.  From HZ21 most of the flow exits towards to sea.  

The main flow directions in the HZ19, HZ20 and HZ21 systems are presented in Figure 

2-4. 
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Figure 2-4. The main flow directions in the representative hydrogological zones of the 

systems HZ19, HZ20, HZ21 and HZ004. ONKALO was not included in the simulations 

although it is presented in the figure (after Andersson et al. (2007)). 

The related fluxes of groundwater in the well characterised area are presented in Figure 

2-5. This figure covers the cross-sectional area of 2x2 km. For the sake of clarity, the 

coordinate axis in depth direction has 10-fold magnification. The variable presented is 

the Darcy velocity. It should be noticed that white or transparent colour in left figure is 

the coloured in right figure and vice versa. It is a threshold value used for the sake of 

clarity. Groundwater flow rates at features used in computations are obtained when 

these fluxes are integrated over the regions shown. The results are shown in Table 2-1.  
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a) 

 

b) 

 

Figure 2-5. a) Downward and b) upward fluxes of groundwater at the well 

characterised area expressed in Darcy velocities. The coordinate axis in depth direction 

has 10-fold magnification. 
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Table 2-1.  Upward and downward flow rates in the features used in computations. SFR 

refers to Sparsely Fractured Rock and TOTALto total flow rate through the well-

characterised area at the depth level specified. 

Level -25 Level -100 Level -200

[m
3
/a] up down up down up down

SFR 2 032    4 975    300       472       91         219       

HZ01 161       87         288       73         127       38         

HZ03 15         217       15         14         -         -         

HZ04 185       64         20         21         13         12         

HZ99 -         -         15         0           14         1           

HZ19 1 008    2 546    493       927       319       505       

HZ20 102       181       34         28         15         25         

HZ21 -         -         -         -         -         -         

TOTAL 3 503    8 070    1 165    1 535    578       799       

Level -300 Level -400 Level -500

[m
3
/a] up down up down up down

SFR 58         118       7           54         2           43         

HZ01 5           1           2           0           -         -         

HZ03 -         -         -         -         -         -         

HZ04 1           20         1           15         1           11         

HZ99 22         2           15         1           2           0           

HZ19 1           66         -         -         -         -         

HZ20 16         44         41         54         15         16         

HZ21 0           0           1           0           2           0           

TOTAL 104       251       67         125       23         71          

 

The main conclusions from these flow rate related considerations are: 

 flow rates are highest at shallow depths and decrease at greater depths; 

 HZ19 system is the most dominant hydrogeological feature in the well-

characterised area at depths -100…-300 m; 

 HZ20 system dominates at depths -400…-500 m; and 

 although flows within sparsely fractured rock are roughly of the same order of 

magnitude as in water conducting features, their local influence is considered as 

smaller as they represent considerably larger area.  

 

2.3.2 Theoretical considerations 

When considering the connectivity of certain grouted region via fracture network to 

other regions, the flow distribution when facing a flow branching like feature can be 

conceptualised as presented in Figure 2-6. 



21 

 

Q0

Q1

Q2

Q0

Q1

Q2  

Figure 2-6. Branching of the flow in a feature “0” into features “1” and “2”. Q0 is the 

flow rate into the flow branching feature and Q1 and Q2 are the related outflow rates. 

 

Distribution of the flow to branches 1 and 2 can be expressed by equation 2.1. 
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where wi is width of the water conducting feature, Ti transmissivity of the feature and 

the expression in brackets is nondimensional pressure gradient, in which H is 

hydrostatic head and L the distance over which this hydrostatic head occurs. When 

assuming the width of the water-conducting feature as unit width and the pressure 

gradient as global, that is equal pressure gradients, the ratio of the outflow rates 

simplifies to as expressed in equation 2.2. It has to be acknowledged that pressure 

gradients in actual fracture networks differ locally, but when considering equivalent 

porous medium concept the pressure gradients appear comparable. 
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The related mass balance in the flow branching feature is as expressed in equation 2.3a 

and when introducing equation 2.2 it simplifies to expression presented in equation 

2.3b. 
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The resulting flow rate in branch 1 is presented in equation 2.4. 
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Figure 2-7 presents the flow rate ratios, Q1/Q0, over essential transmissivity ratios. 
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Figure 2-7. Distribution of the flow into two branched fractures, Q1/Q0, in terms of the 

ratio of the related transmissivities, T1/T2. 

It can be seen from equation 2.1 that the Q1/Q2 ratio is as sensitive to the ratio of 

transmissivities as to the ratio of pressure gradients. Nevertheless, it is reasonable to 

assume that the variation in the ratio of transmissivities is much greater than the 

variation of the pressure gradient ratio, so that transmissivity ratio dominates the 

appearance of Q1/Q2 ratio and that the essence can be captured by equation 2.4.  

Distribution of the flow along a single flow path in a network of fractures described in 

Figure 2-8 can be captured using equation 2.5. Naturally, it has to be acknowledged that 

this is crude simplification of flow in a complex fracture network, but it sufficiently 

indicates the trend of the flow. 

 

Q 0 

Q 1 

Q 2 

Q 3 

Q 4 

Q n-1 

Q n 

Q 0 

Q 1 

Q 2 

Q 3 

Q 4 

Q 

Q 

 

Figure 2-8.  Branching of the flow in a feature “0” into features “1” and “2” and 

further to “n-1”, “n” etc. Q0 is the flow rate into the flow branching feature and Q1 etc. 

are the related outflow rates. 
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When following the logic leading to equation 2.5 it can be concluded that the Q0/Qn-1 

ratio in a fracture network will be higher than what is presented in Figure 2-7. That is, 

the fraction of the flow originating from a certain location “0” that reaches location “n-

1” will inevitably decrease as the number of features in the network between these 

locations increases. 

Therefore, the criteria for grouting a fracture intersecting deposition hole is that no more 

than the amount tolerated by deposition hole should be used. By extension, when 

considering a fracture with Tfeature/Tdeposition hole=1, only this amount at maximum can be 

used for injection. For the rest of the features equation 2.6 can be used in cases when 

there are no reasons to expect locally varying pressure gradients.mcement refers to the 

amount of cement in mass tolerated by the deposition hole. 

hole deposition

1 1
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  (2.6) 

The term “Sg” in equation 2.6 becomes very large (of the order of thousands) in 

practice. This theoretical framework can be illustrated as in Figure 2-9.  

T=10-5 m2/s

T=10-7 m2/s

T=10-8 m2/s

”HZ20 system”

T=10-5 m2/s

T=10-7 m2/s

T=10-8 m2/s

”HZ20 system”

 

Figure 2-9. Illustration of the theoretical framework expressed in equation 2.5. 

This example illustrates the extremely weak connectivity of regions near major water 

conducting features to more distant regions. 

"The random resistance network" approach is typically used for this purpose but as the 

flow is channelled mainly through the least resistance path, the result is more or less the 

same. 

The fraction of groundwater flowing into non-saturated excavations and not just passing 

the grouted zone can be assessed using equation 2.7 (Thiem 1906). 



24 

 

 

  

Tfeature in equation 2.7 is the transmissivity of a feature, H is the head drop from a 

constant pressure boundary to the excavation, rconst head the radius of the fixed head 

boundary, rgrouted the radius of the grouted zone, rexcavation the radius of the excavation 

and Tgrouted the transmissivity of the grouted zone. This expression can be used to study 

the influence of grouting parameters, rgrouted and Tgrouted, during the time excavations are 

open and the time of tunnel backfill saturation. An example of resulting flow rate to 

excavations is presented in Figure 2-10 as function of the transmissivity of grout and the 

radius of grouted zone. Here rconsthead was set to 50 m, Tfeature to 1·10
-6

 m
2
/s and H to 

400 m. 
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Figure 2-10. Flow rate to tunnel according to equation 2.5 as function of relevant 

range of grout transmissivities and radius of the grouted zone. 

From Figure 2-10 it can be seen that flow rate Qto excavations=0.05 L/min can be obtained 

e.g. by rgrouted=16.5 m and Tgrout= 6·10
-10

 m
2
/s or by rgrouted=3.5 m and Tgrout= 2·10

-10
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m
2
/s. This calculation shows that a given groundwater inflow rate can be grouted with a 

reduced volume of injected grout if grouts with lower grout transmissivity are available.  

The hydrodynamical disturbance due to the hydraulic gradient surrounding the 

excavations does not fully reflect the changes to the long term performance of the site. 

The largest potential influence on the long-term performance of the repository and 

especially on the engineered materials, arises from increased groundwater salinity. 

Therefore, estimates on the changes of the groundwater salinity and estimates of the risk 

of exceeding the 35 g/L limit in deposition drifts (considered in earlier assessments e.g. 

Vieno et al. (2003)), in particular. It must be recognised that the more saline 

groundwaters at greater depths start moving towards shallow depths only as a 

consequence of hydrodynamic sinks. 

 

2.3.3 The changes in the flow model since HZ19 analysis 

The motivation for repeating similar computational analyses as in Vieno et al. (2003) 

and Ahokas et al. (2006), the HZ19 related analysis, is to take into account the most 

recent site investigation data. The changes due to this data and selection of conceptual 

model are: 

 dual-porosity (DP) representation of fractured rock for solute transport in the 

flow model 2007 moderates the transport of solutes compared with the 

equivalent porous media (EPM) model used previously; 

 flow porosity coupled to transmissivity and hydraulic conductivity whereas no 

such explicit connection has been used before; 

 transmissivity of the zones intersecting tunnels is lower in the current flow 

model according to the following table in which the R/HZ19&20 values are 

sums of several individual features; 

 

Flow model 2005 Flow model 2007
Zone RH24 R19 R20 HZ004 HZ19 HZ20

T [m
2
/s] 7.9e-6 4.0e-5 2.0e-5 1.6e-7 6.7e-6 1.1e-5

 

 

 hydraulic conductivity of the sparsely fractured rock between the zones in the 

well characterised area (WCA) higher in the flow model 2007 (calibrated against 

the measured inflows); 

Flow model 2005 flow model 2007
Depth [m] Hydraulic conductivity [m/s] Hydraulic conductivity [m/s]

0-50 1e-7 (x&y directions) 6e-8 (x&y directions) 

1e-9 (z direction)

50-100 1e-10 1e-9

100-200 3e-10 7e-10

200-400 1e-11 4e-10

400-2000 3e-12 9e-11
 

 number of shafts: 1 in 2005 and 3 in the current flow model; 
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 lower limit of the model was –1500 m in flow model 2005 and is –2000 m in 

flow model 2007; 

 recently established excavation and backfill schedule of the tunnels considered 

in the current flow model; 

 More efficient grouting in the current flow model (calibrated against the 

measured inflows):  

o intersecting hydrogeological zones: T =1e-8 m
2
/s (2005: 1e-7 m

2
/s and 

1e-8 m
2
/s); and 

o sparsely fractured rock: K =5e-9 m/s (2005: 1e-8 m/s); and 

 initial salinity distributions according to Figure 2-11. 

 

Flow model 2005 Flow model 2007Flow model 2005 Flow model 2007

 

Figure 2-11. Initial salinity distributions in the flow model 2005 (left) and in the current 

flow model (right).  

The changes listed above apply to DP calculations, but the basis for discrete fracture 

network (DFN) modelling is somewhat older and is detailed in Lanyon and Marschall 

(2006). Even if the object and the objective of DP and DFN studies were the same, 

performing both of these analyses were considered worthwhile to enhance confidence 

on the conclusions to be made. 

 

2.3.4 Selection of calculation cases 

Several aspects  of groundwater inflow management in ONKALO were analysed based 

on the most recent investigation data. The investigations were as follows. 

 What would have happened if groundwater inflow to excavated rooms were not 

controlled? 
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 What would the consequences be if groundwater inflow control would be 

stopped at the time of preparing this assessment, i.e. only the first subhorizontal 

hydrogeological zone, the HZ19 system, would be grouted? 

 What would the magnitude of the flow field disturbance and the related 

consequences to the groundwater salinity if  the major subhorizontal 

hydrogeological zones intersecting ONKALO, the HZ19 and HZ20 systems, 

would be grouted? 

The changes in the groundwater flow field were assessed using the DP approach by 

assessing the consequent local drawdown of the groundwater table and in a separate 

assessment of the resulting flow field and the induced changes in the salinity omitting 

the changes in the location of the groundwater table. The focus on DFN modelling was 

on migration of grout leachates. In the DFN analyses all geometric calculations were 

performed on a 2400x1600x100 m block at 400 m depth. The purpose of parallel EPM 

and DFN analyses was to make the concept specific features and consequences more 

explicit.  

 

2.3.5 Updated assessment of disturbance caused by construction of ONKALO 

The assumed geometry of ONKALO and the first repository panel together with the 

currently estimated excavation schedule is presented in Figure 2-12. 

 

Figure 2-12. The currently assumed geometry of ONKALO and the first disposal panel 

with the estimated excavation schedule. Disposal panel depicted as orange and red on 

the left are considered only in the case where the hypothetical vertical feature (Hypo) is 

considered. 
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Changes in the flow field with respect to the naturally occurring undisturbed state after 

100 years of the initiation ONKALO excavations are presented in Figure 2-13 as fluxes 

at several depths. The scaling of the figures is logarithmic, which reduces the visible 

differences slightly. 

 

a) b) c) d)a) b) c) d)

 

Figure 2-13. Flux downwards at the time when ONKALO has been open for 100 years 

at depths –25 m, -100 m, -200 m, -300 m, -400 m and –500 m for a) naturally occurring 

flow field, b) no control of groundwater inflow, c) HZ19 system grouted and d) HZ19 

and HZ20 systems grouted. The coordinate axis in depth direction has 10-fold 

magnification. 

The details in the figures are not essential to understanding the discussion and therefore 

they are shown in a small size. The relevant conclusions from these figures are that first, 

introducing ONKALO does induce considerable changes to the near field flow and 

second, the induced changes are essentially the same whether HZ19 is grouted or not 

assuming HZ20 is not grouted.  

When analysing the integrated fluxes of groundwater as presented in Figure 2-5, the 

magnitude of the disturbance in the groundwater flow field relative to the naturally 

occurring state are obtained. Table 2-2 presents results when the integrated flowrates at 

few most active zones are normalised with the naturally occurring flowrates presented 

in Figure 2-5. In this case, only the most active depth levels, -200 m and –300 m, are 

presented. 
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Table 2-2. The magnitude of the disturbance in the groundwater flow field normalised 

with the naturally occuring flow rates 

Natural no grout HZ19 grouted HZ19&HZ20 grouted

level -200

SFR 1              104          103                32                              

HZ004 1              406          403                106                            

HZ19 1              52            57                  13                              

HZ20 1              1 300       1 311             281                            

Total 1              110          114                28                              

level -300

SFR 1              160          161                61                              

HZ004 1              354          377                98                              

HZ19 1              10            14                  6                                

HZ20 1              1 199       1 236             171                            

Total 1              321          331                70                               

 

Based on Table 2-2, it can be seen that without grouting HZ19, flow rates in the vicinity 

of ONKALO will be on the order of hundred(s) times greater than the rock mass would 

be if the excavations were not present. If both of the major subhorizontal 

hydrogeological zones penetrated by ONKALO, the HZ19 and HZ20 systems, are 

grouted, the resulting increase in the local flow rates is less than a quarter of the 

ungrouted case. Of the individual features, the HZ20 system will be affected the most 

by the access tunnel passing through it. 

The estimated groundwater inflow rates to ONKALO in steady state are presented in 

Table 2-3.  

Table 2-3. The estimated maximum groundwater inflow rates to ONKALO at the time 

before closure. SFR refers to Sparsely Fractured Rock and HZ to Hydrogeological 

Zones. 

no grout [l/min] HZ19 grouted [l/min] HZ19&HZ20 grouted [l/min]

SFR 35 35 56

HZ 205 145 13

Total 240 180 69

 

The groundwater inflow rates computed differ from what has been presented in the 

previous assessments (Vieno et al. (2003) and  Ahokas et al. (2006)), but the overall 

conclusion remains the same. That is, in case groundwater inflow to ONKALO is not 

controlled, the inflow rate is several hundreds of litres and if measures are taken to 

control it, the resulting flow rate is few tens of litres.  

The observed inflow rates presented include only currently excavated parts of shafts. 

The estimated groundwater flow rates and inflow rates into ONKALO depend on 

modelling assumptions. As the estimated groundwater inflow rates to ONKALO are 

slightly too high, the estimated disturbance is most probably also slightly too intense. 

From Figure 2-14 it can be seen that most of the estimated groundwater inflow to 

ONKALO originates from what is considered in computations as sparsely fractured 

rock. Therefore, to make more realistic estimates for groundwater inflow rates, the 
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“sparsely fractured rock”-excavation interface needs a more realistic description. Once 

the groundwater inflow rates are closer to observations, the estimated disturbances to 

the flow field can be assumed more realistic. 

 

Figure 2-14. The estimated groundwater inflows to ONKALO and observations by the 

end of October 2007 

However, the disturbances in the flow field are only temporary as backfilled ONKALO 

and the repository will gradually saturate after closure and the hydraulic gradient will 

decrease to the naturally existing. This aspect is shown in Figure 2-15 and in Table 2-4, 

however these results do not include thermal effects from the spent nuclear fuel in the 

repository. 
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a) b) c) d) 

 

 

Figure 2-15. Fluxes downwards at post-closure of ONKALO 300 years after the 

beginning of ONKALO excavations at depths –25 m, -100 m, -200 m, -300 m, -400 m 

and –500 m for a) naturally occuring flow field, b) no control of groundwater inflow, c) 

HZ19 system grouted and d) HZ19 and HZ20 systems grouted. The coordinate axis in 

depth direction has 10-fold magnification. 

Table 2-4. The magnitude of the disturbance in the groundwater flow field normalised 

with the naturally occuring flow rates at post-closure time of ONKALO 300 years after 

the initiation of excavations. 

Natural no grout HZ19 grouted HZ19&HZ20 grouted

level -200

SFR 1,0           1,3           1,3                 1,3                             

HZ004 1,0           1,2           1,2                 1,1                             

HZ19 1,0           1,2           1,2                 0,4                             

HZ20 1,0           1,6           1,6                 1,6                             

Total 1,0           1,3           1,3                 1,2                             

level -300

SFR 1,0           0,6           1,8                 1,4                             

HZ004 1,0           1,7           1,7                 1,4                             

HZ19 1,0           1,1           1,1                 1,0                             

HZ20 1,0           2,1           2,0                 1,4                             

Total 1,0           1,5           1,5                 1,3                              

 

Based on these results, it can be assumed that the hydrodynamical disturbance due to 

the presence of ONKALO excavations ceases to a great extent within the next few 

hundred years. It is worth mentioning that horizontal flows potentially occurring are not 

taken into account and that only vertical flows are used to reflect mass transfer between 

depth layers. 
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Estimates of the induced changes in groundwater salinity field as Total Dissolved 

Solids, TDS, are presented in Figure 2-16. 

 

a) b) c) d)a) b) c) d)

 

Figure 2-16.  Salinity levels after 100 years since the beginning of ONKALO 

excavations  at depths –25 m, -100 m, -200 m, -300 m, -400 m and –500 m for a) 

naturally occuring conditions, b) no control of groundwater inflow, c) HZ19 system 

grouted and d) HZ19 and HZ20 systems grouted. The coordinate axis in depth direction 

has 10-fold magnification. 

 

The same conclusions can be drawn as based on the changes induced into the flow field. 

First, limiting groundwater inflow only in the HZ19 system causes only a limited 

reduction in inflow as compared to taking no inflow measures. Second, when 

groundwater inflow to ONKALO excavations is limited at both the HZ19 and HZ20 

systems, the changes induced are smaller and based on the estimated changes in the 

salinity field, and remain within the limits what considered acceptable from the long-

term performance of tunnel backfilling. This latter point is reflected in Figure 2-17 

showing the maximum TDS both in HZ19 and HZ20, SFR and the maximum and 

minimumof TDS in the first repository panel. The maximum TDS at SFR occurs in 

immediate vicinity of hydrogeological zones. 
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a) b)

c) d)

a) b)

c) d)

 

Figure 2-17. Maximum salinity levels occurring at locations illustrated in Figure 2-16 

as TDS’s at level –420 m a) in hydraulically conducting zones, b) in sparsely fractured 

rock, c) in the first repository panel and d) the minimum TDS at the first repository 

panel. c) and d) are only considered when the existence of the hypothetical vertical 

structure is included. 

The estimated TDS field was obtained by neglecting down drawing of the groundwater 

table, however the observed drawdown is approximately only 10m, thus the error can be 

considered minimal.  Thus the salinities calculated are within the acceptable levels, at 

least in the first panel. 

Flow field assessments based on estimating the location of the groundwater table and 

the consequences of drawdown can be considered as sensitivity analyses of the results 

with respect to certain assumptions. The sensitivity of the flow field to the existence of 

a possible vertical hydraulically conductive zone intersecting the first panel was 

assessed. The main outcome of these studies was that there is an evident local 

drawdown of groundwater table in the immediate vicinity of ONKALO. This is 

depicted in Figure 2-18. 
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Figure 2-18. Drawdown of the groundwater table due to inflow to open ONKALO 

excavations a) when no measures to limit groundwater inflow are taken, b) when the 

HZ19 system is grouted, c) when the HZ19 and HZ20 systems are grouted and d) a side 

view to the shape of the groundwater table when only the HZ19 system has been 

grouted with projections of the main water conducting zones. 

The sensitivity of the conclusion to these kinds of modelling assumptions can be 

estimated based on the resulting groundwater inflow rates to ONKALO, which are 

presented in Table 2-5. 

Table 2-5. The estimated groundwater inflow rates to ONKALO when taking changes in 

the location of the groundwater table into consideration.Base case refers to the 

conceptualisation without assessing the location of groundwater table and the values 

are the same as presented in Table 2-3, drawdown to the concept based on the same 

hydraulic zones but when location of the groundwater table is assessed and hypo zone 

to otherwise the same concept except that a hypothetical vertical water conducting 

feature (T=10-6 m/s) is considered to intersect the first repository panel and taking 

down drawing of groundwater table into account. 

no grout [l/min] HZ19 grouted [l/min] HZ19&HZ20 grouted [l/min]

base case drawdown hypo zone base case drawdown hypo zone base case drawdown hypo zone

SFR 35 15 15 35 20 26 56 56 62

HZ 205 139 139 145 121 129 13 13 22

Total 240 154 154 180 141 155 69 69 84

 

Based on Table 2-5 it can be considered that the groundwater flow field assessment is 

insensitive with respect to the assessed alternative concepts but local details can differ. 

Moreover, as the trend in groundwater inflow rates to ONKALO has been demonstrated 
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and as there are no conflicting observations, confidence in the results and prospects for 

future enhancements is increased.  

 

2.3.6 Migration of grout leachates 

From expression 2.7 it can be seen that the flow near the grouted zone is towards the 

excavation in certain conditions. This could occur regardless of high Tfeature/Tgrout ratio if 

the pressure gradient in the hydrogeological zone is low enough, as the pressure 

gradient over the grouted zone is always relatively high. In other words, as long as the 

grout remains permeable, flow through it towards the excavation, is possible. 

Consequently, when this occurs, at least a portion of grout leachates migrate towards the 

excavation. In Figure 2-19 illustrates the flow of grout leachates (originating from the 

blue spheres shown in Figure 2-19) under different pressure gradients using the results 

from a DFN analysis of flow around an excavation in a heterogeneous fracture with a 

regional gradient. The open excavation is the middlemost point referred to as the grey 

filled area in the centre of horizontal plane in Figure 2-19. 

 

a) b) c)a) b) c)

 

Figure 2-19. An illustration of flow around an excavation in a heterogeneous fracture 

with a regional pressure gradient of a) 5 %, b) 1 % and c) 0.2 % together with the 

related flow rates. Blue spheres indicate the start of particle tracks escaping the shaft 

and travelling to the edge of the model. 
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The migration of grout leachates in fracture network can be conceptualised using the 

same argument. That is, as long as the ratio of pressure gradients in flow branches in 

Figure 2-7 remains of the order of one, the flow is distributed as presented in Figure 2-8 

such that mass flow rate of grout leachates is reduced accordingly. If the pressure 

gradient happens to be considerably higher in the less transmissive flow branch, a 

noticeable increase in the mass flow rate occurs in less transmissive flow branch. This 

scenario could occur if an excavation intersects a less transmissive fracture that is 

connected to a zone of higher transmissivity, e.g. a less transmissive fracture near the 

HZ20 system.  

Flow paths estimated using DP approach are presented in Figure 2-20 to Figure 2-23. 

Figure 2-20 presents flowpaths emerging from ONKALO between depths 0 to 100 m, 

300 years after the initiation of the excavations based on the current excavation and 

backfilling plans. 

a) b)a) b)

 

Figure 2-20. An illustration of computed flowpaths emerging from ONKALO access 

tunnel from depths 0 to 100 m 300 years after the initiation of the excavations based on 

the current excavation and backfilling plans: a) isometric view and b) top view. Only 

the fracture zones intersecting ONKALO at these depths are shown, namely the HZ19 

system. 

Figure 2-21 present flowpaths emerging from ONKALO between depths 100-200 m 

300 years after the initiation of the excavations based on the current excavation and 

backfilling plans. 
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a) b)a) b)

 

Figure 2-21. An illustration of computed flowpaths emerging from ONKALO access 

tunnel from depths 100 to 200 m 300 years after the initiation of the excavations based 

on the current excavation and backfilling plans: a) isometric view over Olkiluoto island 

and b) detailed view to ONKALO. Only the fracture zones intersecting ONKALO at 

these depths are shown, namely the HZ20 system and the HZ004 tightly connected to 

the HZ20 system. 

Figure 2-22 presents flowpaths emerging from ONKALO between depths 200 to 300 m 

300 years after the initiations of the excavations based on the current excavation and 

backfilling plans. 

a) b)a) b)

 

Figure 2-22. An illustration of computed flowpaths emerging from ONKALO access 

tunnel from depths 200 to 300 m 300 years after the initiation of the excavations based 

on the current excavation and backfilling plans: a) isometric view over Olkiluoto island 

and b) detailed view to ONKALO. Only the fracture zones intersecting ONKALO at 

these depths are shown, namely the HZ20 system and the HZ004 tightly connected to 

the HZ20 system. 

Figure 2-23 presents flowpaths emerging from ONKALO between depths 300-400 m 

300 years after the initiation of the excavations based on the current excavation and 

backfilling plans. 
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a) b)a) b)

 

Figure 2-23. An illustration of computed flowpaths emerging from ONKALO access 

tunnel from depths 300 to 400 m 300 years after the initiation of the excavations based 

on the current excavation and backfilling plans: a) isometric view over Olkiluoto island 

and b) view from top. Only the fracture zones considered relevant at these depths are 

shown, namely the HZ21 system, BFZ099 and the HZ20_alt. 

The computed flowpaths at depths 0 to 100 m, 100 to 200 m and 200 to 300 m follow 

the main hydrogological features nearby, i.e. the HZ19 and the HZ20 systems. 

However, this occurs only up to the point where there has been data available to 

construct conceptual description of hydraulically conductive hydrogeological zones (see 

Figure 2-3). The limits relevant in this connection can be seen as the locations where 

flowpaths detach from these zones at the zone edges. Thus, streamlines downstream of 

these locations bear uncertainty subject to the details of the continuation of these 

features. Flowpaths emerging from ONKALO access tunnel between depths 300 to 400 

m migrate gradually from HZ21B to BFZ099 because BFZ099 has a modelled 

connection to the ground whereas for the HZ21 system there are no such connections. 

This introduces an additional uncertainty of whether the flowpaths would have been 

along, say, HZ21B if it had been connected to the ground. 

Based on these considerations it can be said that the main hydrogeological features, the 

HZ19, the HZ20 and the HZ21 systems, transport the groundwater from the vicinity of 

ONKALO, but the flowpaths outside the modelled features and the location of 

discharge points are highly uncertain. In addition, the detailed appearance of the flow 

field is sensitive to assumptions used at the boundaries of the modelled domain. 

 

2.3.7 Conclusions of the changes in the flow field and the transport of 
leachates 

Independent from the way the flow field is conceptualised, the HZ20 system will play a 

key role in groundwater movement when ONKALO excavations penetrate sparsely 

fractured rock close to it or intersect it. When any of these things occur, flow rates in the 

HZ20 system will increase and the flow will be towards ONKALO. In this way 

ONKALO acts as a sink or locality where groundwater pressure drops to atmospheric 

pressure. As a consequence of this groundwaters from greater depths with higher 

salinity may be convected to shallower depths.  Based on past ONKALO grouting 
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practices, the better the HZ20 system is grouted the lesser will the groundwater 

movement remain, including saline water from depth.  

Assuming the major hydrogeological zones intersected by ONKALO would be grouted, 

70-80 % or greater of the total groundwater inflow to ONKALO would occur from 

sparsely fractured rock. 

Depending of the sealing efficiency in the major hydrogeological zones, the cement 

leachates originating from these zones will be convected either towards ONKALO and 

other open or unsaturated EBS components. A portion of grout leachates will be 

convected along major hydrogeological zones ultimately discharging to the Olkiluoto 

biosphere or hydrosphere if not buffered by fracture minerals before that. Once the EBS 

is fully saturated and the repository closed the hydraulic gradient will decrease towards 

the naturally existing and mass transfer from groundwater into EBS components is no 

longer convection limited but diffusion limited. 

When considering the migration of grout leachates originating from locations within 

sparsely fractured rock, their connectivity to major hydrogeological zones and to 

individual deposition holes should be estimated. Based on estimates of connectivities 

and the branching of the flow rate similar to the ones presented it becomes possible to 

estimate order of magnitude of the potential of the leachates from a grouted location to 

migrate to deposition holes. As long as there are no grounds to exclude the existence of 

connective fracture network, the accessibility of grout leachates to EBS components 

needs to be assumed. 

Moreover, the greater the area and number of the excavations, the larger the drawdown 

of the groundwater table and the greater the upwards movement of the saline 

groundwater from greater depths. Thus, grouting to minimize groundwater inflow and 

minimizing the number of open excavations is important in preventing this saline 

groundwater movement from occurring. 

Although the expected impact of changes in the flow field has been shown in previous 

analyses fairly independent of details of the conceptualisation, gaining more confidence 

on the ability to predict the impacts of construction is essential considering the ability to 

predict other aspects of long-term evolution of the repository. 
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3 PROGRESS AND EXPERIENCE GAINED DURING CONSTRUCTION 
OF ONKALO 

3.1 Progress in constructing ONKALO 

The excavation of the ONKALO began in 2004. The progress of the excavation since 

2004 is shown in Figure 3-1. The excavation advance has followed the schedule for 

approximately the last year. By the end of December 2007, the excavated access tunnel 

length was 2581 m, the exhaust shaft and the personnel shaft were raise bored to 

approximately –180 m depth. 

The excavation rate has varied between 500−1500 m
3
 per week during excavation 

operations. Between the access tunnel chainage 0-~1000 m, the average excavation rate 

was 17 m and 735 m
3
 per week and between the chainage ~1000-~2000 m, the average 

excavation rate was 19 m and 914 m
3
 per week. By the end of 2000 m of advance, 

approximately 94 000 m
3
 of rock has been excavated, based on design volumes. The 

quality of the excavation surfaces has been mainly good.  

 

 

Figure 3-1. The progress of excavations in the ONKALO is shown with arrow and the 

chainage 3000 m was reached in the end of April 2008. This is the new lay out, but the 

previous version of the lay out  has been used as a background data for the  R20 

studies.  

 

Rock bolting and shotcreting have been used as the primary rock support measures in 

the ONKALO excavations. Systematic shotcreting of the access tunnel roof has been 

performed throughout the tunnel length regardless of rock quality. Cement-grouted 

rebar rockbolts have been used when necessary, according to the plans anchor rockbolts 
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have been used occasionally. By the end of June 2007, approximately 2000 bolts were 

installed in the first 1000 m of access tunnel and approximately 300 bolts between 

chainage 1000-2000 m in the access tunnel. The typical bolt length is 3 m. 

Typically used standard cement grouts have been used although low-pH cement grouts 

have been tested several times in the ONKALO tunnel. The proportion of tunnel length 

that has been grouted between the tunnel chainage 0−1000 m is approximately 70% and 

between 1000−2000 m it is approximately 25% and between 2000-2400 m it is 

approximately 10%. Grouting of the shafts has been done by long core drilled holes 

(inside the shaft profile) with micro grained sulphate resistant Portland cement. 

 

3.2 Observations on bedrock and transmissive fracture zones 

3.2.1 Rock characterisation for excavation and grouting design 

Probe holes and pilot holes are both drilled during tunnel advance.  Four percussion 

drilled probe holes are drilled about every 20 m as the tunnelling proceeds. Pilot holes 

are typically 100-200 m long core drilled bore holes, and they are characterised in detail 

and the data is used to give a preliminary picture e.g. of the need for grouting. A simple 

drillhole-TV was tried to use in very beginning of the tunnel with no success.  About 

25% of the access tunnel length is investigated with pilot holes (core drilled holes) 

(Figure 3-2). The final decision of the grouting need and design is done based on 

information gathered from probe holes. In addition, geological mapping provides 

further information on fracturing. 

A few characterisation methods for grouting purposes are in use in ONKALO. In probe 

holes, the water loss measurement (Lugeon test), Posiva flow log (Öhberg & 

Rouhiainen 2000) and measurement of the outflowing water are in use.  In the pilot 

holes, core sample logging and geophysical methods are conducted. Initial geological 

mapping can be used for grouting design by providing the location and orientation of 

leaking fractures. Except in fracture zone R19, the fracture information has not been 

used efficiently.  Occasionally holes have been turned to intersect hydraulically active 

fractures at a better angle.  

Flow measurements are done when possible, this includes the Measure While Drilling 

technique for grouting purposes. The software that interprets the drilling response is 

Rockma GMP-2. The pressure build up test (Eriksson & Stille 2005) has not been in 

use.  

The flow log measurements (Reiman et al. 2006) were started (at chainages 15-372 m) 

with an automatic logging device applied over a 1.0 m section length and 0.1 m point 

interval. A manual device with a single rubber disc was used at chainages 442-540 m. 

Another rubber disc was added in the manual device configuration and measured 

section length and point interval were typically 1.25 m after chainage 540 m. 
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Figure 3-2. Pilot holes OL-PH1, ONK-PH2 … ONK-PH7 (between 0 - 2000m). 

The data available for the analysis of grouting experiences was obtained from:  

 The pilot holes ONK-PH1-4; 

 The probe hole data between tunnel chainages 0-1850; and 

 The grouting data between tunnel chainages 0-1850. 

Only one part of the personnel shaft was grouted and raise bored at the time the analyses 

were made, and thus the experiences obtained from the shafts had to be excluded. 

Examples of the observations on hydraulic properties in probe holes are presented in 

Figure 3-3 and Figure 3-4. The data between the chainages 0-1505 m was available. 

Hydraulic conductivities are based on outflow from probe holes, maximum measured 

water loss (Figure 3-3), interpreted water loss and flow logging (Figure 3-4). As the 

excavation has advanced deeper, the hydraulic conductivities determined in probe holes 

have significantly decreased, i.e. both the occurrences of the transmissive fractures and 

the transmissivities of water conductive fractures have decreased.  

Measurements of outflow and water loss have been conducted in one probe hole at time. 

Recently, occasional water loss measurements with a 2-packer device having a 1 m 

measuring section have been done, if the water loss in probe hole has exceeded a 

predetermined limit. The flow log measurement can be used to define distinct hydraulic 

fractures along probe hole. As the flow log measurements have changed from automatic 

to manual measurements after tunnel chainage 372 m, the trigger value of outflow for 

starting the measurement changed from 30 mL/min to 500 mL/min in holes that are 

inclined upwards (the first limit concerns most of the probe holes since they are inside 

the tunnel profile and thus inclined downwards). Holes with outflow less than the 

trigger level were considered dry for flow logging purposes (Reiman et al. 2006). About 
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1/3 of the probe holes have been flow logged. The testing was abandoned in the rest of 

the holes due to various technical problems and/or due to dry holes. In principle the 

water loss measurement can be carried out in any probe hole. However, the measuring 

accuracy of the flow meters tend not to meet requirements for the start criteria of 

grouting in ONKALO, and the smallest transmissive fractures are difficult or 

impossible to detect with current devices. 

Hydraulic measurements in one probe hole fan seem to have quite varied results. This is 

assumed to be related with the gently dipping orientation of hydraulically conductive 

fractures and zones, and observed channelling of the flow paths (e.g. Vaittinen & 

Ahokas 2005). Quite high correlations occurred between the maximum water loss 

(WLMmax) and interpreted water loss (WLMint) (correlation coefficient r = 0.88 or 0.72), 

and those correlated poorly-moderately with flow log (r = 0.43 and 0.28, 

correspondingly). The out flowing water measured at different times correlated very 

variably with observations made by other tools. The result obtained in correlation 

analysis are largely based on only very few data points and is considered to be 

somewhat unreliable. Skin effect was not taken into account because it does not have an 

effect on correlation, however, it may be one reason for differences between different 

characterization tools. 

Hydraulic properties seem to have been slightly different in probe holes in comparison 

with the pilot holes. The measured hydraulic conductivity is smaller in the probe holes 

than in the pilot holes. Possible explanations for this phenomenon are that grouting seals 

fractures ahead of the excavation along gently dipping fractures and that action in turn 

causes changes in groundwater flow paths or that blast shocks may have altered the rock 

mechanical properties of the bedrock resulting in decreases of apertures of fractures. 

The datasets between reliable flow logs and corresponding sets of MWD data gathered 

for interpretation with Rockma software were compared. No correlation was found. 

Work should be done to use available data to attempt to calibrate the algorithms in the 

Rockma software, however, it is probable that the MWD data cannot be used in deep 

and tight conditions like in ONKALO. 

Hydraulic conductivity, m/s
< 1E-10
1E-10 – 1E-9
1E-9 – 1E-8
1E-8 – 1E-7
> 1E-7
not measured

Hydraulic conductivity, m/s
< 1E-10
1E-10 – 1E-9
1E-9 – 1E-8
1E-8 – 1E-7
> 1E-7
not measured

Hydraulic conductivity, m/s
< 1E-10
1E-10 – 1E-9
1E-9 – 1E-8
1E-8 – 1E-7
> 1E-7
not measured

 

Figure 3-3. conductivity values (m/s) measured by water loss measurement, maximum 

values (WLMmax) in probe holes at chainages 0…1505 m.  
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Hydraulic conductivity, m/s
< 1E-10
1E-10 – 1E-9
1E-9 – 1E-8
1E-8 – 1E-7
> 1E-7
not measured

Hydraulic conductivity, m/s
< 1E-10
1E-10 – 1E-9
1E-9 – 1E-8
1E-8 – 1E-7
> 1E-7
not measured

Hydraulic conductivity, m/s
< 1E-10
1E-10 – 1E-9
1E-9 – 1E-8
1E-8 – 1E-7
> 1E-7
not measured

 

Figure 3-4. Hydraulic conductivity values (m/s) measured with Posiva flow log (PFL) 

in probe holes at chainages 0…1505 m. 

 

3.3 Observed water leakages and inflow during the construction of 
ONKALO 

During the construction of ONKALO leaking fractures have been found after grouting. 

Water leakages were measured several times from the beginning of 2005 up to the end 

of December 2007. The latest water leakage map is shown in Figure 3-5. The earlier 

maps are reported by Lehtinen & Hirvonen (2007). Mapping observations were scaled 

into five groups: 1.dry, 2.damp, 3.wet, 4.dripping and 5.flowing. ONKALO is mostly 

dry or damp but the other groups were also found. Some of the damp areas are related to 

precipitation on the ground, as after rainy periods there are more damp surfaces in 

ONKALO than during dry periods. Most of the dripping leakages are concentrated into 

rock boltholes but dripping fractures are also found. Mapping of the water leakages and 

the mapping result are discussed in more detail by Lehtinen & Hirvonen (2007). 

Leakage inflow measurements were started in 2006 and the latest measurement was 

done in December 2007. Measurements were made during the weekends to ensure the 

undisturbed results. The leakage water inflow into ONKALO in the first 2450 m (pump 

station at 2463 m) has varied between 17.7-22.7 L/min, and the average is 19.9 L/min 

(Figure 3-6).  Sixteen measurements were made at the measurement weir at the 

chainage 208 m (inflow between 1.2-7.1 L/min, the average 3.0 L/min), 29 

measurements at the measurement weir at the chainage 580 m, which showed (between 

7.3-15.0 L/min, the average is 10.6 L/min), 12 measurement at the weir at the chainage 

1255 m (inflow between 13.7-24.6 L/min, the average 18.4 L/min) and two 

measurements from the pumping station at the chainage 2285 m (Inflow approximately 

17.6 l/min), see Figure 3-6. In addition, leakage water inflow has also been measured 

from the exhaust airshaft and its shaft connection area (chainage 980) and it has varied 

between 1.6-39.9 L/min, the average being 9.4 L/min. The high inflows were a 

consequence of open grouting holes, which were drilled in to the shaft connection at 

chainage 980 m. The grouting drillholes were closed with longer packers on November 
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2006 and the inflow clearly decreased. The area was later grouted. The total water 

leakage from the upper part of the exhaust shaft has stabilised at about 1.7 L/min.  

 

 

Figure 3-5.  A) The map of leakage water inflow into the ONKALO TC 0 - 800. 
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Figure 3-5. B) The map of leakage water inflow into the ONKALO TC 800-1200. 
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Figure 3-6. Water inflow in a few measurement places in ONKALO. 
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The monitoring after grouting is based on both mapping of water leakages, and total 

leakage inflow measurements of leaking structures and fractures. 

 

3.4 Past and current means used to control inflow 

3.4.1 Raw materials and recipes covered 

Grout materials are mainly cement based or organic suspensions, which have an ability 

to penetrate into the fractures and harden there preventing the water leakages into the 

tunnel. Regular grouting cement consists of cement, water and small amounts of 

additives. The developed low pH grout consists basically of the same materials in 

different proportions compared to the normal grouts The lower pH is achieved with 

different type of pozzolans. Silica fume has been selected as basic material to decrease 

the pH of cement pore water. The selection of silica fume and selection of proportions 

has been discussed in low pH injection grout for deep repositories report edited by 

Sievänen & Boden (2005) and Sievänen et al. (2006). This section focuses on the 

grouting materials, which have been studied for future use in repository, but also 

grouting materials, which are currently in use at ONKALO or have been in regular use 

in the past.  The  raw materials used for development of recipes are presented in Table 

3-1.  

Common nomenclature has been applied to injection grouts (Table 3-3). 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 % out of 

total dry material. Other mix compositions are named likewise. Also the old names are 

mentioned in case they have been published in older reports. 
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Table 3-1. Raw materials considered for use as grout components. 

 Cement  

UF16 microcement (Cementa 

Ab) 

Sulphate resistant, chromate reduced and low alkaline grouting 

cement 

 Specific surface of 1600 m
2
/kg 

 UF16 cement with variation in GroutAid content, W/DM, SPL 

amount 

 Has been selected due the wide experience in underground 

construction of this specific material 

 Can be replaced if necessary with other sulphate resistant cement, 

but it may influence to the technical properties of end product and 

needs wide testing 

SR cement (Finnsementti Oy)  Coarse grout and rock bolt mortar raw material 

 Sulphate resistant cement 

 Specific surface of 330 m
2
/kg 

 Variation in SPL type and amount, W/DM, GroutAid content 

 Mainly for use in grouting of flowing fractures 

Additives  

Silica fume GroutAid (Elkem) Minimum SiO2-content of 86% 

 Grout Aid are suspension and its solid content is 50% 2% 

 Specific surface area is > 15000 m
2
/kg 

 pH 4.5-6.5 

Parmix Silica (Finnsementti) This product is also called as Micropoz and is normally used to 

increase strength and durability of concrete. It consist mainly by 

SiO2 

 Specific surface area is 15000 - 35000 m
2
/kg 

Superplasticizer  

Mighty 150 (Sika Norge AS)  Naphthalene Sulphonate acid formaldehyde condensate 

 Used in construction since 2006 and also the main candidate for low 

pH grouting material 

SP40 (Scancem/SIKA Norge) Melamine type superplasticizer  

 Used in construction until 2006 

 The use has been stopped while Mighty 150 from long-term safety 

point of view is available with similar technical properties.  

Colloidal silica  

Meyco MP320 (Basf 

Construction Chemicals) 

Silica Sol is commercial colloidal silica manufactured by EKA 

Chemicals 

 Colloidal silica is manufactured from raw glass heated and diluted 

with water to make liquid, and to form water glass, sodium silicate 

 The particles have hydroxylated surfaces, which are insoluble in 

water 

 Silica Sol is a stable suspension of amorphous particles of silica 

[SiO2], which builds randomly distributed [SiO4]
4-

 tetrahedral. 

 Silica sol also contains small (<1%) amounts of biocide agents such 

as isothiazols and bromo-nitropropan-diols 

 Colloidal silica requires accelerator for proper gelling and NaCl has 

been used as main candidate. 

 

Chemical composition of different cements depends on the clinker and the additives like 

CaSO4 and others. Small variations may occur due the heterogeneity of clinker material. 

A detailed chemical composition for one batch is available for UF16 micro cement and 

GroutAid analyzed by NUMO/CRIEPI (Andersson et al, 2008). Other compositions are 

provided by the manufacturer of specific product. Table 4-2 shows typical chemical 

composition of following raw materials. 
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Table 3-2. Chemical composition of raw materials in dry weight.  

Material SiO2 Al2O3 CaO MgO Na2O K2O P2O5 Fe2O5 TiO2 MnO SO3 LOI pH 

* %           %  

Cement, 

UF16 

Cementa  

22.9 3.67 65.6 0.79 0.08 0.43 0.11 4.41 0.25 0.23 1.77   

Cement, SR 

Finnsementti 

21 3.0 63 2.6 na na na 4.0 na na 2.6…3.

5 

1.7

…2. 

9 

Grout Aid 

Elkem 

93.6 1.13 0.47 0.52 <0.03 0.77 0.05 0.27 0.01 0.04 0.09 <3.0 4.5-

6.5 
*Information by Cement UF16 and silica fume (GroutAid) (NUMO/CRIEPI) and Cement SR by Finnsementti. 

 

Ultrafine 16 cement has already been used in ONKALO and it has been primary 

candidate cement for tests. GroutAid has been used in ONKALO, and it decreases the 

pH and makes the grout mix more stable, preventing the bleeding. The normal grout 

used in ONKALO consists of small amount of GroutAid. Melamine type 

superplasticizer SP40 was changed to the naphthalene sulphonate type superplasticizer 

Mighty150 in the end of 2005. The recipes developed for use in ONKALO have been 

studied both in the laboratory and in the field. The leaching properties of recipes 

developed in the laboratory have been compared to the reference sample (UF-15-14-2.8, 

UF-00-12-1, UF-15-10-0), which necessarily are not meant to be used in real grouting.  

 

Table 3-3. UF-00: Grouting cement without silica fume. UF-15: Grouting cement used 

in ONKALO with moderate silica fume content. UF-41: Low pH grouting cement with 

high silica fume content. 

Sample Cement Silica fume W/DM SPL New Nomenclature 

 UF16 GroutAid    

 % of DM % of DM  % of DM sem-silika-wdm-spl 

      

U1 100   - 0.8 2 UF-00-08-2 

 100   - 1.2 1 UF-00-12-1 

5/5A   85 15 0.8 2.8 UF-15-08-2.8 

5/7   85 15 1.4 2.8 UF-15-14-2.8 

P307   59 41 1.2 3 UF-41-12-3 

P307C   59 41 0.9 4 UF-41-09-4 

P308B   59 41 1.4 4 UF-41-14-4 

   85 15 1.0 - UF-15-10-0 

5/5   85 15 1.0 2.8 UF-15-10-2.8 

      

 

In tests for coarse grout and rock bolt mortar, coarse, dry silica fume has been 

considered. This material could replace the GroutAid silica fume. This coarse silica 

fume, Micropoz, is also known as Parmix Silica and has been used only in few 

laboratory tests. Product information is not complete. 

Proportions of the raw materials are presented as weight per cubic metre for different 

mixes studied in Table 3-4.  Some modifications and variations mainly in W/DM and 

SPL dosage also have been tested. 
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Table 3-4. The calculated main recipes (kg/m
3
) for different studies (durability, 

leaching, workability properties at laboratory). (Kuosa & Orantie 2007) 

 Standard 
(high pH) 

grout mix 

UF-00-08-2 

Reference 
(medium 

pH) grout 

mix 

UF-15-10-

2.8 

Low pH 
grout mix  

UF-41-

14-4 

Additional 

(medium pH) 

grout mix 

UF-15-14-2.8 

Additional  
(low pH)  

grout mix  

UF-41-09-4 

Water (all water; incl. superplasticizer 

water and silica slurry water) (kg/m
3
)  

716 747 789 805 709 

Ultrafin16 (sulphate resistant 

microcement) (kg/m
3
) 

882
1)

 625
1)

 328
1)

 483
1)

 455
1)

 

Silica fume (solid content) (kg/m
3
) 0 110

2)
 226

2)
 85

2)
 313

2)
 

Mighty 150 (naphthalene sulphonate 

based superplasticizer, solid content) 

(kg/m
3
) 

7
3)

 8
3)

 9
3)

 6
3)

 12
3)

 

Calculated water binder ratio  

(incl. superplasticizer water and silica 

slurry water) 

0.81 1.02 1.42 1.42 0.92 

Calculated density (kg/m
3
) 1602 1490 1352 1379 1489 

1) Density of cement = 3150 kg/m3 

2) Density of GA slurry = 1380 kg/m3, solid content 50% 
3) Density of Mighty = 1200 kg/m3, assumed solid content 40% 

 

3.4.2 Grouting Activities in ONKALO 

The decision to grout has been based on the amount of out flowing water, water loss 

measurement and leakage from single fractures (determined by flow log). About 70% of 

the first 1000 m of the access tunnel has been grouted. After intersecting fracture zones 

RH19A and B, the need for grouting has diminished significantly. Between tunnel 

chainages 1000-2000 about 25% of the tunnel length has been grouted. The pre-

grouting areas and the grout intakes per hole-m and per fan are presented in Figure 3-7 

and Figure 3-8. 

Grouting holes have been drilled outside the tunnel profile, except for shafts and one 

test grouting at the chainage 1880 in the access tunnel. Various drill patterns have been 

applied (Table 3-5). The length of the grouting holes ranges from 22 to 26 m. A dense 

(34 holes/fan) pattern was used initially. The number of grouting holes was soon 

reduced first to 27, and then to 22. The reduced number of holes per pattern was found 

to be adequate to achieve sealing result as planned. Special drilling patterns were used 

through the fracture zone RH19A (Ahokas et al. 2006), between chainages 916 and 980, 

to achieve the desired results (Figure 3-9). The drilling pattern was changed back to 34 

holes after the chainage 1400 in order to enhance the possibility of intersecting water 

conductive fractures with grouting holes. Post-grouting has been done in very few 

places in order to rectify defects in pre-grouting. Post-grouting has been designed on a 

case-by-case basis.  

Grout mixes are based on sulphate resistant micro cement Ultrafin 16; except in fracture 

zone RH19A where coarser Portland cement (SR-cement) was used for better sealing 
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effect. Micro silica slurry (GroutAid) and mainly naphthalene sulphonated super 

plasticizer have been used as admixtures. Water to dry material ratio (in weight) has 

varied between 1.0-1.3 for early mixes. The ratio was reduced to 0.5 in case of high 

grout intake. The silica to cement ratio has varied between 0-0.18. The content of 

superplasticizer has typically varied between 1-2 % by weight of dry material, 

depending on the type of the admixture. The low pH cement grouts have been used in 

grouting tests, with a water to dry material ratio 1.2-1.4, a silica to cement ratio of 0.69 

and a superplasticizer content of 4% by weight of dry material. 

The total grout intake in the first 1000 m of access tunnel was ~ 422 m
3
, and between 

tunnel chainages 1000-2000 m ~ 35 m
3
, (Figure 3-10). The total consumption of grout 

components and cement used when closing the holes is presented in Tabel 3-6. Overall 

grout intake has been relatively low due to the low transmissivities of fractures and 

small number of fractures in the rock mass. As fracturing has decreased with depth the 

need for grouting has similarly diminished.  

The stop criteria for grouting has been as follows: grout was pumped into the grouting 

holes as until the target grouting pressure was reached and the pressure was held for five 

minutes. If the target pressure was not reached and the grout intake had exceeded the 

given limit, the thicker grout mix was prepared by lowering the water content in the 

mix. The grouting pressure in the first 2000 m has varied between 2-9 MPa, increasing 

as the access tunnel was excavated deeper. The grout intake limit typically for the 

thinnest grout mix has typically been 30 L/m of grouting hole. The grout intake limit for 

the next thicker grout mix was 20 L/m and for the last grout mix 20 L/m. In fracture 

zones RH19A and B the grout intake was also limited and large fractures were first 

grouted with thick grout mix and smaller fractures with thin grout mixes. Alternative 

stop criteria have been studied and used in test groutings (Section 6.2.3). 

Table 3-5. Drilling patterns (for the usual tunnel profile) for chainages 0 to 2000 m in 

the ONKALO access tunnel. 

Chainage  Distance between holes (m) * No. of grouting holes / fan 

0-100 1.5 34 

100-155 2.0 27 

155-916 2.5 22 

916-980 Customized drill patterns  

980-1405 2.5 22 

1405-1880 1.5 34 

1,880 ** 1.5 17 

1900-2000 1.5 34 
* Distance measured between endpoints of the holes 

** Grouting holes inside the tunnel profile, grouting experiment 
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Figure 3-7. Grout intake, L/m per grouting hole at chainages 0-1525 m. 
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Figure 3-8. Average grout intake L/grouting hole-m per grouting fan at chainages 

0-1525 m. 
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Figure 3-9. Grouting of fracture zone RH19A (geometry of RH19A:  Ahokas et al. 

2007). The structure was grouted with thick coarse cement in chainage 916, 935 and 

956. After grouting of the structure, the smaller fractures were grouted with micro 

cement at chainages 905, 921, 940 and 960. 
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Figure 3-10. Grout intake per fan (l), both pre- and post-grouting for the first 2000 m 

of the ONKALO access tunnel. 

Table 3-6. Amount of grout by component (kg) between access tunnel chainages 0-

2000.   

  Cements Superplasticizers Silica 

Grout 

component 

Ultrafin 

16 

SR-

cement 

SetControl 2 SP-40 Mighty 

150 

GroutAid 

Grouting 365732 18763 3462 2993 2250 48403 

Closing of 

the hole 

5876 402         

Sum 373899 19165 3462 3041 2250 48403 

 

Following the leakage water inflow and performing leakage mapping were the control 

measures of sealing results. Initially, control drillholes were used to examine sealing 

result and grout penetration but this was abandoned in the access ramp after chainage 

117.  Control drillholes are still used for shaft and experiment grouting.  

Sealing result has been analysed by observing the water leakages at tunnel walls and 

comparing those to the grouted areas and geological features in the access tunnel. The 

first 1000 m of the access tunnel has been studied in detail. A second study was done to 

examine unusual results from the first study and the grouting results from chainages 

1000 to 1850 m.  

The assessments of the first 1000 m of the access tunnel showed that leakage after 

grouting is not as much correlated to geological features as to singular fractures and 

bolts. Major leak (drops and small leaks, less than ~ 1 L/min) locations seem to 
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correlate well with fan beginnings and ends. When leakage occurs around a bolt, it is 

likely due to the bolt penetrating beyond the so called grout curtain in a given location. 

Minor leak (damp) points were distributed fairly evenly along the first 1000 m of the 

access tunnel occurring in varied geological and hydrological conditions. This indicates 

that the minor leakages are due to the used grouting material (cement) and technique 

(stop criterion). The sealing efficiency has been determined for research purposes (TC 

0-117): out of 12 areas, nine showed a sealing efficiency of over 99%. Only one place 

gave a poor result with a sealing efficiency of 60%. Sealing efficiency is the initial 

transmissivity (probehole result) minus end transmissivity (control holes) divided by 

initial transmissivity, and it is usually given in percentage.   

In the first 1000 m, the three largest grout injection volumes with the brittle fault 

intersections around chainage 330 and 500 (450 l penetrated into a single drillhole) and 

with a ductile shear intersection approximately at chainage 450. Despite of these 

occurrences there generally seemed to have been a poor correlation between the grout 

intake and rock mass quality. The three areas with poor or very poor Q index showed 

moderate grout intake and the areas with high grout intake were situated in good quality 

rock. The number of fractures seemed not to be connected to the grout intake. There are 

three possible reasons for this lack of correlation that:  

 grouting seals fractures ahead of the excavation along gently dipping fractures 

preventing grout penetration further into faults and fractures;  

 in densely fractured rock the fractures were more likely clogged by joint fillings 

and thus hindered grout penetration; and  

 in densely fractured rock the fractures are shorter and narrower than in sparsely 

fractured rock limiting grout movement. 

Based on ONKALO fracture mapping data, the orientation of visible fractures with 

grout mass infilling was compared with all fracture observations. There is clear 

difference in dip values between the fracture groups that have grout and do not have 

grout. Fractures with grouting mass infilling are more often gently dipping whereas 

unfilled fractures are more often steeply dipping.  

Within the first 1000 m of the tunnel it was observed that in 1/3 of the grouting holes 

grout intake was high (> 20 L/drillhole-m), and in 43% of the holes the grout intake less 

or as much as the hole volume (Figure 3-11). As the tunnel has gone deeper, less and 

less of groutable holes have been encountered. While this may suggest that invalid stop 

criteria ignored the existence of tight holes, it is likely that the water conducting 

channels are far apart and therefore difficult to hit.  
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Figure 3-11. Distribution of grout intake in grouting holes (L/m = litres per drillhole 

metre) (ch. 0 to 1000). 

The results obtained from rock characterisation are used to determine the need for 

grouting and grout design. Based on the correlation coefficients obtained from data 

obtained from chainages 0 to 1850, the determination of the maximum water loss 

(WLMmax) value was selected as the investigation method that is most capable to 

predict the grout intake. The correlation between WLMmax values and grout intake is 

0.55 or 0.65, depending on whether the sum of values from the four probe holes, or the 

maximum value in any probe hole is taken into account. 

This correlation is not considered very high, however, the other investigation methods 

showed less correlation with the grout intake. It must be noted that the data from flow 

logging was very limited, so it is difficult to draw valid conclusions about the method.  

The measurement accuracy for water loss is relatively high compared to the start criteria 

of grouting. The correlation analysis was considered not to be sufficiently useful as an 

assessment tool for the assessment of water loss.  

In general, the Lugeon test produced more useful results than the flow logging related 

measurements, which showed only a poor correlation with the grout intake.  Although 

flow logging was almost as good as the Lugeon measurements in predicting the tunnel 

sections, where grouting was needed. The determination of the maximum water loss 

value was the most useful method, both in terms of correlation with the grout intake and 

in predicting the tunnel sections where grouting would not have been needed. The water 

loss tests may have been more useful, if a higher pressure been applied to provide 

values closer to expected grouting pressures and if a more sensitive flow meter were 

used. 

The comparisons were run between reliable flow logging data sets and corresponding 

MWD (measure while drilling) sets gathered. No correlation was found. The algorithms 

in Rockma software need to be calibrated based on the field results, however, it is still 

uncertain, whether the MWD data can be used for purposes of grout design and 

planning in ONKALO, where high hydraulic head and tight fractures prevail. 
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3.5 Updated estimations on amount of materials to be used below 
fracture zone RH20 based on field results 

The amount of engineered materials to be used in the repository at Olkiluoto was 

estimated by Hagros (2007). The work was an update of previous estimations by Hjerpe 

(2004). The main changes with respect to this earlier work include:  

 the consideration of three alternative grouting strategies, two shotcreting 

alternatives and two backfilling alternatives and the calculations of the related 

foreign materials in more detail than before; and 

 the consideration of the quantities of materials that have been used so far in the 

ONKALO. 

The assumptions used in the estimations, the materials for the whole repository and for 

some individual parts of the repository have been given by Hagros (2007). 

The total quantities of several key materials have changed considerably since Hjerpe‟s 

(2004) work. The most significant differences are related to the materials used in 

grouting, shotcreting and in support bolts. The remaining quantity of the grouting 

cement used in ordinary cement grouting has decreased by nearly 90 % as compared 

with the results of Hjerpe (2004). This is mainly due to updated estimations of the 

reduction of grouting with depth. The remaining quantity of the ordinary cement used in 

the shotcreting has decreased by 98 %. This is mainly due to the assumption that the 

shotcrete would be removed before backfilling the tunnels. The differences in the 

quantities of materials related to support bolts are based on field experience from 

ONKALO. The consumption of support bolts is only 30 % of that estimated by Hjerpe 

(2004). According to current plans there will be even less use of support bolts (Hagros 

2007). 

The quantities of materials to be used below fracture zone RH20 were not presented 

separately by Hagros (2007) but they will be calculated here. The following materials 

will be considered:  

 cement, 

 steel, and 

 organic materials. 

Cement is assumed to originate from the use of support bolts, anchor bolts, shotcreting, 

grouting, floors, some miscellaneous constructions, concrete plugs and the bottom 

plates in the deposition holes. Steel originates from support bolts, anchor bolts, steel 

mesh, floors, some miscellaneous constructions, drainage pipes (in the shotcrete), 

miscellaneous metal fragments and in concrete plugs. The iron (Fe(III)) in the shotcrete 

has been considered separately by Hagros (2007) and is not included here. Organic 

materials are assumed to originate from shotcreting, grouting, diesel oil, hydraulic and 

lubricating oils, degreasing agents and detergents, paints, miscellaneous human waste, 

ventilation air, concrete plugs, buffer material, backfill material and the bottom plates in 

the deposition holes. Accordingly, it includes the material classes “organic materials”, 

“hydrocarbons” and “organic carbon” of Hagros (2007) but not, for example, the 

carbamide in urine, which was considered separately. The design alternative assumed 

here is B2a, i.e. the following alternatives are assumed:  
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 Shotcrete alternative B: In the repository, shotcrete with low-pH cement will be 

used in other parts than the deposition tunnels (in the deposition tunnels, no 

shotcrete will be used but steel mesh may be used). In the ONKALO, the use of 

ordinary cement shotcrete is assumed.  

 Grouting alternative 2: In the ONKALO until the tunnel chainage 1500 m, 

ordinary cement will be used in grouting. From 1500 m onwards, 50 % low-pH 

cement and 50 % ordinary cement will be used. In the actual repository, 100 % 

low-pH cement will be used.  

 Backfill alternative a: the used backfill material will be a mixture of 30 wt-% 

bentonite (MX-80) and 70 wt-% crushed rock in all parts except for the 

deposition holes (where buffer is used) and the floors, which are assumed to take 

up 7 % of the total volume of all openings. In the floors, a mixture of 15 wt-% 

bentonite (MX-80) and 85 wt-% crushed rock will be used. 

The material quantities to be used in the repository below the fracture zone RH20 were 

calculated by subtracting the materials used in the first 3000 m of the access tunnel from 

the total quantities. The material quantities used in the shafts are very small in 

comparison with those used in the access tunnel. Where there was no information on the 

distribution of the materials within the different sections of the access tunnel, they were 

assumed to be distributed evenly. Generally there was information on how large 

material quantities have been used before September 2006 (in the first 1360 m), and this 

information was taken into account. 

The results are presented in Table 3-7, where the materials are listed by origin. In Table 

3-8 the total quantities of cement, steel and organic materials below RH20 are shown. 

All quantities refer to the mass of dry materials. 
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Table 3-7. The estimated quantities of foreign materials in the repository below the 

fracture zone RH20, listed by origin. Only cement, steel and organic materials are 

considered. 

Origin of the foreign materials Chemical components 

considered 

Total 

introduced 

quantity 

[kg] 

Removal 

efficiency 

[%] 

Remaining 

quantity 

[kg] 

1 Support bolts Steel 

Cement 

440.000 

54.000 

0 % 

0 % 

440.000 

54.000 

2 Anchor bolts Steel 

Cement 

130.000 

17.000 

40 % 

0 % 

80.000 

17.000 

3 Shotcrete (alternative B) Cement 

Organic cement additives 

3.200.000 

22.000 

95 % 

95 % 

160.000 

1.100 

4 Steel mesh Steel 200.000 99.8 % 400 

5 Grouting (alternative 2) Cement 

Organic cement additives 

160.000 

5.900 

20 % 

20 % 

130.000 

4.700 

6 Floors Cement 

Steel 

6.000.000 

430.000 

98 % 

99 % 

120.000 

4.300 

7 Miscellaneous constructions Cement 

Steel 

3.600.000 

710.000 

98 % 

98 % 

70.000 

14.000 

8 Drainage pipes Steel 4.200 95 % 200 

9 Diesel oil Hydrocarbons 160.000 95 % 8.000 

10 Hydraulic and lubricating  oils Hydrocarbons 77.000 90 % 7.700 

11 Degreasing agents and  

detergents 

Hydrocarbons + other 

organic materials 

90.000 95 % 4.700 

12 Metal  fragments Steel 290.000 98 % 5.900 

13 Paints Hydrocarbons 6400 0 % 6.400 

14 Miscellaneous human  waste Organic materials 520.000 98 % 10.000 

15 Impurities in ventilation air Organic materials 8.400.000 99 % 100.000 

16 Concrete plugs Cement 

Steel 

Organic cement additives 

4.700.000 

950.000 

16.000 

0 % 

0 % 

0 % 

4.700.000 

950.000 

16.000 

17 Impurities in buffer material Organic carbon 140.000 0 % 140.000 

18 Impurities in backfill material 

(alternative a) 

Organic carbon 1.500.000 0 % 1.500.000 

19 Bottom plates in deposition 

holes 

Cement 

Organic cement additives 

140.000 

1.100 

0 % 

0 % 

140.000 

1.100 

 

Table 3-8. The estimated total quantities of cement, steel and organic materials in the 

repository below RH20, design alternative B2a (= support alternative B, grouting 

alternative 2, backfill alternative a). 

Chemical components 

  

Origin (reference 

to Table 2.4.1 in 

Hagros (2007)) 

Total 

introduced 

quantity [kg] 

Removal 

efficiency 

[%] 

Remaining 

quantity [kg] 

Cement 1, 2, 3, 5, 6, 7, 16, 

19 

18.000.000 70 % 5.400.000 

Steel 1, 2, 4, 6, 7, 8, 12, 

16 

3.200.000 53 % 1.500.000 

Organic materials (incl. organic 

carbon and hydrocarbons) 

3, 5, 9, 10, 11, 13, 

14, 15, 16, 17, 18, 

19 

11.000.000 83 % 1.800.000 
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3.6 Observations from monitoring of groundwater chemistry from 
ONKALO 

3.6.1 Sampling points and monitoring 

Groundwater sampling and monitoring of hydrochemistry from ONKALO has been 

based on the observations from:  

 the five pilot holes (ONK-PH2 to -PH6) drilled along tunnel profile before 

ONKALO tunnel excavation; 

 the four drillholes (ONK-KR1 to -KR4) drilled for monitoring of the influence 

of cement grout on the groundwater ; 

 the three groundwater stations (ONK-PVA1 to -PVA3); 

 water leaking from fractures into the tunnel (ONK-RV1 to -RV19); and 

 water from four measurement weirs (ONK-MPL208, ONK-MPL580, ONK-

MPL1255 and ONK-MPL1970).  

The drillholes for monitoring (KR series) the influence of cement were drilled in August 

2005 and they represent grouted areas of different ages, different amounts of grout 

injected and different grout mixes (Table 3-9). However, cement filled fractures was 

observed only in the drill cores from the drillholes ONK-KR3 and -KR4 (Rautio 2005).  

The groundwater samples from pilot holes represent best initial hydrochemical 

conditions in ONKALO tunnel volume.  The groundwater stations, which are drilled in 

native ungrouted rock, probably describe the evolution from natural to current 

hydrogeochemical without interaction with cementitious materials caused by ONKALO 

the best. Both the pilot holes and groundwater station samples provide comparison data 

to the other sample types, which are clearly interacted with cement used in grouting or 

shotcreting. ONK-PH4 and ONK-PH5 intersected the most significant hydrogeological 

features of the upper part of ONKALO, Fracture Zones HZ19A and HZ19C (coded R19 

in Ahokas et al. 2006), respectively.   

The first sample was taken in late 2004 from ONK-PH2. The monitoring of ONK-KR- 

and ONK-PVA-holes started in November 2005 and leaking water samples have been 

collected since the summer 2005. The latest samples have been taken in the end of 

2007. Sampling locations within the access tunnel (ONK-PVA and ONK-KR series) are 

shown in Figure 3-12. 
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Figure 3-12. Locations of different hydrochemical samplings in ONKALO tunnel along 

Tunnel Chainage (TC) 0-1480 m (ONK-KR1=TC110, ONK-PVA1=TC200, ONK-

KR2=TC370, ONK-KR3=TC515, ONK-KR4=TC540, ONK-PVA2=TC727, ONK-

PVA3=TC860, ONK-PVA4=TC1475). 
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Table 3-9. Drillholes for monitoring the influence of cement grout. (Table 3-4 in Ahokas 

et al. 2006) 

 TC (m) Date of grouting*/ 

Cement and SPL used 

in grout mix 

Cement-

Injection (kg)**/ 

grouting hole-m 

Cement-

Injection 

(tons) **/ 

fan 

Monitoring 

drillhole 

length (m) 

ONK-KR1 110 23.11.04/ 

UF16+SetControl II 

9.7 6.7 12.4 

ONK-KR2 375 11. -18.4.05/ 

UF16+SP40 

19.7 or 16.2 13.1 or 9.2 15.5 

ONK-KR3 515 6. -7.6.05/ 

Low-pH cement 

UF16+GroutAid+  

Mighty 150 

7.7 5.3 10.7 

ONK-KR4 540 13. -21.6.05/ 

UF-16+GroutAid+SP40 

10.1 or 2.3 6.4 or 2.3 11.7 

*If a date is given as a range of about one week, the effects of grouting can possibly originate from two different grouting fans and it 

is not possible to determine which one. 

** If the grout can originate from two alternative grouting fans, both grout injection amounts are presented 

 

The ongoing manual monitoring of the drillholes ONK-KR1 to -KR4 for water inflow 

rate, pH, temperature and electrical conductivity (EC) started within two weeks to up to 

9 months after grouting  (Figure 3-12). The inflow rate has been relatively stable, except 

for the irregular inflow rates at the start of the monitoring, because the flow has been 

regulated lower than it was after the start. The monitoring of groundwater stations 

ONK-PVA1 – ONK-PVA3 started several months after the excavation of the tunnel 

section of each groundwater stations. The inflow rate has been relatively regular in 

ONK-PVA2 and ONK-PVA3 but it has been quite variable in ONK-PVA1. The inflow 

rate increase around 620 days is due the installation of the new on-line measurement 

cell. The online monitoring from ONK-PVA1 started in 2006 (Figure 3-13a).  

 

3.6.2 Observations from monitoring of groundwater chemistry from ONKALO 

The groundwater pH values showed highly elevated values in ONK-KR3 and ONK-

KR4 in the first measurements (Figure 3-13b), which is a clear evidence of the influence 

of leachate from the cement used in grouting (Ahokas et al. 2006). Hydroxides 

dissolved from cement, in principle, can result in a pH of 13. ONK-KR3 and KR4 

represented the most recently grouted rock when monitoring started. The pH values are 

still slightly elevated after three years above the level shown in the other drillholes.  The 

pH values from the other drillholes correspond to natural pH values in ONKALO 

according to the results from groundwater stations.  

The decrease in pH from initial values, is much more evident in ONK-KR3 than in 

ONK-KR4. ONK-KR3 represents a low-pH cement grouting location, is approaching 

natural ONKALO pH levels. The pH values from drillhole ONK-KR2 were also slightly 

elevated at the beginning of monitoring. The higher pH values observed in ONK-KR3 

and ONK-KR4 compared to the other drillholes probably result from two reasons. 

These were the only two drillholes where grout was observed in the drill core and the 

lower water flow rate from these holes allowed a longer time for cement-water 
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interaction. Because the flow rate has not increased, the decrease in pH cannot be 

explained by dilution effect of increased flow; hence it should be caused by the 

availability of hydroxide sources (Ca(OH)2 etc.). The initial high pH peak in ONK-KR1 

and ONK-KR2 may have been lost due to late start of monitoring or the lack of visible 

grout encountered in those drillholes. However, the pH levels have soon reached natural 

level of groundwaters sampled from these drillholes even though a large amount of 

cement is present in the surroundings of these two drillholes. 

The trends of the electrical conductivity (EC) values (Figure 3-13c) are fairly similar to 

the trends of the pH results (Figure 3-13b). Initially, ONK-KR4 samples contained a lot 

of flushing water, which diluted the groundwater in the beginning of monitoring 

perioid. The decrease of EC particularly in the drillholes ONK-KR3 and ONK-KR4 in 

the early monitoring period probably resulted from the decrease in dissolved hydroxides 

(Ahokas et al. 2006). The differences in inflow rates and transmissivities between 

groundwater stations are significant and therefore they represent different 

hydrogeological conditions. This may explain the high EC in ONK-PVA2, because 

ONK-PVA2 is drilled in less permeable rock than the other groundwater stations, and 

may reflect salinity difference between transmissive fractures and low permeable rock 

in relatively shallow depths at Olkiluoto, in general. The EC in ONK-PVA3 has 

occasionally dropped, however, it has recovered back to corresponding level as in 

ONK-PVA1.  
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Figure 3-13. Temporal variation of a) flow rate, b) pH and c) EC since the start of 

grouting in monitored drillholes at ONKALO. Days refer time after grouting or 

excavation of each drillhole. 



66 

 

Deep groundwaters at Olkiluoto are generally classified into four groundwater types 

according to their salinity and characteristic anion, which also reflect the origin of the 

salinity in each groundwater type (Andersson et al. 2007, Ch.7). The types are:  fresh 

(TDS< 1 g/L) and brackish (TDS: 1 – 10 g/L) HCO3 type near-surface; brackish SO4 

type between 100 m to 300 m; brackish Cl type down to 400 m; and saline (TDS>10 

g/L) groundwater below 400 m. Bicarbonate and SO4 contents are very small or even 

negligible in brackish Cl and saline groundwaters, which reflects different origin of 

these groundwater types compared to HCO3- and SO4-rich groundwaters. The former 

represent ancient brine derived water types and the latter post-glacial meteoric (HCO3 

type) and sea water (SO4 type) infiltration into the bedrock. 

Most of the groundwater samples from ONKALO are fresh or brackish HCO3 type 

(Figure 3-14a and Figure 3-14b) typical to the shallow depths at Olkiluoto. Dissolved 

inorganic carbon (DIC, i.e. dissolved carbonate but expressed as elemental C 

concentration) values are exceptionally low only in few samples from ONK-KR3, 

ONK–KR4, fracture leaking water and measurment weirs (ONK-MPL580 and ONK-

MPL1255). Clearly higher TDS, Cl, SO4 and cation (Na, Mg, K and Ca) values have 

been measured from ONK-PH2 and few fracture waters nearby, and ONK-PVA2. They 

represent brackish SO4 type groundwater. The sample from ONK-PH6 shows also 

elevated salinity, Cl and Na compared to the most of ONKALO data, but unlike the 

previous samples SO4 is clearly lower and DIC very low. These values approach the 

characteristics of brackish Cl type groundwaters at Olkiluoto, which locate normally 

below SO4 rich groundwaters. Interestingly, groundwaters with notably high SO4 

contents, which are relatively common in surface based sampling at 100 to 300 m depth 

have not been observed from ONKALO so far. Over 400 mg/L SO4 with more than 

4000 mg/L Cl are typical concentrations for those groundwater samples.  

Groundwater station ONK-PVA2 was drilled in rock with fairly low transmissivities 

(10
-9

 to 10
-8

 m
2
/s). Measured TDS values (about 2.8 g/L) represent upper values 

observed from similar depths, however, the salinity was higher according to the results 

of EC monitoring (600 mS/m ~ 3.6 g/L) (Figure 3-14). Groundwater station ONK-

PVA3 locates fairly near the intersection between HZ19A and the ONKALO access 

tunnel. Groundwater composition is similar to samples from ONK-PH4 and ONK-PH5, 

which represent groundwater from HZ19A and C. Groundwater in ONK-PVA3 seems 

to have connection to these important hydrogeological features. 
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Figure 3-14. a) TDS, b) Cl, c) DIC and d) SO4 contents in groundwater samples from 

ONKALO along tunnel chainage (m). 
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Figure 3-15. a) Na, b) Mg, c) K and d) Ca contents in groundwater samples from 

ONKALO along tunnel chainage (m). 

Figure 3-16 and Figure 3-17 show the results of pH, main cations, and main anions 

versus sampling date. The corresponding decreasing trends of pH as in Figure 3-16, can 

be seen in the values of ONK-KR2 (slight), ONK-KR3 and ONK-KR4.  Other drillholes 

show a stable pH. However, pH has remained above 10 in sampling whereas it has 

mainly been below 10 in continuous monitoring. The pH of groundwater samples have 

been measured in the laboratory. The trends of Ca, K and NH4 correspond with pH in 

drillholes showing high pH values (Figure 3-16).  This indicates that the high contents 

of these cations are a result of dissolution from cement whereas the opposite behaviour 

of Mg suggests its fixation in cement. The pH values in waters from measurement weirs 

ONK-MPL580 and ONK-MPL1970 have been very high. The pH in ONK-MPL580 has 

stabilised at a normal level for ONKALO (pH ~ 8), however the few values measured 

from ONK-MPL1970 have varied significantly.  

The Cl results (Figure 3-17a) of ONK-KR4 initially show an increasing trend that and 

stabilizes (Figure 3-14c). Natural salinity has slightly increased in this drillhole, but OH
-

-concentration, which is not actually measured but included in calculating TDS, is 
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decreasing with pH, and affects in EC measurements. Sulphate concentrations are fairly 

stable during the monitoring period (Figure 3-17b) except the first measuring weir 

ONK-MPL208, which show clear enrichment in summer 2007. The other main 

components do not show any anomalous values, but nitrate concentration is high (140 

mg/L).  

The trends of DIC results seem to be ascending slightly as a function of time in most 

sampling points except in ONK-KR4 and ONK-PVA2 (Figure 3-17c). Corresponding 

behaviour is observable in alkalinity values (Figure 3-17d). Increased carbonate 

production have also been observed earlier in similar type experiments in Äspö Hard 

Rock Laboratory (Pitkänen et al. 1999) and it was considered to be caused by microbial 

activation in the near surface groundwater system. The different trend in ONK-KR4 in 

which the alkalinity results clearly decrease with time is connected to the decrease in pH 

and OH
-
 concentration. A similar trend is observed in the initial of ONK-KR3 results. 

The stable DIC in ONK-PVA2 may result from its low transmissivity and a weak 

connection to the near surface aquifer as well as low dissolved organic carbon (DOC) 

content. Generally DOC results (Figure 3-17e) show a rather stable behaviour, except 

one unexplained high result from ONK-KR2.  
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Figure 3-16. a) pH, b) Na, c) K, d) Ca, e) Mg and f) NH4 as a function of sampling 

date. 
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Figure 3-17. a) Cl, b) SO4, c) DIC, d) Alktot and e) DOC as a function of sampling date.  
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In Figure 3-18, Figure 3-19, Figure 3-20 and Figure 3-21 the results of pH, major ions, 

silica, NH4 and DOC of the groundwater samples as a function of their chloride content 

are shown. Most of the results behave similar to the groundwater types represented in 

the baseline data (Pitkänen et al. 2007), which are illustrated with grey symbols in the 

figures. The ONKALO samples representing highest Cl concentration (ONK-PH2 and a 

trend of fracture water samples towards it) were collected from a strongly altered and 

partly weathered tunnel section, near tunnel chainage (TC) 300 m, differ clearly almost 

in all aspects from the baseline data (Andersson et al. 2007) and other data collected 

from ONKALO. The samples also have significant glacial melt and Littorina sea water 

signatures indicating clearly longer mean residence time than other samples in similar 

depths. The strongly altered rock seems to have effectively buffered the groundwater 

and the subsequent infiltration has not had much effect. In addition, the rock type 

probably has high cation exchange capacity, which is reflected in unusual cation 

compositions. The sample from ONK-PH6 is also slightly unusual, but corresponds 

with the baseline data. The sample represents chemically interface between brackish 

SO4 and brackish Cl type groundwaters with very low DIC content. Its salinity is 

however clearly lower, typical of brackish HCO3 type groundwaters that typically 

occurs at relatively shallow depths. The sum of detected transmissivities in ONK-PH6 

was fairly low, 5x10
-8

 m
2
/s (Öhberg et al. 2007), which may indicate limited infiltration 

of Littorina seawater derived groundwater in the lower permeability fracture system. 

Slightly similar chemical features are observable in samples from ONK-PVA2 also 

representing low permeable fractures. 

Some fracture water samples (TC (m) 338, 462 and 964) show also elevated pH values 

as ONK-KR3, ONK-KR4 and ONK-MPL1970 reflecting the influence of cement. The 

pH, Ca, Mg, K, NH4, DIC and SiO2 compositions in ONK-KR4 (ordinary cement) data 

deviate considerably compared to the baseline data. Precipitation of carbonates may 

cause the decrease of Mg and DIC. Calcium may precipitate as well, but the Ca leaching 

from cement may mask this occurrence. Potassium (K) and ammonium (NH4) may in 

part be generated from cement, but it may be released by cation exchange due to the 

changes in cation ratios during groundwater-cement interaction. The source for elevated 

NH4 values may also result from contamination due to blasting in tunnel, but the 

occurrence of NH4 in groundwater seems to have connection to high pH values. 

The depleted silica content in the groundwater samples is in contradiction with 

increased silica solubility in alkaline solutions. The decrease may result from silica 

precipitation in silica gel compounds in cement. The higher pH measured in 

groundwater samples from ONK-KR4 compared to monitoring (Fig. 4-11) may result 

from CO2 escape in laboratory pH measurements when temperature increases. Other 

high pH samples do not show systematically similar deviations from baseline data as 

ONK-KR4, which may result from sample type (measurement weirs) or cement type 

(ONK-KR3). The NH4 and K result from ONK-MPL1970 is extraordinary high and 

DIC is low in high pH sample from ONK-KR3. 

As a conclusion the influence of cement can evidently be seen in the results ONK-KR3 

and ONK-KR4, which are also the only drillholes with observed cement grout in their 

drill cores. The pH values of ONK-KR3 (grouted with low-pH cement) have nearly 

reached the natural level for ONAKLO, while the results from ONK-KR4 still remain 

relatively high after two and half years monitoring. The influence of grout cement is 

also reflected correspondingly in the behaviour of cations except Na. The carbonate 
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content in ONK-KR4 and in the first samplings from ONK-KR3 is very low. This 

suggests that calcite equilibrium or generally carbonate precipitate controls dissolved 

carbonate and Mg contents in cement derived groundwater. The high Ca content forces 

low carbonate concentration in high pH water in order that calcite equilibrium is filled. 

Silica is also on low level in high pH groundwaters probably due to cement-derived 

reactions. The DOC contents in ONK-KR3 and ONK-KR4 are relatively enriched 

compared to natural groundwaters suggesting organic source from the grout cements. 

Ammonium has probably more complex evolution in the system and its contents are 

possibly influenced both explosives (source) and extraordinary ion-exchange conditions 

in high pH and Ca-rich water. Generally NH4 is sorbed strongly in natural cation-

exchange environments as is K.  

The results clearly indicate alkaline water-mineral interaction, which is involved in 

neutralizing high pH caused by grout. However, the monitoring programme is not 

hydrologically and not even geochemically controlled, thus the results cannot be used 

quantitatively in evaluating or modeling hydrogeochemical buffering capacity of the 

system. Corresponding experiments performed in a drillhole at ONKALO in which 

rock/fracture samples and water flow are isolated, for instance in a tube, may be 

beneficial to improve quantitative understanding of high alkaline plume buffering in 

hydrogeochemical conditions at Olkiluoto. In such experiments, flow-through of water 

will need to be controlled, initial water (high pH, interacted with cement) and final 

water collected in tunnel will have to be monitored and mineralogical studies will need 

to be done on rock samples both before and after the experiment. 
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Figure 3-18. Chloride plots of a) pH, b) Ca, c) Mg, d) Na, e) K and f) NH4 results from 

ONKALO drillholes (ONK-KR1-4, ONK-PH2-6 and ONK-PVA1-3). The line shown 

represents seawater dilution. 
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Figure 3-19. Chloride plots of a) pH, b) Ca, c) Mg, d) Na, e) K and f) NH4 results from 

ONKALO waters (ONK-RV and ONK-MPL). The line shown represents seawater 

dilution. 
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Figure 3-20. Chloride plots of a) SO4, b) DIC, c) silica and d) DOC results from 

ONKALO drillholes (ONK-KR1-4, ONK-PH2-6 and ONK-PVA1-3). The line shown 

represents seawater dilution. 
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Figure 3-21. Chloride plots of a) SO4, b) DIC, c) silica and d) DOC results from 

ONKALO waters (ONK-RV and ONK-MPL). The line shown represents seawater 

dilution. 
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4 CHEMICAL EFFECTS OF GROUTING 

4.1 Summary of the results obtained in the leaching experiment 

Detailed results of the experiments are presented in Appendix 1. 

Static leach testing was carried out for eight different grout mixes including high-, 

medium- and low-pH mixes. One of the mixes was a reference mix used in earlier leach 

tests, also the test method (diffusion) and specimen size was the same (Vuorinen et al. 

2004). The curing time of the present mixes was 28 d and curing temperature was 12ºC. 

Each grout mix was analysed prior to and after leach testing for the chemical and 

mineral compositions (X-Ray Diffractometry = XRD, thermal analysis=TG/DTA and 

X-Ray Fluoresence=XRF) as well as for the characteristic microstructure (Scanning 

Electron Microscope=SEM) of  both the specimen surface and the cross-section.  

Two leaching solutions were used; simulated fresh (ALL-MR) and saline (OL-SR) 

groundwater solutions (described in Vuorinen et al.). Leaching was performed in 

nitrogen atmosphere as earlier, but now at two different temperatures, 12ºC and 50ºC. 

The chemistry of all leachate samples were analysed for pH, Na, K, Ca, Al, Fe, Mg, Si, 

Cl, SO4
2-

, and Total Sulphur (STOT). 

4.1.1 Chemical composition (XRF) 

Some leaching solution remains on and inside of the dried specimen. This could not be 

avoided and thus the remnant solution was included in the analysis. Therefore, the 

analytical results may be slightly biased especially in the saline experiments as the 

leaching solution had high amounts of Ca, Na, Mg and Cl.  

The major components in all grouts were Ca and Si, with variations in relative amounts 

reflecting the division of the grouts into high (high Ca, low Si), medium and low-pH 

(low Ca high Si) grouts, as would be expected. After leaching, both Ca and Si amounts 

had decreased in all other grout specimens except in the high-pH ones, which still 

showed virtually the same amounts as with the initial specimens. No clear trend of any 

effect of the two temperatures was observed. 

Initially the amount of both Na and K contents of specimens increased from the high-, 

to medium- to low-pH grout. After leaching the contents had greatly decreased in all 

specimens except Na content in both saline leaching experiments. Sodium did show 

absorption in the saline leaching experiments, and this effect was slightly greater in 

experiments at the higher temperature, and was distinctly more noticeable for grouts 

with the highest W/DM. This could be caused by the higher porosity of specimens with 

higher W/DM.  

After leaching, a slight decreasing of Mg content was observed in samples taken from 

the fresh water leaching experiments in the medium- and especially the low-pH 

specimens. In the saline experiments the low-pH grouts again showed highest Mg 

content with the high-pH grout of higher W/DM, however, these indications may be 

artefact of the leachate remaining in the specimens. 

Initially Cl content in the grouts was low. Chloride content was lowest in the samples of 

high-pH grouts and highest in the low-pH ones. After leaching increased amounts of 

chloride were present in all specimens except the low-pH ones from fresh experiments 
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at both temperatures, which showed decreased Cl content. The higher temperature 

seemed to have a slight decreasing effect. As expected the saline experiments showed 

highest Cl contents, partly due to the presence of the leachate in the samples.  Chloride 

also occurs in the formation of Friedel‟s salt, Kuzel‟s salt, or an iron containing 

analogue of Friedel‟s salt, as well as Cl being bound in calcium silicate hydrates.  

On average, less sulphur was present after leaching in grouts from 50ºC experiments 

than in those from 12ºC experiments. The decreasing trend of S was more prominent in 

the low-pH grout with lower W/DM (=0.9) and in the medium-pH grouts according to 

increasing W/DM.  

The differences in the iron (Fe) contents between the leached and initial specimens were 

marginal, however, a slightly increased amounts of Fe was present in all the leached 

high-pH grout specimens.  

The contents of aluminium seemed slightly decreased after leaching in the medium-pH 

grout experiments and slightly more decreased in the low-pH grout experiments.  

4.1.2 Mineral composition (XRD) 

According to the XRD results, all the initial grout specimens contained mainly 

amorphous phases.  It is assumed that the majority of the gel was calcium silicate 

hydrate gel (CSH).  The gel appeared less amorphous in grouts without silica fume. 

Only relatively small amounts of crystalline compounds were present in the initial grout 

specimens. Portlandite was the main crystalline compound in high- and medium-pH 

grouts. In low-pH grouts its content was very low as was expected, and as estimated 

based on thermal behaviour (TG/DTA) analysis (Figure 4-1 a). All the specimens 

contained small amounts of unhydrated cement minerals, mostly calcium silicates (C3S, 

C2S), and traces of tetracalcium aluminate ferrite (C4AF). Some calcite (CaCO3) may 

also have been present. The origin of the calcite could be the cement itself, as care was 

taken not to contaminate the samples with atmospheric CO2 during curing. The grouts 

with silica fume as part of their composition contained small amounts of quartz (α-

SiO2), obviously as an impurity in the silica fume used. Small amounts of ettringite 

were present only in the high- and medium-pH grouts.  

In general, after leaching the amount of portlandite in the specimens had diminished 

compared to before leaching. Only for the high-pH grouts was portlandite still the main 

crystalline compound present. In the medium- and low-pH grouts crystalline CSH 

phases were the compounds. The presence of ettringite was noted especially in samples 

that had been leached at 12 °C while at 50 °C its content was low if not negligible. The 

presence of small amounts of monosulphate (AFm-phase) seemed to be related to 

specimens exposed to the saline leachate (OL-SR). 

4.1.3 Thermal behaviour (TG/DTA) 

The estimated amount of Ca(OH)2 and the amount of superplasticizer (SPL) in the grout 

mixes versus the ratio of water to dry matter (W/DM) prior to leaching is shown in 

Figure 4-1a. The amount of Ca(OH)2 correlated well with the amount of water; with less 

water, less Ca(OH)2 was formed taking into account the effects of SPL (SPL acts as 

water reducer) and silica fume (0, 15 and 41 % of DM in high-, medium- and low-pH 

grouts, respectively). Total mass loss and mass loss after 330 °C versus W/DM are 
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shown in Figure 4-1b. The total mass loss increased with decreasing W/DM while the 

opposite trend was seen for the mass loss after 330 °C for medium and low-pH grouts.   
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Figure 4-1. Results in sub-figures are shown versus W/DM in the grout mixes. The two 

leftmost categories are for high-pH grouts, the four middle ones for medium-pH grouts 

and the two rightmost for low-pH grouts. Before leaching a) the estimated amount of 

Ca(OH)2 and amount of SPL,  b) total mass loss and mass loss after 330 °C. 

Before leaching: 

The thermal behaviour between the initial high- and medium–pH grouts was very 

similar showing five successive phases of mass loss, while the low-pH grouts showed 

seven. The five first phases of mass loss were most probably quite similar to all eight 

grout mixes. Mass losses were caused by the release of free moisture, chemically bound 

water from disintegration of the CSH gel and AFt-phase, disintegration of CAH gel, 

degradation of portlandite and CSH gel. The fifth phase could be caused by degradation 

of calcite present as limestone in the cement or of very heat resistant CSH gel. Some 

differences observed in the mass losses seemed to relate to the W/DM: lower ratios 

indicate less porosity and the degradation phase of CSH gel seemed to indicate higher 

loss for the grouts containing silica fume. The two “extra” phases in the analysis of the 

low-pH grouts must be connected to the special features of the hydration of silica fume. 

An exothermic phenomenon without mass loss detected at about 865 °C was probably 

due to crystallization of amorphous silica having not reacted during the hydration 

process.  

After leaching: 

As a general observation it can be stated that the total mass loss of all specimens after 

leaching was greater than before leaching. 

Five consecutive phases of mass loss were seen in the analysis of the high-pH grouts 

while the medium-pH grouts showed either six (fresh leaching solution) or five (saline 

leaching solution) phases and the low-pH grouts six phases. However, mostly the 

degradation phases amongst the different grouts closely resembled the phenomenon 

occurring in the phases of mass losses. Some deviations were, however, brought about 

by the content of silica, temperature and type of leachate. 
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The mass loss of free moisture and chemically bound water from CSH gel, AFt and 

AFm phases in high-pH grouts was much lower for the specimens leached at 50 °C than 

at 12 °C.  This is probably due to the higher amount of free moisture evaporated during 

the vacuum drying process. A more open pore structure of the higher temperature 

samples could be an explanation and/or the structure of CSH gel forming at the different 

temperatures. In the case of the medium-pH grouts clearly higher mass losses were 

detected, probably due to the presence of silica; its effect on the structure of CSH gel 

formed and/or its binding ability of water.  

In the high-pH specimens, the amounts of portlandite had clearly decreased.  The 

specimens leached at 50 °C contained somewhat more portlandite than those leached at 

12 °C. In the case of medium-pH grouts, portlandite could only be clearly identified in 

specimens leached in fresh leachate, but the presence of trace amounts of portlandite in 

specimens leached in saline leachate could not totally be excluded. Portlandite could not 

be indentifed in the low-pH specimens, but traces may be present. In addition to 

leaching, the decreasing of portlandite can also partly be due to the complex hydration 

reactions occurring and consuming portlandite. 

Exothermic phenomenon in the thermal behaviour of the high-pH grout specimens from 

saline experiments possibly indicated a change in the crystal form of a compound that 

could be a special hydration product formed as a result of the effect of the ions in the 

saline leachate. In the case of the medium-pH grouts an exothermic phenomenon was 

observed probably indicating crystallization of amorphous silica not having reacted in 

the hydration process. 

4.1.4 SEM/EDS 

Ca and Si results of the initial specimens reflected the composition of each grout. 

Higher Ca results on the surface of the leached specimens indicated its involvement in 

precipitates. In the case of the low-pH specimens much less Si was detected on the 

surface than on the cross-section referring to leaching. The presence of Cl was detected 

only after leaching in the saline experiments, both on the surface and the cross-section, 

suggesting Cl resulted from the saline leachate. 

In general, the microstructures of the specimen surfaces after leaching appear quite 

polymorphous, even at high magnification, indicating dissimilar precipitates. However, 

on the leached surface of all specimens leached at 12 °C in the fresh leaching solution, 

precipitates resembling carbonate type was observed. The fresh water leaching solution 

did contain some bicarbonates.  The cross-sections of the specimens after leaching show 

a smoother structure in fresh water experiment compared to the saline experiment.  

The presence of small distinct spherical particles of varying size in micrometre scale 

were present in the low-pH initial specimens as well as in those leached at 12 °C in 

saline leaching solution. The small particles are most probably silica particles not 

reacted in the hydration processes.  

4.1.5 Leachate solutions 

The pH values were measured inside a glove-box at 22ºC and not at the test 

temperatures. Thus the actual pH-values at the higher temperature are somewhat lower, 
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possibly about half a pH-unit, and at the lower temperature a little higher, but in any 

case the values can be compared. 

In general a slight effect of the W/DM-ratio was seen in the pH-values, so that lower 

values were obtained for the grouts with a higher ratio of W/DM, see Figure 4-2 and 

Figure 4-3. The ratio of W/DM had also a slight effect in some other solution results, 

e.g. higher W/DM resulted in lower release or higher absorption. These findings agree 

with the knowledge that porosity increases with increasing ratio of W/DM. 

The differences between the pH-values of the two leaching solutions and two 

temperatures were similar to earlier tests (Vuorinen et al. 2004). The saline leachate 

samples showed lower pH-values compared to the fresh leachate samples and pH-values 

were lower at the higher temperature. The high-pH grouts were an exception as no 

notable pH-value differences between the two temperatures were seen in these 

experiments.  

After about three days of leaching, the pH-values of high-pH grouts in all tests levelled 

off around 12.5 and 12.2 in fresh and saline leachates, respectively. This agrees well 

with the analysis results of the grouts that portlandite was still the major crystalline 

phase in the high-pH grouts also after leaching. 

Slightly decreased pH-values were observed over time for the medium-pH grouts in all 

other experimental conditions with the exception of the fresh water leaching test at 

50ºC. The decreasing trend was more prominent at the lower temperature ending at pH-

values of about 12.0 and 11.5 in fresh and saline experiments, respectively. At the 

higher temperature the fresh water leaching test experiment values remained at 

approximately a pH of 12.3, while in the saline water leaching experiment pH-values 

showed a slight decrease to around 11.8. After leaching some portlandite was still 

present in the grout specimen from fresh water leaching experiments (XRD results).  

The presence of portlandite was also indicated by the pH-values at the end of testing, 

however, the main crystalline phase was CSH. 

The low-pH grout leachates reached a pH-value of 11 faster at 50ºC for both fresh and 

saline water tests, within the first few days of the 219 day testing time. At 12 °C it took 

approximately 30 days in the saline water leaching test and 115 days in the fresh water 

leachate to reach a pH of 11. At the lower temperature the pH-values of low-pH grouts 

showed a decreasing trend and reached pH-values of 10.6 and 9.6 in fresh and saline 

water leachates, respectively. Whereas at the higher temperature the pH-values quickly 

levelled off; around 11 and 10 in the fresh and saline water experiments respectively. 

The pH-values agree well with the result that the main solid phases in the specimens 

after leaching were CSH phases.  

A comparison of the effect of temperature on the pH-values for each grout mix in the 

same leachate showed that for the medium- and low-pH grouts, the lower temperature 

(12°C) pH values crossed the 50°C temperature pH values after 110 days. The point in 

time when the decreasing pH-values of the lower temperature tests crossed the levelled 

off values of the higher temperature tests seemed to depend on the ratio of W/DM 

amongst the two grout classes; higher value of W/DM resulted in later crossing. 

Based on the pH-values, the total release of OH
–
 ions into the leachates was estimated. 

Comparison of the OH
–
 release with the initial Ca, Na and K contents of the specimens 

showed that roughly 10 to 30 % from the medium- and high-pH specimens and 5 to 
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10 % from the low-pH specimens were leached into solution. However, the results are 

not conclusive, they only indicate what has entered the dissolved phase. Colloids and 

particles in the leachate samples were not analysed and some leachates appeared quite 

turbid before filtration, especially some saline leachate samples in the beginning of the 

experiment. It should also be noted that some Na was absorbed by the grout samples, in 

the beginning of testing especially in the saline water experiments at 50 °C. In the fresh 

water experiments the release of Na levelled off or showed only marginal increase.  

The cumulative release results showed increasing trends in all experiments for Ca, while 

K levelled off rather quickly in the high-pH grout experiments and somewhat later in 

the medium-pH experiments. Only the results of low-pH grouts showed slight 

continuous increase. No marked effect of temperature was observed in the experiments. 

The low pH grout showed a higher release of Si in all experiments was observed for the 

low-pH grouts in comparison to the other grouts. This would be expected due to the 

high amount of silica fume in the low-pH grouts. Correlation of the release of Si with 

the amount of silica fume in the grout types was observed in the saline leachate. The 

highest release of Si for all tests was observed for the low-pH grout in the fresh leachate 

at 50 °C. The effect of higher temperature was prominent in both leachates in increasing 

the release of Si.  

Both sulphate and STOT nearly equal responses in all experiments indicating that 

sulphate was the only sulphur species involved in STOT. Generally a higher ratio of 

W/DM showed higher release and the higher temperature promoted clearly higher 

release in all experiments. The low-pH grouts released more sulphate than the other 

grouts in the experiments at 12 °C and somewhat more at 50 °C in the fresh 

experiments. In the experiments of high- and medium-pH grouts at 12 °C the 

cumulative sulphate content showed decreasing values.   

Absorption of Cl was seen, especially in the saline experiments, and showed a 

decreasing cumulative trend towards the end at 12 °C. In the fresh experiments 

especially, the low-pH grouts towards the end of the experiments showed some release 

of Cl into solution. The higher temperature seemed to decrease absorption of Cl. 
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Figure 4-2. Comparison of the pH values measured for the high-pH grouts a) and b), 

and for the low-pH grouts c) and d), in both leachates and temperatures. 

All Fe and Al results were below detection limits. Also in the case of Mg the analysed 

concentrations in all leaching solution samples were just at or were below the detection 

limit. Depletion of Mg could be a result of brucite precipitation or reactions with Ca-

containing phases in the grouts.  
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Figure 4-3. Comparison of the pH values measured for the medium-pH grouts in both 

leachates and temperatures. 

4.2 Chemistry of grouts: equilibrium tests 

4.2.1 The effect of duration of the experiment on pH 

In the Superplasticizer (SPL) Project, the effect of different superplasticizers used in the 

grouts was studied (Posiva WR 2008-28). Only few of the experiments are presented in 

this report (in Ch 4.2 and Ch 4.4), the remaining experiments, as well as more detailed 

description of the experimental procedures and analysis methods, are available in the 

report (Posiva WR 2008-28).  

For determination of equilibrium solutions, a 0.063-0.125 mm crushed and sieved 

fraction of cement samples, were taken inside a nitrogen filled glove-box at 20 °C. 

There 250 mL OL-SR, pH adjusted to 7, 9 and 10 was added to samples using 

solid:liquid (S:L) ratio 1:20 and then the bottles were shaken lightly.  
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The pH of leaching solutions was exactly the same for a given cement mix, irrespective 

the pH of the added OL-SR water or the type of superplasticizer. pH for ordinary grout 

stabilized at 11.9 and for low pH grout it stabilized at 9.70 (see Figure 4-4). Low pH 

cement systems are marked as XP308B, P308B, and P379G in the figure. Description of 

the samples in chapter 4.2 is presented in the Table 4-1. 

Table 4-1. Sample names used in figures 4-4 and 4-5 and the equivalent R20 names. 

Sample name in figures Grout ID (as R20 

nomenclature)UF-cem-silica-

W/DM-SPL 

SPL used 

P308B UF-41-14-4 Mighty 150 in duration test/SP 

40 in S:L ratio test 

XP308B UF-41-14-0 No SPL added 

P379G UF-41-12-1.5 Glenium 51 

N3 UF-00-08-0.7 Glenium 51 

Ref 52 UF-15-12-1 Mighty 150 in duration test/SP 

40 in S:L ratio test 

XRef52 UF-15-12-0 No SPL added 
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Figure 4-4. pH for cement leaching solutions for different contact time (2 weeks, 3 

weeks, 5 weeks, 6 weeks, respectively). P379G, XP308B and P308B are low pH grout 

and N3, XRef52 and Ref52 are ordinary pH grout. The initial pH was 7, 9 and 10. After 

Posiva WR 2008-28. 

4.2.2 The effect of leachate and solid: liquid ratio on pH 

Hardened grouts were ground into a grain size less than 100 µm. After drying, the 

ground powder specimens were immersed in each leachant at 20 °C. Leachate/powder 
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ratios were fixed as 10, 50, 100 and 1000 cm
3
/g. The powder leaching tests were a batch 

test style where the aim was to obtain quantitative data of liquid phase and solid phase 

under the ionic equilibrium condition between solid and liquid phase for various 

leachate/powder ratio. The immersion period was set for 38 weeks. Figure 4-5 shows 

pH changes during powder leaching test.  

 

In any leachate/solid mass ratio, the resulting pH was always lowest in the saline water 

system. In low pH cement system (XP308B, P308B, and P379G), pH was around 10.9 

in any liquid-solid ratio, and 10 or less in OL-SR water. In OL-SR the highest pH was 

detected in the reference sample, which did not have any SPL added, in other leachates 

no differences between the samples were detected.  

 

 

Figure 4-5. Difference of pH among different leachate/solid mass ratios and leachate 

types (Powder leaching test). After Posiva WR 2008-28. *pH was measured after 38 

weeks of immersion, and monitored in glove box. 

 

4.3 The buffer capacity of bedrock against cement leachates 

The model calculations for high-pH (12.0) water infiltration into a 500 m long water-

conducting fracture channel for 10 000 years indicated less pH buffering by fracture-fill 

minerals than expected (Gribi et al. 2007). However, the present calculations are fraught 

with problems concerning the quality and amount of chemical input data. Moreover, 

any other effects that could influence the behaviour of an alkaline plume (such as matrix 

diffusion and alkalinity-induced porosity changes along the flow path and in the rock 

matrix) were discarded. A more probable predictive modeling of water-rock interaction 

in high-pH conditions would require more experiments, observations, expert knowledge 

as well as calculations with a more comprehensive set of thermodynamic and kinetic 

data. Continued effort is needed to determine the role pH buffering of rock plays in 

long-term safety. 
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The modeling results by Luna et al. (2006) show that the presence of low-pH shotcrete 

and grout has no major effects on the backfill performance. A high pH plume can 

developed on the conductive fractures intersected by the deposition tunnel and to a 

minor extent also in the backfill material. The development of these alkalinity plumes 

leads to the precipitation of CSH phases and calcite in both the fractures and the 

backfill. The precipitation of these minerals can reduce the initial porosity by less than 

1%. 

A series of scoping calculations (one-dimensional reactive transport modeling) were 

performed by Montori et al. (2008) simulating the alteration of a fracture and the 

extension of the high pH plume arising from the circulation of hyperalkaline solutions 

along a fracture (see Table 4-2 for case description). No coupling between flow and 

porosity was included in any of the cases. The length of the one-dimensional domain 

was 200 m and calculations were been performed for times up to 10000 years. A 

constant temperature equal to 25°C was assumed in the calculations, in addition to one 

variable temperature case. The calculations were performed with the Retraso reactive 

transport code.  

Table 4-2. Cases considered in scoping calculations, solution 1 dilution calculated from 

groundwater, solution 2 results derived from experimental elution tests described Ch 

4.1 (saline water). 
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The results show (Figure 4-6) that the rock is not reactive enough to neutralize the high 

pH of the incoming solutions in any of the cases. However, slightly more neutralization 

was detected for the cases of: slower flow conditions, lower pH cases (pH 10.5, 9.7), 

Mg secondary minerals taken into account and larger mineral surface areas.  

For the cases with pH 10.5 and pH 11, an increase in porosity at the fracture inlet 

caused by the dissolution of calcite is observed if no Mg-containing secondary minerals 

are included in the calculations. However, if those minerals are included, the 

precipitation of brucite leads to a quick sealing of the fracture inlet. In the case of 

experimentally derived solutions: sealing occurred even at the lowest pH case (pH 9.7) 

even without including Mg-minerals.  

The sealing of the fracture is also observed for the case with a pH of 12. In this case, the 

sealing is caused by the precipitation of CSH gel (Ca/Si = 1.2), even without including 
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Mg-containing secondary minerals in the calculations. In this pH case temperature 

variation from 15 
o
C to 50 

o
C and back to 25 

o
C was tested, but no significant effect 

(only a very short-lived anomaly) was detected. In the case of experimentally derived 

solution (pH 12.17) sealing is caused by portlandite, also precipitation of CSH 1.667 

was detected.  

"The sealing of fracture porosity would mean that flow of solution through the fracture 

would slow down or stop rather quickly. However, no feedback between porosity and 

permeability changes has been implemented in the calculations. The results can be 

considered as an estimate of the possible chemical evolution of the system in the case 

that fluid flow would continue despite the sealing of porosity at the fracture inlet 

(uncoupling of chemical and physical properties)." (Montori et al. 2008) 



92 

 

pH, with Mg minerals

t = 1 000 a

9.00

9.50

10.00

10.50

11.00

11.50

12.00

12.50

13.00

0.00 50.00 100.00 150.00 200.00

Distance (m)

p
H

pH 9.7; Experim. da ta  

pH 10.5; T Variable  

pH 10.5; Initia l cas e  

pH 11.6; Experim. da ta  

pH 11; T Variable  

pH 11; Initia l cas e  

pH 12.17; Experim. da ta

pH 12; T Variable  

pH 12; Initia l cas e  

pH 11.6, experimental

pH 9.7, experimental

pH 12, 12.17

pH 11

pH 10.5

pH, with Mg minerals

t = 1 000 a

9.00

9.50

10.00

10.50

11.00

11.50

12.00

12.50

13.00

0.00 50.00 100.00 150.00 200.00

Distance (m)

p
H

pH 9.7; Experim. da ta  

pH 10.5; T Variable  

pH 10.5; Initia l cas e  

pH 11.6; Experim. da ta  

pH 11; T Variable  

pH 11; Initia l cas e  

pH 12.17; Experim. da ta

pH 12; T Variable  

pH 12; Initia l cas e  

pH 11.6, experimental

pH 9.7, experimental

pH 12, 12.17

pH 11

pH 10.5

 

pH, without Mg minerals

t = 1 000 a

9.00

9.50

10.00

10.50

11.00

11.50

12.00

12.50

13.00

0.00 50.00 100.00 150.00 200.00

Distance (m)

p
H

pH 9.7; Experim. da ta  

pH 10.5; T Variable  

pH 10.5; Initia l cas e  

pH 11.6; Experim. da ta  

pH 11; T Variable  

pH 11; Initia l cas e  

pH 12.17; Experim. da ta

pH 12; T Variable  

pH 12; Initia l cas e  

pH 11.6, experimental

pH 9.7, experimental

pH 12, 12.17

pH 11

pH 10.5

pH, without Mg minerals

t = 1 000 a

9.00

9.50

10.00

10.50

11.00

11.50

12.00

12.50

13.00

0.00 50.00 100.00 150.00 200.00

Distance (m)

p
H

pH 9.7; Experim. da ta  

pH 10.5; T Variable  

pH 10.5; Initia l cas e  

pH 11.6; Experim. da ta  

pH 11; T Variable  

pH 11; Initia l cas e  

pH 12.17; Experim. da ta

pH 12; T Variable  

pH 12; Initia l cas e  

pH 11.6, experimental

pH 9.7, experimental

pH 12, 12.17

pH 11

pH 10.5

 

Figure 4-6. pH evolution in different cases during 1000 year, above cases modelled 

without and below with Mg minerals (After Posiva WR 2008-14, Montori et al.). 

Experim. data refers to the leachate solution composition derived from experimental 

results, initial case solution composition is based on Olkiluoto groundwater simulant 

(OL-SR). 
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4.4 Role of cement additives 

4.4.1 Microbial effects 

Microbiology in ONKALO at Olkiluoto has been studied by Pedersen (2006), but the 

investigations will continue and the hypotheses presented will be updated and tested. 

The main potential effects of micro-organisms for the KBS-3 type repository have 

generally been identified as follows: 

 Oxygen reduction and maintenance of anoxic and reduced conditions 

 Bio-immobilisation and bio-mobilisation of radionuclides, and the effects from 

microbial metabolism on radionuclide mobility 

 Sulphate reduction to sulphide and the potential for copper sulphide corrosion 

Here the potential effect of micro-organisms on cementitious materials is also 

considered, though Glasser (1992) indicated that microbiological attack is not a major 

hazard. 

The main microorganisms found in ONKALO were methane oxidizing bacteria (MOB), 

iron and manganese reducing bacteria (IRB/MRB), sulphate reducing bacteria (SRB), 

acetogens and methanogens. (Pedersen 2006) Naturally, new microorganisms can be 

unintentionally introduced to ONKALO during construction or with the buffer or 

backfill during the closure phase.  

Biocorrosion of concrete occurs due to the inorganic or organic acids produced by the 

microorganisms, which dissolve or disintegrate the concrete matrix. The mechanism of 

the acid attack is discussed in more detailed in Rogers et al. (1993) and it is not dealt 

here. No evidence has been found to suggest that microbes could directly attack 

concrete. It is noted, however that the presence of microorganisms appears to magnify 

the effect of the acid attack.  A number of organisms are capable of causing the 

dissolution of concrete through leaching of calcium and other alkaline binding 

materials. When reduced sulphur compounds are present, such as sewers, the production 

of sulphuric acid by sulphur oxidizing bacteria causes cement degradation. Nitric acid-

producing bacteria also causes concrete degradation, other corroding agents are 

gluconic, malic and oxalic acids produced by fermentative bacteria, normal soil 

inhabitant. Of the above mentioned bacteria SRB has been found in ONKALO. In 

general though, the amount of sulphates and nitrates in a repository would be too low to 

produce much acid on a wide scale. 

The effects of microorganisms on concrete depend on the cement used and concrete 

composition. (Rogers et al. 1993) For example Knight et al. (2002) detected that the 

corrosion rates were highest with the highest w/c ratio (ratios in this study varied 

between 0.2-0.5).  

On the other hand, also the nature of the acid can have a greater influence than the 

concentration on the solubility, which was detected by Perfettini et al. (1991) in their 

study of cement degradation induced by two fungal strains in aerobic conditions.  One 

of the strains tested produced gluconic and oxalic acids and the other gluconic and malic 

acids, it was detected that the former combination caused solubilization of portlandite 

and probably CSH decalcification, but with low Ca leaching (due to Ca-oxalate 

precipitation), the latter caused notable Portlandite dissolution with Ca leaching. In the 
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former case the growth of the strains on the cement seemed to favour corrosion and in 

the latter case it had no significant effect on corrosion process. 

Ghosh et al. (2005) have also found beneficial effects of microorganisms to the cement 

mortar strength. After studies with aerobic microorganism showed a significant 

improvement in compressive strength of cement mortar (Ramachandran et al. 2002, 

Ramakrishnan et al. 1998) a decision was made to observe the effect of anaerobic 

microorganism (IRB) within the mortar matrix. Different cell concentrations of 

microorganism were added to mortar via the mixing water, cubes were cast and 

compression strength was tested at 3, 7, 14 and 28 days. It was noted that the 

compressive strength of mortar samples increased at all levels of microorganism 

addition the maximum increase at 28 days was 25 %. SEM examination showed the 

growth of fibrous filler material within the pores, which modifies the porosity and pore 

size distribution to favourable direction. 

Microbes need water, carbon, micronutrients, trace metals and space in order to grow. 

For active metabolism also energy is required. (Horn & Meike, 1995) In their studies 

for Swiss High Level Waste (HLW) repository McKinley and Hagenlocher (1997) 

found the overall biomass was limited by energy availability - not nutrient availability, 

for a bounding calculation not limited by microbe mobility. Especially, nitrogen, 

phosphorous and sulphur amounts available in the backfill are much higher than the 

mass of electron donors needed for microbial growth. It might prove useful to calculate 

this sort of balance for ONKALO. 

One source of nutrients for microbes is cement additives, such as superplasticizers 

(SPL) and grinding aids. Microbes are more capable for breaking down natural 

polymers, synthetic polymers such as superplasticizers, are more resistant. The 

biodegradation of the polymers also depends on the properties of the polymer (e.g. 

intrinsic viscosity and the structure). (Hardin, 1998) 

4.4.2 Superplasticizers 

In the SPL Project the effects of organics on radionuclide (RN) retention and the 

leaching of organics from the cements were studied. Cement mixes of variety and 

different types of samples were studied (fresh, non settled grout, cement powder, 

cement sheets and blocks). These samples and analysis procedures will be described 

more detailed in the coming report (Andersson et al,2008), here the summary of the 

results is given. 

The total organic content (TOC) analyses performed showed that in addition to the SPL, 

organics are present in all the components of cement mixes, for example as cement 

grinding aid, and in silica fume. The results also suggest that even in fresh water 

leaching test, the main high molecular weighted organics will not leach from the 

cementitious material; instead the low molecular weighted cement grinding aid (CGA) 

will leach. Of the TOC of the cement more than 90% remains in the grout of low-pH 

material after 60 days, in high pH cement about more than 80%. For some of the 

samples some indications of small amounts of leached raw materials or decomposed 

materials from SPLs are seen based on the GPC analyses, e.g. Naphthalene dimer is 

observed in leaching tests with low-pH cement. 
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The literature review by Hakanen & Ervanne, (2006) indicated that for the naphthalene 

sulphonate based superplasticizers complex forming potential is low, whereas the 

melamine sulphonate based SPLs have a potential for strong complex forming with 

radionuclides. The carbohydrate/carboxylate polyelectrolyte based additives most 

probably bind nuclides in the same fashion as humates (NOM, Natural organic 

material). 

Based on the tests performed at Chalmers the sorption of Eu on rock samples decreased 

clearly (about 1-2 order of magnitude decrease in Rd) in the presence of especially the 

polycarboxylate type SPLs EVO and Glenium-51 for added SPL contents of about 0.1 

g/L and 1 g/L (wet weight). The effect was clearly lower for PNS type (Mighty -150 

and Rheobuild-1000) and almost negligible for the lower added SPL content 0.1 g/L but 

more clearly for the higher added SPL content 1 g/L. At the lower SPL content 1 g/L 

the effect on the lowering of Rd is within error bars. For Mighty-150, which is currently 

used in ONKALO, the impact on sorption of Eu on crushed rock is fairly small, the 

effect is strongest at the highest pH (pH 10) tested, see Figures 4-7 and 4-8. 
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Figure 4-7. Results of granite sorption of Eu in the presence of 1 g/L Mighty 150 (1 g/L 

is wet weight). Dashed lines are referring to experiments with added  superplasticizer 

and solid lines without superplasticizer. Each case two samples ( s1 and s2) were 

tested. 
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Figure 4-8. Results of granite sorption of Eu in the presence of 0.1 g/L Mighty 150 (0.1 

g/L as wet weight).Dashed lines are referring to experiments with added  super-

plasticizer and solid lines without superplasticizer. Each case two samples ( s1 and s2) 

were tested. 

 

Gel permeation chromatography (GPC), infrared (IR) and nuclear magnetic resonance 

(NMR) analyses of field samples collected from monitoring boreholes in grouted areas 

in ONKALO did not point out any SPLs in the sampled waters rather there was 

evidence of the possibility of some surface-active agent, e.g. lubricating oil for drilling 

bit. Though the analyses of one sample from the monitoring point for ordinary pH 

cement/ SP40 (MS) grouted area indicate a possibility of cement grinding aid and/or 

some SP40 compounds. 

When considering the effects of SPL's on RN transport also spatial and temporal scales 

should be covered. i.e. it is important to know whether or not RNs and SPL's as a 

possible complex formers are at the same time at the same place and whether the SPL 

concentration in the groundwater ever reaches the level where it has an effect on RN 

sorption. The concentrations used in the SPL studies were relatively high, it is not likely 

that those values will ever be met in reality.  

4.4.3 Accelerators 

To improve the setting of the grout, it is planned to use 33 % or 36 % CaCl2 as an 

accelerator. The estimated need for use is around 10 kg of salt for one cubic meter of 

grout. It is evaluated that grouting is seldom needed, and if grouting holes inside the 

tunnel profile are used then as a result of one typical grouting fan around 10 kg of salt 

will remain in the bedrock. Below R20 it is then estimated that around 100 kg of salt 

will remain in the bedrock due to grouting. Also silica sol when used needs salt as an 

accelerator. 

The highest analysed salinities to date are TDS= 84 g/L  (Pitkänen et al. 2004) in the 

Posiva Site report (2007) values of 12 g/L were used for simulations and for that value 

are the used amounts related here also. It is estimated that below R20 water flow Q in 
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the bedrock is about 18 000 m
3
/a, for these quantities the used salt amount is negligible 

(0.05% of yearly amount).  

 

4.5 Interaction of EBS and cement leachates 

The use of ordinary Portland cement is envisaged to constitute a risk to bentonite-based 

material swelling capabilities in a KBS-3 repository.  Over long periods of time (more 

rapidly with elevated temperatures) clay minerals will tend to alter to framework 

silicates like zeolites and feldspars which do not swell with moisture.  The clay minerals 

are also unstable in a high pH environment. The main effect of cement on bentonite is 

dissolution of montmorillonite through its alkaline porewater. Any cementitious 

porewater originating from grouts transported by groundwater to the drift from a 

distance will first interact with the host rock before it reaches the bentonite in the drift. 

The cement will begin to evolve as it is saturated with pore water from the geological 

formation.  After sealed the repository tunnels, this saturation will occur (Gaucher & 

Blanc 2006). Interactions between cement and bentonite in a KBS-3H deposition drift 

have been reported in Gribi et al. 2007. 

Low-pH cements may supply 50 % less OH
–
 than ordinary Portland cement, but mass 

balance constraints are complicated by uncertainty concerning the type of secondary 

minerals produced during cement-bentonite interaction (Savage & Benbow 2007). 

4.5.1 Conservative mass-balance study of bentonite and the alkaline solution 
from degrading cement (for MX-80 bentonite) 

Currently it is considered that bentonite should contain at least 75 % swelling minerals.  

The majority of the swelling clay is montmorillonite. Pure montmorillonite is dissolved 

in a hyperalkaline solution (pH >10) and can be formulated as in equation 4.1 (Gaucher 

& Blanc 2006). 

 

Na0.33Si4Al1.67Mg0.33O10(OH)2 + 2 H2O + 4.68 OH
–
 

 0.33 Na
+
 + 0.33 Mg

2+
 + 1.67 Al(OH)4

–
 + 4 HSiO3

– 
 (4.1) 

 

According to equation 4.1, it takes 4.68 moles of OH
–
 to dissolve one mole of 

montmorillonite. If 2 kg of bentonite are dissolved, 75% or 1.5 kg will be 

montmorillonite. Assuming a molecular weight of 0.367 kg/mol, 4.2 moles of 

montmorillonite are dissolved. Consequently, 19.6 moles of OH
–
 ions are tolerated.  

The potential amount of OH
-
 ions originating from degrading cement can be estimated 

from the amount of oxides in unhydrated cement. The bulk of the oxides in unhydrated 

cement are covered by Na2O, K2O and CaO. The corresponding initial inventories are 

presented for ordinary sulphate resistant cement with sil/cem  0.18 used in ONKALO 

and low-pH cement with sil/cem  0.69 in Table 4-3. 
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Table 4-3. Initial inventory of the bulk of the oxides in unhydrated cement (Cement 

UF16). 

 Na2O 

[mol/kg] 

K2O 

[mol/kg] 

CaO 

[mol/kg] 

nOH
– 
 

[kg cement] 

ordinary SR cement with sil/cem  

0.18 

0.009 0.032 4.900 9.841 

low-pH cement with sil/cem  0.69 0.009 0.026 2.855 5.745 

 

The degradation of a cementitious material with x mol of Na2O, y mol of K2O and z 

mol of CaO may produce a maximum of n  2(x+y+z) mol of OH
–
, 

x Na2O + y K2O + z CaO + n/2 H2O  2x Na
+
 + 2y K

+
 + z Ca

2+
 + n OH

–
.   (4.2) 

This amount of hydroxide can theoretically dissolve n/4.68 mol, or as in equation 4.3 

were M is the molar mass of montmorillonite, 0.367 kg/mol. 

Mass of dissolved montmorillonite  M n/4.68 kg     (4.3) 

Assuming in equation 4.3 no hydroxide-consuming or -generating reactions (e.g. effect 

of constituent SiO2 of cement, dissolution of accessory minerals in bentonite, 

dissolution of rock-fracture coatings along the high-pH water flow path and 

precipitation of secondary minerals) other than equations 4.1 and 4.2 and no dilution of 

OH
–
 into the deep groundwater take place (Gribi 2007). 

Calculations for KBS-3H 

A conservative study of the dissolution of montmorillonite clay was carried out for 

KBS-3H repository concept for two grouting alternatives in ONKALO (below 150 m) 

and the repository. These alternatives differ in their material selection and the total 

remaining quantity of cement (Table 4-4). It is assumed that no cementitious material 

above the 150 m level can reach the repository. The figures in Table 4-4 are material 

quantities in Hagros (2007) for the KBS-3V concept and, as such, probably 

overestimate the quantities needed for the KBS-3H concept, especially as regards the 

repository.  
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Table 4-4. Total remaining quantity of cement for two grouting alternatives in KBS-3V 

repository [based on calculations in Hagros (2007) and in Gribi (2007)]. 

Grouting alternative Total remaining 

quantity (kg) 

 Cement grout 

With ordinary cement    

ONKALO below 150 m 95 000  100% ordinary 

Repository 150 000  100% ordinary 

Mainly with low-pH cement    

ONKALO below 150 m 70 000  50% ordinary, 50% low-pH 

Repository 100 000  100% low-pH 

 

The amount of dissolved bentonite is likely much less if low-pH cement is used because 

calcium in low-pH cement is mainly bound in a CSH (CaO-SiO2-H2O) phase. This 

ensures that the release of free hydroxide from constituent CaO is greatly suppressed, 

thus mitigating the threat to buffer longevity by dissolution.  

The amount of moles of OH
–
 from the cement in the drift was calculated according to 

the composition of low-pH cement (Gribi et al. 2007). For comparison purposes, the 

amount of OH
– 

generated by ordinary cement is shown in (Table 4-3). 

Assuming that the cementitious material below the 150 m level is distributed evenly 

among all the deposition drifts in a KBS-3H repository, of the order of 0.1 % of the 

bentonite mass was conservatively calculated to be dissolved upon reaction with OH
–
. It 

can be argued based on conservative mass balances that this amount of bentonite 

dissolution does not posing a threat to buffer longevity or a compromise to long-term 

safety. 

Calculations for KBS-3V 

Preliminary calculations for cement-bentonite interactions in a KBS-3V repository 

include three different grouting alternatives. In the first alternative only ordinary cement 

will be used; in alternative two 50% low-pH and 50% ordinary cement and in a 

repository only low pH cement will be used; and in alternative three 50% SiO2 and 50% 

low-pH cement and in repository only SiO2 will be used. It is also assumed that only 

ordinary cement has been used above R20 (Table 4-5). 

Preliminary calculations have been made for MX-80 and FEBEX bentonite, in three 

different levels of the ONKALO access tunnel: before fracture zone R20, at fracture 

zone R20 and after fracture zone R20. Calculations have also been made for one 

repository tunnel and assumed that cement has been evenly distributed. Amounts of 

cement in different part of access tunnel have been calculated using estimations 

developed by Hagros 2007 and recent knowledge of cement-based materials. It is 

assumed that fracture zone R20 is situated in level – 300 m (3000 metres in access 

tunnel) and fracture zone R20 is assumed to have 40 m of exposure along the access 

tunnel. Table 4-5 shows the crude estimations of how much bentonite in the tunnel will 

be affected due to the pH-plume from the grout. 
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Table 4-5. Total remaining quantity of cement for three grouting alternatives in KBS-

3H repository [based on calculations in Hagros (2007)] and preliminary calculations 

for bentonite affected in the tunnel by the leachates (%). 

Grouting alternative Total remaining 

quantity (kg) 

Cement grout MX-80 FEBEX Friedland 

   affected % affected % affected % 

With ordinary cement 

ONKALO at  R19 35000 100% ordinary 26 28 24 

ONKALO at R20 32000 100% ordinary 24 26 23 

Mainly with low-pH cement 

ONKALO at  R19  35000 100% ordinary 26 27 24 

ONKALO at R20 27040 50% ordinary, 

50% low-pH 

21 22 20 

Mainly with SiO2 

ONKALO at  R19 35000 100% ordinary 26 27 24 

ONKALO at R20 11040 50%SiO2, 50% 

low-pH 

8 9 8 

 

It has been assumed that all the grouting cement, could have detrimental effect on 

bentonite, even though for the operational period leachates will flow into tunnel and 

will be pumped out. After the backfill is saturated the flow direction will be away from 

the tunnel. The assumption in the analysis is also that the grout in one location only 

affects the bentonite in that location. For example only the grouted cement in R20 area 

will affect the tunnel attached to it.  

4.5.2 Long-Term Safety considerations (Gribi et al. (2007)) 

The mass balance calculations in Section 4.5.1 are considered to be extremely 

conservative or even unrealistic because essential phenomena, such as the groundwater 

dilution factor, and the precipitation/dissolution of secondary minerals in bentonite have 

not been taken into account. 

It is important to keep in mind that these mass balance calculations do not represent the 

physical or chemical reality. The amount of OH
– 

the low pH cement is likely to be 

lower than that calculated in Eq. 1 because the alkaline plume is reduced due to 

restricted formation of Ca(OH)2. Moreover the plume will be diluted in groundwater 

and will spread in all directions, not just toward the repository. Great uncertainties still 

remain as to the general mechanism of the cement/bentonite interaction so the current 

results from modelling the cement/bentonite interaction cannot be used to provide a 

firm number of expected result. 
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Calculations of maximum diffusive mass transfer for cement to bentonite in KBS-3H & 

KBS-3V (for FEBEX) 

In order to estimate the maximum flux of OH
–
 ions to bentonite, the plume is assumed 

to reach a drift without dilution into the flowing groundwater or chemical buffering. 

Also the effect of the low pH cement near the drift will be evaluated. To enable 

calculation of the maximum flux, the OH
–
 concentration boundary condition in 

bentonite and the effective flow rate of OH
–
 ions from the fracture to bentonite are 

examined first (Gribi et al 2007). 

The concentration boundary condition in bentonite depends on the consumption rate of 

OH
–
 ions. Since MX-80 bentonite‟s dissolution rate is not known in hyperalkaline 

conditions, the calculations are made for the degradation rate of the Spanish FEBEX 

bentonite. FEBEX bentonite consists of 93 % montmorillonite (Gribi et al 2007).  

Thus, one litre, or 1.6 kg, of the FEBEX buffer contains 4.2 moles of montmorillonite, 

which has a surface area of 96 000 m
2
. Consequently, the degradation rate of one litre of 

montmorillonite is 1.6·[OH
–
]0.5 mol/(yr (dm

3
 of bentonite)). The dissolution rate of 

MX-80 bentonite is likely somewhat higher due to its lower montmorillonite content 

and much faster dissolution kinetics of its accessory minerals, such as quartz, in 

comparison to montmorillonite. As about 4.1 moles of OH
–
 is needed to consume one 

mole of montmorillonite according to equation 4.4 (Gribi et al. 2007). 

 

(Ca0.125Mg0.10Na0.14K0.055) Si3.86Al1.49Fe0.205IIIMg0.425O10(OH)2 + 2.28 H2O + 4.08 OH– 

0.205 Fe(OH)
4–

 + 1.49 Al(OH)
4–

 + 3.86 HSiO
3–

+ 0.125 Ca
2+

 + 0.525 Mg
2+

 + 0.14 

Na
+
 + 0.055 K

+
     (4.4) 

 

OH
–
 consumption rate becomes 6.4·[OH

–
]0.5 mol/yr and is high enough to be 

considered as instantaneous in comparison to the diffusive mass transfer rate of OH
–
 in 

bentonite. Consequently, a (near) zero-concentration boundary condition for OH
–
 must 

be used in bentonite at all times (Gribi et al. 2007). 

One cubic metre of compacted bentonite buffer contains 4 200 moles of 

montmorillonite. As it takes about 4.1 moles of OH
–
 to dissolve one mole of 

montmorillonite (as in equation 4.4), the 3 820 moles of OH
–
 ions may dissolve about 

220 dm
3
 of bentonite. Assuming that a half-cylindrical volume along the circumference 

of the drift of 5.8 m is absorbing the OH
–
 ions, the area of the dissolved montmorillonite 

(220 dm
3
) is only 380 cm

2
, corresponding to a radius of 16 cm from the fracture-

bentonite interface (Gribi et al. 2007). 

The model results based on reported dissolution kinetics of montmorillonite and 

degradation kinetics of ordinary Portland cement indicated non-negligible dissolution 

(16 cm) in 100 000 years for a single bentonite block intersected by a water-conductive 

fracture that is subject to a slow high-pH plume. For the buffer material in a single 

bentonite block in direct contact with a fracture injected with low-pH grout, a 

conservative maximum of about 4 cm of bentonite dissolution in a block was calculated. 

This is not enough to jeopardize long-term safety of a KBS-3H repository (Gribi et al. 

2007). 
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4.6 Colloidal silica 

4.6.1 Colloids present in groundwater 

Colloids are very small particles between 1 nm and 1μm in diameter. Organic and 

inorganic colloids are present in all natural groundwaters, but colloids can also be 

produced from degraded Engineered Barrier System (EBS) materials such as the steel 

container, cementitious materials or the bentonite clay barrier.  The colloid dimensions 

of less than 1 micron result in a very high surface-to-volume ratio. Therefore, surface 

chemistry is very important in the study of colloidal systems. Colloids are usually 

classified as natural colloids from the fracture filling material, bentonite colloids derived 

from the EBS, homogeneous radio-colloids (PuO2) and heterogeneous radio-colloids 

e.g. radionuclides attached to bentonite colloids (Hölttä and Hakanen 2008). 

Laaksoharju et al. (1994) tested three colloid sampling methods in Olkiluoto, from 

borehole KR1 at depth 613-618 m. Total inorganic colloid (size 1-1000 nm) content 

observed was 184 ± 177 ppb consisting of clay minerals, silica, pyrite, goethite and 

magnesium oxide. The concentration of organic substances was around 10 ppb. Takala 

and Manninen (2006) also tested filtering methods and filter membranes to determinate 

the concentration of colloids and to characterize the composition of the colloid phase in 

one ONKALO groundwater station (ONK-PVA1). The colloid concentration in ONK-

PVA was 0.2 – 0.4 mg/L or 10 – 11 mg/L depending of the membranes system. Takala 

and Manninen (2008) re-tested sampling and colloid characterization procedures. At 

this study the colloid concentration in ONK-PVA1 was only 0.001 µg/L and in ONK-

PVA3 the colloid concentration was 0.013 µg/L. 

Vuorinen and Hirvonen (2005) have studied bentonite as a potential source of colloids 

in Olkiluoto. Groundwater samples ([Cl
-
] was 0.8 g/L and 2.6 g/L) collected before 

interaction with bentonite indicated that iron and aluminium were associated with 

colloidal species with SiO2, clay mineral and/or calcite colloids. The estimated size 

range was from 50 nm to 400 nm. After bentonite interaction bentonite colloids were 

found only in low salinity groundwater (~2 g/L). The size of colloids varied from 50 nm 

to 200 nm. 

According to Laaksoharju et al. (1995), in water containing more than 4 mg/L Ca or 23 

mg/L Na, the colloid concentration in the water will be insignificant. The highest 

observed salinities to date in Olkiluoto are TDS= 84 g/L (Pitkänen et al. 2004) The 

current salinity of groundwater at repository depth is 10-20 g/L (Andersson et al. 2007). 

SKB-SR 97 (SKB 1999) states that the expected calcium concentration in deep granitic 

bedrock will be between 10 and 2000 mg/L, while for Na the expected concentrations 

range from 100 to 2100 mg/L. The natural calcium and sodium concentrations in the 

surrounding groundwater are high enough to suppress colloid formation. 

4.6.2 Colloidal silica as a grouting material alternative 

Cement is predominantly used for grouting in hard rock. However, in small apertures 

cement penetration is poor. Silica sol seems to be a feasible material to seal fractures as 

small as 10 μm. The silica sol gel is sufficiently stable to prevent water flow through the 

sealed fractures. The purpose of the colloidal silica is to limit to water ingress during the 

operational phase and is not with the intention of having a long-term sealing effect. The 

grout consists of a sol of colloidal silica and a salt solution called accelerator. Silica Sol 
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is commercial colloidal silica brand name „MEYCO
®
 MP320‟ manufactured by EKA 

Chemicals. It has been proposed for use in ONKALO. Silica Sol is a stable suspension 

of amorphous particles of silica [SiO2], which builds randomly distributed [SiO4]
4-

 

tetrahedral. The particles have hydroxylated surfaces, which are insoluble in water. 

Colloidal silica is manufactured from raw glass heated and diluted with water to make 

liquid, and to form water glass, sodium silicate. Posiva and SKB have made a 

preliminary study of Silica Sol as an injection grout for deep repositories (Torstenfelt et 

al. 2005, Boden and Sievänen 2005). Properties of colloidal silica have also been 

discussed in Ahokas et al. 2006. 

The long-term stability of silica sol gel has not yet been clearly demonstrated and a 

long-term release of silica colloids cannot be excluded. If a dried undisturbed gel is 

saturated again, tests have shown that it will become even more brittle and fall apart 

releasing colloidal particles. The role of colloids might not be significant until the 

possible release of radionuclides has taken place. The question is the amount and 

mobility of the colloids.  

Colloid mediated radionuclide migration is only due to strong radionuclide sorption 

onto colloids. This can be quantified by batch experiments that determine the 

distribution coefficients Kd, the distribution ratio of the radionuclide between solid and 

liquid phase. The Kd value gives a degree of sorption, but does not provide information 

on the sorption mechanism and it is argued to be conservative (Hölttä and Hakanen 

2008). 

The study of radionuclide sorption mechanisms onto colloids requires the identification 

of the sorbing species and bonds. The sorption mechanisms for the experimentally 

observed partly very slow sorption and desorption kinetics are unknown.  

The use of either NaCl or CaCl2 accelerators with colloidal silica will increase the ionic 

strength in the fractures during injection. Amorphous silica in the temperature range of 

0–25ºC has a solubility of 50 – 150 ppm SiO2; thus, a colloid concentration of 0.1 ppm 

as measured by Jansson and Atienza (2004) is low. Since the natural silica 

concentration is much higher than measured using Silica Sol, Silica Sol is not expected 

to increase the concentration levels of silica to any appreciable extent. Also the natural 

calcium and sodium concentrations in the surrounding groundwater are high enough to 

suppress colloid formation. 

In a stable colloidal system, the particles resist flocculation or aggregation and exhibit a 

long shelf-life. This will depend upon the balance of the repulsive and attractive forces 

that exist between particles as they approach one another. The particles in a colloidal 

dispersion may adhere to one another and form aggregates of successively increasing 

size that may settle out under the influence of gravity. (Hölttä and Hakanen 2008) 

Since silica undergoes polymerization, precipitation, and dissolution depending on the 

change in pH or temperature, the chemical behaviour of silica would be much 

complicated when cement for the construction of geological disposal system greatly 

changes the pH (8 to 13) of groundwater. The dynamic behaviour of silica in an alkaline 

solution, the concentrations of silica in both soluble and colloidal form in the 

supersaturated solution in the presence of solid phase have been tested by Chida et al 

(2002). In the experiment, the concentration of silica in soluble plus colloidal forms was 

determined by adjusting the pH of the solution to 13, where all the silica changes into a 

soluble form (mainly monomeric). The silica initially in a soluble form at pH >10 (6.8 * 
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10
-3

 M or 1.2 *10
-2

 M) became supersaturated and either deposited on the solid surface 

or changed into the colloidal form. The ratio of silica in those forms depended both on 

the initial concentration of soluble-silica and the surface area of the solid. The 

concentration of colloidal-silica gradually decreased, where the logarithm of its 

concentration decreased linearly against time after the concentration of soluble-silica 

decreased to a metastable concentration slightly higher than the solubility of soluble-

silica. 

Long-term safety impacts of colloidal silica are studied by Hölttä and Hakanen (2008). 

The release of colloids from silica and characteristics of colloids is studied. Also 

sorption of radionuclides to colloids and migration of silica colloid will be studied. 

4.6.3 Release of the colloids from silica gel 

Concentration of colloids released from Silica Sol gel is generally low, less than 1 ppm. 

In the non-buffered leaching solutions pH varied between 8 and 11. The more diluted 

the leaching water is, the higher pH. In pure water, the pH value rises above 11. Since 

the colloid release in general was very low, it is difficult to draw conclusions from the 

impact of different ionic media on the release of colloids but some trends were noted. 

The more saline the solution was, the less colloids were released. Slightly fewer colloids 

were released when silica sol gel was produced with calcium as a cation than sodium as 

a cation in the accelerator. Calcium chloride reduced the silica colloid release but there 

was not a big difference in silica colloid release when using sodium chloride or calcium 

chloride as leaching solution. The use of sodium chloride as an accelerator might 

influence on bentonite dispersion in water and indirectly the formation of colloids 

(Hölttä and Hakanen 2008). 

With the use of the calcium chloride as the accelerator, Silica Sol will contribute to 

transferring sodium bentonite to the calcium form. All calcium in the accelerator is 

available in the silica sol and will be released to the surrounding water at a rate 

depending on the concentration gradient and the surrounding water flow. The impact of 

the Silica Sol calcium compared to calcium in the groundwater and released from 

concrete, is dependent on the proportion of available Silica Sol, concrete and 

groundwater. No other effects caused by the colloidal silica are foreseen to have a 

significant influence on the bentonite properties (Hölttä and Hakanen 2008). 

In the laboratory experiments colloid release was followed by taking samples and 

analyzing the colloid size distribution, zeta potential, pH and conductivity. The 

preliminary results so far indicate that even though colloidal silica sorbs tracer (Eu) 

effectively, the amount of released colloids has been insignificant, average particle size 

has been rather large and average zeta potential values small.   

 

4.7 Summary and conclusion of long-term safety issues 

4.7.1 Background and summary of justifications 

The implications of grout leachate transport to EBS performance can be regarded as 

being governed by two mechanisms.  
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First, as long as there are void spaces into which water could flow in buffer and backfill, 

the mass transfer rate of grout leachates into these EBS components is limited by 

convection in fracture network. That is, in case saturation water reacts with the EBS 

component in question, pH in reaction front is that of the saturation water entering the 

component from the host rock fracture network. If the saturation water is groundwater 

containing grout leachates, the pH is determined by the concentration of the OH
–
 ions 

leached from grout and thereafter diluted in with groundwater in the prevailing flow 

field.  

Second, once the void spaces in the repository are saturated with water, the mass 

transfer rate of grout leachates into the EBS components will be diffusion limited. In 

effect this means orders of magnitude slower mass transfer rates. This diffusion limited 

mass transfer rate can be estimated as presented in Vieno et al.(2003) (using eq. 7-1 in 

Vieno et al., 2003). When assuming a porewater pH of 10.8 presented in chapter 4 and 

mass transfer of OH
–
 ions of roughly 10 moles

2
 during 200 000 years, the mass transfer 

rate of OH
–
 ions would need to be lower than few tens of micromoles per year. This, in 

turn, implies the need for deposition hole locations in which the flow rate in a single 

fracture in a region characterised by the cross section of a deposition hole would be of 

the order of millilitres per year. Detecting, yet alone finding, deposition hole locations 

having such flow conditions is not realistic. 

Based on this theory of leachate transport it can be concluded that as long as there are 

groundwaters containing grout leachates in the fracture network connecting EBS 

components to the site scale fracture network, there are mechanisms for transferring 

OH
–
 ions from groundwater to EBS components. 

The amount of OH
–
 ions tolerated was shown to be met using few hundred grams of 

cement. Considering the currently available grouting practices, controlling local 

groundwater inflow by injecting such amounts of cement into a single location is not 

feasible. Neither is the buffering capacity of fracture fillings and fracture minerals 

sufficient to buffer the amounts of cement needed to control groundwater inflow into 

open excavations and void spaces of EBS.  

It is worth repeating at this point that grouting with cement-based materials is done to 

restrict the groundwater inflow rate into open excavations and to control the upconing 

of deep saline groundwaters. When the groundwater inflow rate is sufficiently low, a 

portion of the inflow into void spaces and open excavations can be replaced with 

infiltrating groundwater such that deeper saline groundwaters are not being disturbed in 

an unacceptable way. In other words, controlling disturbances in groundwater flow field 

is the primary concern and the implications of using cementitious materials for 

performing this can still be considered as a phenomenon to be tamed. 

To minimize the cement leachate – EBS interaction, it is proposed in Savage and 

Benbow (2007) based on thermodynamical considerations, that there occurs a change in 

the speciation of silicon at pH<10 having a significant effect upon hydrolysis reactions 

of montmorillonite. In effect, the solubility, “cementability” and “disintegratibility” of 

montmorillonite falls to what could be considered as negligible in terms of the time 

scales of disposal of spent nuclear fuel.  

                                                 
2 10 moles of OH- ions results in cementation of roughly 1 kg of montmorillonite based on chapter 4.5. In a single deposition hole 
this corresponds to a inner half of a torus with inner radius of slightly less than 10 mm. 
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Despite the uncertainties in DP modelling the fracture zone HZ19 system can be 

assumed to collect the grout leachates (shown in Figure 2-19).  The movement of the 

groundwater leachates in the HZ19 groundwater is not known but ideally would move 

the groundwater upwards rather that downwards to the repository depth. Similarly, the 

fracture zone HZ20 system can be assumed to collect the grout leachates originating 

between the fracture zone HZ19 system and the fracture zone HZ20 system. Some water 

will most probably be drawn from the HZ20 system into open excavations. In the worst 

case the water will enter these premises at the pH prevailing at the fracture zone HZ20 

system. 

Under these conditions it is unclear if the fracture zone HZ20 system can induce at least 

10-fold dispersion in grout leachates in the groundwater. Assuming the foot print of 

ONKALO at the fracture zone HZ20 system is regarded as a conservative estimate of 

the area of grout leachate flow parcels. That is the grouted region of 25 m and 

circumferential length of 1000 m yielding 25 000 m
2
, and the foot print of the repository 

panels, 1 500 m x 1 500 m yielding 2 250 000 m
2
, would be considered as the region 

where grout leachates would disperse, a 90-fold dispersion would be obtained. It should 

be recognised that this estimate is neither the most unconservative nor a conservative 

one, but just an estimate to frame the order of the magnitude of the phenomenon.  

In addition, it is currently expected that as the grout injection volume totals 34 m
3
.  

Between tunnel chainages 2000 and 3000, it will be considerably more than 100 m
3
 but 

less than 200 m
3
 within the fracture zone HZ20 system. This indicates that even if the 

grout leachates originating from the ONKALO access tunnel between the fracture zone 

HZ19 and fracture zone HZ20 systems would be dispersed before entering the fracture 

zone HZ20 system, the grout leachate source within the fracture zone HZ20 system 

would be considerably stronger. 

In the region below the fracture zone HZ20 system the flows emerging from grouted 

regions are expected to be collected in the fracture zone HZ21 at least to a certain 

extent. 

Due to the inflow into ONKALO, into unsaturated premises and the predicted flow 

through the grouted zones (Figure 2-10) some dilution with respect to migrating “grout 

leachate flow parcels” (or OH
–
 ions) is expected. This dilution assumes that pumping of 

inflow water is occurring before emplacement of EBS components. 

4.7.2 Recommendations 

The most obvious means to lower the pH of cement leachates is to replace the currently 

used sulphate resistant microcement having sil/cem ~ 0.18 with low-pH cement having 

sil/cem ~ 0.69. Doing this would induce a decrease in cement porewater from a pH of 

roughly 12 to a pH of slightly less than 11. A further reduction in pH to about 10 would 

occur in saline groundwater conditions corresponding to groundwater found in 

Olkiluoto at depths of –500 m. Although this latter reduction is not likely to be met, 

there is a potential for pH reductions as the ionic strength of groundwater will be greater 

than that of the fresh AL-MR.  

A further and possibly sufficient reduction in the pH of groundwaters containing grout 

leachates results if cement pore waters would be dispersed and this way diluted into the 

bulk of the groundwater. To attain pH<10 each “flow parcel” containing grout leachates 
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needs to migrate to a region where the nearest “grout leachate flow parcel” is no nearer 

than 10 times the characteristic size of the parcel. This migration needs to occur 

between each grouted region and each EBS component location, acting as grout 

leachate sink.  

A minor drawback is that low-pH grout needs more superplasticizers (the need for 

normal grout is around 21 g/L and for low pH grout 23 g/L) than normal grout. The 

organics, though, are more readily leached out from the normal grouts than from the 

low pH grouts, probably due to lower permeability of the low-pHgrouts. An increased 

amount of organic material is considered a smaller risk for the EBS than OH
– 

ions, since 

in the laboratory tests no evidence has been detected that SPL used or admixture 

organics would have any significant effect on RN sorption (see Ch 4.4). Consequently, 

more information about the importance of microbial degradation of cementitious 

materials in the repository and the effects of microbial activity into RN transport, and 

the impact of introduced organics into those, would be valuable. 

The leaching rate of the OH
–
 ions, and all the other leachates, will depend on the silica 

content and to a lesser account W/DM ratio of the grout. Silica addition and lower 

W/DM seem to lead to a lower permeability of the grout, which is more resistant against 

groundwater leaching effect. Therefore when the aim is to keep the leaching of the grout 

as low as possible low-pH cement and lower W/DM ratios are recommended as long as 

the performance/workability of the grout is acceptable. 

Bentonite function depends on how much of the montmorillonite has (or has not) been 

affected by OH
–
 ions (not the concentration e.g. pH of OH

–
 ions). It is reasonable to use 

mass balance review (Ch 4.5) and estimations of cumulative amount of OH
– 

ions. To 

minimize the OH
– 

ion amount in ONKALO, the use of silica sol, whenever possible 

would be valuable, after it is assured that it has no adverse effect on RN sorption (see 

Ch 4.6).  

To control the cumulative mass of OH
–
 ions entering into the deposition holes, the 

following actions based on analysing the potential flow of OH
–
 ions from individual 

features could be undertaken. 

 1. If the potential flow of OH
–
 ions is acceptable the location can be used, 

 2. If the potential flow of OH
–
 ions is clearly not acceptable the location will be 

  discarded and 

 3. If the potential flow of OH
–
 ions is potentially not acceptable:  

  a) the groundwater inflow directly into the deposition hole could be limited 

                      by injection of colloidal silica and/or 

  b) an additional technical barrier could be constructed such as additional 

   bentonite to limit the implications of the flow of OH– ions. 

In the alternative 3a the flow of OH
–
 ions is prevented at least during the saturation time 

such that saturation will occur through backfilled tunnels. The alternative 3b is based on 

the idea of letting the additional engineering barrier interact with grout leachates such 

that it essentially protects buffer or filters harmful substances before saturation water 

flows into it. The analysis of the potential flow of OH
–
 ions should be based on 

monitoring the composition of the water that is to become saturation water at a 

particular location. 
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For more detailed estimations of the pH-plume effect on bentonite buffer, it would be 

essential to know the properties of bentonite (especially how much bentonite can be 

affected by pH plume before the buffer capacity is destroyed). Laboratory tests and 

modelling of the bentonite behaviour in different environments (salinity, pH, 

temperature) are therefore recommended.  

The strategy and the actions proposed should be revised critically along the progress of 

the excavations. These revisions should be scheduled such that the outcomes would be 

implemented as daily practices at least first, when having reached the disposal depth 

with ONKALO access tunnel and the accompanied initiation of the construction of 

other ONKALO premises and second, when having submitted application for 

construction license application. 
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5 PHYSICAL PROPERTIES OF GROUTING MATERIALS 

The aim of the grout program has been the development of low pH grouting materials, 

and the comparison with grouting recipes of conventional micro cements. The 

nomenclature and materials are defined in Chapter 3.4.1 The W/DM of tested materials 

have varied between 0.8 to 1.6 and silica content between 0 to 41% calculated from dry 

materials. Only sulphate resistant cement has been tested but grain size distribution has 

varied depending on end use.  Some testing has been done on rock bolt mortars as well. 

The work has been divided between studying the pure technical properties to ensure the 

workability in field conditions and studying the durability properties to increase the 

understanding grout behaviour in ONKALO conditions. The results and experience 

gained so far are presented in separate work reports and memorandums. This section 

summarises work within R20 programme. 

 

5.1 Background of low pH grouting cement development 

Development of low-pH cement was initiated in 2003 as a co-operation between Posiva, 

SKB and their Japanese counterpart, NUMO. Low pH cements were developed to limit 

the pH of the leachate from cement-based materials used in a repository to less than 11. 

The cooperative study separated studies into cementitious materials for use in large 

fractures (fractures > 100 µm) and non-cementitious materials for smaller fractures 

(fractures < 100 µm). The related development work is described in Vuorinen et 

al.(2005), Sievänen et al. (2005), Kronlöf (2004) and Bodén and Sievänen (2005). The 

background for setting the pH limit at 11 is based on bentonite stability studies 

conducted by SKB (SKB 2006 chapter 8.2.5). 

Further development of technical properties of material was done within Posiva in order 

to implement the use of preliminary low pH grouts into the field use. (Sievänen et al. 

2006) 

 

5.1.1 Usability of alternative materials and drivers for additional development 

The availability of all raw materials for grout mixes over long time period is one 

concern. The cement is very common material and sulphate resistant cement will be 

available in future, but the grain size distribution is not necessarily always as desired. 

The availability of silica fume material is not guaranteed for the lifetime of the 

repository and specific Grout Aid consumption is not very common. Therefore a small 

study was conducted in order to see if silica fume could be replaced with ground waste 

glass. Another driver for this study was to optimize the grout composition so that 

superplastizicer could potentially be decreased and to study the practical aspects of 

grout behaviour in the laboratory. The results show that practical properties (fluidity, 

penetration ability, early strength setting) are in the same range as for normally used 

grouts, except for the slower rate of strength development. The pH of the grouts studied; 

show that pH will not decrease as it does for low pH cement. This suggests that ground 

glass will not react with cement in the same way as silica fume does. 

The study of superplasticizers undertaken shows that during a short time period, the 

chemical compositions of superplasticizers have changed and new type of 
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superplasticizer has become available with better efficiency. This indicates that the 

commercially available superplasticizers should be monitored and that grout recipes 

may need to be adapted and studied to ensure grout properties remain useable for and 

that long term safety is maintained.  

SKB has been concentrated on testing and studying colloidal silica (Silica Sol) and its 

usability for grouting. Posiva has also initiated a pilot study to obtain more experience 

on the behaviour of colloidal silica. The Silica Sol could be used in very narrow 

fractures below 50 µm, where the penetration ability of cement-based grout is not 

sufficient. 

 

5.2 Definition of physical properties 

Grouting material consists of cement, water, other possible materials and admixtures, 

which shall have specific properties to be able to penetrate into the small fractures in 

crystalline rock. Physical properties refer to measurable parameters that describe the 

workability, durability and functionality of grout after it's prepared and pumped into the 

rock fractures.  

The measured properties are described in Ranta-Korpi et al (2008), Tolppanen and 

Syrjänen (2003) and Orantie and Kuosa (2008) in detail. Table 5-1 presents properties 

and methods for grout analysis. Methods with italics are not conventional for grout 

analysis. 

Table 5-1. Physical properties of grouts. 

 

 

 

 Property Measuring method 

Workability Penetration ability Filter pump,  

Penetration meter,  

NES,  

Sand column 

 Fluidity Marsh-cone 

 Density Mud balance,  

Weighting 

 Rheology Rheometer,  

Yield stick 

 Bleeding Bleeding 

Functionality Shear strength Fall cone,  

Vicat needle 

Cup test 

 Strength development Compressive strength 

   

Durability Permeability of grout Hydraulic conductivity 

 Porosity MIP 

 Shrinkage Volume change in sample 

 Expansion Volume change in sample 
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5.3 Development process of low pH grouting materials for ONKALO 

To find a suitable low pH grouting material, a wide array of laboratory work has been 

carried out. The following process has been selected: 

 screening tests in the laboratory; 

 more detailed laboratory test for recipes selected from screening tests; 

 batch mixing tests in the field conditions; 

 pH and later also durability analyses of selected samples and 

 field testing and further optimisation in the laboratory. 

To compare low pH and normal grouting cement, a selection of normal grouting 

cements has been studied. In practice, the difference is mainly the pH, with physical 

properties being very similar. The low pH grouts seem to penetrate fractures better than 

normal grouts due to the finer grained overall composition and higher W/DM of the low 

pH grout.  

The tests were carried out in two stages: during the screening stage, a large number of 

mixes were tested with the initial tests including; filter pump, bleeding, Marsh cone, 

Fall cone, and compressive strength. Promising mixes are those that have satisfactory 

penetration ability, fluidity and setting behaviour. For most promising mixes, 

complementary tests were done to see how the possible changes in work procedure or 

conditions like temperature, mixing order, mixing time, curing conditions among others 

may influence the results. Complementary tests include also more detailed penetration 

ability studies and analysis of rheological properties. 

This work helps to understand possible variations in the field where the testing 

procedure has some practical limitations and cannot be as controlled as it is in the 

laboratory. Based on the test results appropriate grout mixes will be selected for field 

testing at ONKALO. In the field, the testing is used to verify the results achieved in the 

laboratory. Grout mixers in the field and in the laboratory are obviously of different 

types and scale. In the laboratory the maximum mixing volume was eight litres. In the 

field, the first mixer used produced 100 litre batches, and the current mixer allows 200 

litre bathces. In the laboratory the typical batch size is three litres and the mixes were 

not agitated in the same way as in the field. The role of the mixer is significant as its 

efficiency has a strong impact on the test results. This is one reason why the laboratory 

test results are not directly comparable to field test results. Also the bulk densities in 

laboratory and in the field may differ due to a variety of reasons, including: temperature 

of the mass, cement consignment, and the differences in mixing methods. Thus it is 

necessary first to define the proper density at field conditions. Both the laboratory and 

field testing gives guidelines for behaviour of mixes but the results should not been used 

as absolute values.  

Laboratory work is helpful to clarify the phenomena observed in the field. In the field it 

is not possible to test many samples due to practical reasons. For instance, natural 

variation of UF16 cement quality required multiple trial batches to be used in the 

laboratory. 

When suitable mix with desired properties is determined, the pH behaviour and 

chemical properties must be checked. It is known how pH will decrease with silica 
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addition (Vuorinen et al. 2005), but if grain size distribution, cement type, or 

silica/cement ratio change a control measurement is needed. The physical properties 

compiled together with chemical properties and changes within time indicate the long 

term behaviour, which is needed for safety evaluation. In order to be used in ONKALO 

the behaviour of low pH grout must not deviate from normal grout. Therefore studies of 

durability were undertaken. Different type of mixes were analysed in order to 

understand the influence of silica addition. The results of this work do not provide 

quantitative values, but guide the comparison between different types of materials.  

 

5.4 Requirements for grouting materials 

Laboratory testing of grouting materials has been ongoing since 2002. Basic properties 

required for grouting material use in ONKALO are:  

 sulphate resistant cements are accepted for use in ONKALO (SFS-EN 197-1); 

 the cement for normal use should have max GSD d95 15…20 µm; 

 coarse cement is needed as standby material for large fractures or high flow 

conditions; 

 the superplasticizer, if needed, should be naphthalene sulphonate type; 

 the accelerator, if needed, should be inorganic and accepted from the long term 

safety point of view; and 

 the grout should be functional for use in ONKALO (availability must be 

ensured, the grout must be sufficiently pumpable and the setting time must allow 

for a reasonable construction schedule). 

Detailed targets for the laboratory and field work are given in Sievänen et al. (2006). 

Those targets provided a guideline for the development of grout mixes but did not set 

quantitative to achieve. Ensuring the grout mix is functional is essential, however the 

grouts had to be developed to meet the pH requirement. The target has been to optimize 

the penetration ability and fluidity properties of material so that the setting is not 

impaired. 

In normal construction work high fluidity and fast setting times are desired.  For 

repository use penetration ability (to enter narrow fractures), stable setting and low pH 

are needed. The example target properties for field-testing of low-pH micro cement 

mixes are given in Table 5-2. These values represent a material, which is suitable for 

grouting fractures around 100 µm, which is according the original development target. 

When this grout was developed and tested both in the field and in the laboratory 

(Sievänen et al. 2005, Raivio & Hansen 2006) the subsequent goal was to have a range 

of materials, which can be used for several grouting situations such as material for 

larger fractures. When developing the mixes for these situations the required properties 

may vary depending on the nature of the fractures to be grouted.  This optimisation of 

mix properties along with grouting design development and grouting material 

development has occurred during 2006 and 2007. The yield properties, early strength 

properties and workability time may have totally different desired values for different 

grout applications. Generally, this means that with increasing fracture width the yield 
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value should be higher and setting time faster. In practice this can be achieved by 

decreasing W/DM with mixing and pumping ability as limiting factor.  

For rock bolt mortar the requirement is high compressive strength (>45 MPa at 28 

days). Other requirements like behaviour at fresh state and shrinkage were considered as 

requirements, but limits were not selected. The development of workable low-pH (≤ 11) 

rock bolt mortar was one of the targets and preliminary studies were initiated in 2006. 

Table 5-2. Target properties for field testing as example (Sievänen et al. 2006). 

Penetrability was not measured by NES-equipment in field, because the equipment was 

not available. 

Order of  

importance 

Property Requirement Measuring 

Method 

Required 

properties 

 

Penetrability / filtration 

stability 

Penetrability 

>300 ml  

 

< 100 µm 

Filter pump, 100 µm mesh at 

30 min 

Field NES equipment at 

30 min 

Density To be determined for 

each mix. Acceptable 

limits  50 kg/m
3
 

Mud balance. Acceptable 

value shall be obtained before 

other properties are tested. 

Fluidity ≤ 45 s Marsh funnel at 30 min 

 Shear strength at 6 h  500 Pa  Fall cone at 6 h 

 

Desired 

properties 

 

Bleed 

 

≤ 2% Measuring glass at 2 h 

Shear strength at 8 h 2 kPa Fall cone at 8 h 

Workability time 

 

≥ 30 min 

 

Determined by fluidity and 

penetrability 

 Compressive strength  

 

Several MPa Uniaxial compressive 

strength at 28 d 

 

 

5.5 Improvement of grouting materials in laboratory conditions 

In following subchapters the technical properties of grout recipes currently in use as 

well as developed low pH grout recipes are presented. Grout recipes were compared to 

understand the differences between silica poor and silica rich recipes. The recipes have 

been divided into separate sub-chapters according the target use: 

 micro cement grout, for narrow fractures with low or moderate inflow and 

hydraulic aperture; 

 coarse cement grout, for structures, where apertures are over 200 µm and 

 rock bolt mortar, for filling the rock bolt hole space. 
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Methods used for characterisation of materials have been presented in several working 

reports (Sievänen et al. 2005, Raivio & Hansen 2006, Ranta-Korpi et al 2008): 

 fluidity and rheological properties with Marsh cone and rheometer apparatus; 

 penetration ability with filter pump and penetrability meter; 

 early strength setting with fall cone apparatus and Vicat needle and 

 strength properties in different curing conditions measured by compressive 

strength in different ages. 

Different types of mixing have been tested in laboratory conditions varying mixers, 

mixing order, temperature of raw materials, etc. The grout mixing procedure in the 

laboratory was as follows: 

 mix of water and cement for two minutes and 

 add superplastizicer and  Grout Aid (GA) and mix for an additional three 

minutes. 

Mixes without Grout Aid have a four-minute mixing time total. Batch size has varied 

between three to eight liters and temperatures for pre cooled materials 7 to 12° C in 

order to have similar conditions as in the field. Curing conditions were also varied.  

 

5.5.1 Micro cement grout 

The high-pH micro cement mix UF-00-08-2 with no silica, mix UF-15-10-2.8 with 

moderate silica and low-pH mix UF-41-14-4 rich in silica were studied in detail in 

laboratory tests in 2006 (Raivio & Hansen 2007). The mix UF-15-10-2.8 is currently 

being used for grouting in ONKALO and the low-pH mix UF-41-14-4 has been used for 

several field grouting test in different depths in ONKALO. Mix UF-00-08-2 is 

comparison mix and it has not been used for grouting actions in the field.  

Many parameters like mixing efficiency, batch size, temperature and cement quality 

variation in different consignments were found to affect the test results. In Table 5-3 

average test results at +12 C of the three mixes are presented in comparable tests 

according to temperature, batch size and efficient mixer (Note: curing at +12 C <1d, 

later at +20 C/100% RH). Micro cement consignments vary and in some cases the 

result is derived from a single test. 

The mixes UF-00-08-2, UF-15-10-2.8 and UF-41-14-4 show generally good properties 

when fresh and hardened at +12 C. Lower temperature (+7 C <1d, later +20 C/100% 

RH) gave a weaker strength build-up with all mixes.  The 7°C temperature decreased 

flowability and penetration ability of mixes UF-15-10-2.8 and UF-41-14-4. This is 

because bulk density increases slightly at lower temperature (Table 5-4). 



 

 

 

Table 5-3. Comparable test results with an efficient mixer at 12 C of the micro cement mixes UF-00-08-2 mix with no silica, UF-15-10-2.8 with 

moderate silica and UF-41-14-4 high in silica (Raivio & Hansen 2007). Average values, single values in blue. Cement UF16, batch size about 3 liters, 

curing after 1d at 20 C/100%RH, mixer Desoi AKM-70D 1500 W. 

Mix 

 

sil/cem W/DM SPL Density Marsh  

fresh 

Marsh  

0.5h 

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 

Plastic 

visc. 

fresh 

Plastic 

visc. 15 

min 

Yield 

stress 

fresh 

Yield 

stress 

15 min 

bmin bcrit 

   % kg/m
3
 s s s ml vol-% kPa kPa MPa MPa MPa mPas mPas N/m

2
 N/m

2
 m m 

Req.      45    300  2  0.5    4   50   5   80  120 

UF-00-08-2 0.00 0.8 2.0 1521 33.5  39.5 233 2.0 2.0 >245 2.6 19.3 20.3 21.9 38.8 6.9 8.9 31 94 

UF-15-10-2.8 0.18 1.0 2.8 1422 35.0 37.5 39.5 308 0.4 1.1 >245 2.1 21.0 27.1 10.1 11.5 5.6 7.0 54* 148* 

UF-41-14-4 0.69 1.4 4.0 1312 39.0 42.0 47.5 305 0.1 1.5 182 0.7 15.7 21.4 8.4 10.3 11.1 12.3 54 168 

* Batch size 8 liters. 

Table 5-4. Comparable test results with an efficient mixer at 7 C of the micro cement mixes UF-00-08-2 mix with no silica, UF-15-10-2.8 with 

moderate silica and UF-41-14-4 high in silica (Raivio & Hansen 2007). Average values, single values in blue. Cement UF16, silica GroutAid slurry, 

SPL Mighty150, batch size about 3 liters, curing after 1d at 20 C/100%RH, mixer Desoi AKM-70D 1500 W. 

Mix 

 

sil/cem W/DM SPL Density Marsh  

fresh 

Marsh  

0.5h 

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/m
3
 s s s ml vol-% kPa kPa MPa MPa MPa 

UF-00-08-2 0.00 0.8 2.0 1563 33.0  41.5 310 0.9 0.24 >245 1.2 24.0 18.8* 

UF-15-10-2.8 0.18 1.0 2.8 1472 37.0  74.0 310 0.2 0.66 >245 1.0 22.2 12.2* 

UF-41-14-4 0.69 1.4 4.0 1329 44.0  91.5 240 0.0 0.90 94 0.4 13.0 24.4 

* Strength loss at 91d.
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The results for UF-00-08-2 

According to the laboratory test results the high-pH micro cement grout UF-00-08-2 

with UF16 cement and no silica (W/DM = 0.80, sil/cem 0.00, SPL Mighty150 2.0 %) 

shows good properties when fresh and hardened at 12 C with good quality cement. 

Penetration ability of the mix UF-00-08-2 by filter pump may decrease due to quality 

change of the cement consignment. Grain size distribution varies slightly in different 

cement consignments and this may also affect the penetrability. Other cement 

characteristics also seem to play a role, like storage time and conditions.  

At 7 C the strength development of the UF-00-08-2 mix weakens and the requirement 

for the shear strength at 6 h is not reached. The 91 d compressive strength test result at 

7 C is lower than at 28 days.  This was also found for one of the UF-00-08-2 mixes at 

12 C. This is possibly due to tendency of UF-00-08-2 mix to shrink or expand and 

crack during curing in laboratory at 100% RH and 20 C and may have been prevented 

if the specimens had been cured under water.  

The UF-00-08-2 mix seems to be suitable for use in ONKALO as high-pH micro 

cement grout at 12 C temperature. It may be possible to slightly decrease the SPL 

amount in the mix. Mixing order and mixing time need to be adjusted in ONKALO 

field conditions as foaming may occur, if the SPL is added too early. 

The results for UF-15-10-2.8 

Of the high-pH micro cement grouts of moderate silica (tested sil/cem: 0.11, 0.18 or 

0.25), the mix UF-15-10-2.8 (W/DM = 1.00, sil/cem 0.18, SPL Mighty150 2.8 %) 

possesses the most promising properties. If silica is increased in the mix the strength 

development is improved, but Marsh fluidity is weakened. Similarly, if fluidity is 

improved by increasing water the strength development gets poorer. Mix UF-15-10-2.8 

is a compromise to give the optimum fluidity and strength development at moderate 

sil/cem ratio. 

The fresh state properties of the mix UF-15-10-2.8 are impaired at 7 C compared to 

12 C, especially at the age of 1 h. This is probably due to higher mass density at lower 

temperature. This might influence to the pumping time if the recipe will not be 

workable. This phenomenon has mainly been observed in the laboratory conditions and 

will not impair the open time in field conditions.  Penetrability by the filter pump is not 

affected. Mix UF-15-10-2.8 showed strength loss at 91 d that may be caused by 

unsuitable curing in laboratory at 100% RH and 20 C. 

The mix UF-15-10-2.8 seems also to be somewhat sensitive to variation in cement 

quality and lower temperatures giving partly unsatisfactory fresh state properties. 

Deficient mixing of a larger batch in testing may have weakened the penetrability. 

The results for UF-41-14-4 

The main requirement for low-pH micro cement grout is that its pH must be  11.0. 

This is because the EBS may not work properly because of high-pH plume deriving 

from cement. A sufficient low pH was achieved by replacing about 41 % of cement in 

the grout with micro silica (sil/cem = 0.69). The achieved pH results are presented in 

chapter 4.1.5. 



117 

 

Different UF16 cement consignments have been shown to have a significant effect on 

various properties of the low-pH micro cement grout UF-41-14-4, however this does 

not affect the suitability of the mix for use at ONKALO. 

Based on the test results, bulk density and Marsh fluidity at the fresh state at 12 C are 

quite stable for the UF-41-14-4 mix, 1312 g/L and 39.0 s, respectively. At 1 h the Marsh 

fluidity is much more influenced by the cement consignment (varies between 42 - 60 s). 

Penetration ability by the filter pump is generally good, almost reaching the maximum 

target penetrability (Table 5-2), for the UF-41-14-4 mix, but it is highly dependent on 

the mixing efficiency and cement consignment. Shortening or prolonging the mixing 

time (total 4 to 8 min) does not affect the Marsh fluidity or penetrability. Reversed 

mixing order helps to mix the mass more uniformly and improves penetrability, but at 

the same time Marsh values are weakened, especially at the age of 1 h. 

Penetration ability by the penetrability meter gave somewhat poorer results in 2006 

compared to 2005 laboratory tests of the UF-41-14-4 mix. The bmin requirement was 

fulfilled in 2006 tests, but bcrit requirement was not fulfilled. Mixing efficiency had 

some effect on the results, but mostly the cement quality seems to have caused the 

differences. 

At 12 C good early (<1 d) and later age (at 20 C) strength build-up of the low-pH mix 

UF-41-14-4 is achieved, but these also depend on cement quality and mixing efficiency. 

Only a few tests were completed at 7 C (<1 d, later 20 C) and were not considered 

representative. At lower temperature the fluidity at 1 h of the mix UF-41-14-4 is 

decreased and it seems that the penetrability of the mix degrades markedly. This is 

mostly due to a slightly higher density of the mix at 7 C compared to 12 C, but it may 

also be partly due to the cement consignment. Shear strength at 6 h shows a decrease 

but this is believed to be related to the mixer efficiency and cement quality.  

Strength build-up of the UF-41-14-4 mix when cured at 11 C in water, which 

corresponds closely, to the ONKALO environment, is very slow. The mix reached only 

about 2 MPa at 28 d and 8 MPa at 56 d. Maximum strength, about 19 MPa, was 

achieved at five months when cured in water at 11 C. Curing in plastic bags at 12 C 

gives nearly 20 MPa at six months (Figure 5-1). 
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Figure 5-1. Compressive strength development of the micro cement grout mixes UF-00-

08-2, UF-15-10-2.8 and UF-41-14-4 in plastic bags at 12  C. Some water had come 

into contact with the prisms in the plastic bags before the age of 2 months after which 

the prisms in the bags were taken out of water. 

It appears that a lower temperature causes a slight increase in mix density and thus 

reduces fresh grout properties, especially fluidity.  This may require a small amount of 

water to be added to the mix to slightly improve the fresh state properties. Because the 

addition of water prolongs setting time and reduces strength the addition of water must 

be done cautiously. This is not necessary in ONKALO conditions while usually the 

mixing is done at tunnel climate 12-13°C.  

Additional studies of the UF16 cement characteristics (e.g. grain size distribution, 

cement mineral composition and storing conditions) should be conducted to determine 

the effect on the penetrability and setting of the grouts. This will allow the quality of the 

grout to be improved to fit better the desired grout properties for ONKALO. 

The role of the test conditions to the results achieved 

Strength loss at 91 d indicates that laboratory curing at 100% RH and 20 C may cause 

too much expansion and lead to cracking of the micro cement grouts. Extensive 

expansion (especially the low-pH mix UF-41-14-4) was observed in laboratory at 20 C 

both of air cured and water cured samples. Cracking was even visually observed. 

Therefore it is necessary to cure the prism samples at temperatures closer to the 

ONKALO rock to get a better picture of the true behaviour of micro cement grouts at 

that environment.  

Deformation of the hardened micro cement grout mixes was also observed in laboratory 

tests at lower temperatures. This will weaken grout durability if cracks are formed in the 

grouts at later ages. Expansion of the low-pH mix UF-41-14-4 began early during 

hardening at ~ 11 C and continued after 9 months. The expansion of mix UF-00-08-2 
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was relatively low and stable (Figure 5-2). The samples were cured in water to prevent 

cracking due to drying. On the other hand, if the mix UF-41-14-4 is cured in plastic bag 

with no transfer of moisture with the environment, the mass shrinks considerably.  

The reason for expansion during wet curing is not known, but it is probably connected 

to unusually high amount of silica of the low-pH micro cement grout UF-41-14-4. 

Curing water probably also penetrates the samples and increases expansion. Expansion 

may even be beneficial in the ONKALO fractures, because it may help to seal the 

cracks tightly presuming that the mass does not create too much internal stress and start 

to crumble or, on the other hand, start to shrink at later ages. 

A test was made of the low-pH mix UF-41-14-4 that was cast in the prism mould and 

sealed with a steel cover to prevent expansion. The mould was put in a plastic bag in 

water at 11 C for four months and after demoulding the prisms were put in a plastic bag 

at 12 C. The prisms were dry at the beginning, but during the first four-month period 

the plastic bag was broken and water came into contact with the prisms. The prisms 

were tested for compressive strength at ages four (17.3 MPa), five (19.8 MPa) and six 

months (20.2 MPa). There seems to be no harm to the prevention of expansion to the 

compressive strength development. The final strength was achieved at about five 

months in the closed mould at 12 C. 

 

 

Figure 5-2. Expansion of the prism samples of the micro cement grout mixes UF-00-08-

2 and UF-41-14-4 in water at ~ 11  C. The starting point for the measurement is at 2 d, 

because two of the UF-41-14-4 prisms were soft at 1 d and yielded. The actual 

expansion after 1 d of the UF-41-14-4 prism is therefore about 0.5 mm/m and UF-00-

08-2 prism about 0.2 mm/m higher than in the diagram. 
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5.5.2 Coarse cement grout 

The objective of testing high- and low-pH coarse cement grouts in the laboratory was to 

develop mixes for use in larger, hydraulically conductive fractures at ONKALO. The 

low-pH grout mixes must meet the requirement of pH  11 following the 41% silica 

composition (sil/cem = 0.69) in addition to the functional properties. The mixes are 

made with coarse sulphate resistant (SR) cement (Finnsementti). It was not known 

whether different sulphate resistant cement with different grain size distribution will 

result similar pH as UF16 cement. It was expected that micro cement used in the micro 

cement grout would react faster compared to the coarse cement due to its large surface 

area. 

Unlike the micro cement grout the penetrability is of minor importance for the coarse 

grout. Good pumpability and fast setting are key requirements for recipes used for 

larger fractures.  The coarse cement grout will be used in a two step process, where the 

larger fractures are first grouted with coarse cement grout and then the surrounding area 

is grouted with micro cement grout to penetrate smaller fractures. High-pH coarse 

cement grout mixes have only been used for grouting the R19 structure ONKALO so 

far, but a similar type of low pH coarse cement recipes has been preliminary tested in 

the laboratory conditions.   

The high-pH mix SR-20-09-2 and the low-pH mix SR-41-12-4 have nearly acceptable 

fresh and hardening state properties at 12 C (Table 5-5). When the temperature drops, 

the setting rate slows rapidly at early age (<1 d) for both mixes. The final strength is 

approximately the same at +7 and +12 C (curing <1 d, later +20 C). W/DM should be 

decreased in order to improve the fast setting in large apertures.   

Table 5-5. The sil/cem, W/DM and main results of cement grouts. SR cement, SPL 

Mighty150, temperature 12 C (<1 d, later +20 C), batch size 3 liters, mixer Desoi 

AKM-70D 1500 W. 

Mix sil/cem W/

DM 

SP

L 

Dens. 

kg/m3 

Marsh 

fresh 

Marsh 

1h 

Penetr., 

filter 

pump 

100 m 

Bleed. Shear 

str.  

6 h 

Shear 

str.  

24 h 

Comp. 

str. 

1 d 

Comp. 

str. 

28 d 

Comp. 

str. 

91 d 

   % g s S ml vol-% kPa kPa MPa MPa MPa 

SR-20-09-2 0.25 0.90 2.0 1492 37.5 41.5 10 0.3 0.47 >245 1.17 27.0  

SR-41-12-4 0.69 1.20 4.0 1354 37.5 41.5 75* 0.0 

(soft) 

1.57 122 0.39 24.7 29.6 

*Filter size 130 m  

 

The low-pH cement mix SR-41-12-4 meets the requirements of Marsh fluidity, shear 

strength at 6 h and compressive strength at 28 days. At 2 hours the mix is still soft, but 

no bleeding is observed. Different cement consignments may have some effect on the 

test results. However, the mix SR-41-12-4 has been tested in the laboratory only at 

12 C, at lower temperatures the strength at early ages (< 1 d) is expected to be lower. 
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Again the W/DM could be decreased in order to improve setting properties. It can also 

be expected that pumping of one batch will not take a very long time and deterioration 

of fluidity is allowed after 0.5 hour.  

 

5.5.3 Rock bolt mortar 

Rock bolt mortar is used to grout bolts and other possible anchors in rock. At ONKALO 

the rock bolts are typically approximately 3 m in length and installed in the roof and 

walls. These grouted rock bolts are considered permanent operational safety features 

and will not be removed from ONKALO.  Thus a low pH grout is desired material for 

rock bolt mortar. While volume of bolt grout is small it has been assumed that possible 

pH plume will be local and not significant. Therefore other aspects like corrosion 

protection of bolts will be considered.  The objective of testing rock bolt mortars is to 

find a functional low-pH (  11) rock bolt mortar as well as high-pH rock bolt mortar for 

future consideration of bolt grout type. The requirements for rock bolt mortars are 

compressive strength (  45 MPa at 28 days) and sufficient cohesion to remain inplace 

once injected into holes. The rock bolt mortar should also be able to flow around the 

bolt to minimize its exposure to groundwater and air.   

The requirements determined for the rock bolt mortars are achieved with high-pH 

(sil/cem = 0.00) rock bolt mortar with or without aggregate (Table 5-6). With the low-

pH rock bolt mortar (sil/cem = 0.69) there are major difficulties with mixing of the mass 

and especially dispersing silica with flat beater-type mixer when GroutAid microsilica 

slurry is used. Blending fine grained aggregate with the low-pH rock bolt mortar helps 

mixing and helps to disperse silica granules. However, the requirement for compressive 

strength at 28 days is not fulfilled with or without aggregate in low-pH mixes with 

Grout Aid. 

Table 5-6. The W/DM, sil/cem and agg/p and main test results of rock bolt mortars. SR 

cement, temperature 20 C, batch size 3 - 7 liters, mixer Hobart 3 or 15 liters. 

Mix Silica type W/DM sil/cem agg/p agg 

0.1/0.6 

mm 

agg 

0.5/1.2 mm 

Cons.  

(15strokes) 

5 min 

Comp. 

str. 1d 

Comp. 

str. 7d 

Comp. 

str. 28d 

     % % mm MPa MPa MPa 

SR-00-03-0 - 0.30 0.00 0   178 35.2 73.3 88.3 

SR-00-03-0 - 0.33 0.00 1 66.67 33.33 175 26.1 56.9 71.3 

SR-41-08-0 GroutAid 0.79 0.69 0   148 2.54 20.3 33.8 

SR-41-08-0 GroutAid 0.80 0.69 1 66.67 33.33 141 3.41 22.3 42.0 

SR-41-04-0 Micropoz 0.43 0.69 0   155 11.2 31.0 44.0 

 

Good test results were achieved by using dry Micropoz silica powder in low-pH rock 

bolt mortar. Mixing of the mass was much easier and could be made with much lower 

W/DM -ratio compared to mixes made with GroutAid silica. Due to low water 

requirements low-pH rock bolt mortar with Micropoz silica possesses quick strength 

build-up and the requirement for final strength is achieved (Table 5-7). The SR-41-04-0 
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mix also shows good consistency and appears suitable as low-pH rock bolt mortar in 

ONKALO. 

Table 5-7. Complementary test result of normal and low pH rock bolt mortars with dry 

silica. SR cement, consignment 13.3.2007, temperature 20 C, batch size 2 - 6 liters, 

mixer Hobart 15 liters. 

 Mix Silica type W/DM sil/cem Cons. 

(15 

strokes) 

5 min 

Comp. 

str. 28d 

Cube# 

1 

Comp. 

str. 28d 

Cube# 

2 

Comp. 

str. 28d 

Cube# 

3 

Comp. 

str. 28d 

Cube# 

Av. 1-3 

Comp. 

str. 56d 

Cube# 

1 

    Mm MPa MPa MPa MPa, av. MPa 

SR-00-03-0 Reference, 

no silica 

0.30 0.00 168 85.5 87.0 83.0 85.2 92.0 

SR-41-04-0 Micropoz 0.43 0.69 158 51.0 49.5 51.0 50.5 56.0 

# converted to cube 150 mm x 150 mm x 150mm results 

 

To date rock bolting at ONKALO has been minimal and due to the total rock bolt 

mortar required the actual pH has not yet been determined.  If required the rock bolt 

mortar studies can be continued and low pH mixes developed in the laboratory can be 

tested at ONKALO. 

 

5.6 Low-pH cement tests in ONKALO and recipe modifications 

The low pH grout recipes were developed before mixing and field tests in the 

laboratory. Because the condition in the laboratory and field are different, it was 

necessary to field test these recipes to determine if the grouts were suitable for use at 

ONKALO.  Grouting trials were done with the UF-41-14-4 mix from 2005 to 2006.  In 

2007, a new grout design and device were implemented for use at ONKALO.  

Posiva acquired a Häny grouting device and a complementary batch mixing test 

campaign was undertaken for low pH grouts (Ranta-Korpi et al. 2007) beginning in 

February 2007. Testing of different low pH grout recipes and current recipes were done 

both in batch mixing trials and grout injection tests. Table 5-8 shows more detailed the 

scope of the testing and test periods. 
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Table 5-8. Field tests and batch mixing tests during 2007 in chronological order. 

Test Date Target  Recipes 

BMT-1 (Batch mixing test 1) 31.1.2007 

and 1.2.2007 

Mixing test with new grouting 

equipment 

UF-15-10-2.8; UF-41-14-4 

INKE FT-1 (INKE Field test 1) 7.3.2007 Field test in tunnel chainage 

1880 m. 

UF-41-14-4 

Ventilation shaft grouting 21.3.2007 Normal grouting UF-15-10-2.8 

BMT-2 (Batch mixing test 2) 27.3.2007 - 

29.3.2007 

Mixing test with new grouting 

equipment different low pH 

grout recipes 

UF-41-14-4; UF-15-10-2.8; 

UF-41-14-3; UF-41-12-3; 

UF-41-12-4; UF-41-16-3; 

UF-41-10-4 

INKE FT-2 (INKE Field test 2, 

part 1) 

23.5.2007 Field test in personnel shaft 

grouting, depth - 86- -110 m 

UF-41-14-5.1; UF-41-12-

3.6 

BMT-3  (Batch mixing test 3) 11.6.2007-

12.6.2007 

Mixing test of low pH grout 

recipes with different batch 

size 

UF-41-14-4.8; UF-41-12-

4.8; UF-41-10-4.8; UF-41-

08-4.7; UF-41-12-3.6 

INKE-FT-2 (INKE Field test 2, 

part 2) 

13.6.2007 Field test in personnel shaft 

grouting, depth - 86- -110 m 

UF-41-12-4.8 

BMT-4 (Batch mixing test 4) 27.6.2007 Mixing test of low pH grout 

recipes with rheology 

measurements 

UF-41-14-4; UF-41-12-3; 

UF-41-12-4; UF-41-10-3; 

UF-41-10-4 

INKE-FT-2 (INKE Field test 2, 

part 3) 

18.7.2007 Field test in personnel shaft 

grouting, depth - 86- -110 m 

UF-41-14-4 

 

The first batch mixing test, BMT-1, was a preliminary run of the new grouting 

equipment and the purpose was to calibrate the equipment. The later batch mixing tests 

BMT-2, BMT-3 and BMT-4 were tests in which the main purpose was to measure the 

properties of the grouts (Ranta-Korpi et al. 2007). The field tests personnel shaft 

grouting, INKE-FT-1, INKE-FT-2 subpart 1, 2 and 3 were primarily grouting tests 

(Hollmén 2007), but the properties of the used grouts were measured (Ranta-Korpi et al. 

2007). 

The batch mixing tests were conducted in the ONKALO access tunnel to simulate 

actual grouting conditions. Field trials allowed testing in realistic conditions to study the 

difference between low and high pH grouts, the functionality of the mixes, the influence 

of different conditions on the grout, such as the effect of temperature. The batch mixing 

tests was also to develop a new testing method, the sand column test.  This test allowed 

comparison to the penetrability meter.(Ranta-Korpi et al. 2007). Another new method is 

called for yield stick, which is a simple field method for studying the yield value to 

obtain information about the grout rheology properties. 
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The recipes tested were: UF-41-14-4, UF-41-14-3, UF-41-12-4, UF-41-12-3, UF-41-10-

4 and UF-41-10-3 with UF-15-10-2,8 used as a reference material. Information about 

the recipes is given in Table 5-9. Low pH cement-based grouts were also used in 

grouting field tests, and they gave additional information about grout.  

Table 5-9. The W/DM ratios (water to dry material ratio), SPL contents and 

silica/cement –ratios of the basic low pH grouts.  

 W/DM SPL% Sil/cem 

UF-41-14-4 1.4 4.0 0.69 

UF-41-14-3 1.4 3.0 0.69 

UF-41-12-4 1.2 4.0 0.69 

UF-41-12-3 1.2 3.0 0.69 

UF-41-10-4 1.0 4.0 0.68 

UF-41-10-3 1.0 3.0 0.69 

 

Quality control tests were done for each batch. These tests are: mud balance to measure 

the density of the grout; the filter pump to measure the penetration ability of the grout; 

the Marsh cone test to measure the fluidity; the fall cone test to measure the early age 

strength development; stick test to measure the yield value of the grout; and sand 

column test to measure the penetration ability of the grout. In addition, penetrability 

meter and rheometer tests were done for some grouts to study the penetration ability and 

the rheological properties (yield strength and plastic viscosity) of the grout respectively. 

The averages of the properties of the tested grouts are given in Table 5-10. The detailed 

results and descriptions of the grouts are given in the Posiva working report written by 

Ranta-Korpi et al. (2007). 

The grouts UF-41-14-4, UF-41-14-3, UF-41-12-4 and UF-41-12-3 were tested several 

times and the data is sufficient to draw conclusions about the typical properties of the 

grouts. The remainder of the grouts were only tested a few times and a general 

description of the properties of these grouts was obtained.  In general, the grouts with 

W/DM < 1.2 are stiff grouts and are suitable for the fractures with large apertures. UF-

41-14-4 and UF-41-14-3 have a 1.4 W/DM ratio and thus are more fluid grouts. Their 

rheological and penetration properties are suitable for the fractures with small apertures 

(Ranta-Korpi et al. 2007). 
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Table 5-10. The main properties (averages) of the low pH grouts. 

Property Density Marsh 

value, 

fresh 

grout 

Filter 

pump, 

fresh 

grout 

Fall 

cone, 

6h 

grout 

Penetrability 

meter 

Rheometer, fresh 

grout 
Stick, 

yield 

value 
bmin bcrit Yield 

value 

Plastic 

viscosity 

Unit [kg/m3] [s] [ml] [kPa] [μm] [μm] [N/m2] [mPas] [Pa] 

UF-41-14-4 1324 41 326 1.0 34 117 8.4 10.4 5.5 

UF-41-14-3 1313 54 333 0.9 38 85 16.1 22.0  

UF-41-12-4 1368 56 323 2.3 39 81 15.6 15.4 18.4 

UF-41-12-3 1373 114 275 1.1 47 126 31.2 36.6 49.1 

UF-41-10-4 1446 131 267 3.5   36.6 27.9 49.3 

UF-41-10-3 1405  130 10.6   49.2 61.2  

 

The W/DM ratio is the most influential property on the grout behaviour. The amount of 

the superplasticizer also influences grout behaviour but W/Dm and temperature is more 

important. In general, the grouts with high W/DM ratio, which is in this case about 1.2-

1.4, have good penetration properties. The W/DM ratio has an effect also on the early 

age shear strength. If the ratio is high the early age strength develops slowly and the 

setting time is long. With small W/DM ratio the early age shear strength develops faster 

and the setting time of the grouts is shorter (Ranta-Korpi et al. 2007). 

Ranta-Korpi et al. (2007) showed that by adding the superplasticizer (SPL) the flowing 

and penetration properties of the stiff grout (high viscosity) improve. It was noted that 

SPL also reduced the early shear strength as the amount of SPL was increased. In 

practice this means that overdosing will improve the flow and penetration ability but 

setting is delayed. Somewhat contradictory results might indicate that mixing plays very 

important role and it should be always considered when evaluating the results.  

The conditions during mixing also have an effect on the properties of the grout. 

Different batch sizes were tested and size of the batch seems to influence the Marsh 

value and the density of the grout especially with mixes with high W/DM ratio.  This 

indicates that the mixing itself influences grout properties. Increased mixing time will 

decrease the density of grout (Ranta-Korpi et al. 2007). This is likely due to an 

increased amount of air trapped in the mix. Agitation of the mix will release some this 

air.  The air and grout temperature decrease the yield value of the grout. 

The yield stick test proved to be a suitable and fast method to measure the yield value of 

the grout in the field. The values were consistent, but were approximately 25 % lower 

than the corresponding values measured by rheometer. The yield stick test must be 

averaged over three tests for each measurement to ensure a reliable value is produced.  

The sand column test is quite inconvenient and time consuming in field conditions but it 

was not ment to be used as a quality control in the field. It produced contradictory 

results indicating that the method requires further development before it can be used in 

the field (Ranta-Korpi et al. 2007).  

The early age strength development of the grout in the rock was problematic. Slow 

setting were observed with samples obtained from the grouting holes, but not in the 
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grout samples taken from the same batches and cast into prisms or cups. Both 

theoretical studies on setting phenomenon and practical actions to improve the setting 

behaviour were initiated and will be reported in the future. Also laboratory testing 

conditions have been organised so that they are more representative and comparable 

with field conditions. 

 

5.6.1 Examination of field observations in laboratory 

As described in Chapter 5.5, the ONKALO field tests displayed slower setting times for 

the injected grout compared to the grout cured in the prisms in the tunnel. UF-00-08-2, 

UF-15-10-2.8 and UF-41-14-4 were tested in laboratory at +7 C both at usual testing 

conditions in air and by imitating the conditions that prevail inside rock in ONKALO by 

immersing the grout samples in metal cups in water (Figure 5-3). The water bath 

temperature stabilized at approximately +6  C due to evaporation and cooling of water 

while the air temperature remained at approximately +7  C during a 5-day testing 

period. 

 

 

 

 

 

 

 

 

 

 

Figure 5-3. The setting test results at early age of two high-pH and one low-pH grout 

mixes, mixing with the effective mixer Desoi AKM-70D 1500 W, sample holder open 

steady plastic cup in air or closed metal cup in water. (Raivio & Hansen 2007) 

The results suggest that there is a temperature difference between ONKALO tunnel and 

inside the rock that explains the deviating behaviour of grout in plastic cups in tunnel 

and in cracks in the rock. Even a small 1 C temperature difference tends to delay a little 

the setting of grout in colder environment. The actual temperature difference may be 

even higher and variable due to the warming effect equipment, personnel and circulated 

air in the tunnel. Reliable measurements on temperatures of the tunnel air and rock 

(groundwater) would clarify the phenomenon. 

After the 7.3.2007 field test at ONKALO a small sample of the low-pH micro cement 

grout was extruded from the grouted hole after about 24 h during a water loss 
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measurement test in control holes beside the grouting holes. The grout was soft and 

showed a few roughly parallel surfaces. The setting of the micro cement grout was 

obviously delayed. Thermogravimetry of the extruded sample and of a prism cast during 

the field test showed practically no differences in the hydration stage at 2.5 days. A thin 

section of the extruded sample showed that mixing efficiency had been good in the field 

test samples. Calcium hydroxide crystals were also formed as the sample was cured in 

water. This means that plenty of calcium hydroxide had still not reacted with silica at 

early age, as expected. 

Electron microscopy of the two samples indicated that the squeezed sample was 

somewhat more porous compared to the prism sample (Figure 5-4&Figure 5-5). The 

squeezed sample had lower (dry) density (620 g/L) than the prism (660 g/L) confirming 

the higher occurrence of porosity. Rheological properties probably contribute 

considerably to the mixing and setting behaviour of the low-pH micro cement grout. 

Sodium and potassium alkali content of the extruded sample was somewhat lower than 

in the prism and this may have also contributed somewhat to the delayed setting in rock.  

 

Figure 5-4. Microstructure of the UF-41-

14-4 prism of the ONKALO field test 

7.3.2007. Scale bar 10 m. 

 

Figure 5-5. Microstructure of the UF-41-

14-4 sample extruded after ONKALO field 

test 7.3.2007. Scale bar 10 m. 

 

During 2007 there have been other occasions where injected grout material, both low-

pH and normal grouts, have been extruded from grouting holes at ONKALO or grout 

has been soft even a couple of weeks after grouting is done. Some samples are being 

studied at laboratory. In these samples plenty of small pores (<30 m) have been 

observed and/or their density is lower than in the prism samples. Calcium hydroxide 

crystals are also commonly observed in the matrix and in the air pores. Groundwater 

interaction with grout has been suspected to cause delayed setting of the grout in the 

holes, but possibly release of pressure after injection and following expansion of gas 

bubbles in the grout may play a role, too.   
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5.7 Long term durability issues for material selection 

5.7.1 Factors influencing to the injection grout durability 

Durability is the ability of material to resist weathering action, chemical attack, abrasion 

or any other process of deterioration during its lifetime. (Holt 2007). The processes 

influence mainly physical or chemical behaviour of cement-based materials and are 

listed in Figure 5-6.  
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Figure 5-6. Table from report by E.Holt originally published in Mehta (et al. 1993). 

The processes essential for grouting materials in general are (described more detailed in 

Holt 2007): 

 Shrinkage. Drying shrinkage is caused due the loss of water in concrete. When 

amount of shrinkage exceeds a specific level cracking occurs. Other types of 

shrinkage exist like chemical shrinkage and autogenous shrinkage. Chemical 

shrinkage is a phenomenon during early strength development, when hydration 

causes decrease of initial volume due the reactions between cement and water. 

Autogenous shrinkage is an absence of water commonly found in high strength 

materials and can be prevented by controlled curing. None of the shrinkage 

phenomena is a large risk for grouting materials with high W/DM in wet rock 

conditions. 

 Expansive products. Sulphate attack, alkali-silica reaction, ettringite formation 

and cracking due to corrosion of steel are processes, which cause deterioration 

of concrete due the increase of volume. When sulphate penetrates into the 

hardened cement paste, it reacts with Ca(OH)2 and aluminate phases and creates 
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products, which may break the structure of concrete. The potential for sulphate 

attack can be reduced by a dense structure (low permeability) and decreasing the 

amount of portlandite in the structure. This is accomplished by using sulphate 

resistant cement or use of pozzolans such as silica fume. Alkali-silica reaction is 

a phenomenon where expanding gel is formed by contact of high alkali cement 

and certain types of silica-containing aggregate in wet conditions. (Holt 2007) A 

dense structure and decrease of alkalis reduces the likelihood of the phenomenon 

but only by excluding the types of silica-containing aggregate can the reaction 

be completely avoided. Cracking due to corrosion occurs when steel oxidizes 

and the problem can be increased through carbonation, which is the process of 

atmospheric carbon dioxide entering the concrete.  Oxidation products are 

roughly four times the volume of the un-oxidized volume. related The expansion 

causes pressure that can cause cracking.  The formation of ettringite in SR 

cements may also cause expansion and cracking.  

 Leaching. 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 in the ordinary Portland concrete no longer remain stable and 

thus dissolve. (Holt, 2007). The hydration degree of the cement paste influence 

quite much to the leaching rate.  The process involved in a low pH, silica based 

concrete still must be fully understood. 

 Exchange reactions. Removal of Ca
2+

 and/or substitution reactions replacing 

Ca
2+

 in CSH can lead to deterioration of the cement-based material. These 

reactions permit increased leaching.  The reactions may also lead to shrinkage or 

expansion, which will further deteriorate the concrete structure. Exchange 

reactions usually require an aggressive groundwater environment. (Holt 2007) 

Almost all of the above mentioned processes have not been extensively studied for 

grouting materials. It is known that the addition of silica protects the concrete structure. 

Silica in the concrete matrix produces a more discontinuous pore system and reduces 

permeability slowing the intrusion of groundwater and chemicals detrimental to the 

concrete. Additionally, silica decreases the amount of portlandite (CH) further reducing 

the leachability and calcium exchange reactions. 

Even though the silica increases the durability of concrete, there are two significant 

issues discussed by Holt (2007), which must be taken into account when looking the 

durability issues of grouting materials: one is the W/DM ratio, which is higher in grouts 

than for other concretes; and second is the amount of silica fume in the matrix which is 

much higher than for other concretes. Durability testing can be done by comparing 

grouts with and without silica addition and testing the physical properties of materials 

like porosity, permeability and reactions with water.   

 

5.7.2 Laboratory testing on durability 

Three types of grouts have been studied for durability behaviour. Laboratory studies 

used the same materials as was used for the leaching studies. The W/DM varied 

between 0.8 to 1.4 and silica content varied between 0 to 40%. The results will be used 
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for assessment of required properties for durability and as background data for 

modeling the degradation of concrete.  

The following investigations described in (Orantie and Kuosa, 2008) will produce more 

information about grouting materials planned for use in ONKALO. 

 Permeability of grout. Typically concretes (with similar strength as for grout) 

have around K-value 10
-10

. Silica seems to decrease the hydraulic conductivity. 

(Orantie and Kuosa 2008). 

 Capillary water uptake can be measured by several methods are available but 

VTT uses the fast and practical test method, which is modified after (Fagerlund 

1977).  

 Mercury intrusion porosimetry (MIP) provides information about total porosity, 

connecting pore necks in continuous system and indirect information about 

durability through the threshold pore width value, which indicates permeability 

and diffusion behaviour of cement paste. (Cook & Hover 1999) The effect of 

W/DM, and also the effect of SF/DM, can be noticed. With a lower W/DM, the 

MIP pore volume is also lowered. High relative SF-content (SF/DM = 0.38) 

gives a lower MIP volume than with no SF or low SF content (SF/DM = 0 to 

0.16). (Vuorinen et. al. 2005). 

 Thin section microscopy  

 Swelling and shrinkage behaviour based on different curing conditions and 

measuring the volume changes in samples.  

 

5.7.3 Basic indications on differences between grouts planned for use at 
ONKALO 

Tested grout recipes are briefly described in Chapter 3-4-1 and in Table 5-11. All results 

are presented more detailed in Orantie and Kuosa (2008). Hydraulic conductivity 

measurements show that the grout recipe with the highest silica content does not 

increase the permeability, eventhough the W/DM is higher compared to the other 

samples. The capillary porosity is also reduced with the addition of silica.  

Strength in silica rich samples increase with time.  In dry conditions silica rich materials 

display greater shrinkage than normal grouts, which leads to microcracking.  In wet 

condtions the silica rich grouts show a volume increase. For grout at ONKALO this 

should not be an issue as the groundwater will prevent drying of the grout during 

curing. (Kuosa & Orantie 2008) 

Although laboratory tests have been done at room temperature (warmer than the 

ONKALO rockmass) and have been exposed to oxygen this allows the samples to be 

compared to studies done for conventional cement paste.  
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Table 5-11. Compilation of laboratory measurements for durability evaluation. Water 

permeability coefficient K (m/s), total porosity (L/m
3
) and pore size distribution (nm). 

Age of injection grouts is 3 months. (Kuosa & Orantie 2008) 

Injection grout 

type 

Water 

permeability 

coefficient K 

m/s 

Total porosity 

(MIP) 

L/m
3
 

Main pore size 

nm 

Other pores 

nm 

UF-00-08-2 5 x 10
-12

 344 < 15 15 – 10 000, 

 (many pores) 

UF-15-10-2.8 6 x 10
-13

 407 < 15 - 

UF-15-14-2.8  536 < 30 200  and 20 000, 

(few pores) 

UF-41-09-4  359 < 10 - 

UF-41-14-4 8 x 10
-13

 540 < 15 - 

 

 

5.8 Summary and conclusion of grouting materials 

For the grouts and rock bolt mortar studied, low pH was achieved by substituting silica 

for a portion of the cement.  The substitution selected was 41% of cement replaced by 

silica in micro cement and cement grouts and in rock bolt mortar. These grouts and 

mortars were tested in the laboratory and it was demonstrated that required technical 

properties could be achieved.  

GroutAid -microsilica slurry has been principally used to replace cement in grouts, 

while in rock bolt mortars, dry Micropoz powder seems to produce a mass with good 

consistency and workability and seemingly quick strength build-up. Micropoz dry silica 

may be best option for certain applications of the coarser grout as well. 

Low-pH micro cement grout UF-41-14-4 may be suitable for use in ONKALO, but 

there are some aspects that need to be studied further. The mass is flowable, but its 

rheological properties require greater mixing force in the laboratory than the high-pH 

mixes to achieve proper mixing.  

Field tests do show the penetration ability of the grout will be preserved even when flow 

is deteriorated due the decrease of W/DM. Although field testing with new grouting 

equipment shows that rheological properties are much better in the field compared to 

the laboratory due to improved mixing, some concern about the setting has been 

observed in the field conditions regardless the silica amount. Extensive laboratory and 

field testing of grouting materials has not explained the setting behaviour. It appears 

that there are no major difference between tested and used low pH and moderate pH 

grouting mixes. 

The quality variation of UF16 cement seems to affect markedly the behaviour of low-

pH micro cement and cement grouts. The cement properties need to be studied further 

to understand the behaviour better. Storage and handling of micro cement is a key issue. 

Cement must be kept dry before it is mixed. Quality control may give explanations if 
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problems in technical behaviour occur. In order to properly define the quality control 

requirements in the field, systematic testing should be undertaken in these conditions to 

develop the control requirements. Silica rich grouts have been tested and studied and 

physical properties are well known and give good basis for quality control actions in the 

field conditions.  

It appears that partial silica substitution for cement has mainly positive effects on grout 

and mortar behaviour, but high amount of silica in structure has not been studied in 

detail. Durability issues of the tested low-pH mixes may be one concern mainly because 

the chemistry is not fully understood. Possible shrinkage behaviour may cause cracks in 

dry conditions but this should not be a risk at ONKALO conditions except near the 

tunnel surface. Other areas of silica rich grouts that require further study include: the 

expansion during curing, and early strength development. Similarly, the slower 

hydration behaviour of sulphate resistant cement in cold environment with or without 

silica, which may cause uncertainties in leaching etc. properties within the first days 

after grouting could be studied. Finally the durability of grouts must be better 

understood and tested in case of modifications in recipe in future.  
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6 DEVELOPMENT OF GROUTING DESIGN, TECHNIQUES AND 
PROCEDURES 

6.1 Introduction 

The target of developing grouting technology was to find an acceptable method to carry 

out the grouting work in ONKALO. The method should meet the targets set from the 

long-term safety and at the same time allow timely construction within the ONKALO 

construction schedule. The grouting technology development included the development 

of guidelines for grouting design, grouting procedures and related investigations deeper 

in bedrock and the shafts to be excavated.  

The strategy how to achieve the site specific, high quality and acceptable grouting 

methodology is presented in Figure 6-1. Grouting methodology was based on the set 

requirements and targets, on the obtained experiences from ONKALO grouting, field 

tests, the experiences from reference sites (deep tunnels/strict targets set for water 

inflow), and on the expected rock conditions in the deep rock. As the grouting approach 

and methodology was selected, the information of the acceptable grouting materials was 

involved, and finally the feasibility of design solutions was studied in order to find the 

optimal and practical solution for each recognized rock condition.  

Sealing of the deep repository is excluded from this work. Long term safety issues and 

current design requirements give the frame of targets for grouting result and long term 

safety. The grout mix development was done in close interaction with technology 

development. The work, which is under the responsibility of the actual design and 

construction of ONKALO, was outside the scope of work. 
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Execution of grouting design and
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the reference sites for water inflow and grouting deep rock

due to the long term safety

 

Figure 6-1. The strategy aiming at  high level, optimised grouting in ONKALO. The 

bronze boxes are the outcomes of technology development. The rose boxes consists of 

the future outcomes. 

 

6.2 Enhanced understanding of Grouting Technology 

6.2.1 Introduction 

This chapter reviews current experience in grouting technology, the enhanced 

understanding and development work done and the recommendations for grouting 

design, techniques and procedures for ONKALO. Wider and detailed overview is given 

in final report of Grouting Technology –project by Sievänen (2008). Experiences from 

reference sites are also reviewed. 

 

6.2.2 Tools for controlled grouting – a selection of the stop criterion 

One of the key decision points in grouting is the stop criterion. Stop criterion means a 

point when the grouting designer or operator believes that grouting targets are met and 

the sealing is achieved. In the field the grouting result can not determined during 

grouting operations, it should be verified after the grout is in place.  Thus different stop 

criteria have been developed in order to allow the stop decision to be made. The 

importance of the stop criterion increases as the grouting design target becomes stricter 
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(e.g. a certain leakage rate is allowed), or optimisation between water leakage and grout 

injection amount has to be done.  

Grouting practices and stop criteria were studied (Hollmén 2007) as a literature study in 

order to find the most suitable approach. A literature study indicated the following ways 

to set the stop criterion: 
 

 1. Setting the maximum pressure and grouted volume; 

 2. Grouting Intensity Number (GIN) –principle; and 

 3. Time stop –criterion. 

Traditionally the limits for grouting are defined by two stop criteria, highest allowable 

grouting pressureand/or the highest allowable grout injection amount (take). This 

method involves stopping grouting after a few minutes once the grouting pressure has 

been stabilised at the set maximum level. Often there are additional limitations, e.g. for 

maximum grout take or grout flow. For example if the maximum grout take is fulfilled 

before the maximum pressure is obtained, the grouting is stopped or grout is thickened. 

This kind of stop criteria is empirical but widely used in conventional tunnelling and 

follows the national norm (Concrete Association of Finland (2006)).  It has been used in 

ONKALO, where adequate limits for pressure are set based on rules for grouting 

pressures and limits for grout take based on experiences during tunnelling (i.e. the 

smallest fracture to be grouted and aimed penetration length determined according to 

Concrete Association of Finland (2006)).   

Another stop criteria, typically used in dam grouting, was developed by Lombardi and 

Deere (1993) and Lombardi (1997) and further studied for tunnelling purposes 

(Brantberger 2000). The stop criterion is summarized by Hollmén (2007) and is called 

the Grouting Intensity Number (GIN) method. The GIN method defines the stop 

criterion as a limiting curve based on three parameters: maximum pressure, maximum 

grouted volume and the empirically selected GIN value. 

The GIN method is designed to reduce the risk of hydraulic fracturing (breaking of the 

rock by water or grout pressure in a borehole) and provides additional flexibility for the 

designers by virtue of the additional parameters. When the volume of injected grout is 

low, higher pressures can be used. When the volume of grout injected is high, the 

pressure must be lower. Grouting is stopped when pressure rises above the selected 

maximum limit, the grout take rises above the selected maximum limit or the product of 

grout take and pressure rises above the selected GIN-value. The problem of GIN-value 

is that it cannot be explicitly solved. Based on the literature study (Hollmén 2007), the 

GIN-method has been used only once in tunnelling, in the Göta Tunnel in Sweden. 

Even though the GIN-value was very low, most of the grouting was stopped based on 

maximum pressure or volume. 

Time stop grouting is a recently presented analytical approach for a grouting stop 

criterion. The method was developed by Chalmers University of Technology and Royal 

University of Technology in Sweden (Gustafson & Stille 2005). In this approach, the 

distance between grouting holes, grouting pressure, fracture openings and rheological 

properties of grout are coupled with each other. A desired penetration length from the 

grouting hole in the smallest fracture to be sealed is to be determined. Then, by 

selecting a suitable combination of grouting pressure (depth and rock quality), and 

suitable grout with regard to its penetration ability and yield value, the time the grout 
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has to be pumped into the rock under certain pressure can be calculated. Grout volume 

can be calculated. Alternatively, the desired grouting time can be set and then adjust the 

required grout and grouting pressure. The physical background is complicated and 

simplifications and approximations are necessary.  

In principle this is the only method to link the fracture properties and grout properties to 

pumping process (pressure and time). The models of penetration of both Bingham fluids 

and Newtonian fluids are available. However, there is little practical experience with the 

method. According to Hollmén (2007) stop criteria based on analysis of grout 

penetration is not easy to use when fracture-system is complicated, but may be usable 

when fracture-system is simple. The criterion is also difficult to use if the fracture 

characteristics are unreliable. In order to make the method usable in ONKALO further 

development is desired as exact characterization at the site is very difficult.  

Like any other method, the time stop criterion is sensitive to certain source data and this 

causes uncertainties. Conceptual understanding of fracture characteristics, especially the 

nature of the fracture aperture are described in Hakami (1995), Sievänen (2002) and 

Lokkila (2008). There are a large number of uncertainties that should be dealt with for 

the criterion to work properly. Rheological properties of a grout have natural variation 

due to variation in cement qualities, measuring methods. Rheological parameters of 

yield strength and viscosity are interpreted with a models with varying degrees of 

confidence. Rheological properties of grouts also vary with time, and thus, continuous 

on-line measurement of rheological properties is desirable. The prevailing overpressure 

in a fracture always differs more or less from that one readable at the grouting 

equipment. Pumping time affects also on the penetration length. 

According to the sensitivity analysis by Lokkila (2008), the factors that have the most 

significant effect on the extent of penetration is the hydraulic aperture of a fracture. The 

yield value and the viscosity of the grout and grouting overpressure also have a 

noticeable effect on grout penetration. However, the system is not that sensitive to 

pumping time of the grout. 

The presented stop criteria are compared in Table 6-1. Of the criteria examined, the 

time stop criterion was found to be the most suitable for ONKALO. Some of the other 

information required for other criteria is not readily available and without proper data 

the strict grouting targets can not readily be met. 

Analytical expressions of the relationships between different parameters are presented 

in many contexts and are illustrated in Figure 6-2. 
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Table 6-1. Comparison of different grouting stop criterion (modified and complemented 

from Hollmén 2007). 

 Stop criterion / 

criteria 

Pros and cons Suitability 

 

Prevailing 

practice = max 

pressure and 

max volume 

Empirically set 

maximum volume 

and maximum 

pressure. 

+ Method is widely used. Much 

reference sites in general 

 

+ Results are sometimes good 

enough. 

- Poor economy. It is possible that 

grout injection takes more time 

and grout than is needed. On the 

contrary, high pressure and high 

grout take do not guarantee 

sealing result good enough. 

- empirical, optimising not easy to 

justify 

- not much reference sites with 

very low inflow target  

 

In principle for every 

tunnel, depends 

mainly on the 

investments on 

grouting and skills of 

the grouting designer 

 

GIN-method 

Maximum volume, 

maximum pressure 

and  selected GIN-

value. 

+ Fast grouting cycle (no 

hydrogeological characterisation 

recommended / needed). 

- empirical, not easy to justify 

- experiences only once in 

tunnelling (Göta Tunnel). 

- no rules how to solve exact 

definition of the GIN-value, E.g. 

the method is empirical 

- not useable when the joints are 

very tight. 

 

Originally for dam 

grouting, not for deep 

tunnels.  

 

There is a possibility 

that method is 

workable in variable 

type of rock mass. 

Time stop 

criterion 

 

Grouting Time 

(GT) Method 

Grouting time (t) for 

each combination of 

desired penetration 

length, grout 

characteristics and 

allowable grouting 

pressure 

+ Gives analytical method to 

review grout penetration with 

relation to stop criterion. 

+ Good economy. The minimum 

grouting time can be calculated. 

The grouting can be optimised 

- limited practical experience, 

which means that the grouting 

practises have to be further 

developed 

-sensitive to fracture 

characteristics and grout 

properties, which are not easy to 

handle in tunnel conditions 

-accurate determination of 

rheological properties is needed 

 

In tunnels where 

sealing result is 

important, and 

possibly at the same 

time grout take is 

critical, which means 

that investments on 

grouting are 

reasonable 

 

Further development 

needed 

 

Requires competent 

designer in fields of 

grouting, geology 

and hydrogeology 
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Illustration of the parameters in 1 D. Illustration of the parameters in 2 D
 

Figure 6-2. An illustration of the key parameters in time stop grouting – the explanations of the parameters can be found in the text.  1D and 2D 

refers to the dimension of the flow. 
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6.2.3 Experiences from the field tests 

Three grouting tests were performed in the ONKALO during 2007. The first test was 

performed in ONKALO access tunnel with low pH cement grout. The second test was 

carried out in personnel shaft 1. The second test was divided into three stages and the 

low pH cement grout were used. The third test was a pilot test with colloidal silica. The 

method presented by Gustafson & Stille (2005) is called GT-method, referring to the 

words “Grouting Time” and this was used a stop criterion in the tests. 

Test grouting in the access tunnel at the chainage 1880 

The intention of the first test was to practice the use of time stop criterion together with 

the grouting holes inside the tunnel profile. The grout used was low pH cement UF-41-

14-4. The field test is reported in detail by Hollmén (2007) and the grout related tests by 

Ranta-Korpi et al. (2007). 

The test site (Figure 6-3) was at the tunnel chainage interval from 1880 to 1906 in the 

ONKALO. The overburden in the test site is approximately 190 m. Four probe holes 

were drilled and studied. All of were nearly dry, but water loss measurement showed a 

slight water intake. The flow logging did not provide any useable results. Based on the 

characterization results it was determined that there were two fractures with an aperture 

of approximately several tens of microns. 

In order to study the GT-method (time stop criterion) the intention was to design the 

grouting to be fully optimised without any safety factors. The grouting holes were 

located inside of the tunnel profile, because it is one way to diminish excess grout 

remaining in rock after excavation.  

 

Test site (FT2) 

Test site (FT1) 

 

Figure 6-3. The test sites of the INKE grouting tests in ONKALO (Hollmén 2007). 
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The grouting fan included 17 grouting holes (54-mm-diameter) and each hole was about 

26 m long. The distance between holes was 1.5 m and all were parallel with the tunnel 

and inside theoretical tunnel profile. Grouting holes were characterised by water loss 

measurement (pressure serie 2.2-2.6-2.9-2.6-2.2 MPa). The test was carried out with 

Posiva‟s new grouting equipment (Figure 6-4). This was the first use of the equipment 

at ONKALO. 

The target grout penetration was 3.0 m outside the tunnel profile. The grouting pressure 

8 MPa was the lowest pressure to use in order to reach the desired penetration in a 

reasonable (< 1-2 h) pumping time. The fracture system was assumed to be 1D because 

of tight rock conditions, and the grouting times for all single holes were calculated using 

the GT-method. The maximum grouting time (tmax) was limited to 25 min. An extra stop 

criterion based on the minimum flow rate was set.  

Grout unexpectedly leaked from nearly all of the roof holes and finally from the drift. 

The total grout take was only a little higher than the volume of grouting holes and the 

pilot hole. The leaking grout indicated that there were more connections between the 

holes than water loss indicated. There could be several reasons for grout leaking, but the 

main reason was probably that the excavation damaged zone (EDZ) extended further 

into the rock mass than the packers (1.0 m) extended. Back calculation showed also that 

the grout properties used in design were incorrect. The back calculation was done by 

calculating the viscosity of the grout with the help of the Marsh cone, yield stick tests 

and the diagram by Håkansson (1993). One control hole showed water loss. Based on 

the leakage water mapping, the tunnel section was dry. There were limited fractures and 

the tunnel section was quite dry to start with and possibly the grouting sealed the 

fractures more. 
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Figure 6-4. Posiva’s new grouting equipment (mixers, agitators and pumps made by 

Häny) was used in the test (photograph by Kalle Hollmén). 

 

Test grouting in the personnel shaft 1  

Field test 2 was arranged in ONKALO personnel shaft 1 from 80 to 110 m depth 

(Figure 6-3). The grouted area in the shaft was from approximately 86 to 110 m depth. 

The radius of the shaft was 2 m. Field test 2 is reported in detail by Hollmén (2007) and 

Ranta-Korpi et al. (2007). The grouting was done following the GT-method (time stop 

criterion) to optimise the grout injection without other limiting factors.  

The grouting was done in three stages: in the first and the second stages three grouting 

holes per stage were grouted, and six holes were grouted in the third stages. The 

grouting holes  for the next stage were used as control holes for the previous stage. All 

grouting holes were vertical and inside the shaft profile. The holes were core drilled. 

The rock mass was characterized using the water loss test (single packer and double 

packer with separation of 1 m) and the flow logging –tool.  

Low pH cements grouts were used and the recipes were selected individually for each 

grouting stage in order to find an optimal solution. The aimed grout penetration lengths 

were selected so that the grout penetration and sealed fractures can be studied with the 

holes of next stage. Thus no safety factors etc were used. 

The aim of grouting in the first stage was to seal the largest fractures. Because all three 

holes in the first stage were grouted at the same time, the idea was to achieve the same 

grouting time and pressure in every hole by using different mixes if needed. According 
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to the design the grouts were UF-41-12-5.1 and UF-41-14-5.1. First the holes were 

filled with grout with low over pressure.  

Quality control tests for the first grout mix showed Marsh-values that were too low, 

therefore the mix had to be modified the test. It was later determined that the grouting 

equipment was not programmed to properly dose the superplasticizer. The total grout 

take was 1172 l out of which the proportion of grouting holes was 328 l. According to 

the analysis the grout flow was one-, two-, and three-dimensional. 

The investigation of the grouting holes of the second stage showed that the proportion 

of larger fractures (> 40…50 µm) was decreased. The grouting of the next stage was 

designed and executed in similar manner to the first stage. For stage 2, UF-41-12-4.8 

grout was used in every hole. The purpose of the second stage was to seal all fractures 

down to 20 µm aperture. After grout filled the holes, the grouting pressure in all three 

holes were raised simultaneously to the target pressure. After 10 minutes, both old and 

new grout came out from one grouting hole and the grouting was temporarily halted. 

This showed that connections existed between the grout holes of the first and second 

stages and that the grout from the first stage had not hardened after two weeks.  The 

lack of hardening of the grout in first stage indicated the changes to the grout mix in the 

first stage was delaying or preventing the grout from that stage from properly curing. 

Shortly after the grouting was continued. The total grout take was 924 l, out of which 

the volume of the grouting holes was about 1/3 of the total grout injection. 

The result of the second grouting was studied using the grouting holes of the third stage. 

The results of the flow logging showed numerous fractures in all holes remained open, 

and the largest fracture aperture was 45 µm. The need for grouting additional was 

evident, even though larger fractures were sealed earlier. 

The third stage was grouted with UF-41-14-4, which was used in every hole. The 

planned penetration length was four meters in every hole, and the purpose was to seal 

all fractures with aperture larger than 20 µm. All holes were first filled and then 

pressurized for grout injection at the same time. Pipe branches were used to connect the 

holes to allow a single pump to supply grout to all the holes. During the grouting, 

pressures were less than the target level and grout flows were much higher than 

expected based on the results from the water loss measurement and flow logging. After 

90 minutes the grout leaked to the tunnel (about 30 m away). When the grouting time of 

110 min was reached, grout flows were still surprisingly high (≈ 10 dm
3
/min) in every 

hole. Therefore the grout recipe was changed for thicker grout UF 41-10-4 and grouting 

was continued with that grout for an additional 50 min. Grout flow and total grout takes 

were still high in every hole, which confirms that the results of pre-grouting 

measurements were invalid. The grout flow was assessed as two- and three-dimensional 

during the grouting, and there was large fracture zone, which skewed dimensional 

analyses. After the third grouting stage a 24 m long extra control hole was drilled. The 

results showed still relatively high water loss. 

In general the grouting in the second stage sealed fractures, especially the largest 

fractures. The hydraulic measurement results did not appear to be reliable. Even though 

2D-flow model was used to predict grout take, the total grout take was much higher 

than expected after the tests in grouting holes. 

This was especially notable on the third round. The total grout take related well to the 

measured Lugeon values and the hydraulic apertures. Grout flow and total grout intakes 
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were still high in every hole, which confirms the arguments that the results of pre-

measurements were invalid. It is possible that the fractures opened during grouting or 

fracture infillings moved, and new connections formed. The grout flow was two- and 

three-dimensional during the grouting, and there was large fracture zone, which skewed 

dimensional analyses. 

Conclusions from the two grouting field tests  

The water loss measurement and the flow logging used together are useable methods 

and are the recommended approaches to estimate the number and hydraulic apertures of 

fractures. The over-pressure of water loss measurement should be revised, when 

operating in deep averagely fractured rock. Based on the study, the recommended 

grouting pressure is little less than the limit for hydraulic uplift. The stop criteria based 

on analysis of grout penetration is not easy to use when fracture-system is complicated. 

The theory takes into account only the fractures that are intersected by the borehole. The 

criterion is also difficult to use if the fracture characteristics are unreliable. Therefore 

further development for time stop criterion is needed, since exact characterization at the 

site is very difficult. However, the theory behind the time stop criterion is useful tool for 

optimisation. The methods to indicate packer‟s removal time need further developing. 

(Hollmén, 2007) 

The following conclusions from the experiences of the field tests were also expressed 

by Hollmén (2007). 

 The grout properties used in design calculations should be based on results from 

field studies using real grouting equipment, not from the laboratory. 

 Rock characterization methods (water loss, flow logging) give only estimations 

about fracture amounts and their apertures. The actual frature network will be 

more complicated. 

 If the required inflow target is strict, the grouting holes inside the tunnel profile 

can risk the grouting result 

 In order to achieve proper grouting coverage the total number of the grouting 

holes in a fan should not be minimized to ensure adequate coverage of the 

fractures in the fan volume. 

 Using a safety factor for penetration length is recommended to ensure adequate 

coverage. 

 The packers should extend beyond the excavation damaged zone to avoid grout 

being forced out into the tunnel. 

 Communication between grouting contractor and designer is important to ensure 

the differences and disturbances from the excavation compared to the plan are 

known. 

 The accuracy of the flowmeter should be at least 0.01 dm
3
/min. 

Pilot field test with colloidal silica 

Colloidal silica was preliminary studied in ONKALO. Study included a literature study 

and a small a pilot test grouting with colloidal silica. The test is fully reported in 
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internal memorandums and the description with main details is also presented in the 

final report by Sievänen (2008). 

The objectives of the silica test from the grouting technology point of view were: 

 1. to obtain first hand information about the colloidal silica under the  

  prevailing conditions at ONKALO using Posiva´s grouting equipment;  

 2. to test and to collect practical experiences about post-grouting with silica; 

  and 

 3. to collect experiences on removing silica from the drillholes.  

The test site was located in the ONKALO access tunnel at TC 1815 at  approximately 

180 m depth (Figure 6-5). The boreholes PR2-5 were grouting holes and the holes PR6-

15 are control holes. A vertical geological structure including water conductive 

fractures was selected as the test site location. Commercially available Meyco MP 320 

colloidal silica and its NaCl-accelerator (Meyco MP320 accelerator) were used in the 

pilot test. 

Before the first grouting trial, grouting holes PR2-5 were characterized by water loss 

measurement, flow logging and out flowing water. The results obtained from different 

measurements were not fully compatible, but they gave clear indication that the holes 

intersected a water conductive fracture and its hydraulic aperture was estimated to be 

~15 µm. No hydraulic connections between the holes or between the holes and the 

tunnel were detected.  

Prior to the grouting test, beaker tests were conducted in order to determine the gelling 

times and the dosing of the accelerator. Target gel time was 45 min, which allows 23 

min of pumping. The mixing ratio 5:1.25 (silica to accelerator) met the target value for 

gel time. The grouting design was calculated with 1D-model for penetration. The target 

penetration length was 1.5 m. The stop criterion was grouting time. 
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Figure 6-5. The top view of the location of the silica grouting test site in ONKALO 

access tunnel and the location of the grouting holes ONK-PR2 to PR5 in relation with 

the geological structure (brown) and water leaking fractures (blue lines). PL refers to 

the tunnel chainage, A = the length of the grouting holes, B = the distance from the 

tunnel.  The control holes drilled later had the same direction and inclination values as 

the grouting holes. 

In the first trial, the grouting was started in drill hole PR2. Quite soon it became evident 

that the mass intake will be very small within the planned grouting time (23 min). The 

grouting overpressure was raised to 0.9 MPa without any noticeable effect on the rate of 

mass intake. Once the pressure was reached, grout movement may had happened but 

was not possible to detect. Beaker samples were taken from the field mixed grout and 

small deviations in gelling times were noted.  

The most conductive drillhole PR5, was grouted next. A longer gel time (57 min) was 

applied with the mixing ratio 5:1.1 (silica to accelerator). Grouting overpressure was 

also raised to 1.5 MPa. Mass intake (in fact ”water take”) was about the same as in the 

previous hole (1-2 l) regardless of longer grouting time and higher grouting pressure. 

Gel time 55 min was quite close to the value determined earlier with this mixing ratio. 

The cleaning of holes was not done. 

The first grouting trial was considered unsuccessful and a new test was designed. The 

principle was the same, but the following key modifications were made: 

 1. The calculation was based on a 2D-model instead of a 1D-model; 

 2. Longer gelling times were required because of very small fracture  

  apertures;  

  and 
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 3. The grouting holes are to be filled with colloidal silica grouting mass before 

  grouting. 

The target gelling time was selcted as 2 h. To achieve this time, the optimal ratio 

seemed to be between 5:0.8 – 5:1.0. When these gelling times were compared to the 

earlier ones, there was a difference in mix 5:1.0 to the earlier tests. Significant deviation 

between the accelerators taken from different drums and measurements were observed. 

The accelerator taken from the previously opened drum turned out to give more reliable 

results.  

The grouting plan was done with the following assumptions: fracture aperture 15 µm, 

grouting pressure 2.5 MPa, gel time 2 h. The target penetration was 1.6 m. The task of 

filling the holes after mixing the silica mass was started with a newly constructed filling 

device (Figure 6-6). With this filling device the water in the grouting hole was removed 

and the hole was filled with silica mass prior to grouting by passing the injection hose 

through the duct in the packer to the bottom of the hole.  

Grouting pressure was raised to the target value at the start of grouting. No mass flow 

was detected in the flow meter. The pressure was raised finally to 4.6-4.7 MPa. The 

pistons in the pumps were moving indicating silica was being injected. Each of the three 

holes (PR2, PR3 and PR5) took in approximately 1 l of silica, with a total grout take of 

3-4 l. The grout flow was obviously too small for the flow meters to detect it. When 

comparing water leakage results conducted in the holes before grouting and silica intake 

during grouting it was concluded that results are not fully compariable. The grouting 

was considered successful since, as expected, the grout take was 3-4 l more than the 

volume of grouting holes.  

The two uppermost (PR2 and PR3) grouting holes were originally planned to be cleaned 

using a steel brush. When taking the packers off for cleaning, the silica mass was still in 

liquid form and started to flow down the tunnel wall after about two weeks in the 

borehole (see Figure 6-7). Samples taken from this colloidal silica grout started to gel 

within few hours. Cleaning was tested despite the silica flowing from the holes. A steel 

brush was coupled into the rod (Figure 6-7) but there were problems with the technique. 

It was concluded that liquid silica cannot be totally removed from the hole walls. The 

two lowermost grouting holes PR4 and PR5 were left for monitoring purposes to study 

the long-term properties of silica.  
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Figure 6-6. Filling device to replace hole water with silica.  

 

Figure 6-7. Grouting hole PR2 was cleaned with a steel brush coupled into drill rod. 

Brushing was carried out after penetrating the hole with the rod only.  Unhardened 

colloidal silica came out and ran along the tunnel wall. 
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As a conclusion of the pilot test with colloidal silica produced the following 

information.  

 1. The flow meters should measure flow with the accuracy of 0.01 dm
3
L/min. 

 2. Salt-accelerator should be stored in a drum made of material that does not 

  corrode. 

 3. Mixing ratio is very essential and the volumes of both components should be 

  dosed carefully. 

 4. Gel times were difficult to measure exactly with beaker tests. 

 5. Mixing ratios with accelerator less than 0.4-0.6 units (per 5 units silica) will 

  not gel, which means that long gel times cannot be achieved. 

 6. Filling of the holes saved time during grout injection and it is recommended 

  that holes be filled in advance of injection at least in case of tight fractures. 

 7. Planning of the work phases in silica grouting is very important and the work 

  phases have to be performed without any significant delays.  

 8. Long gelling times are not always suitable but in some cases they are  

  preferable because e.g. in case of unexpected delays so that a significant error 

  in meeting the injection amount does not occur. 

 9. In principle very short gelling times are possible with colloidal silica, but 

  some the hole filling and injection stages requires time so a very short gel 

  time is not desirable.  

 10. Silica (at least in liquid form) cannot be totally removed from holes with 

  brushing and spooling. 

 
6.2.4 Reference sites 

The experiences from the reference sites was gathered in order to get general 

information from other tunnelling projects.  The key information is presented in Table 

6-2 and Table 6-3 below. More detailed information can be found in Hollmén (2007). 

Reference sites were selected so that they are from either deep rock conditions or strict 

targets for water inflows were set. The grouting experiences under high groundwater 

pressure exist, but the problem is a poor reporting of experiences gained. The 

documentation of conventional tunnelling projects is usually not public or as detailed as 

required for scientific analysis. Thus information that could improve on existing ideas, 

or develop new methods for use in ONKALO were not found in this study. However, 

the study confirms that water leakages can be handled. The challenge in case of 

ONKALO is the requirements, which are somewhat contradictory. 
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Table 6-2. Summary of Bragernes and Lunner tunnel projects grouting (Hollmén 2007). 

 Tunnel project 

 Bragernes, Norway Lunner (øst), Norway 

Year completed 2001 2003 

Purpose of tunnel traffic traffic 

Depth 10-150 m 10-300 m 

Total length 2310 m 3800 m 

Requirement water inflow 10-30 dm
3
 / min / 100 m of 

tunnel 

10-20 dm
3
 / min / 100 m of 

tunnel 

Grouting strategy systematic pre-grouting systematic pre-grouting 

Drill hole quantity 0.57 m / m
2    (1

 1.26 m / m
2    (1

 

Grouting material Standard cement with micro 

silica (Rapid Rp 38) from 

Norcem 

Standard cement and Ultrafin 12 

from Scancem 

Additives Rescon HP 2-3 % Grout Aid 5-23 %, SP40 2-3 % 

W/C-ratio 1.0-0.5 2.0-0.5 

Pumping pressure 2-9 MPa 5-7 MPa 

Mass quantity 81 kg/borehole-m 30 kg/borehole-m 

Results of grouting (water 

inflow) 

10.1 dm
3
 / min / 100 m 8.4 dm

3
 / min / 100 m 

(1
 m

2
 tunnel is the entire tunnel circumference multiplied with full tunnel length 

 

Table 6-3. Summary of Baneheia and Lundby tunnel projects grouting (Hollmén 2007). 

 Tunnel project 

 Baneheia, Norway Lundby, Sweden 

Year completed 2001  1998 

Purpose of tunnel traffic traffic 

Depth 20-40 m 5-35 m 

Total length 3000 m 2060 m 

Requirement for tightness 60 dm
3
/min total 0.5…2.5 dm

3
 / min / 100 m of 

tunnel 

Grouting strategy systematic pre-grouting systematic pre-grouting 

(continuous) 

Drill hole quantity 1.08 m / m
2    (1

 2.00 m / m
2    (1

 

Grouting material Ulltrafin 12 from Scancem Grouting cement from Cementa 

Additives Grout Aid 5-15 %, SP40 2 % Bentonite 3 %, Intraplaster 0.5 

% 

W/C-ratio 0.9-0.7 3.0-0.5 (0.3 hole filling) 

Pumping pressure 5-8 MPa 2.5 MPa 

Mass quantity 9 kg/borehole-m 6 kg/borehole-m 

Results of grouting (water 

inflow) 

1.8 dm
3
 / min / 100 m 0.9 dm

3
 / min / 100 m 

(1
 m

2
 tunnel is the entire tunnel circumference multiplied with full tunnel length 

 

 

6.3 Application of optimised grouting for ONKALO 

6.3.1 Targets for grouting 

The design requirements concerning the water inflow for ONKALO are set in order to 

prevent the foreseen disturbances. Those requirements are presumed to be met by taking 

the measures below:  
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 ONKALO shall not be built close to heavily water conductive rock or drill 

holes; 

 Seawater should not intrude into the repository host rock and groundwater table 

should not be drawn significantly below sea level; 

 Surface waters should not migrate towards the disposal level; 

 Significant upconing of deep saline groundwater should not take place; 

 ONKALO should not create significant permanent hydraulic connections; 

 Groundwater inflow rate should be as low as possible; and 

 Seawater should not intrude into the repository host rock. 

The guidelines will result in ONKALO being built a reasonable distance from major 

water conductive zones and investigation holes. The maximum limit values for the 

groundwater inflow have been determined. The allowable flow rate is <140 L/min. The 

latter values were set by interpreting the “inflow rate of groundwater as low as possible” 

to be about 1-2 L/min/100 m. At the time, the construction started, this inflow was 

generally considered the lowest achievable inflow rate. 

As the understanding of repository systems has increased, the interaction between 

alkalis released from cements and bentonite as a part of Engineering Barrier System 

(EBS) and backfill material in the repository has been raised to be one key issue. The 

internaction is likely complex and limit values can not yet be assigned but a pH limit for 

the leachate from cement below fracture zone R20 should be of low pH (< 11) and the 

amount of cement should be minimised. The practices to fulfil the latter include limiting 

the cement take, using as thick grouts as possible and directing the grouting holes inside 

the tunnel profile. 

 

6.3.2 The expected hydrological conditions from the grouting point of view 

The expected hydrological conditions below 300 m depth were determined for grouting 

design purposes. The main purpose was to determine the conditions that should be 

prepared for in grouting in future. The data processing and its results are fully reported 

in Vaittinen et al. (2007). 

Data and data processing 

Because rock volumes of about 20m x 20m x 20 m are of interest from the grouting 

point of view, the approach presented below is not connected to any current bedrock 

model or hydrological model. The design solutions are designed to be free from any 

particular tunnel layout or geological or hydrological model. Those conditions may 

change and thus the grout design solutions would become invalid. 

Since fracturing criteria (Table 6-4) used the bedrock model 2003/1 took into account 

both hydraulic properties of fractures and fracturing properties from the engineering 

point of view, it was selected to be to most suitable approach for data processing.  
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Table 6-4. Simplified description of criteria of fracture zones used in the data 

processing (same as in Vaittinen et al. 2003). The rest of the rock is treated as 

averagely fractured rock. 

PROPERTY CRITERION 

Fracture frequency  

The primary fracture frequency criterion ≥ 10 fractures / 2 m 

Intersection boundaries < 10 fractures / 2 m 

Type of structure intersection  

RiIII A fracture zone 

RiIV-RiV Crushed zone 

Hydraulic zone  

Measured/calculated K-2m 5E-7 m/s 

 

The description of hydrogeological conditions is based on properties of hydraulically 

conductive fractures, i.e. transmissive fractures –between 300 to 600 m depth, (Figure 

6-8). The smallest transmissivities have not been systematically measured. The 

properties are processed statistically and probable occurrence density at a horizontal 

tunnel was assessed. The combined length of drill holes between levels -300 m and -600 

m is about 5630 m. The orientation of the transmissive fractures was available for 

boreholes KR1-KR5, KR7-KR15, KR19, KR20, and KR22 (Hellä et al. 2004 & 2006). 

For boreholes KR24, KR25, KR27-KR29, and KR38-KR42 the orientation of fractures 

has been determined combining flow anomalies with conductive fractures based on core 

sample mapping. 

 

 

Figure 6-8. Transmissive fractures observed in drill holes (Vaittinen et al. 2007). Red 

box shows the depth range of 300  to 600 m.  
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The processing of transmissive fractures from the original data into the form of 

expected hydrological conditions in horizontal tunnels was performed according to the 

following steps: 

 1. All transmissive fractures are assessed together. 

 2. Transmissive fractures are classified by dip: 0-30°, 30-60°, and 60-90°. 

 3. Order of magnitude correction coefficient is approximated for biased fracture 

  observations. Coefficient is based on ONKALO fracture mapping data. 

 4. Transmissive fractures are classified by hydraulic aperture: below 0.020 mm, 

  0.020-0.050 mm, and above 0.050 mm 

 5. Transmissive fractures are classified either to occur as a distinct fracture in the 

  rock mass, or to belong in a fractured zone (criteria as in Vaittinen et al 2003) 

 6. For spacing calculations, the vertical distance between observations is rotated 

  as horizontal distance assuming planar geometry for transmissive fractures.  

 7. Distinct transmissive fractures are classified by dip as in stage 2) and by 

  hydraulic aperture as in stage 4). 

 8. Transmissive fractures in fractured zones (criteria as in Vaittinen et al 2003) 

  are assessed zone by zone. 

The dip and the hydraulic aperture were selected as a basis for classification of the data, 

since they are key properties of the ability to grout. Based on general understanding 

about grouting, the hydraulic apertures are divided into classes below 0.020 mm, 0.020-

0.050 mm, and above 0.050 mm due to the following reasons: fractures with an aperture 

< 0.020 mm are below the lower limit required to be grouted and are not groutable with 

cementitious grouts. Fractures with a hydraulic aperture of 0.020-0.050 mm likely 

require grouting but are very difficult to grout with cementitious grouts. Colloidal silica 

is generally considered more capable than cementious grouts to penetrate into fractures 

of this size. Fractures with a hydraulic aperture > 0.050 mm have to be grouted and 

cementitious grouts are capable of sealing these fractures partly or fully. The statistics 

of all fractures and the full data processing is presented in Vaittinen et al. 2007.  

Basic statistics 

Transmissive fractures were classified to belong either to the rock mass containing 

fractures (fractured rock) or to the fractured zones. Of the 5630 m drillhole length 

studied, 420 m (7.5%) was considered fractured zones. The transmissivity is 

significantly higher in the fracture zones than in the rockmass see Table 6-5 and Figure 

6-9. 

The distribution of the observations clearly differs between the rockmass and the 

fracture zones. In the rockmass 62% of the transmissive fractures have hydraulic 

apertures less than 0.020 mm, whereas transmissive fractures with hydraulic aperture 

greater than 0.050 mm is the largest group, or 44 %, in the fracture zones. (Vaittinen et 

al. 2007). According to the analysis, the proportion of fractures with hydraulic aperture 

larger than 0.050 mm dipping towards the south-west within the rockmass is quite high, 

and the proportion of gently dipping fractures with a hydraulic aperture less than 0.020 

mm within the fractured zones is low. The transmissive fractures with hydraulic 

apertures greater than 0.050 mm have mostly gently dipping orientations. 
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Table 6-5. Basic statistics of the observed transmissive fractures within rockmass and 

within fractured zones, transmissivity (T, m
2
/s) and spacing (S, m) (Vaittinen et al. 

2007). Nr/obs = number of observations. 

 T  

Mean  

m
2
/s (count) 

T 

Median 

m
2
/s 

T 

St. Dev 

m
2
/s 

S 

Mean 

m (nr/obs) 

S 

Median 

m 

S 

St. 

Dev 

m 

Average rock 2.6·10
-8

 (184) 2.7·10
-9

 8.3·10
-8

 22.3 (149) 9.2 32.3 

bhydr< 0.02 mm 1.4·10
-9

 (114) 1.1·10
-9

 1.1·10
-9

 24.9 (85) 11.4 34.2 

bhydr 0.02-0.05 mm 1.8·10
-8

 (56) 1.3·10
-8

 1.6·10
-8

 42.5 (35) 22.6 50.7 

bhydr> 0.05 mm 2.6·10
-7

 (14) 2.1·10
-7

 1.8·10
-7

 37.3 (6) 3.0 58.0 

Fractured zone 1.6·10
-6

 (126) 3.9·10
-8

 4.7·10
-6

 1.3 (71) 0.8 1.6 

bhydr< 0.02 mm 1.8·10
-9

 (32) 1.9·10
-9

 1.2·10
-9

 0.8 (21) 0.7 0.9 

bhydr 0.02-0.05 mm 2.3·10
-8

 (38) 1.9·10
-8

 1.7·10
-8

 1.3 (23) 0.7 1.6 

bhydr> 0.05 mm 3.6·10
-6

 (56) 4.7·10
-7

 6.6·10
-6

 1.8 (27) 1.1 2.0 
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Figure 6-9. Plot of fracture aperture versus total number of fractures in the rockmass 

and fracture zones. 

Expected transmissive fractures within averagely fractured rock in tunnels 

The expected occurrence of the transmissive fractures, classified according to their dip 

and hydraulic apertures, in tunnels is presented in Table 6-6. The number of 

observations with a hydraulic aperture over 0.050 mm is so low that the results are only 

indicative. The statistics of spacing and orientation of the expected fractures (corrected 

orientation and occurrence) within the rockmass are given in Figure 6-10. 
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Table 6-6. Determined spacing of the classified transmissive fractures within fractured 

rockmass. 

Hydraulic aperture / Dip Dip < 30 Dip 30-60 Dip > 60 

bhydr below 0.020 mm 112 m (30) 146 m (23) 146 m (23) 

bhydr 0.020-0.050 mm 372 m (9) 239 m (14) 419 m (8) 

bhydr above 0.050 mm 1117 m (3) 3350 m (1) 1117 m (3) 

 

Expected transmissive fractures within fractured zones in tunnels 

The statistical analysis of the fractured and hydraulic structures was done in 2004 (Hellä 

et al. 2004). Vaittinen et al. 2007 further treated this data and defined eight data sets. 

Each of these data sets was used to generate several conclusions about the structures  

(Hellä et al. 2004).  

Based on the mean number of the intersections, it was estimated that the tunnel would 

intersect approximately 20 fractured or crushed zones along 3000 m of the tunnel below 

the 300 m depth. Order of magnitude frequency for these structures would be one 

structure per 150 m. After the applied criteria for fractured zones, they do not 

necessarily contain any transmissive fractures.  

The histograms of transmissivity and corresponding hydraulic aperture, and dip 

direction and dip are shown in Figure 6-11. Compared to the fractures in the rockmass 

the transmissivity is clearly higher within fractured zones. The cumulative frequency 

diagram shows that only 59 % of fractures have hydraulic apertures less than 0.050 mm 

whereas the proportion is 78 % for all fractures. Orientation histograms are quite similar 

with the other data sets. Vaittinen et al. (2007). 

Illustrations of the expected fracture sets are presented in Figure 6-12 and Figure 6-13.  

This information has been used when selecting the fracture systems to be studied in the 

feasibility study of design solutions. The data is also used to prepare for grouting.  
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Figure 6-10. The histograms of transmissivity, spacing dip direction and dip of the transmissive fractures with corrected proportion of gently, 

moderately, and steeply dipping fractures within the rockmass. 
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Figure 6-11. The frequency of water conductive fractures within fracture or crushed zones in terms of transmissivity and the histograms of 

dip direction and dip (low) for fractures within fracture zones. 
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Figure 6-12. Examples of water conductive 2- and 3-fracture systems observed in deep 

rock in Olkiluoto. 

 

  

Figure 6-13. Examples of water conductive, complicated multifracture systems 

observed in deep rock in Olkiluoto. 

 
6.3.3 Feasibility of the design solutions 

In order to develop grouting methodology, that obtained the planned targets (design 

requirements, long-term safety), the feasibility of the design solutions were studied 

theoretically (Lokkila 2008). 

The goal was to start with idealized design solution: focusing grouting in places based 

on rules for local leakages, grouting with low pH grouts, minimising the grout take by 

having the grouting holes inside the tunnel profile and limiting the grout take. The study 

concentrated in fracturing conditions determined by Vaittinen & al. (2007). The work 

was iterated until a design solution was found, and if it was not found the alternative 

design solutions were presented. This work can aid grouting design in future by giving 

general operating limits e.g. for grouting pressures, grouting patterns etc. 
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Optimal design solution 

 

The optimal grouting design solution includes the following components: 

1. use of low pH grouts; 

2. grouting holes inside the tunnel profiles (Figure 6-14); and 

3. controlled grout penetration (3-20 m). 

This optimal grouting design solution was studied using the GT-method (Lokkila 2008). 

The goal was to find the optimal solution for different fracture-tunnel arrangements. 

During developing of the grout design solution the practical requirements of grouting, 

such as keeping the injection pressure as low as possible to prevent hydraulic fracturing 

or opening of non-transmissive fractures were considered.  

 

 

Figure 6-14. Tunnel in the rock showing the concept of a pre-grouting fan where 

grouting holes are inside of the tunnel profile. 

 

Calculation system and studied cases 

The study flow chart  is shown in Figure 6-15. The goal of systematic approach was to: 

1. identify the cases that can be handled with typical design solutions and find 

feasible design solutions; and 

2. identify the cases that cannot be handled with typical design solution. 
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The calculations were made for 1D and 2D cases. three dimensional flow is also 

possible especially in complicated fracture zones, (e.g. R19 and R20), but it was not 

used in this study since there are no practical tools currently available. The cases were 

first determined on the basis of hydrological conditions at the Olkiluoto site and one 

additional component – tunnel direction (Table 6-7). In order to get limited number of 

cases to be studied, the tunnel directions 000, 045, 090 and 135 degrees, and the dip 

directions 000/00, 000/15, 000/30, 000/45, 000/60, 000/75 and 000/90 degrees were 

selected. At the start of calculations, the results from the depth range 270 to 520 m had 

to be divided into two groups and fractures with apertures 50 to 400 µm was divided 

into several groups. It was thought that aperture range 50-400 µm requires several 

cementitious materials with different rheological properties. 

Basic design solution feasible

5-10 optimal solutions for pressure and
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Succeeded

OK

Succeeded

Other design
solution

Define suitable design
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Special grouting cases
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R20- structure,

shafts

Not Succeeded

Variations

1. Varying mass recipes

2. Changing minimum penetration of grout / maximum volume injected

3. Changing fans to outside of the profile

Not succeeded

Starting values

Grouting pressure, minimum and maximum penetration length and minimum aperture

About 2-3 basic masses with different properties

Fans to inside of the profile (distance 1m), bevare of the backflow
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Starting values
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Fans to inside of the profile (distance 1m), bevare of the backflow

 

Figure 6-15. The study flow chart. 

 

Table 6-7. Studied fracture-tunnel systems. 

Aperture bhydr (mm)/Dip direction Dip  30° (0, 15 and 30) Dip 30-60° (30, 45 and 60) Dip > 60° (60, 75 and 90)

<0.020 Restricted penetration tunnel dir. vs. dip dir.: tunnel dir. vs. dip dir.: tunnel dir. vs. dip dir.:

of any grouts 000, 045, 090 and 135 deg. 000, 045, 090 and 135 deg. 000, 045, 090 and 135 deg.

0.021-0.050 Cement grouting tunnel dir. vs. dip dir.: tunnel dir. vs. dip dir.: tunnel dir. vs. dip dir.:

difficult; unrestricted 000, 045, 090 and 135 deg. 000, 045, 090 and 135 deg. 000, 045, 090 and 135 deg.

penetration of CS

assumed

0.051-0.400 Unrestricted penetration tunnel dir. vs. dip dir.: tunnel dir. vs. dip dir.: tunnel dir. vs. dip dir.:

of cement grouts 000, 045, 090 and 135 deg. 000, 045, 090 and 135 deg. 000, 045, 090 and 135 deg.

assumed  
 

Only one fracture case was calculated, since the same logic can be used in multiple 

fracture cases – if having optimized grouting, the multiple fracture cases require 

multiple grouting rounds, which is traditionally called split spacing –technique.  
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Some cases can be grouted with idealized drilling fan because the grouting holes 

intersect the fracture (Figure 6-16). Some cases turned out to be impossible to grout 

with optimal design solution, because grouting holes do not intersect the parallel 

fracture (Figure 6-16).  

 

  
a) b) 

Figure 6-16. Illustrations of fractures that a) can be handed with symmetrical drilling 

pattern and b) requires a modified drilling pattern. 

Starting values 

Six different low pH grout types were available (Ranta-Korpi et al. (2007): UF-41-10-3, 

UF-41-10-4, UF-41-12-3, UF-41-14-3, UF 41-12-4 and UF-41-14-4, (Table 6-8). 

Values measured at 0 min were used in calculations. In order to control the grout take, 

the thickest grout (highest yield value) was preferred. 
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Table 6-8. Grout mixes and their properties used in the feasibility study (modified from Ranta-Korpi et al. 2007). 
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Groundwater pressure increases with depth: about 1 MPa per 100m. The studied depths 

are 270, 400 and 520 meters, so groundwater pressures are 2.7 MPa, 4.0 MPa and 5.2 

MPa respectively. Because the fracture orientation cannot be observed, the approach 

used the perpendicular penetration length from the tunnel wall was used instead of real 

penetration length. The perpendicular penetration length is limited between 3 to 20 m. 

The maximum pumping time is limited to be about 2 hours with cement-based grouts. 

For colloidal silica, the gelling time is determined in advance by changing the recipe of 

silica (silica:accelerator-ratio). 

The maximum pressure capacity of Posiva‟s grouting pumps is 20 MPa. Theoretically, 

between 270 and 520 m depth, the grouting overpressure can vary between 14.8 to 17.3 

MPa. In the feasibility study the maximum grouting overpressure was selected to be a 

maximum of 15 MPa. The maximum grouting pressure is calculated using formula by 

Gustafson (2005). Backflow-phenomenon was considered in the calculations.  

Calculation process 

The calculation was made in steps (Lokkila 2008), as briefly described below in Table 

6-9. In this context, the solution refers to the design solution (e.g. the optimal design 

solution including the grouting holes inside the tunnel profile and low pH grout), and 

solved means that the design solution is theoretically proven. 
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Table 6-9. The calculation process in the grouting feasibility study. 
STEP DESCRIPTION SOLUTION 

1 Apertures 50-400 µm divided into smaller 

groups, testing with UF-41-14-4 (thinnest) 

and calculating with UF-41-10-3 (thickest 

grout) 

Apertures down to 200 µm solved, fracture dips 

15° and 90° turned out to be significant  

 

Apertures 50-200 µm not solved even with the 

thinnest grout 

 

2 Apertures 100-200 µm calculated with UF-

41-10-4, apertures 50-100 µm studied 

Solution found in group 100-200 µm, but the 

grouting overpressures are relatively high 

 

Group 50-100 µm not solved 

 

3 Apertures 100-200 µm recalculated with 

UF-41-12-3 

Solution found, but the grouting overpressures 

are relatively high 

 

4 Apertures 100-200 µm recalculated with 

UF-41-14-3 

Solution found, theoretically backflow a little 

problem and required extension of upper limit 

of penetration length 

 

5 Aperture 50-200 mm studied with UF-41-

12-4 

Solutions found; drawbacks with backflow and 

thus extended upper limit of penetration length 

in group 100-200 µm and relatively high 

grouting pressure in group 50-100 µm 

 

6 Aperture 100 µm with UF-41-14-4 (50 µm 

already tested in Step 1) 

Range 50-100 µm; drawbacks with backflow 

and thus extended upper limit of penetration 

length and relatively high grouting pressure in 

deep rock 

 

7 Aperture 300-400 µm recalculated with 

UF-41-10-4  

Solution found, theoretically backflow a little 

problem and required extension of upper limit 

of penetration length  

 

8 Aperture 200-300 µm recalculated with 

UF-41-10-4 

Solution found, theoretically backflow a little 

problem in deep rock and required extension of 

upper limit of penetration length 

 

9 Summary of the results of the calculations  

 

Summary of the results 

The results are summarised in Table 6-10 and Table 6-11. The whole calculation 

process and the results are described by Lokkila (2008). 

It can be seen from the results that between 270 and 400 m depth the optimal design 

solution to achieve sufficient grout penetration, i.e. the use of low pH grouts, limited 

grout take and use of grouting holes inside the tunnel profile, is supported by the theory 

down to the hydraulic apertures 100 µm. Below this aperture limit there is a risk that 

grout penetration as targeted within a reasonable time frame is not obtained and 

alternative solutions should be considered if water leakage is the primary concern. The 

problems occur mainly in fractures nearly parallel to the tunnel, when the grout has to 

penetrate very long way and extend enough far away from the tunnel profile 

(perpendicularly). Alternative solutions are: the use of thinner grouts (colloidal silica, 
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thinner cementitious grouts), the use of relatively high grouting pressures, and angle the 

grouting holes outside the tunnel profile. Between 400 and 520 m depth, the aperture 

limit for feasibility of the optimal design solution is at around 200 µm. 

When considering grouting in the expected rock conditions, these results indicate that 

most of the grouting will need to be carried out with alternative solutions other than the 

optimal design solution.  
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Table 6-10. Results with cement-based grouts at depth 270-400 meters (Lokkila 2008).  

Aperture 
(mm) Depth 270-400 (m) Comments about solution Comments 

0.3-0.4 UF-41-10-3 (grout 1) Solution is working in theory.   

  Overpressure 4.3-13.4 (MPa) (thicker grout?)   

  Penetration length  3-20 (m)     

        

  UF-41-10-4 (grout 2) Solution is working in theory. The worse alternative, 

  Overpressure 4.3-13.4 (MPa)   the max. penetration 

  Penetration length  3-21.9 (m)   length is longer than 20m. 

        

0.2-0.3 UF-41-10-3 (grout 1) The pressure is quite big. The problem is in the 

  Overpressure 6.4-13.4 (MPa) (drilling fan outside of the profile?) aperture of 0.2 mm with 

  Penetration length  3-20 (m)  angle of 15°. 

        

  UF-41-10-4 (grout 2) Solution is working in theory.   

  Overpressure 4.6-13.4 (MPa)     

  Penetration length  3-20 (m)     

        

0.1-0.2 UF-41-10-3 (grout 1) Solution is not working in theory. The problem is in the 

     aperture of 0.1 mm with 

     angle of 15°. 

       

  UF-41-10-4 (grout 2) The pressure is big. Drilling fan outside of The problem is in the 

  Overpressure 9.8-13.4 (MPa) the profile or smaller pressure when aperture of 0.1 mm with 

  Penetration length  3-20 (m) there is a risk of leaks in mild apertures. angle of 15°. 

       

  UF-41-12-3 (grout 3) The pressure is big. Drilling fan outside of The problem is in the 

  Overpressure 9-13.4 (MPa) the profile or smaller pressure when aperture of 0.1 mm with 

  Penetration length  3-20 (m) there is a risk of leaks in mild apertures. angle of 15°. 

        

  UF-41-14-3 (grout 4) Solution is working in theory.   

  Overpressure 5.3-13.4 (MPa) (The pressure is slightly big, drilling fan   

  Penetration length  3-24.9 (m) outside of the profile?)   

        

  UF-41-12-4 (grout 5) Solution is working in theory.   

  Overpressure 4.9-13.4 (MPa) (backflow problem?)   

  Penetration length  3-25.7 (m)     

        

0.05-0.1 UF-41-12-4 (grout 5) The pressure is big. Drilling fan outside of The problem is in the 

  Overpressure 10.3-13.4 (MPa) the profile or smaller pressure when aperture of 0.05 mm with 

  Penetration length  3-20 (m) there is a risk of leaks in mild apertures. angle of 15°. 

        

  UF-41-14-4 (grout 6) The pressure is quite big. Drilling fan The problem is in the depth  

  Overpressure 6.3-13.4 (MPa) outside of the profile, thinner grout or and angle of 15° in the  

  Penetration length  3-23.9 (m) injection with silika?  aperture of 0.05 mm. 

        

0.021-
0.05 UF-41-14-4 (grout 6) Solution is not working in theory. The problem is in the 

    Thinner grout or injection with silika, aperture of 0.021 mm with 

    shorter length of penetration or drilling fan angle of 15°. 

    outside of the profile?   
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Table 6-11. Results with cement-based grouts at depth 400-520 meters (Lokkila 2008). 

Aperture 
(mm) Depth 400-520 (m) Comments about solution Comments 

0.3-0.4 UF-41-10-3 (grout 1) Solution is working in theory.   

  Overpressure 5.8-15 (MPa) The pressure is quite big, drilling fan   

  Penetration length  3.2-21.2 (m) outside of the profile?   

       

  UF-41-10-4 (grout 2) The worse alternative, because The problem is in the 

  Overpressure 5.7-15 (MPa) the max. penetration length is longer. aperture of 0.4 mm with 

  Penetration length  4.2-28.5 (m)   angle of 90°. 

        

0.2-0.3 UF-41-10-3 (grout 1) Solution is working in theory. The problem is in the 

  Overpressure 6.4-15 (MPa) The pressure is quite big, drilling fan aperture of 0.2 mm with 

  Penetration length  3-20 (m) outside of the profile? angle of 15°. 

       

  UF-41-10-4 (grout 2) Solution is working in theory. The depth is the problem. 

  Overpressure 5.7-15 (MPa) The pressure is quite big. Drilling fan   

  Penetration length  3-21.4 (m) outside of the profile or thinner grout?   

       

        

0.1-0.2 UF-41-10-3 (grout 1) Solution is not working in theory, The problem is in the 

  Overpressure 14.4-15 (MPa) the pressure is too big. aperture of 0.1 mm with 

  Penetration length  3-20 (m) (Drilling fan outside of the profile?) angle of 15°. 

       

  UF-41-10-4 (grout 2) The pressure is big. Drilling fan outside of The problem is in the 

  Overpressure 9.8-15 (MPa) the profile or smaller pressure when aperture of 0.1 mm with 

  Penetration length  3-20 (m) there is a risk of leaks in mild apertures. angle of 15°. 

       

  UF-41-12-3 (grout 3) The pressure is big. Drilling fan outside of The problem is in the 

  Overpressure 9-15 (MPa) the profile or smaller pressure when aperture of 0.1 mm with 

  Penetration length  3-20 (m) there is a risk of leaks in mild apertures. angle of 15°. 

       

  UF-41-14-3 (grout 4) The pressure is quite big, The depth is the problem. 

  Overpressure 7.3-15 (MPa) drilling fan outside of the profile?   

  Penetration length  3.2-32.3 (m)    

       

  UF-41-12-4 (grout 5) The pressure is quite big. Drilling fan The depth is the problem. 

  Overpressure 6.7-15 (MPa) outside of the profile or thinner grout?   

  Penetration length  3.3-33.4 (m) (backflow problem?)   

       

        

0.05-0.1 UF-41-12-4 (grout 5) The pressure is big, The problem is in the 

  Overpressure 10.3-15 (MPa) drilling fan outside of the profile? aperture of 0.05 mm with 

  Penetration length  3-20 (m)  angle of 15°. 

       

  UF-41-14-4 (grout 6) The pressure is big. Drilling fan The depth is the problem. 

  Overpressure 9.2-15 (MPa) outside of the profile, thinner grout or   

  Penetration length  3.1-31 (m) injection with silika?   

        

0.021-
0.05 UF-41-14-4 (grout 6) Solution is not working in theory. The problem is in the 

    Thinner grout or injection with silika, aperture of 0.021 mm with 

    shorter length of penetration or drilling fan angle of 15°. 

    outside of the profile?   
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Additional comments on the grouting of special cases 

Post grouting, grouting of fractures parallel to the tunnel (including all dips between 

0-90°), and unsuccessful placement of a grouting fan (e.g. too close, when a diagonal 

fracture is intersected by a tunnel) are conceptually the same situations (Figure 6-17).  

According to Fransson & Gustafson (2007) commonly established practices for post 

grouting do not exist. Experiences in post excavation grouting of deep rock are few.  By 

analysing the data from the Äspö rock laboratory, the Hallandsås and the Törnskog 

tunnels, it has been determined that a number of conditions should be considered. The 

grouting holes have to intersect the fractures, and the fan geometry has to be designed 

taking into account the high pressure gradient towards to the tunnel. The pressure 

gradient increases with depth and may cause the erosion of grout and limit the 

penetration length. The injection pressure of grout against a high pressure gradient 

should be balanced against the possibility of hydraulic jacking, so high grouting 

pressures are not desired when post grouting. Fransson & Gustafson (2007) have 

presented theoretical guidelines for designing post grouting.  

 

 

Figure 6-17. Illustration of the grouts tendency to flow back to the tunnel under high 

pressure gradient. 
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Grouting of major structures compared to small fractures 

The nature of major structures differs significantly from that of small single fractures. 

The major structures are characterised complicated fracturing with a wide range of 

apertures and potentially connected fractures, while small single fractures are typical 

had to intersect, even to allow characterization.  

In grouting it is essential to understand that in major structures, all fractures cannot be 

successfully sealed at the same time, if the grout take is to be limited to some extent.  

The larger aperture fractures will be filled with grout first (assuming adequate pressure 

and connectivity allows the grout to be fully injected). Pressure will then rise and grout 

will move into narrow fractures assuming that the particle size of the grout is small 

enough to enter the fracture aperture.  

Hydraulic aperture determines the volume of water or grout in a fracture. The 

relationship follows the cubic law in relation to transmissivity and thus water flow. This 

means that as the water flow (and transmissivity) from a fracture is doubled, the 

possible grout volume in fracture is increased by a factor of eight. When comparing 

grout take for a certain penetration length in a fracture with an inflow of 0.1 L/min to an 

other fracture with a similar penetration length and an inflow of 1 L/min, the grout take 

is 1000 times higher in the latter fracture. Similarly, when grouting a fracture with an 

inflow of 20 L/min instead of a fracture with an inflow of 150 L/min, the same 

penetration length is reached with 0.2% of the grout volume in the former fracture. This 

indicates that in situations, such as locations in ONKALO, extremely small grout takes 

are to be expected. In some cases (small fracture aperture) grout take may only be a few 

litres or less in addition to the borehole volume and that this does not indicate that the 

grouting was not effective or properly done. 

 

6.3.4 Start and stop criteria to be applied 

Start criteria 

Grouting start criteria can generally be defined as the conditions that indicate that water 

inflow may exceed allowable defined limits in a given area. When selecting the grouting 

start criteria for a site, one should take into account the target of water inflow as a whole 

and locally, the priorities set for grouting and the characterisation methods available. In 

the case of ONKALO, the targets for water inflow and grouting differs significantly 

from those in ordinary tunnelling projects, and the related aspects should be carefully 

considered. Figure 6-18 presents a chart describing how the targets can be processed as 

start criteria, and which are the foreseen drawbacks / risks in each case. The grouting 

start criterion is based on the approach in which the remaining leakage low enough is 

prioritized compared to the grout take. The start criteria is discussed more in detail by 

Sievänen (2008). 
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Selection of the priorities and 

start criteria for grouting

Priorities: Priorities:

1) Minimised water leakage 1) Minimised grout take and hole position

2) Grout take and hole position 2) Minimised water leakage

Conclusion: Conclusion:

Overdone grouting Frugal grouting

Slight indication of grouting need Reliable indication of grouting 

and low trigger level need and relatively high trigger

level

Drawback: Drawback:

Unnecessary holes and amount Possibility of too high water leakages 

of grout and need for post-grouting  

Figure 6-18. A chart how the demands for grouting are processed for a grouting start 

criteria. 

The start criterion/criteria should be dependent on the fracture properties that can be 

determined and independent on the fracture properties that cannot be determined. The 

properties that can be determined are: leakage from the probe or a grouting hole, the 

water take in a certain measuring section (by 1- and 2-packer water loss measurement) 

and the water flow from a single fracture or a fracture zone. Without core drill sample, 

the fracture orientation (dip direction and dip) cannot be detected with the 

characterisation methods available. Core drilling is not systematically performed and 

thus full optimisation is not possible. 

The measurements mentioned above may give a somewhat different picture of the 

fracture properties. Water outflow measurement provides actual water flows from a 

given hole and the effect on a larger volume can be observed or assumed.  However, the 

result still presents only a very local point in a complicated water channel network. In 

addition, the Posiva flow logging method uses very sensitive instruments and problems 

with the accuracy of the results have been noted in percussion drilled bore holes. Water 

loss measurements provide a better understanding of the existing connections in smaller 

area, but do not necessarily show properties of single fractures or the larger scale 

connections, due to the difficulties in interpreting the results.  Water loss measurements 

can be systematically conducted in percussion holes. It should be noted at this point that 

when a limited number of probe holes or grouting holes are drilled in the ONKALO 

rock mass the coincidence of intersecting fractures is low.  

It is suggested that the need for grouting is based mainly on the water loss measurement 

in probe holes. The method tends to over-estimate the need for grouting instead of 

underestimating it. It is recommended however, to adjust the accuracy of the device to 

the prevailing grouting start criteria. Also, the overpressures used should be revised to 

be closer to the grouting overpressures, when operating in tight rock. The measurement 

of out flowing water can serve as a complementary method to evaluate the larger 

connections. Although the Posiva flow log is a quite sensitive method, it should be 

utilised as a complementary and more detailed tool to obtain further information 

regarding the water conductive fracture network, e.g. the number of the fractures and 
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their proportions of the leakage. When the information from the pilot holes is available 

that should be taken used as well. In core-drilled pilot holes the flow logging has been 

accurate, and can be used even as a main characterisation method.  

The trigger levels based on current local limits for inflowing water are presented in 

Table 6-12. The same principles and trigger levels have been used in the ONKALO 

ramp. These trigger levels are directly applicable to Posiva‟s flow logging method. The 

trigger levels for other characterisation methods can calculated from these values. 

Table 6-12. Trigger levels set for ONKALO access tunnel for detailed investigations 

and grouting actions. 

Area, hole Trigger level 1 Trigger level 2 Trigger level 3 

Depth level between R19 and R20: 

Pilot holes 

- Single leakage 

- Leakage from the hole 

Probe holes 

- Single leakage 

- Leakage from the hole 

Other holes 

- Single leakage 

- Leakage from the hole 

 

 

- 

- 

 

- 

50 mL/min 

 

- 

50 mL/l 

 

 

50 mL/min 

5 L/min 

 

50 mL/min 

- 

 

- 

100 mL/min 

 

 

150 mL/min- 

15 L/min 

 

- 

15 L/min 

 

- 

15 L/min 

Below R20: 

Pilot holes 

- Single leakage 

- Leakage from the hole 

Probe holes 

- Single leakage 

- Leakage from the hole 

Other holes 

- Single leakage 

- Leakage from the hole 

 

 

- 

- 

 

- 

50 mL/min 

 

- 

50 mL/l 

 

 

50 mL/min 

5 L/min 

 

50 mL/min 

- 

 

- 

100 mL/min 

 

 

100 mL/min- 

10 L/min 

 

- 

10 L/min 

 

- 

10 L/min 

- Trigger level for detailed measurements 

- Trigger level for actions for controlling the leakage e.g. pre-grouting 

- Trigger level for enhanced actions for controlling the leakages 

 

Stop criteria 

Gustafson & Stille (2005), based on several decades development work, have presented 

that time can be used as a stop criterion. The experiences from ONKALO and grouting 

field tests  (Hollmén 2008, Sievänen 2008) revealed a problem: the uncertainties related 

to the basic data used in GT-method and the sensitivity of the model to them make the 

time itself insufficient to guarantee successful grouting result with all targets set for 

ONKALO.  

Sievänen (2008) suggested an advanced stop criterion, which adds grout flow to the 

basic design parameters (grout mix, grouting pressure and pumping time) of the 

GT-method. The desired grout take can be calculated. When this is linked to the time, 

the estimate of grout flow can be done. Because the source data may not be sufficiently 
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accurate a (hydraulic aperture, grout properties etc.), actual grout flow can and should 

be used to verify that the design and/or the assumptions were accurate enough. 

By linking all five parameters together and monitoring flow with time, the assumptions 

can be verified and the validity of the design checked. If the assumptions were not 

correct and the design is not valid, the methodology can be changed and a second design 

used. The method is referred to the Grouting Time and Flow (GTF) Method. 

In order to the avoid unworkable designs, the accepted range of grouting pressure and 

rheological properties of grout should be reasonably wide (due to the normal variability 

of them) and thus also acceptable flow rate should have a range. Grouting work should 

be based on a semi-active design method, such as the GTF method, to allow the 

grouting to be adapted to each situation.  

The current flowmeter used in Posiva‟s grouting equipment is not sensitive enough to 

measure the low flow rates seen for grout injection into very small fractures at 

ONKALO. This leads to difficulties for the grouters, as they must verify grout injection 

using indirect observations e.g. from piston movements. The acquisition of additional 

flowmeters capable of measuring low flows to an accuracy of 0.01 L/m are 

recommended in order to measure the grout injection rate into the narrowest fractures at 

ONKALO.  The ability to measure larger flows is still important so existing higher rate 

flowmeters are still required.  Computer control would allow a significant part of the 

grouting process to be automated and to permit greater automation in the mix design 

used based on real-time information.  

 

6.4 Conclusions and recommendations 

Based on Sievänen (2008) the following guidelines and recommendations are made as a 

result of the development of grouting design, techniques and procedures.  

Grouting design 

Issues related to the design requirements and existing trigger levels for controlling water 

inflow were studied in the R20-programme, but significant changes to design 

requirements were not made. The design requirements, which originate from the long-

term safety of the repository, include quite demanding limits for water inflow and 

targets concerning the amount of cement used have been set. The limit set on the 

amount of cement will impose new requirements for the working methods, procedures 

and equipment. In order to meet the requirements the grouting process should be 

optimised.  

The national and international standards for grouting do not guide optimisation work 

sufficiently. The national norm (Concrete Association of Finland 2006) does not give 

enough guidelines for: 

1. setting grouting start criteria for different characterisation methods; 

2. the quality control tests needed for determination of mix properties required 

in design; 

3. selecting/designing mixes for different rock conditions; 
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4. grouting in deep rock (including guidelines for water loss measurement and 

grouting pressures); and 

5. design work (to link the injection time to other design parameters). 

The general rock mass at ONKALO differs from the fracture zones significantly in 

terms of transmissivity and fracturing. Larger fractures are more abundant in fractured 

zones. Generally, the fractures with hydraulic aperture of over 50 to 100 µm are very 

sparse. The fractures with significant hydraulic importance are predominantly gently 

dipping.  

A promising tool for optimisation, i.e. an approach to handle the stop criterion for 

grouting (Gustafson & Stille 2005), was found. The method was developed by SKB, 

CTH and KTH. The approach does not conform to the Finnish norms for grouting, 

however, it is the method located that connects all design parameters together (mix 

properties, grouting pressure, fracture characteristics, desired penetration length and 

pumping time – and in some cases also the grouting hole density). The experiences 

using the method are limited, but the deviations from the Finnish national norms are 

quite small: the only new source parameter is the viscosity of grout and the only new 

parameters in grouting design will be the use of pumping time.  

There are uncertainties in the grouting process that should be considered. The 

penetration length of a grout is highly dependable on several factors: the hydraulic 

aperture of fractures, yield strength and viscosity of the grout, and grouting 

overpressure. The accurate determination of these parameters is important and 

compliance with the grouting design is essential during grouting work. The model and 

some investigation methods take into account only the fractures and the 

transmissivities/apertures that are intersected by a probe or a grouting hole. There may 

be additional fractures network characteristics (number, connections, apertures) that are 

not detected in holes.  The pressure decrease in fractures is poorly understood. This can 

be accounted for by use of safety factors in design (for penetration length). In order to 

handle these uncertainties, grout flow has to be monitored during injection. 

The optimal grouting design solution was set to include: 

 use of available low pH cementious grouts; 

 locating grouting holes inside the tunnel profile; and 

 limiting penetration length to minimize the grout volume in the rock. 

The optimal design solution assumes that grouting at ONKALO is done in advance of 

the excavation (pre-grouting). 

The optimal grouting design solution was found to be theoretically feasible for fracture 

apertures as small as 100 µm from 270 to 400 m depth. Below -400 m depth the 

aperture limit was 200 µm. However, the experiences of such design solution are limited 

and in highly conductive fracture zones the grouting holes inside the tunnel profile may 

be risky if the sealing result is not verified with control boreholes. For fractures with 

smaller apertures, the optimal solution would need to be modified. This may include 

orienting the holes outside of planned tunnel profile to achieve a better intersection 

angle, raising the grouting pressure, using longer pumping times or using a thinner grout 

mix. The use of a thinner mix is likely the best option to meet design requirements, 

however strength development in thin mixes could be an issue as seen in grouting tests. 
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For larger aperture fractures, with high hydraulic flow, thicker grouts may be required, 

however, fractures with a hydraulic aperture greater than 50 to 100 µm are rare. It 

appears that the optimal grouting design solution will only be applicable in limited 

situations at ONKALO, but it must be noted that this study is conservative in its 

estimates for grouting. Due to difficulties in injecting grout into narrow aperture 

fractures and the expected tight fractures expected to be encountered with increasing 

depth at ONKALO there will mostly likely be a need to use colloidal silica grouting in 

the near future.   

Field tests indicated that using grout injection time alone as a stop criterion is an issue, 

due to uncertainty in the source data (fractures and mix properties), or assumptions 

used. As these parameters cannot be observed with high reliability in the field, the 

original stop criterion by Gustafson & Stille (2005) needs to be modified. The grout 

flow rate needs to be incorporated into the stop criteria (Sievänen 2008).  Grout flow 

can be predicted based on the expected grouted volume to be filled at a given time based 

on accepted analytical solutions in literature. Because the system is sensitive to the 

fracture aperture and rheological properties of the mixes, and because the grouting 

pressure cannot be kept constant all the time, a range of values for the grout flow rate 

have to be accepted.  

Pre-grouting has been the primary grouting method employed at ONKALO. Pre-

grouting is supposed to be applicable to rest of the access tunnel. Most of the groutings 

can be handled with typical designs, designed for the expected conditions. Exceptions to 

the use of the typical designs in the access tunnel include when a leaking fracture or a 

fracture zone is parallel to, or intersects the tunnel and requires the grout hole pattern to 

be aligned to properly intersect the fractures. 

In a multi-fracture system the recommended way to optimise the grout take is to have 

two or more grouting rounds. This well-known technique, which is strongly 

recommended in multi-fracture systems, is also called as split spacing, i.e. the wider 

fractures are sealed first with thick grout and new grouting holes are then drilled to seal 

the smaller apertures with thinner mix.  

The grouting of the fracture zones R19 and R20 should be designed individually in both 

the shafts and access tunnel as they are unique complicated structures in the ONKALO 

rock mass. However, the design principles presented in this work are more or less 

applicable to all the structures with same kind of characteristics.  

Post-grouting is probably needed in places and should be designed individually. In post-

grouting there is a steep hydraulic gradient near the tunnel walls and consequently grout 

flow will be towards the excavation. 

The grouting design approach for future grouting should include the following parts: 

1. Perform calculations for predetermined rock conditions (classes) and set the 

target grout penetration length (and highest suitable grouting pressure) 

2. Express start criteria for grouting in terms of characterisation methods 

3. Design a selection of drilling patterns and express criteria to select suitable 

drilling pattern 

4. Create grouting designs for each conditions: the mix and the corresponding 

stop criteria which includes the grouting pressure, pumping time, grout take 
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and predicted grout flow with reasonable tolerances. The grout flow should 

be used to verify if the design is valid or not. Express the criteria to select 

suitable design. 

5. Determine the course of action if grout take and flow rate during a 

predetermined pumping time do not correspond with the predicted grouting 

course 

6. Express the conditions when typical drilling patterns and grouting designs 

are not valid, if such conditions exists 

7. Include details of the grouting operation in the design (e.g. pre-filling holes 

that intersect narrow aperture fractures prior to injection, removal time of 

packers). 

Characterization methods exist to estimate rock groutability including water loss and 

Posiva flow log. The water loss measurement proved to be most useful as it can be done 

systematically. A more detailed picture of the rock can be obtained using a two-packer 

system compared to a single packer system. The pressures used in water loss 

measurement should be raised closer to those applied in grouting to better estimate the 

grouting response. Flow logging is recommended as a complimentary method as the 

properties and numbers of single fractures can be examined.  Straight holes free of 

drilling cuttings and other debris are essential to assure high quality flow log data.  Start 

criteria for grouting should use both methods. In terms of start criteria, the maximum 

Lugeon value was observed to be the most reliable parameter to determine the need for 

grouting and the grout take. Furthermore, the interpretation of the results is important in 

order to understand the nature of the hydrological environment – in certain cases the 

maximum Lugeon value does not indicate the need for grouting. In deep rock ongoing 

observation of water flow is a good indicator of the need for grouting. If water out flow 

stops, the need for grouting is questionable.  

In principle two optimal grouting drilling patterns in the access tunnel should be 

sufficient: one with holes outside the tunnel profile and one with the holes inside the 

tunnel profile. In practice more drilling patterns will be needed, since the excavation 

profile varies and there are shafts and other rooms that require special grouting pattern 

considerations. The optimal grouting hole density cannot be set. A suitable density will 

be found with practical iteration. Even an extremely dense drilling pattern may miss a 

flowing fracture but will reduce the risk. However, a dense drilling pattern may lead to 

grout extruding into adjacent holes. Typically two grouting round having the holes 

inside the tunnel profile should be the maximum but if water leakage is the primary 

concern, grouting holes outside the profile are recommended or the sealing result should 

be carefully verified. 

A collection of cementitious recipes studied (non-accelerated and accelerated) have 

been developed. The pH of cement is not of great importance from the point of view of 

grouting techniques, pH is important in terms of clay interaction and safety cases. Since 

the penetration length is related to the rheological properties of a grout, quality control 

of grout mixes is important (i.e. testing with the Marsh funnel). Additionally, 

penetrability is a key issue especially in small fractures and should be controlled 

carefully before grouting. When designing the grouting, the observations of mix 

properties from previous field results provide more useful response than those from the 

laboratory. 
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Further development is recommended in the following areas: 

 Thicker mixes should be used for grouting large aperture fractures (e.g. fracture 

zone R20). Very small aperture fractures will likely require colloidal silica. Fast 

setting mixes and colloidal silica require further study.  The removal of silica 

from grouting holes was not successful in the silica grouting test. Further 

development of this technique is needed. 

 Recommendations for grouting pressures vary widely in literature. The change 

of grouting pressure inside the fractures and the water-grout interaction could 

not be studied. 

 The embryo of grouting design tool is established and parameters are quite well 

understood, but grouting designs should be revised as more experiences are 

obtained. The design is only as good as the empirical data obtained from the 

rock mass and the knowledge of the grout. Further development of 

characterisation methods is recommended. Also practical methods to check the 

rheological properties of grouts in field conditions should be developed further. 

However, it is important to have clear rules for fieldwork, whether or not they 

are empirically based. 

 The need for flow meters capable of monitoring low grout injection rates 

associated with small aperture fractures was noted.  The current flow meters are 

not sufficiently sensitive to record these low flow rates.  In these cases grout take 

should currently be estimated by observation of the equipment, e.g. piston stroke 

and predicted injection time, which is considered insufficiently accurate. If a 

sufficiently sensitive flow meter cannot be obtained an alternative method of 

grout flow observation should be specified in the design. 

 The grouting crew should understand the design being applied to grouting, 

understand the response of the system (rock, grout and equipment) and should 

know how to react to changing conditions during grouting in order to achieve 

success.  

 If changes are made to the start or stop criteria for grouting the grouting process 

will need to be reviewed and potentially revised at all steps.  Modifications to 

grouting methodology and mix designs are considered likely due to field 

experience gained during tunnel advance and grout materials development. 

Grouting work 

In order for the grout to penetrate fractures as designed, the transmissivities and  

hydraulic apertures of fractures need to be determined as accurately as possible. Water 

loss measurements can provide this information, but ensuring drill rods are properly 

suited to the drilling task to prevent undue flexing is important to achieve straighter 

holes and thus more reliable results. Straighter holes also permit more reliable Posiva 

flow log measurements. Using appropriate drill rods also allows grouting holes to be 

placed as planned, which will give a better grouting result.  

The importance of the excavation damaged zone (EDZ) was experienced in grouting 

work.  EDZ occurs as part of the rock response to the excavation and cannot be fully 

avoided.  In order to achieve successful grouting, the grout designer should be aware of 
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potential deviations in the normal extent of the EDZ (such as from re-blasting) and 

packer length and packer placement should take the extent of the EDZ into account.  

Because – when having no core drill samples - the orientation of fracture cannot be 

observed during excavation advance, grouting should start well before the expected 

fracture extent. Grouting should begin several meters in advance of a fracture although 

there is no definite basis to specify a distance.  

The following investigations aimed at selecting the suitable drilling pattern and 

grouting: determining the presence of leaking fractures on the rock surfaces, measuring 

the water out flow rate, measuring water losses in probe holes or in grouting holes, and 

carrying out flow logging when possible. In order to avoid delays conducting water loss 

measurements, it is recommended that first the hole for any excavation advance be 

measured along the full length. If the trigger level is exceeded (indicating that local 

trigger levels may be exceeded), then water loss measurements are done in 1 m 

increments along the hole length. The initial measurement should be done using several 

pressures to determine the hydraulic behaviour; the supplemental measurements can be 

done at a uniform pressure. 

The progress of grouting work should happen by following steps: 

 1. Obtain the characterisation results (water losses, flow logging, water outflow) 

  from the probe holes and observations of fracturing; 

 2. Interpretation of results by a geologist / hydrogeologist, in terms of fracture 

  transmissivities and hydraulic apertures; 

 3. Select the grouting hole pattern based on the set criteria – e.g. if a leaking 

  fracture intersects the drift, then change orientation of the grouting holes; 

 4. Investigate the grouting holes (water losses, flow logging, water out flow rate) 

 5. Interpret the results from the grouting holes and select the suitable design 

  according to the largest fracture group, repeat for subsequent rounds of  

  grouting if required;  

 6. Fill the holes in the “tight” rock (holes that do not intersect leaking fractures) 

 7. Grout according to the instructions, taking into account the quality criteria set 

  for grout mixes; 

 8. Measure the grout take, time and flow; 

 9. Continue grouting to the indicated target as planned. If grout flow (within 

  tolerances) is not met; then switch to the alternate standard design (different 

  mix and new design parameters);  

 10. Follow the early age strength development of the grout and release the 

   packers according to the design 

 11. When grout sufficiently set, verify the grouting result with control holes; 

   the acceptance criteria is similar to starting criteria 

 12. If the result is within the acceptance criteria, then continue the excavation; 

               if  not, then the control holes are used as new probe holes and the process  

     
 returns to the step 1 until the target is reached. 
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In principle, the working cycle could be the same in each case except when working in 

an environment of small hydraulic aperture fractures (50 m).  In those conditions it is 

recommended that the grouting holes are filled before injection occurs. If water inflow 

is significantly below the target inflow, the risk for local water inflows after excavation 

is so small that control holes can be skipped and excavation can continue. Even though 

the investigation of grouting holes takes time, by filling tight holes without grouting the 

overall time requirement is reduced. It would be beneficial if several holes could be 

grouted at the same time assuming no significant pressure differences develop in 

adjacent holes.  

Both the fracture properties and the mix properties are input data for the grouting 

design. In order to reach correct adaptation of the design, the mix properties should be 

controlled before grouting. 

Even though the objective in this work was to define reasonable low grouting pressures, 

an increase of the grouting pressures from to the current ones will probably be needed. 

This has to be taken into account, when selecting the packers. When grouting small 

fractures, custom made packers that can be used for filling of the hole first and then 

continuing the grouting pumping directly, should be used. 

Additional training for grouting crews is required with accelerated mixes and especially 

with colloidal silica because there are time limitations on the workability of these 

materials.  

The occupational safety, equipment, working conditions and ergonomics, as well as 

clear and intelligible designs and working specifications should be verified for the 

grouting crews.  Although the grouting is carefully designed, grouting work remains at 

least in part empirical and requires modifications to deal with changing conditions.  The 

grouting crew should be trained to understand the design, and know when to alter the 

design according to the predetermined guidelines presented above. 
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7 CONCLUSIONS, STRATEGIES AND RECOMMENDATIONS 

7.1 Long term safety aspects 

7.1.1 Conclusions 

Grout leachates transport to bentonite can be regarded as being governed by two 

mechanisms:  

 Convection of OH
–
 ions along with the groundwater used for saturation of buffer 

and backfill; and  

 Diffusion of OH
–
 ions from surrounding groundwater after saturation is 

achieved.  

In practise, as long as there are groundwaters containing grout leachates in the fracture 

network connecting EBS components to the site scale fracture network, there are always 

mechanisms for transferring OH
–
 ions from groundwater to bentonite in buffer and 

backfill.  

Degradation of bentonite (esp. montmorillonite) due to interaction with OH
–
 ions can be 

assumed to be negligible when pH<10. 

To meet such conditions at deposition holes, the most obvious means is to replace the 

currently used sulphate resistant microcement having sil/cem ~ 0.18 with low-pH 

cement having sil/cem ~ 0.69. 

Doing this would induce a decrease in pH of the leachates in water from roughly 12 to 

11 or even below 10, depending on the salinity of the environment where leaching 

occurs.   

Although the reduction to a pH < 10 is not likely to be met, there is a potential for pH 

reductions as the ionic strength of groundwater will be greater than that of the fresh AL-

MR.  

The minor drawback is that low pH grout requires more superplasticizers (the need for 

normal grout is around 21 g/L and for low pH grout 23 g/L) than normal grout and also 

contains additional organic admixtures. 

Increased organics, is considered a smaller risk for the EBS than OH
–
 ions, since in the 

laboratory tests no evidence has been detected that SPL used or other admixture 

organics would have any significant effect on RN sorption.  

A further and possibly sufficient reduction in the pH of groundwaters containing grout 

leachates results if cement porewaters would be dispersed and thus diluted into the bulk 

of the groundwater.  

To attain pH<10 each “flow parcel” containing one OH
–
 ion needs to migrate to a region 

where the nearest similar “flow parcel” is no nearer than 10 times their initial 

“interparcelian” distance. This migration needs to occur between each grouted region 

and each EBS component location acting as grout leachate sink. With reference to such 

dilution, when considering flow in branching fracture network at an instant when all 

void volumes in bentonite have been saturated, Qdeposition hole/QHZ20 ~ 1/(1+Tdeposition 

hole/THZ20) ~ 1/(1+1.1·10
-5

/3·10
-9

) ~ 2.7·10
-4

. This reads as “In average, one out of 3700 
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flow parcels in the HZ20 system could enter deposition hole. In other words, pH of the 

groundwater will remain the same but number of OH- ions entering the deposition hole 

is 1/3700 of the initial amount”. 

Leaching rate of the OH
–
 ions, and all the other leachates, in addition to groundwater 

conditions (T,salinity) will depend on the silica content and to a lesser amount on 

W/DM ratio of the grout.  

Addition of silica and lower W/DM creates a lower permeability grout, which is more 

resistant against groundwater leaching effect. 

  

7.1.2 Strategy 

To meet conditions, described on chapter 7.1.1 at deposition holes, the most obvious 

means is to replace the currently used sulphate resistant microcement having sil/cem ~ 

0.18 with low-pH cement having sil/cem ~ 0.69. 

Conclusions and strategy should be revised with respect to the latest site data and the 

latest plans of the repository implementation, such that the outcomes could be 

implemented first at least once the disposal depth has been reached by the ONKALO 

access tunnel and second when having submitted application for construction license 

application. 

 

7.2 Material aspects 

7.2.1 Conclusions 

The low pH grout can be produced by adding sufficient silica (Sil/Cem ~ 0.69) to 

normal grout. A suitable silica product for this purpose is silica slurry, trade mark 

Grout-Aid. 

The test results indicate that the low pH grout, when pH has been reduced by adding 

silica, has the similar technical properties compared to the normal grout. 

For design purposes both stiff and fluid low pH grouting cement recipes have been 

prepared and tested in the field conditions. Fluidity, rheological, penetration ability and 

setting properties has been optimised for different type of fractures.  

Efficiently mixed low pH grout has good penetration ability and high yield value, which 

may be useful when the hydrostatic pressure is high. 

Laboratory studies show silica improves the durability of cement paste generally by 

increasing strength and a less permeable matrix. Although the silica rich grout might 

have more porous structure, the hydraulic conductivity is on the same level with normal 

grouts.  

Silica rich grout has different type of shrinkage and swelling behaviour compared to the 

normal grout, and shows a tendency to swell slightly in wet conditions. This is a 

desirable property as it decreases hydraulic apertures of fractures. 
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7.2.2 Recommendations 

The low pH grout should be used for grouting purposes in ONKALO. 

 

7.3 Grouting technique aspects 

7.3.1 Conclusions 

Based on existing design requirements and targets, very small fractures are to be sealed. 

As well, major water conductive fracture zones intersected by the  access tunnel and 

shafts have to be sealed. The grouting takes place under the high water pressure. 

The fractures with hydraulic aperture of over 50 to100 µm are very sparse, but the 

abundant in fractured zones. The hydraulically important fractures are predominantly 

gently dipping. 

The most advanced method to carry out grouting design by analytical approach was 

developed in Sweden. The model is the only one found that connects all design 

parameters together (grout properties, grouting pressure, fracture characteristics, desired 

penetration length, pumping time,  and in some cases also the grouting hole 

distribution).  

 The feasibility of the basic design solution (grouting with low pH cements, 

controlled grout take and grouting holes inside the tunnel profile) was carried out 

and based on the results, the basic design solution was supported by the theory 

down to fracture apertures of 100 µm in the tunnel –between 270 to 400 m 

depth.  

 Below the 400 m depth the fracture limit found in this project was 200 µm. 

Below those aperture limits the designer should consider the following things: 

orient the grouting holes outside the tunnel profile, raise the grouting pressure 

relatively high or use colloidal silica or even thinner cementitious grouts than 

currently available.  

 The fractures with hydraulic aperture of greater than 50 to100 µm are very 

sparse. This essentially means that the basic design solution can only be used 

occasionally. Current trigger levels for starting the grouting together with the 

feasibility study shows that there is need for colloidal silica.  

In principle two basic grouting drilling pattern types in the access tunnel should be 

enough:  

 one with holes outside the tunnel profile; and 

  one with the holes inside the tunnel profile. 

The location of grouting holes turned out to be more complicated issue; if the grouting 

holes are inside the tunnel profile, in principle a number of holes can be “wasted” in 

order to find hydraulically active fractures, but at the same time higher grouting 

overpressures and longer pumping times are required to reach the same penetration 

extent off grout. Additionally sufficient space must be left for subsequent grouting holes 

and blast holes.  
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By orienting the grouting holes outside the tunnel profile, every hole increases 

significantly the amount of grout remaining in rock – especially in case of small 

fractures. If the distance between grouting holes is too close, there is a risk that grout 

will extrude into adjacent grouting holes. 

It was also observed that if inject time is not sufficient long at the design pressure: the 

smallest fractures remain ungrouted and some holes that actually intersect water bearing 

fractures are incorrectly interpreted as tight holes and they are only partly filled with 

grout. This lack of understanding of the required inject time at a given pressure has 

probably been the main reason for relatively high proportion of unfilled grouting holes. 

Filling grouting holes prior to injection provides a practical solution as the filled holes 

reduce the injection time required. The packer design must meet the ground conditions, 

including the extent of the EDZ. The EDZ must also be considered in water loss 

measurements. 

The recommended grouting pressure is less than the limit for hydraulic uplifting. 

Further study is required to understand what happens to the grouting pressure in rock 

and in the boundary of water and grout and rock mechanics effects on high grouting 

pressure. These areas likely do effect the grouting result. 

The accuracy of the flow meters used for water loss measurement and grouting 

equipment were not sensitive enough when grouting as small fractures as targeted in 

ONKALO. If more sensitive flow meters cannot be obtained for these uses, then the 

secondary means of estimating grout flow should be used. A significant part of grouting 

could be made automatic, which would require an algorithm that can change the 

necessary grouting parameters and mixes on-line, based on the observations made 

during the grouting. 

The grouting crew must understand the design, its requirements and the rock response to 

alter the design following approved methods if grouting is not proceeding as planned. 

Experiences from ONKALO are vital for further development. Even though this work 

better justifies the grouting design, the grouting work itself is somewhat empirical. 

If a trigger level for starting grouting, changes to the mix or procedure then the entire 

chain of processes from design to the working procedures in tunnel should be revised. 

The need for changes may arise due to the experiences gained. 

 

7.3.2 Strategy 

Grouting is done by pre-grouting in advance of the tunnel excavation. Most of the 

grouting can be handled with typical designs adjusted to the site specific conditions, 

which make the fluent tunnel drifting possible. 

 

7.3.3 Recommendations 

The design of grouting is recommended to be based on analytical approach – with 

certain precautions. 

It is recommended that the measured grout flow is used as one tool to verify that 

grouting is proceeding as expected.  
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In multi-fracture system, the only way to optimise the grout take is to have two or more 

grouting stages, starting with the thick grouts and moving to thin grouts. The grouting of 

R19 and R20 structures should be designed separately both in the access tunnel and 

shafts. 

The procedures in grouting design and work are recommended to be revised. Designs 

for different types of expected conditions should be made with justified tolerances. In 

grouting work, the most important recommendations concern the use of typical 

drawings, investigations of grouting holes and the use of control holes.  

Grouting with grout containing accelerants and especially use of colloidal silica requires 

more training time for grouting crews and advanced working procedures. This is 

because there are limitations concerning the setting time frame to ensure the material 

properties are within targets.  

In order to get relevant data for grouting design, water loss measurement with higher 

overpressures together with flow logging are recommended. The pressure build up test 

could be studied further, but it appears it is difficult to use in actual design work. Either 

straighter holes or development of characterisation methods are needed to enhance the 

reliability of the source data. 
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APPENDIX 1 

 

Chemistry of grouts: elution tests 

 
Experimental procedure and analysis results 

 

Static leach testing was carried out for eight different injection grout mixes including 

high-, medium- and low-pH mixes. One of the mixes was a reference mix used in earlier 

leach tests, also the test method (diffusion) and specimen size were the same (Vuorinen 

et al. 2004), thus each specimen was composed of two discs (Figure A1-1) sawn from 

the plastic pipes they were cast and cured in. The measures of one disc were; height = 1 

cm and  = 2.84 cm. The curing time of the present mixes was chosen shorter (28 d) 

than that of the earlier mixes (56 d). Nevertheless the 28 d curing time is still long when 

considering that injection grout was tested, which is slurry when getting into contact 

with groundwater in the bedrock.The curing temperature differed from the earlier ones, 

as well; 12ºC for the present specimens, while for the earlier ones it was 20ºC and 50ºC.  

Each grout mix was analysed prior to and after leach testing for the chemical and 

mineral compositions (X-Ray Diffractometry = XRD, TG/DTA = Thermo-

gravimetry/Differential thermal analysis and X-Ray Fluoresence=XRF) as well as for 

the characteristic microstructure (Scanning Electron Microscope=SEM).  

The two leaching solutions used were the same simulated fresh (ALL-MR) and saline 

(OL-SR) reference groundwater solutions as in the earlier leach tests (Vuorinen et al. 

2004). The saline leaching solution has high Ca
2+

, Na
+
 and Cl

-
 concentrations and no 

bicarbonate, while the fresh leaching solutions contained 0.03 mmol/L of bicarbonate. 

Leaching was performed in nitrogen atmosphere as earlier, but now at two different 

temperatures, 12ºC and 50ºC (earlier at 25ºC in a glove-box). In this study specimens 

were kept inside steel vessels; 12ºC-specimens in a refrigerator and the 50ºC-specimens 

in a heating chamber. The leachate solutions for each exchange were also kept in similar 

steel vessels at the corresponding temperatures. Only when the leachate was exchanged 

the specimens and the leachates in the steel vessels were brought into the glove box 

(temp. 22ºC). Before exchanging the leachate, each specimen vessel was stirred. The 

test temperatures varied somewhat during the leachate exchange as eight specimens 

with a back-up specimen for each were handled from one steel vessel at a time.  

In the glove-box the exchanged leachate solutions were filtered (0.2 m) prior to 

chemical analyses (Na, K, Ca, Al, Fe, Mg, Si, Cl, SO4
2-

, and STOT), and thus any 

precipitates and colloidal particles larger than the filter pore size were removed from the 

solution. Consequently the analysed solution results do not contain substances removed 

in filtration, also substances possibly adsorbed on vessel surfaces were not analysed. A 

small aliquot of the filtered solution of each leachate sample was taken for measuring 

the pH inside the glove-box (temp. 22ºC). 

Table A1-1 gives the composition of each grout tested, the classification and grout IDs. 

The order of the different grout mixes in the table is according to the ratio of water to 

dry matter (W/DM).The grout specimens are classified as high-pH, medium-pH and 

low-pH grouts according to the amount of cement and silica fume in the grout mixes. 

All other grouts contain some superplasticizer (SPL = sulphonated naphtalene acid 
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formaldehyde condensate) except one of the medium-pH grouts (UF-15-10-00), which 

otherwise has the same composition with UF-15-10-2.8. This classification of the grouts 

is followed throughout reporting. 

Table A1-1. Classification and grout ID of tested grout mixes according to the grout 

composition. The ID indicates the cement type and amount, amount of silica fume, ratio 

of water/dry matter and the amount of superplastiscizer.  

Classification Cement Silica fume W/DM SPL Grout ID 

of grout types % of DM % of DM  % of DM cem-silica-W/DM-SPL 

high-pH 100   0 0.8 2 UF-00-08-2 

-  “  - 100   0 1.2 1 UF-00-12-1 

medium-pH   85 15 0.8    2.8 UF-15-08-2.8 

-  “  -   85 15 1.0    2.8 UF-15-10-2.8 

-  “  -   85 15 1.0 0 UF-15-10-00 

-  “  -   85 15 1.4    2.8 UF-15-14-2.8 

low-pH   59 41 0.9 4 UF-41-09-4 

-  “  -   59 41 1.4 4 UF-41-14-4 

W/DM = water to dry matter ratio, SPL = superplasticizer, UF = cement type (Ultrafine 16) 

 

In the leach tests the entire amount of leaching solution (30 mL) was changed 35 times, 

thus, in total, each grout specimen (=two discs) was leached with 1050 mL of solution. 

The amount of grout in each specimen was about 12.7 cm
3
. After the more frequent 

leaching solution exchange period in the beginning of testing (11 exchanges in 16 days), 

the solution was from then on exchanged once a week and for the last five exchange 

points the interval was two weeks. 

The initial elemental composition of each grout specimen in testing (Table A1-3) was 

roughly estimated based on the specimen size and the recipes used taking into account 

the chemical composition of both cement and silica fume (Table A1-2). All the 

specimens contained some cavities and some of them also small cracks (Figure A1-1). 

Mostly the cavities observed on the surfaces of specimens were quite small but some 

could be rather large.  

Table A1-2. Chemical composition (%) of cement and silica fume. 

 CaO SiO2 Na2O KO Al2O3 MgO Fe2O3 SO3 MnO P2O5 TiO2 

cement 

(UF16) 
65.6 22.9 0.08 0.43 3.67 0.79 4.41 1.77 0.23 0.11 0.25 

silica fume 

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

 

 



 

 

193 

 

Figure A1-1. Some examples of cavities observed on the surface of specimens (dried 

after completing the leach test). 

Table A1-3. Rough estimates of element contents (mmol) of each grout specimen (two 

discs) tested. 

Grout ID 
Ca Na Mg K Si Al Fe S 

mmol mmol mmol mmol mmol Mmol mmol mmol 

UF-00-08-2 high-pH 95 0.1 1.4 0.4 20 2.2 2.2 1.0 

UF-00-12-1 -  “  - 70 0.1 1.0 0.3 15 1.6 1.6 0.7 

UF-15-08-2.8 medium-
pH 

80 0.1 1.4 0.6 41 2.0 1.9 0.9 

UF-15-10-2.8 -  “  - 68 0.1 1.2 0.5 35 1.7 1.6 0.7 

UF-15-10-00 -  “  - 68 0.1 1.2 0.5 35 1.7 1.6 0.7 

UF-15-14-2.8 -  “  - 52 0.1 0.9 0.4 27 1.3 1.2 0.6 

UF-41-09-4 low-pH 50 0.1 1.3 0.8 70 1.6 1.3 0.6 

UF-41-14-4 -  “  - 36 0.1 1.0 0.6 50 1.1 0.9 0.4 

 

Thermal analysis results (TG/DTA) 

 

Initial specimen results 

The thermal behaviour of the initial high- and medium-pH grout specimens was very 

similar (Table A1-4). Five successive phases were identified during which degradation 

reactions caused mass loss.  

 The first degradation phase was caused both by the evaporation of free moisture 

the specimens still contained and by the volatilization of chemically bound water 

resulting from the disintegration of the CSH-gel
3
 and the AFt-phase

4
 The 

differences observed in the mass losses seem to refer to the water/binder–ratio 

indicating that the grouts with lower ratios should be less porous than those with 

higher ratios. As a consequence, less free moisture evaporated from the less 

porous grouts during the vacuum drying process prior to the thermal analysis 

and, thus, they contained more free water leading to higher mass loss observed 

in the first phase of thermal analysis. Some free water, 0.5-1 w-%, had already 

evaporated from the specimens before the actual thermal analyses were started 

indicated by the TG-curves not starting from 100%. 

 The second phase may possibly be due to disintegration of the CAH
5
-gel, even if 

the cement used in the grouts was sulphate resistant and, thus, contained only 

                                                 
3
 CSH = Calcium-silica-hydrate of unspecified composition (poorly crystalline or amorphous) 

4
 AFt = ettringite 

5
 CAH = calcium aluminate hydrate  
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small amounts of aluminate phase. Another possible explanation for the second 

phase is that it resulted from burning of the superplasticizer. The reaction, 

however, occurred also in the medium-pH grout specimen without plasticizer. 

 The third phase was mainly caused by the degradation of calcium hydroxide.  

 The fourth phase was probably still connected to the degradation of CSH-gel. 

The mass loss during the phase seemed, at least in general, to be higher in the 

grouts with silica fume than in the grouts with no silica fume. This could mean 

that more of this heat resistant type of CSH-gel is formed when silica fume is 

used as part of the grout mix. It can be considered possible, however, that part of 

the mass loss during this phase resulted from burning of carbon contained by the 

silica fume used. The fact that there seemed to be an “extra” reaction at about 

710ºC in the grouts with silica fume could refer to this direction. 

 The fifth phase could be caused by the degradation of calcite assuming that the 

cement used in the grouts contained some pulverized limestone. The mass loss 

observed would mean a calcite content of 2-3 w-% in the cement. If the cement 

does not contain calcite the mass loss must have been caused by the 

disintegration of a very heat-resistant form of CSH-gel. 

The thermal behaviour of the initial low-pH grout specimens was somewhat different 

from the behaviour of the other grouts. Seven successive phases could be identified 

during which degradation reactions caused mass loss (Table A1-4).  

The explanations for the factors causing the degradation phases in the low-pH grouts are 

most probably similar to those described above for the other specimens. Accordingly, 

the “extra” phases compared to the other specimens must be connected to the special 

features of the hydration of silica fume. In the DTA-curves one additional “extra” 

reaction was observed; at about 865ºC there was an exothermic phenomenon in which 

no mass loss seemed to be connected. This phenomenon was probably due to 

crystallization of amorphous silica that had not reacted during the hydration process. 

According to the results of thermal analysis the amount of water bound chemically to 

the initial grout specimens varied. A higher cement content in the grout seemed to result 

in a higher amount of chemically bound water. The total mass losses of the initial grout 

specimens are presented in Table A1-5. As part of the total mass loss of the specimens 

was caused by free water, also the mass losses after the first degradation phase, i.e. after 

about 330ºC, are presented in the table. In addition, Table A1-5 contains also the 

amounts of calcium hydroxide in the specimens. This was calculated by assuming that 

all the mass loss during the third degradation phase resulted from the disintegration of 

calcium hydroxide leading to evaporation of the hydroxide water. It is probable that 

some of the mass loss of the third phase is caused by other factors, e.g. by degradation 

of CSH gel. Thus, the values presented for calcium hydroxide in Table A1-5 are 

probably a little too high. 
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Table A1-4. Thermal degradation of the initial high-, medium, and low-pH grout 

specimens.  

phase 
temp. 
areaºC 

mass loss / w-% 
 

  high-pH medium-pH 

  UF-00-
08-2 

UF-00-12-
1 

UF-15-08-
2.8 

UF-15-10-
2.8 

UF-15-10-
0 

UF-15-14-
2.8 

        
I 25 – 325 16.7 14.8 17.1 15.4 15.5 12.9 

II 325 – 
400 

    1.03     1.10     1.01     1.14     1.37     0.95 

III 400 – 
515 

    4.29     4.70     2.16     2.21     3.07     2.79 

IV 515 – 
750 

   2.17     1.78     2.58     2.85     1.67     2.74 

V 750 – 
980 

    0.88     0.75     0.76     0.82     0.54     0.83 

    25.07  23.13  23.61  22.42  22.15  20.21 

        

  low-pH grout     

  UF-41-
09-4 

UF-41-14-
4 

    

        
I 25 – 335 14.5 12.2     

II 335 – 
425 

    1.31     0.79     

III 425 – 
465 

    0.44     0.55     

IV 465 – 
590 

    0.40     0.97     

V 590 – 
660 

    0.11     0.90     

VI 660 – 
805 

    0.39     0.42     

VII 805 – 
990 

    0.89     0.86     

    18.04   16.69     

        

Table A1-5. Total mass loss, mass loss after 325-335ºC and calcium hydroxide content 

of the initial injection grout specimens according to thermal analysis. 

specimen ID  total mass 
loss 

mass loss 
after 330ºC 

Ca(OH)2 

  w-% w-% w-% 

     
UF-00-08-2  (high-pH) 25.1 8.37 17.7 

UF-00-12-1  - “ - 23.1 8.33 19.3 

UF-15-08-2.8  (medium-pH) 23.6 6.51   8.9 

UF-15-10-2.8  - “ - 22.4 7.02   9.1 

UF-15-10-0  - “ - 22.2 6.65 12.6 

UF-15-14-2.8 - “ - 20.2 7.31 11.5 

UF-41-09-4  (low-pH) 18.0 3.54   1.8 

UF-41-14-4  - “ - 16.7 4.49   2.3 

     

 

Leached specimen results 

The thermal behaviour of the high-pH grout specimens was quite similar in all 

experiments (both leachates and temperatures). Five successive phases were detected 

during which degradation reactions caused mass losses. The temperature areas of the 

various phases and the mass losses registered are presented in Table A1-6.  
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The first degradation phase was caused by the evaporation of free moisture still 

contained in the specimens and also by the volatilization of chemically bound water 

resulting from disintegration of the CSH-gel and the AFt- and AFm
6
-phases. It should 

be noticed that some free water, 1-2 w-%, had already evaporated from the specimens 

before the actual thermal analyses were started which could be seen in such a way that 

the TG-curves did not start from 100%. 

The mass loss was much lower in the specimens that were leached at 50ºC than in the 

specimens leached at 12ºC. Less free moisture seemed to evaporate from the latter 

specimens during the vacuum drying process before performing the experiments which 

lead to higher mass losses in the first phase of thermal analysis. 

A possible explanation for this could be a more open pore structure of the specimens 

that were exposed to higher temperature. This may refer to more efficient leaching at 

50ºC and/or it could be a consequence of the fact that exposure to high temperatures 

leads to a different structure of the CSH-gel compared to that forming at ambient 

temperature. 

The second phase was probably due to disintegration of the hydration products, mainly 

of silicate hydrates but possibly also of CAH-gel, even if the cement used in the grouts 

was sulphate resistant and, thus, contained only small amounts of aluminate phase. The 

burning of the plasticizer could also explain part of the mass loss taking place during the 

second phase. The mass losses registered were higher than those observed in the 

materials before the leaching tests Table A1-6. This can be considered to be a normal 

consequence of the ageing of the materials as the hydration reactions proceed binding 

more water. 

The third phase was mainly caused by the decomposition of calcium hydroxide in the 

specimen. Compared to the situation before the leaching tests the amount of hydroxide 

in the specimens was clearly lower. This might be due to the fact that at least some 

hydroxide was leached out of the grouts during the tests. It should be noticed that the 

hydroxide content seemed to be somewhat higher in the specimens that were leached at 

50ºC than in those leached at 12ºC.  

The fourth and the fifth phases were probably connected to the degradation of very heat-

resistant forms of CSH-gel. However, part of the mass loss in question could be caused 

by the decomposition of calcite assuming that the cement used in the grouts contained 

some pulverized limestone. The mass losses registered were higher than those observed 

in the materials before the leaching tests, which is probably caused by the ageing of the 

materials. 

The thermal behaviour of all of the medium-pH grout specimens was very similar. Also, 

it resembled closely the behaviour of the high-pH grouts described above. The 

observations made from the medium-pH grout specimens could be divided either into 

six (fresh leachate, ALL-MR) or into five (saline leachate, OL-SR) successive phases 

during which degradation reactions causing mass loss were detected. The temperature 

areas of the various phases and the mass losses registered are presented in Table A1-7. 

The explanations for the mass losses registered were most probably pretty much alike 

                                                 
6
 AFm = [Ca2(Al,Fe)(OH)6] X xH2O, where X may denote e.g. OH

-
, SO4

2-
 or CO3

2-
 or more than one 

species of X anion 
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with those presented above for the high-pH grouts. Some different observations 

concerning the results could, however, be made: 

 The mass losses of all the specimens during the first phase were clearly higher 

than the corresponding mass losses in the high-pH specimens. This is probably 

connected to the fact that the former materials contain silica and the latter ones 

do not. Silica either has an effect on the structure of the CSH-gel formed and/or 

it has an ability to bind water as such. 

 Calcium hydroxide was undoubtedly identified only in the specimens that had 

been leached in the fresh solution (AL-MR). Also in these specimens the amount 

of hydroxide was considerably lower than in the specimens before the leaching 

experiment. In the thermal curves of the specimens that had been exposed to 

saline solution (OL-SR) no distinct reaction referring to calcium hydroxide 

could be found, even if some mass loss was registered in the same temperature 

area. This means that it can‟t be totally excluded that they could still contain 

traces of hydroxide. 

 In the DTA-curves of all the medium-pH grouts specimens' exothermic 

phenomena at 800ºC-900ºC were observed in which no mass loss seemed to be 

directly connected. These phenomena were probably due to crystallization of 

amorphous silica that had not reacted during the hydration process. 

 The mass loss of the specimens that had been exposed to saline water (code OL-

SR) was exceptionally high at high temperatures (>700ºC). This would refer to a 

high content of very heat-resistant hydration products in these specimens. 

The thermal behaviour of all of the high-pH grout specimen was very similar. Also, it 

resembled closely the behaviour of the medium-pH grouts described above. The 

observations made from the high-pH grouts could be divided into six successive phases 

during which degradation reactions causing mass loss were detected. The temperature 

areas of the various phases and the mass losses registered are presented in Table A1-6. 

The explanations for the factors causing the degradation phases in the low-pH grouts are 

most probably similar to those described above for the other specimens. The closest 

resemblance exists between the specimens of the low-pH grouts on one hand and the 

specimens of the medium-pH grouts that had been exposed to saline water on the other. 

According to the results of thermal analysis the amount of water bound chemically to 

the grouts varied. The total mass losses of the grout specimens are presented in Table 

A1-8. As part of the total mass loss of the specimens was caused by free water, also the 

mass losses after the first degradation phase, i.e. after about 325ºC, are presented in the 

table. In addition, the amount of calcium hydroxide in the specimens is included. This 

was calculated by assuming that all the mass loss in the temperature area between 

400ºC-500ºC resulted from the disintegration of calcium hydroxide leading to 

evaporation of the hydroxide water. However, this was done only to the specimens 

whose DTG- and DTA-curves showed a clear sign of a separate reaction in the area. It is 

evident that some of the mass loss in that area was in any case caused by other factors, 

e.g. by degradation of CSH-gel, which means that the values presented for calcium 

hydroxide are probably a little too high. On the other hand, even if no signs of a separate 

reaction could be observed in the thermal curves of a specimen, it doesn‟t necessarily 
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mean that it couldn‟t contain at least traces of hydroxide as was already mentioned 

earlier. 

An exothermic phenomenon was observed at 600ºC-620ºC in the specimens that had 

been exposed to saline solution (OL-SR). This was possibly caused by a change in the 

crystal form of some compound the grouts contained. The compound in question could 

be e.g. a special hydration product formed as a result of the effect of the ions in the 

saline water. 

Table A1-6. Thermal degradation of thehigh-pH and low-pH grouts in both leachates, 

saline and fresh (ALL-MR and OL-SR) and at both temperatures. 

phase temperature 

area  

mass loss / w-%   

 ºC  12ºC 50ºC 12ºC 50ºC 

 leachate  AL-MR AL-MR OL-SR OL-SR 

  UF-00-08-2   (high-pH) 

I 25 – 325 24.9 15.3 22.8 17.2 
II 325 – 405   1.40   1.87   1.52   1.94 
III 405 – 515   2.53   3.11   2.37   3.03 
IV 515 – 760   2.34   1.96   2.83   2.92 
V 760 – 980   0.72   0.82   1.06   1.38 
  31.89 23.06 30.58 26.47 
  UF-00-12-1   (high-pH) 

I 25 – 325 24.1 15.5 23.1 16.5 
II 325 – 405   1.38   1.88   1.56   2.11 
III 405 – 515   1.94   2.54   1.33   2.34 
IV 515 – 760   2.16   2.03   2.34   2.50 
V 760 – 980   0.65   0.72   1.78   1.75 
  30.23 22.67 30.11 25.20 

  UF-41-09-4   (low-pH) 

I 25 – 325 36.9 34.8 35.5 33.5 
II 325 – 385   0.60   0.62   0.68   0.64 
III 385 – 550   1.10   1.13   1.09   1.29 
IV 550 – 660   0.29   0.55   0.21   0.37 
V 660 – 800   0.39   0.43   0.81   0.62 
VI 800 – 980   0.10   0.09   0.93   0.64 
  39.38 37.62 39.22 37.06 

  UF-41-14-4   (low-pH) 

I 25 – 325 37.4 42.9 37.2 36.4 
II 325 – 385   0.62   0.52   0.60   0.47 
III 385 – 550   1.02   1.06   1.11   1.20 
IV 550 – 660   0.44   0.52   0.25   0.34 
V 660 – 800   0.37   0.35   1.28   1.13 
VI 800 – 980   0.03   0.00   0.95   0.58 
  39.88 45.35 41.39 40.12 
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Table A1-7. Thermal degradation of the medium-pH grouts leached in both leachates, 

saline and fresh (ALL-MR and OL-SR) and at both temperatures. 

phase temperature 

area  

mass loss / w-% 

 ºC  12ºC 50ºC 12ºC 50ºC 

 leachate  AL-MR AL-MR 

  UF-15-08-2.8 UF-15-14-2.8 

I 25 – 325 30.4 24.3 29.1 23.4 
II 325 – 420   1.09     1.63   1.30   1.04 
III 420 – 475   0.74     0.47   0.46   0.81 
IV 475 – 680   1.87     1.40   1.23   1.40 
V 680 – 800   0.39     0.47   0.48   0.40 
VI 800 – 980   0.46     0.50   0.35   0.50 
  34.95   28.77 32.92 27.55 

  UF-15-10-0 UF-15-10-2.8 

I 25 – 325 30.7 26.1 31.0 26.4 
II 325 – 420   1.29   1.71   1.12   1.46 
III 420 – 475   0.78   0.42   0.66   0.60 
IV 475 – 680   1.28   1.23   1.69   1.18 
V 680 – 800   0.30   0.35   0.44   0.50 
VI 800 – 980   0.33   0.31   0.39   0.42 
  34.68 30.12 35.30 30.56 

 leachate  OL-SR OL-SR 

  UF-15-08-2.8 UF-15-14-2.8 

I 25 – 320 27.7 27.3 26.3 26.0 
II 320 – 380   1.20   1.02   0.94   0.99 
III 380 – 550   1.62   2.07   1.63   1.81 
IV 550 – 700   0.67   0.73   0.64   0.78 
V 700 – 980   2.16   2.07   2.67   2.55 
  33.35 33.19 32.18 32.13 

  UF-15-10-0 UF-15-10-2.8 

I 25 – 320 30.5 22.7 31.2 22.8 
II 320 – 380   1.16   1.15   1.00   1.02 
III 380 – 550   1.59   1.93   1.65   1.93 
IV 550 – 700   0.41   0.57   0.79   0.65 
V 700 – 980   2.15   2.17   2.19   2.36 
  35.81 28.52 36.83 28.76 
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Table A1-8. Total mass loss (TOT), mass loss after 325ºC and calcium hydroxide 

(Ca(OH)2) content of the injection grouts according to thermal analysis. 

specimen ID TOT after 325ºC Ca(OH)2 

 w-% w-% w-% 

UF-00-08-2   (high-pH)    

AL-MR 12ºC 31.9 6.99 10.4 

AL-MR 50ºC 23.1 7.76 12.8 

OL-SR  12ºC 30.6 7.78   9.8 

OL-SR  50ºC 26.5 9.27 12.5 

UF-00-12-1   (high-pH)    

AL-MR 12ºC 30.2 6.13   8.0 

AL-MR 50ºC 22.7 7.17 10.5 

OL-SR  12ºC 30.1 7.01   5.5 

OL-SR  50ºC 25.2 8.70   9.6 

UF-15-08-2.8   (medium-pH)    

AL-MR 12ºC 35.0 4.55   3.1 

AL-MR 50ºC 28.8 4.47   1.9 

OL-SR  12ºC 33.4 5.65 - 

OL-SR  50ºC 33.2 5.89 - 

UF-15-10-2.8   (medium-pH)    

AL-MR 12ºC 35.3 4.30   2.7 

AL-MR 50ºC 30.6 4.16   2.5 

OL-SR  12ºC 36.8 5.63 - 

OL-SR  50ºC 28.8 5.96 - 

UF-15-10-0   (medium-pH)    

AL-MR 12ºC 34.7 3.98   3.2 

AL-MR 50ºC 30.1 4.02   1.7 

OL-SR  12ºC 35.8 5.31 - 

OL-SR  50ºC 28.5 5.82 - 

UF-15-14-2.8   (medium-pH)    

AL-MR 12ºC 32.9 3.82   1.9 

AL-MR 50ºC 27.6 4.15   3.3 

OL-SR  12ºC 32.2 5.88 - 

OL-SR  50ºC 32.1 6.13 - 

UF-41-09-4   (low-pH)    

AL-MR 12ºC 39.4 2.48 - 

AL-MR 50ºC 37.6 2.82 - 

OL-SR  12ºC 39.2 3.72 - 

OL-SR  50ºC 37.1 3.56 - 

UF-41-14-4(low-pH)    

AL-MR 12ºC 39.9 2.48 - 

AL-MR 50ºC 45.4 2.45 - 

OL-SR  12ºC 41.4 4.19 - 

OL-SR  50ºC 40.1 3.72 - 
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Mineral composition of grout specimens (XRD) 

 

According to the XRD results all the grout specimens were mainly amorphous and, thus, 

contained only relatively small amounts of crystalline compounds (Table A1-9). The 

amorphous phase forming most of the specimens composed most likely of calcium 

silicate hydrate gel (CSH gel), which seemed to be less amorphous in the specimens that 

contain silica fume. After leaching the amorphous phase forming most of the specimens 

composed most likely of calcium silicate hydrate gel resulting from the hydration 

reactions of cement and silica fume with water.  

Summary of the contents of the crystalline compounds in the tested specimens are 

shown in Table A1-9, both prior to and after leaching. 

The main crystalline compound in the initial high- and medium-pH grout specimens 

(Table A1-9) was portlandite (Ca(OH)2). As expected in the low-pH grout specimens 

the content of portlandite was very low, in UF-41-09-4 it was hardly detectable. After 

leaching the amount of portlandite in all the specimens had diminished compared to the 

initial stage, and only in the high-pH grout specimens portlandite was still the main 

crystalline compound. In the other specimens the presence of portlandite was more or 

less related to the specimens that had been exposed to the saline leachate 

After leaching all the specimens contained also crystalline calcium silicate hydrates 

(CSH). Although their contents were low, they were the main crystalline compounds in 

other specimens except the high-pH grout specimens. It was impossible to exactly 

identify the composition of these hydrates, but their probable structure is of the type 

Ca3(Al,Fe)2(SiO4)(OH)8 and/or Ca1.5SiO3.5·xH2O. The results would indicate that the 

compounds detected in the low-pH grouts would rather be of the latter type and those in 

all the other specimens of the former type. 

It seems obvious that all the specimens contained small amounts of unhydrated cement 

minerals also initially. Most of those composed of calcium silicates, either tricalcium 

(C3S) or dicalcium silicate (C2S) or both of them. On the other hand also traces of 

tetracalcium aluminate ferrite (C4AF) could be detected in most of the specimens. In 

addition, the possibility that the specimens contained also some calcite (CaCO3) can not 

be excluded. The possible calcite content would most obviously originate from the 

cement used as the specimens have not undergone any carbonation during their curing 

or leaching processes. However, limited contamination of the samples by atmospheric 

CO2 during sample preparation for can not be avoided, but the amount of calcite formed 

is normally less than the detection limit of XRD-analysis. 

The grouts containing silica fume contained small amounts of quartz, α-SiO2, which is 

one of crystalline form of SiO2. It seems obvious that the silica fume used contained 

quartz as an impurity. Quartz was detected in the specimens both prior to and after 

leaching. 

The presence of the so-called AFt-phase (ettringite Ca6Al2(OH)12(SO4)3·26H2O) seemed 

to be connected especially to the specimens that had been leached at 12ºC, as its content 

was low, if not negligible, in the specimens that had been leached at 50ºC. In addition, 

some of the specimens contained small amounts of the so-called AFm-phase 

(monosulphate Ca4Al2(OH)12(SO4)·6H2O). Its presence on the other hand seemed to be 

restricted only to the specimens that had been exposed to saline leachate.  
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Table A1-9.  The content of crystalline compounds in the injection grouts prior to and 
after leach testing. Fresh leachate=ALL-MR, saline leachate=OL-SR. 

specimen   Ca(OH)2 CSH C4AF AFt AFm α-SiO2 
C2S/C3S/ 
CaCO3 

UF-00-08-2  (high-pH) initial => +++  + +  - ++ 

AL-MR 12ºC  +++ + (+) ++ - - + 

AL-MR 50ºC  +++ ++ (+) - - - + 

OL-SR  12ºC  +++ + (+) + + - + 

OL-SR  50ºC  +++ ++ (+) - + - + 

UF-00-12-1   (high-pH) initial => +++  + +  - ++ 

AL-MR 12ºC  +++ + (+) ++ - - + 

AL-MR 50ºC  +++ ++ (+) - - - + 

OL-SR  12ºC  ++ + (+) + ++ - + 

OL-SR  50ºC  ++ ++ (+) - + - + 

UF-15-08-2.8 (medium-pH) initial => ++  + +  + + 

AL-MR 12ºC  ++ + (+) ++ - (+) + 

AL-MR 50ºC  + + (+) (+) - (+) + 

OL-SR  12ºC  - + (+) + + (+) + 

OL-SR  50ºC  (+) + (+) (+) - (+) + 

UF-15-10-2.8 (medium-pH) initial => ++  + +  + + 

AL-MR 12ºC  + + - ++ - + + 

AL-MR 50ºC  (+) + - + - + + 

OL-SR  12ºC  (+) + - + + + + 

OL-SR  50ºC  (+) + (+) (+) - + + 

UF-15-10-0   (medium-pH) initial => ++  + +  + + 

AL-MR 12ºC  + + - ++ - + + 

AL-MR 50ºC  (+) + - + (+) + + 

OL-SR  12ºC  (+) + - + + + + 

OL-SR  50ºC   (+) + - - - + + 

UF-15-14-2.8 (medium-pH) initial => ++  + +  + + 

AL-MR 12ºC  + + (+) ++ - (+) + 

AL-MR 50ºC  + + (+) - - (+) + 

OL-SR  12ºC  (+) + (+) + + (+) + 

OL-SR  50ºC  (+) + (+) - - (+) + 

UF-41-09-4   (low-pH) initial => (+)  (+) +  + + 

AL-MR 12ºC  (+) + - (+) - + (+) 

AL-MR 50ºC  - + (+) - - + (+) 

OL-SR  12ºC  (+) + (+) (+) - + (+) 

OL-SR  50ºC  (+) + (+) - - + (+) 

UF-41-14-4   (low-pH) initial => +  (+) +  + + 

AL-MR 12ºC  - + (+) (+) - + (+) 

AL-MR 50ºC  - + (+) - - + (+) 

OL-SR  12ºC  (+) + (+) (+) - + (+) 

OL-SR  50ºC   - + (+) - - + (+) 

 +++  strong       ++  medium       +   weak      (+)  very weak   -   not detected 
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Chemical composition of the grout specimens (XRF)  

 

The chemical compositions are presented in Table A1-10 for the high- and low-pH 

grouts and in Table A1-11 for the medium-pH grouts. The XRF results both before and 

after leaching are included. The main components are given in oxide form and the 

auxiliary components in element form, all as weight-%. The results may be slightly 

biased due to the presence of leachate remaining inside the pore structure of a specimen, 

as well as on the surface of the dried specimen. Thus the remaining leachate becomes 

included in the analysis and especially the saline leachate with high ionic content may 

show somewhat greater bias. The presence of Br in the results of the saline experiments 

is a clear indication of the leachate in the specimens. Accordingly, the high contents of 

Ca, Na, Mg and Cl in the saline leachate may also result in somewhat biased values. 

The Ca and Si contents of the grout specimens reflected the division of the grouts to 

high-, medium- and low-pH grouts, as would be expected.  

Comparison of Ca contents of the leached grout specimens with the initial ones showed 

distinct decrease in the case of all other grout specimens except the high-pH grouts, and 

especially those leached at 50ºC in both leaching solutions. Similar trends of higher Ca 

contents in specimen leached at 50ºC were observed for other grouts, as well. The 

solubility of calcium substances e.g. carbonates and sulphates decrease as temperature 

increases, and high amounts of released Ca may promote precipitation of these phases. 

The content of Si was distinctly decreased in the leached low-pH grout specimens when 

compared with the initial specimens. The release of Si from the low-pH grouts was also 

seen in the leachate analyses (Figure A1-15). A slight decrease was also observed in the 

case of the medium-pH grout specimen, but no significant changes were observed in the 

results of the high-pH specimens. No clear trend of the effect of the two temperatures 

could be observed either. 

As is expected based on the leachate analyses Na and K contents of the solids showed 

decreased values in all fresh experiments at both temperatures and K in addition also in 

all saline experiments. In the saline experiments the higher Na content than in the initial 

specimens is partly a result of Na remained in the pore space and on the other hand 

absorption of Na by the specimens as indicated by the leachate results (Figure A1-11). 

This same reasoning applies to Cl at least partly, but on the other hand, additional 

possibilities for the higher Cl results in the saline experiments may be the formation of 

Friedel‟s salt, Kuzel‟s salt, or an iron containing analogue of Friedel‟s salt, as well as Cl 

being bound in calcium silicate hydrate (Brown and Bothe Jr. 2004).When the results of 

the leached specimens are compared between the two temperatures the Cl-trend shows 

decreased values for the higher temperature experiments, while for Na the trend is the 

opposite. 

Sulphur results did not differ much between the initial and leached specimens, only a 

slight decrease was observed in all other cases except the high-pH grouts. Otherwise a 

general trend between the two temperatures was that less S was present at 50ºC than at 

12ºC. These trends were more prominent in the low-pH experiments. This is in good 

agreement with the leachate analyses (Figure A1-17). 

The differences in the Fe contents between the leached and initial specimens were 

marginal, however, a slightly increased amounts of Fe is present in all the leached high-

pH grout specimens. Generally, in comparison with the initial specimens the contents of 
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Al seemed slightly decreased in the medium-pH grout experiments and slightly more 

decreased in the low-pH grout experiments. All Fe and Al results from the leachates 

were below detection limit. 
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Table A1-10.  XRF results in weight % for the high- and low-pHgrout specimensprior to leaching (Initial) and after leaching in fresh (ALL-

MR) and saline (OL-SR) solutions at both temperatures, 12ºC and 50ºC.   

  
   UF-00-08-2   (high-pH)    UF-00-12-1   (high-pH)   

UF-41-09-4   (low-pH) 
  

UF-41-14-4   (low-pH) 

   AL-MR OL-SR   AL-MR OL-SR   AL-MR OL-SR   AL-MR OL-SR 

  Initial  12ºC  50ºC  12ºC  50ºC Initial  12ºC  50ºC  12ºC  50ºC Initial  12ºC  50ºC  12ºC  50ºC Initial  12ºC  50ºC  12ºC  50ºC 

  w-% 24.6 25.0 23.8 24.3 w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% 

                                   

CaO 46.7 42.9 47.8 42.2 46.0 47.9 42.0 46.9 40.4 45.5 28.5 24.6 25.0 23.8 24.3 29.1 23.9 22.8 22.3 22.8 

MgO 0.68 0.66 0.68 0.64 0.63 0.70 0.66 0.72 0.65 0.77 0.58 0.50 0.48 0.55 0.82 0.64 0.50 0.44 0.64 0.86 

SiO2 18.1 17.4 19.2 16.9 17.4 19.4 19.3 20.5 17.9 18.1 43.5 33.9 34.6 34.5 35.2 44.5 34.7 31.5 34.0 33 

Al2O3 2.5 2.4 2.7 2.4 2.5 2.8 2.5 3.0 2.5 2.6 2.1 1.6 1.6 1.6 1.6 2.4 1.6 1.5 1.6 1.8 

Na2O 0.21 0.04 0.04 0.24 0.29 0.25 0.01 0.07 0.45 0.52 0.53 0.13 0.09 0.56 0.68 0.52 0.08 0.07 0.92 0.94 

K2O 0.46 0.02 0.07 0.05 0.05 0.50 0.04 0.08 0.08 0.02 0.59 0.19 0.16 0.15 0.09 0.61 0.09 0.1 0.1 0.1 

Fe2O3 3.2 3.4 4.0 3.4 3.5 3.3 3.6 4.2 3.6 3.6 1.9 1.8 1.8 1.6 1.7 2.0 1.7 1.6 1.6 1.8 

SO3 2.0 2.1 1.9 1.9 1.6 1.9 2.1 1.7 2 1.5 1.7 1.3 1.0 1.3 1.0 1.7 1.3 0.62 1.3 0.75 

P 0.05 0.05 0.05 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.04 0.03 0.03 0.03 0.03 0.04 0.03 0.02 0.03 0.03 

Cl 0.01 0.11 0.05 2.4 2.0 0.01 0.09 0.05 3.1 2.8 0.03 0.03 0.02 1.1 0.87 0.04 0.02 0.01 1.5 1.4 

Ti 0.1 0.11 0.14 0.11 0.12 0.12 0.12 0.13 0.12 0.14 0.06 0.07 0.07 0.05 0.06 0.08 0.06 0.05 0.05 0.06 

Cr 0.02 0.01     - 0.01       - 0.02 0.01 0.01 0.02       -     -     -     -       -       -     -       -     -       -       - 

Mn 0.16 0.17 0.18 0.17 0.18 0.17 0.17 0.22 0.18 0.2 0.12 0.09 0.1 0.08 0.1 0.11 0.09 0.09 0.08 0.12 

Zn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Sr 0.03 0.01     - 0.01 0.01 0.03     -       - 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 

Zr 0.01     - 0.01     - 0.01 0.01     -       - 0.01       - 0.01     -     -       -       - 0.01       -     -       -       - 

Ba 0.02     -     -     -       - 0.03     -       -       -       - 0.02     -     - 0.02 0.02 0.03       -     - 0.02       - 

Br      -     - 0.03 0.02       -       - 0.03 0.02       -     - 0.02 0.01         -     - 0.02 0.01 

                             

l.o.i.-1 9.8 7.2 2.4 5.9 3.4 7.6 3.2 1.4 3.9 1.6 7.6 16.4 14.8 15.1 13.3 5.5 14.6 22.3 16.2 14.3 

l.o.i.-2 15.5 22.9 20.2 23.2 22.3 15.2 26.1 21 25.2 23.2 11.9 19.2 19.4 20.5 20.6 12.2 21.6 17.9 21.1 22.1 

  99.56 99.49 99.43 99.61 100.06 100 99.96 100.04 100.21 100.64 99.21 99.87 99.18 100.99 100.41 99.51 100.29 99.03 101.49 100.1 
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Table A1-11.  XRF results in weight % for the medium-pH grout specimens prior to leaching (Initial) and after leaching in fresh (ALL-MR) 

and saline (OL-SR) solutions at both temperatures, 12ºC and 50ºC.   

  
  

UF-15-08-2.8 
  

UF-15-10-2.8 
  

UF-15-10-0 
  

UF-15-14-2.8 

   AL-MR OL-SR   AL-MR OL-SR   AL-MR OL-SR   AL-MR OL-SR 

  Initial  12ºC  50ºC  12ºC  50ºC Initial  12ºC  50ºC  12ºC  50ºC Initial  12ºC  50ºC  12ºC  50ºC Initial  12ºC  50ºC  12ºC  50ºC 

  w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% w-% 

                                  

CaO 40.3 37.1 39.2 36.0 35.9 39.7 36.2 38.7 33.6 36.2 39.6 36.3 38.8 33.9 37.6 40.9 35.6 38.3 33.3 33.6 

MgO 0.64 0.54 0.61 0.67 0.58 0.65 0.54 0.58 0.63 0.63 0.67 0.56 0.58 0.63 0.65 0.71 0.61 0.67 0.71 0.68 

SiO2 27.0 22.7 26 23.6 23.6 27.5 22.9 25.6 22.9 26.6 27.4 23 25.7 23 26.7 28.3 24.2 26.2 24.4 24.7 

Al2O3 2.3 2.2 2.3 2.1 2.1 2.4 2.1 2.3 2.0 2.4 2.6 2.1 2.1 2.1 2.4 2.6 2.4 2.5 2.4 2.4 

Na2O 0.32 0.03 0.04 0.22 0.39 0.35 0.03 0.03 0.34 0.49 0.22 0.03       - 0.34 0.48 0.41 0.07 0.07 0.71 0.74 

K2O 0.53 0.04 0.04 0.06 0.02 0.53 0.04 0.04 0.06 0.11 0.55 0.04 0.01 0.04 0.1 0.56 0.07 0.07 0.08 0.08 

Fe2O3 2.7 2.6 2.9 2.5 2.8 2.6 2.8 3.0 2.4 2.9 2.7 2.7 2.9 2.6 2.9 2.8 2.9 3.2 2.8 2.8 

SO3 1.9 1.8 1.7 1.7 1.4 1.8 1.7 1.6 1.6 1.1 1.6 1.5 1.4 1.4 0.96 2.0 1.9 1.2 1.7 0.86 

P 0.05 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.04 

Cl 0.02 0.09 0.04 2.5 1.7 0.02 0.09 0.04 2.3 1.8 0.02 0.09 0.03 2.4 1.9 0.02 0.07 0.03 2.4 2.2 

Ti 0.1 0.09 0.1 0.08 0.09 0.09 0.08 0.1 0.08 0.1 0.09 0.09 0.09 0.09 0.1 0.09 0.1 0.1 0.09 0.11 

Cr     -     -       - 0.01     -     - 0.01 0.01       -       -     -     - 0.01     -       -     -     -     - 0.01     - 

Mn 0.14 0.13 0.16 0.13 0.15 0.16 0.14 0.16 0.14 0.13 0.15 0.12 0.15 0.13 0.15 0.15 0.14 0.15 0.14 0.14 

Zn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Sr 0.02 0.02 0.01 0.01 0.01 0.02 0.01       - 0.01 0.01 0.02 0.01       - 0.01 0.01 0.02     -     - 0.01 0.01 

Zr 0.01     -       -       -     - 0.01     -       -       -       - 0.01     -       -     -       - 0.01     -     -     -     - 

Ba 0.02     -       - 0.02     - 0.03     -       -       -       - 0.02     -       -     -       - 0.02     -     -     -     - 

Br      -       - 0.03 0.02       -       - 0.03 0.02       -       - 0.03 0.02        - 0.03 0.02 

                            

l.o.i.-1 10.1 11.7 6.6 8.2 8.3 8.5 10.8 7.8 11.0 4.3 8.8 10.6 7.6 10.4 4.1 5.8 5.9 5.6 5 3.9 

l.o.i.-2 13.5 20.6 20.7 23.1 22.8 14.9 21.9 21 23 23.4 14.6 21.5 20.8 22.8 23.4 14.8 25.4 20.8 25.8 27.1 

  99.66 99.69 100.45 100.98 99.91 99.32 99.39 101.01 100.14 100.24 99.1 98.69 100.22 99.92 101.52 99.25 99.41 98.94 99.63 99.39 
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Microstructure of the grouts (SEM/EDS) 

 

SEM/EDS examinations were performed for each grout type prior to leaching and after 

leaching. One of the two specimen discs was used for the analyses. Results were 

obtained for both temperatures and both leach solutions. For each specimen disc (initial 

and leached) the examination was performed both on one of the leached surfaces and 

after splitting the disc on the surface of the fractured cross-section (indicated below). 

 

 

 

 

 

SEM photomicrographs were taken with three magnifications, 250-fold, 1 000-fold and 

10 000-fold. The photomicrographs of some selected samples are presented here. The 

results of EDS (as compound w-%) are gathered in Table A1-12 and EDS A1-13 for 

12ºC and 50ºC, respectively. The SEM and EDS results are indicative of the general 

observations of the specimens. The EDS results are comparable to the area shown in the 

photomicrographs taken with 1 000-fold magnification.  

 

SEM 

Some general observations of the SEM photomicrographs: 

All specimen surfaces leached at 12ºC in the fresh leachate showed morphology that 

resembles carbonate precipitates and only two medium-pH specimens leached at 50ºC 

(Figures. A1-2 and A1-3) showed similar morphology on the surface. The fresh leachate 

contains initially some bicarbonate and may thus cause calcite precipitation at alkaline 

pH. 

Comparison of the SEM photomicrographs of the surfaces and fractured cross-sections 

of low-pH grouts;  

 The initial specimen cross-section morphologies (Figures A1-4 and A1-5) show 

distinct spherical particles of varying small sizes (pointed with orange arrows). 

Similar particles are seen on the cross-sections of specimens leached at 12ºC in 

OL-SR(pointed with orange arrowsin Figures A1-6 and A1-7). The spherical 

particles are probably silica particles that have not reacted. More of such 

particles are seen on the cross-section of the specimen with higher W/DM (1.4) 

ratio.The microstructure of the leached surfaces on these specimens looks quite 

different. 

 At 50ºC leached in OL-SR (Figures A1-8 and A1-9) the surface of the 

specimens is covered with some smoothly formed substance, which with higher 

magnification appears to be quite roundish. 

The medium-pH grouts leached at both temperatures in the saline leachate show rather 

similar surface morphologies at high magnification. 

 

 

 

 

surface fractured 
cross-section 
surface 
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50ºC    ALL-MR 

UF-15-08-2.8 

Leached surface Specimen cross-section 

 
250 x 

 

 
1000 x 

 

 
10 000 x 

 

 

Figure A1-2. SEM micrographs of UF-15-08-2.8 Leached at 50ºC in the fresh leachate. 
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50ºC    ALL-MR 

UF-15-10-2.8 

Leached surface Specimen cross-section 

 
250 x 

 

 
1000 x 

 

 
10 000 x 

 

 

Figure A1-3. SEM micrographs of UF-15-10-2.8 Leached at 50ºC in the fresh leachate. 
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Prior to leaching   UF-41-09-4 

Secimen surface Specimen cross section 

 
250 x 

 

 
1 000 x 

 

 
10 000 x 

 

 

Figure A1-4. SEM micrographs of  UF-41-09-4 prior to leaching.  
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Prior to leaching   UF-41-14-4 

Secimen surface Specimen cross section 

 
250 x 

 

 
1 000 x 

 

 
10 000 x 

 

 

Figure A1-5. SEM micrographs of  UF-41-14-4 prior to leaching.  
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12ºC    OL-SR 

UF-41-09-4 

Leached surface Specimen cross-section 

 
250 x 

 

 
1 000 x 

 

 
10 000 x 

 

 

Figure A1-6. SEM micrographs of UF-41-09-4 leached at 12ºC in the saline leachate. 
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12ºC    OL-SR 

UF-41-14-4 

Leached surface Specimen cross-section 

 
250 x 

 

 
1 000 x 

 

 
10 000 x 

 

 

Figure A1-7. SEM micrographs of UF-41-14-4 leached at 12ºC in the saline leachate. 
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50ºC    OL-SR 

UF-41-09-4 

Leached surface Specimen cross-section 

 
250 x 

 

 
1000 x 

 

 
10 000 x 

 

 

Figure A1-8. SEM micrographs of UF-41-09-4 leached at 50ºC in the saline leachate. 
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50ºC    OL-SR 

UF-41-14-4 

Leached surface Specimen cross-section 

 
250 x 

 

 
1000 x 

 

 
10 000 x 

 

 

Figure A1-9. SEM micrographs of UF-41-14-4 leached at 50ºC in the saline leachate. 
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EDS 

Some rather general remarks of the EDS results (Table A1-12 and Table A1-13) are 

given in the following. In the tables the results have been calculated from the EDS 

spectra as compound w-%, see Figure A1-10. 

 

Figure A1-10. An example of an EDS-spectrum and calculation results in the attached 

table given as compound w-%. 

In all EDS spectra Ca and Si were the major componentsdetected, and Al, Fe, S, and Mg 

were minor ones. Cl was detected only in specimens leached in saline leaching solution 

(OL-SR). Cu and Zn are elements of the brassy sample holder and are thus mostly 

artefacts. (Note! Empty spaces in the tables stand for not detected = below 0.3 

compound w-%). 

Cement amount in the grout mixtures was reflected in the results of Ca in the initial 

specimens. At both temperatures higher Ca was observed on the leached surface than on 

the fractured cross-sections for the grout specimen leached in fresh solution. Only in the 

case of the high-pH grouts the difference in Ca-content between the surfaces was minor. 

For the specimen leached in saline leachate with high initial Ca-content the observed Ca 

amounts were in most cases higher on the cross-section or the observed difference was 

rather minor. 

Like Ca also Si amounts observed in the initial specimens reflected the grout 

compositions. In most cases the Si amount observed on the fractured cross-surface was 

higher or about the same as on the leached surface. In the case of the low-pH specimen 

leached at both temperatures Si content observed on the surface indicated clear 

depletion in comparison to the fractured cross-surface, which reflects the results 

obtained in analysed leachate samples. 

The presence of Cl was not observed in any specimens prior to leaching or after 

leaching in the fresh experiments at 12ºC, while after leaching all specimens leached in 

saline solution contained Cl both on the leached surface and the fractured cross-section. 

This is in agreement with Cl diffusing into the grout materials. 

Some Mg was observed in all original specimens on the surface but on the cross-section 

exceptions were observed in the case of both high-pH and two medium-pH (W/DM=0.8 

and 1.0without SPL) grout; no detection. Generally leaching resulted in increased Mg 

amounts on the leached surfaces; clearly observed in all the experiments in saline 

leachate at 12ºC and at 50ºC for the low-pH grouts and two medium-pH grouts 

Element Compound Cmpd Wt% 

Al Al2O3 2.98 

Si SiO2 10.03 

S SO3 1.36 

Ca CaO 68.51 

Fe Fe3O4 7.57 
Zn ZnO 2.78 

P P2O5 0.23 

K K2O 0.35 

Mg MgO 0.17 

Cu CuO 6.03 

C   

O   

Total Total 100.00 
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(W/DM = 1.0 without SPL and 1.4). On the fractured cross-surface clearly higher Mg 

amounts were observed only at 50ºC for one high-pH (W/DM = 1.2) and one medium-

pH (W/DM = 0.8) experiment in saline solution.  

The presence of Fe was observed in all grout specimens both before and after leaching. 

Slightly higher amount was observed on the fractured cross-section in all initial 

specimens. The differences between the observed values were quite small and 

indicative. In general, slightly less Fe was observed in the leached specimen than the 

initial ones and lightly less on the leached surfaces than on the cross-sections indicating 

some removal as a result of leaching.  

No significant differences were seen in the contents of Al in the initial specimens 

between the specimen surface and the cross section. Only in the high-pH specimens 

slightly higher contents were detected on the specimen surfaces and similar result was 

seen in the high-pH specimens leached at 12ºC in fresh leachate (ALL-MR). Other 

results in both leachates at 12ºC showed somewhat higher or quite equal contents of Al 

on the fractured cross-sections and surfaces. At 50ºC both low-pH specimen results in 

both leachates showed lower Al content on the surface than on the cross-section, while 

the results of the other specimens varied without a clear trend. 

At 12ºC the initial specimens generally showed slightly higher or almost even amount 

of S on the cross-section. Also all the leached specimens showed higher amounts on 

cross-section than on the surface. 
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Table A1-12. EDS results (as compound w-%) for the initial grout specimens and those 

leached at 12º C. No value given = not detected, the detection limit was 0.3 cmpd w-%. 

Specimen ID     Al2O3 SiO2 SO3 CaO Fe3O4 ZnO P2O5 K2O MgO CuO Cl 

                           

UF-00-08-2    initial surface 4.0 25.8 3.4 61.0 2.7   0.5 1.4 1.1     

(high-pH)    cross 2.2 17.6 3.2 70.2 5.1   0.8     

  ALL surface 3.0 10.0 1.4 68.5 7.6 2.8   0.4   6.0   

    cross 2.5 19.3 3.0 66.7 6.0 0.4 0.4   0.4 1.1   

  OL surface 3.2 14.1 1.9 55.3 2.5       19.6   3.0 

    cross 3.6 23.8 3.3 61.6 3.6   0.3   0.7   2.9 

UF-00-12-1   initial surface 3.0 20.8 2.6 66.8 4.7   1.5 0.4    

(high-pH)     cross 1.9 17.5 2.9 70.6 5.7   0.9     

  ALL surface 4.5 29.9 4.0 56.3 3.8   0.4   0.9     

    cross 3.2 24.7 4.1 60.0 5.5 0.5     0.6 1.2   

  OL surface 1.9 7.4 1.3 74.1 2.2   0.6   4.5   7.9 

    cross 4.2 22.7 2.4 61.1 3.4   0.3   1.0   4.5 

UF-15-08-2.8   initial surface 2.7 32.9 2.5 56.7 3.7   0.7 0.5    

 (medium-pH)   cross 1.9 27.3 3.1 62.4 4.6        

  ALL surface 2.4 26.2 2.1 64.0 3.2   0.4   1.3     

    cross 3.4 34.3 3.3 54.6 3.2       0.8     

  OL surface 0.4 1.9 0.4 20.7         74.5   1.2 

    cross 2.9 29.3 2.6 56.6 3.5   0.4   0.5 0.3 3.9 

UF-15-10-2.8  initial surface 2.8 30.7 2.7 56.7 4.1   2.2 0.4    

  (medium-pH)   cross 2.9 32.1 3.2 56.2 4.6    0.4    

  ALL surface 2.2 25.7 2.4 64.9 3.4   0.4   0.9     

    cross 3.0 32.6 3.5 56.3 3.5       0.5     

  OL surface 1.7 6.7 0.8 25.5 0.9       61.9   2.4 

    cross 3.3 34.1 3.0 51.2 2.9       0.7   4.2 

UF-15-10-0  initial surface 2.7 33.9 1.9 54.8 3.6   2.6 0.4    

  (medium-pH)   cross 2.6 32.8 2.5 56.9 4.4        

  ALL surface 2.6 27.4 1.7 63.5 2.9       1.2     

    cross 3.7 38.3 2.7 50.8 3.4       0.7     

  OL surface 1.8 9.2 0.9 37.8 2.0       45.1   2.7 

    cross 2.3 29.1 2.2 57.8 3.6   0.3   0.4   4.2 

UF-15-14-2.8  initial surface 2.8 31.8 2.4 57.1 4.2   1.2 0.4    

  (medium-pH)   cross 2.8 30.0 3.4 57.1 5.2   0.5 0.5    

  ALL surface 1.8 19.7 1.9 72.2 2.6   0.4   1.2     

    cross 3.1 33.7 3.7 54.9 3.5   0.4   0.7     

  OL surface 1.8 7.5 1.0 27.7 1.8       56.6   3.5 

    cross 3.4 13.8 1.5 36.7 1.6       38.8   4.0 

UF-41-09-4   initial surface 2.0 49.3 2.1 42.1 2.8   0.9 0.3    

(low-pH)    cross 2.3 48.9 3.0 41.5 3.1   0.6 0.4    

  ALL surface 0.8 2.6 1.2 92.3 0.3   2.1   0.5     

    cross 2.8 52.1 2.8 38.6 2.3       0.9     

  OL surface 2.2 52.0 1.3 40.1 2.0       1.1   0.9 

    cross 2.3 48.2 2.3 41.7 2.4       0.5   1.9 

UF-41-14-4   initial surface 2.2 48.2 2.5 42.2 3.4   0.9 0.3    

(low-pH)    cross 2.4 47.4 3.2 41.8 3.8   0.7 0.5    

  ALL surface 0.4 10.9  86.3 1.3   0.5         

    cross 3.0 54.4 3.0 36.1 2.1       1.0     

  OL surface 0.7 24.1 0.3 9.9 0.5       61.8   2.7 

    cross 2.5 51.2 2.5 37.9 2.3       0.6   3.0 
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Table A1-13. EDS results (as cmpd w-%) for the initial grout specimens and those 

leached at 50º C in fresh (ALL) and saline (OL) leaching solutions. No value given = 

not detected, the detection limit was 0.3 cmpd w-%. 

Specimen ID     Al2O3 SiO2 SO3 CaO Fe3O4 ZnO P2O5 K2O MgO CuO Cl 

              

UF-00-08-2    initial surface 4.0 25.8 3.4 61.0 2.7  0.5 1.4 1.1    

(high-pH)     cross 2.2 17.6 3.2 70.2 5.1   0.8     

  ALL surface 3.4 24.0 2.6 64.4 4.0   0.4 0.4 1.0     

    cross 1.9 16.1 2.7 73.4 5.2   0.4         

  OL surface 2.2 20.8 2.5 66.2 4.2       0.3 0.8 2.6 

    cross 1.3 7.9 1.1 77.7 7.8 0.7 0.4     1.7 1.6 

UF-00-12-1   initial surface 3.0 20.8 2.6 66.8 4.7   1.5 0.4    

 (high-pH)    cross 1.9 17.5 2.9 70.6 5.7   0.9     

  ALL surface 2.4 18.9 2.0 70.0 4.8   0.8   0.8     

    cross 2.2 19.6 2.7 69.7 4.6   0.4   0.6     

  OL surface 2.0 17.6 2.1 67.4 6.1   0.4   0.4 0.4 3.4 

    cross 2.5 14.3 1.0 66.9 3.2   0.4   6.5   4.8 

UF-15-08-2.8   initial surface 2.7 32.9 2.5 56.7 3.7   0.7 0.5    

(medium-pH)    cross 1.9 27.3 3.1 62.4 4.6        

  ALL surface 1.9 20.6 0.5 70.1 5.0       1.3     

    cross 2.8 31.2 3.7 57.5 4.0       0.5     

  OL surface 1.6 17.3 2.0 69.7 3.9   0.6     0.1 4.5 

    cross 1.3 4.4 0.5 70.7 1.4   0.8   18.5   2.1 

UF-15-10-2.8  initial surface 2.8 30.7 2.7 56.7 4.1   2.2 0.4    

(medium-pH)    cross 2.9 32.1 3.2 56.2 4.6    0.4    

  ALL surface 1.7 11.1 1.0 80.1 2.6   1.5   1.5     

    cross 1.6 19.8 2.4 69.9 5.4   0.4         

  OL surface 2.1 26.4 2.2 59.0 4.5           5.0 

    cross 2.7 28.4 1.8 57.8 4.4       0.4 0.4 3.5 

UF-15-10-0  initial surface 2.7 33.9 1.9 54.8 3.6   2.6 0.4    

(medium-pH)    cross 2.6 32.8 2.5 56.9 4.4        

  ALL surface 2.5 27.5 0.4 63.3 3.8   0.4   1.7     

    cross 2.4 28.8 3.1 60.2 4.5   0.4   0.4     

  OL surface 2.3 7.3 0.3 58.8 2.2       24.2   4.1 

    cross 1.9 20.8 1.3 65.5 5.9   0.4       3.7 

UF-15-14-2.8  initial surface 2.8 31.8 2.4 57.1 4.2   1.2 0.4    

(medium-pH)    cross 2.8 30.0 3.4 57.1 5.2   0.5 0.5    

  ALL surface 1.4 15.5 0.9 77.1 3.4   0.4   1.1     

    cross 1.9 26.5 1.3 64.3 5.2   0.4         

  OL surface 5.2 10.7 0.5 36.6 2.2       37.5   6.6 

    cross 2.0 26.2 1.7 59.9 4.5           4.7 

UF-41-09-4   initial surface 2.0 49.3 2.1 42.1 2.8   0.9 0.3    

(low-pH)    cross 2.3 48.9 3.0 41.5 3.1   0.6 0.4    

  ALL surface 0.6 4.0 1.0 90.7 1.3   1.6 0.4       

    cross 2.4 49.9 1.5 42.3 3.2     0.4 0.5     

  OL surface 0.8 52.4 0.5 4.6 1.3       37.8   1.8 

    cross 2.5 49.7 2.1 39.8 2.6       0.8   1.7 

UF-41-14-4   initial surface 2.2 48.2 2.5 42.2 3.4   0.9 0.3    

(low-pH)    cross 2.4 47.4 3.2 41.8 3.8   0.7 0.5    

  ALL surface 0.6 4.9 0.8 90.0 1.6   1.5 0.4       

    cross 2.3 48.4 1.1 43.4 3.6       0.6     

  OL surface 0.9 52.3 0.3 9.6 0.9       32.7   3.1 

    cross 1.6 35.8 1.5 51.4 4.3           4.5 
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Leach solution results 

 

Leach testing was continued up to 219 days. The analytical results of cumulative 

concentrations of the soluble leached constituents from the grout samples are shown in 

Figures from A1-11 to A1-18, for both leachates and both test temperatures. In the 

figures the order of graphs is the same as in Table A1-1 according to the classification 

of the grouts. 

In general, the differences in the measured pH-values and analysed constituent 

concentrations between the two leaching solutions are mostly attributed to the higher 

ionic strength of the saline leachate and the common ion effect between the leachate and 

the grout pore solutions. The difference in the concentration gradient between the 

leaching solution and the grout pore water has an effect on the dissolution behaviour, as 

well. Increased temperature decreases the solubility of some substances, e.g., portlandite 

(Ca(OH)2), while for some other substances the solubility will increase. Some phases 

may become supersaturated in the leaching solutions and result in precipitation (e.g., 

calcite CaCO3, portlandite, gypsum Ca(SO)4, brucite (Mg(OH)2). Higher temperature 

will increase dissociation of water which increases the hydrogen ion concentration. 

pH values 

The pH values could not be measured at the test temperatures, instead they were 

measured in the glove-box at 22ºC for all samples. Thus the actual pH at the higher 

temperature is somewhat lower, possibly about half a pH-unit, and at the lower 

temperature it would be a little higher. 

The expected differences between the pH-values of the two leaching solutions and two 

temperatures (Figures 4-2 and 4-3, presented in the main report) were observed likewise 

to earlier tests (Vuorinen et al. 2004); the saline leachate samples show lower pH-values 

compared to the fresh leachate samples. The low-pH grout leachates reached the target 

pH of 11 in all tests, but much faster at 50ºC.  

The difference of the pH-values in the two leachates was greater for the low-pH grouts 

(in red) than for the higher-pH grouts. The pH-values of the leachate samples of the 

low-pH grouts decreased fast at 50ºC and reached a constant level (in the fresh leachate 

around pH 11 and in the saline one around 10), while at 12ºC a decreasing trend of the 

pH values was observed. At the end of leach testing the pH-value in the fresh leachate 

had decreased down to about 10.5 and in the saline leachate to about 9.5. In the case of 

the high pH-grouts (in blue) only minor decrease was observed due to the higher 

temperature and the high ionic strength of the leachate. Medium pH-grouts (in green) 

also showed a slightly decreasing trend in both leachates at 12ºC, but at 50ºC only in the 

saline leachate slight decreasing was observed towards the end of testing.  

At a closer look of the pH values a slight effect of the W/DM ratio was seen. In the case 

of the medium-pH grouts slightly lower pH-values were obtained for the grouts with a 

higher ratio of W/DM in the fresh leachate at 12ºC and in saline leachate at 50ºC. 

The effect of temperature on the pH-values for each grout mix in the same leachate was 

also compared. The results for the medium- and low-pH grout mixes show that as the 

leaching proceeds, at some point in time the pH-value of the higher temperature exceeds 

that of the lower temperature and thereafter also remains higher (Figure 4-2 c and d, and 

Figure 4-3). This kind of trend was not seen in the case of the high-pH grout mixes 

(Figure 4-2 a and b) for which the pH-values in the 50°C tests were slightly lower. The 
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difference between the pH-values at the two temperatures in the same leachate was 

larger in the fresh leachate (AL-MR) especially in the case of the medium-pH grout 

experiments (Figure 4-2), but it was also seen in the low-pH grout experiments. The pH 

values of the 12°C tests showed a decreasing trend while the 50°C tests showed more or 

less constant pH-values after the crossing point. Similar behaviour in pH trends 

according to temperature were also observed in the saline leachate (OL-SR). The 

crossing point of the pH-values of the two temperatures occurred little earlier in the 

course of the leaching experiment in the saline leachate than in the fresh leachate in the 

case of the low-pH grout mixes while the opposite was true for the medium-pH grout 

mixes. There seems to be an effect of W/DM to the point when the pH values of the two 

temperatures cross as well (crossing points indicated by arrows in Figures 4-2 and 4-3). 

In the case of the medium-pH grouts in both leachates the changing point occurs earlier 

for lower W/DM values, while for the low-pH grouts it is clear only in the saline 

leachate experiments. 

Based on the pH-values measured at each sampling point the total release of OH
-
- ions 

into the leachates was estimated (Table A1-14). If these results are compared with the 

initial Ca, Na and K contents, of the initial alkaline elements only roughly 10 to 30% 

from the medium- and high-pH specimens and 5 to 10% from the low-pH specimens 

were leached into solution. However, the results are not conclusive, they only indicate 

what has entered the dissolved phase as colloids and particles in the leachate samples 

were not analysed and some leachates appeared quite turbid before filtration, especially 

the saline leachate in the beginning of the experiment. 

Table A1-14. Estimated total release of OH
-
-ions from each grout specimen in the 

leaching experiment. 

Specimen ID 
OH

-
 

(12
o
C) (50

o
C) 

mmol mmol 

   ALL-MR   

UF-00-08-2 high-pH 21.5 19.3 

UF-00-12-1  - " - 22.9 19.2 

UF-15-08-2.8 medium-pH 8.6 11.2 

UF-15-10-2.8  - " - 9.9 12.2 

UF-15-10-00  - " - 10.0 11.7 

UF-15-14-2.8  - " - 13.3 13.7 

UF-41-09-4 low-pH 2.5 0.9 

UF-41-14-4  - " - 3.8 1.1 

   OL-SR   

UF-00-08-2 high-pH 11.1 8.2 

UF-00-12-1  - " - 11.1 8.2 

UF-15-08-2.8 medium-pH 5.9 6.0 

UF-15-10-2.8  - " - 6.2 5.8 

UF-15-10-00  - " - 6.3 5.9 

UF-15-14-2.8  - " - 6.9 5.8 

UF-41-09-4 low-pH 0.9 0.2 

UF-41-14-4  - " - 1.8 0.3 
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Sodium (Na
+
)  

No big differences were seen between the released amounts amongst the different grout 

samples in the same leachate at the different temperatures ( Figure A1-11).  

 Fresh leachates: 

 Between the fresh leachate and the grout pore water the concentration gradient 

favours leaching of Na. Sodium release in the fresh leachate (Figures A1-11 a 

and c) increased faster in the beginning of testing and declined later gradually at 

both temperatures. At both temperatures the lowest amount of Na leached was 

from the medium-pH grout sample with no added SPL (black). A distinct 

difference between the released Na was seen in the high-pH results (blue), and in 

the medium-pH results (green), so that the grout with the highest W/DM ratio 

(1.4) released less. Depletion of Na was also observed in the corresponding 

solids (Table A1-10 and Table A1-11). 

 Saline leachates: 

 Contrary to the fresh leachates the results of saline leachates (Figures A1-11 b 

and d) at both temperatures showed depletion of Na from the initial leaching 

solution, indicating diffusion of Na into the grout samples probably due to the 

concentration gradient between the grout pore solution and the leachate. The 

behaviour was more pronounced at 50ºC, and was more pronounced in the case 

of the low-pH grouts. These results agree well with the chemical results of the 

solids (Table A1-10 and Table A1-11). 

The behaviour of the low-pH grouts was different in the saline at the two temperatures 

so that at 12ºC the grout with lower W/DM absorbed less and at 50ºC if absorbed more 

Na. 

Potassium (K
+
) 

After an initial fast releasing period K was virtually completely removed from the grout 

samples except in the case of the low-pH grouts and the medium-pH grout with the 

lowest W/DM, which showed more gradual release of K (Figure A1-12).  

For the high- and medium-pH grouts the effect of W/DM was indicative; higher ratio 

resulted in lower amount released, while in the case of the low-pH grouts the effect of 

W/DM was less pronounced in the fresh leachates. The overall amounts of K release 

were quite comparable between the two leachates and two temperatures. In the case of 

the low-pH grouts; in both leachates and at both temperatures the amount of potassium 

released turned to be higher towards the end of testing for the grout sample with lower 

W/DM, especially in the saline leachates. 

The release patterns of both Na and K were quite similar except in the saline leachate, in 

which absorption of Na was indicated instead of release. Depletion of K from the grouts 

was also detected in the chemical analysis (Table A1-10 and Table A1-11). 
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Figure A1-11. Cumulative concentrations of Na in fresh(ALL-MR) and saline OL-SR) 

leachates for tests at 12ºC and 50ºC. Note! The legend and x-axis apply to all sub-

figures. 

a) 

12ºC   ALL-MR 

b) 

12ºC   OL-SR 

c) 

50ºC   ALL-MR 

d) 

50ºC   OL-SR 
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Figure A1 -12. Cumulative concentrations of K in fresh (ALL-MR) and saline (OL-SR) 

leachates for tests at 12ºC and 50ºC. Note! The legend and x-axis apply to all sub-

figures. 

 

a) 

12ºC   ALL-MR 

b) 

12ºC   OL-SR 

c) 

50ºC   ALL-MR 

d) 

50ºC   OL-SR 
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Calcium (Ca
2+

) 

Ca was steadily released in all tests (Figure A1-13); most in the tests of high-pH grouts 

and least in the tests of low-pH grouts, as would be expected. In saline leachates at both 

temperatures Ca release was higher than in the fresh leachate, which contained some 

bicarbonate (0.03 mmol/L) and would promote precipitation of calcite, which could also 

be observed on the SEM micrographs, especially for grouts leached at 12ºC. 

Some absorption of Ca was observed in the beginning of the tests in the saline leachates 

at both temperatures (Fig. 5.1.4 b and d, Appendix 5a). At the higher temperature 

absorption was more distinct for the higher pH-grouts. This can be due to hydration 

rates that increase with increasing temperature, which may cause alterations of the 

hydrated material at the same time and have an effect on the pore solution composition.  

Slight correlation of the released amounts with W/DM was observed; higher value 

resulted in lightly higher release. Only in the saline leachate at 50ºC the medium-pH 

grouts showed a quite similar release. 

Chloride (Cl
-
) 

Chloride showed absorption by the grout samples (Figure A1-14). The physical 

processes involved in the movement of choride ions within cement-based products 

appear closer to an exchange of chloride for hydroxyl than to simple diffusion. Some 

chemical dissolution of the cement hydrates occurs in chloride environments, as well. 

Chloride ion diffusion rates are dependent on water/cement ratio and on cement type. 

The diffusivities lie in the range 0.1-1.2·10
-12

m
2
/s.  

 Fresh leachate: 

 Absorption of Cl was more pronounced at 12ºC, especially for the high- and 

medium-pH grouts. The effect of W/DM is clear; highest value results in lower 

absorption. In the case of the low-pH grouts there is some absorption in the 

beginning of testing, but later on accumulation of Cl was observed. At 50ºC the 

low-pH grouts showed no absorption of Cl and the other grouts showed some 

absorption until towards the end of testing absorption decreased.  

These results imply that in the fresh leachate the surface layer formed on the grout 

samples is most probably calcite or some mixed carbonate precipitate (e.g. dolomite 

CaMg(CO3)2). SEM photo-micrographs of the leached surfaces of the grout samples in 

the fresh leachate experiments at 12ºC, show microstructures compatible with carbonate 

forms. The capacity for absorption of chloride is reduced by carbonation of the outer 

layer, but a reduction in temperature may greatly increase the capacity.  

 Saline leachate: 

 Absorption of Cl was seen for all grout samples at both temperatures, but it was 

more prominent at 12ºC. The absorption pattern changes along testing so that 

towards the end of testing the high-pH grouts showed higher absorption 

observed for higher W/DM, while the other grouts showed an opposite 

behaviour. Cl absorption also showed an increasing trend. At 50ºC higher 

W/DM amongst the low-pH grouts showed somewhat greater absorption, also 

the high-pH grouts towards the end of testing. The medium-pH grouts followed 

more or less the same lines except the one with lowest W/DM indicating 

somewhat higher absorption at the end of testing. 
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12oC            ALL-MR               Ca

-100

0

100

200

300

400

500

600

1h 4h 1 2 3 4 5 6 9 12 16 23 30 37 44 51 58 65 72 80 86 94 10
1

10
8

11
6

12
2

12
9

13
6

14
3

15
0

16
4

17
8

19
3

20
6

22
0

sampling point [days] 

C
a

 (
m

m
o

l/
L

)

E1 0.8

E2 1.2

E3 0.8

E8 1.0

E7 1.0

E4 1.4

E5 0.9

E6 1.4

12oC            OL-SR                Ca

-100

0

100

200

300

400

500

600

1h 4h 1 2 3 4 5 6 9 12 16 23 30 37 44 51 58 65 72 80 86 94 10
1

10
8

11
6

12
2

12
9

13
6

14
3

15
0

16
4

17
8

19
3

20
6

22
0

sampling point [days] 

C
a

 (
m

m
o

l/
L

)

E1 0.8

E2 1.2

E3 0.8

E8 1.0

E7 1.0

E4 1.4

E5 0.9

E6 1.4

50oC            ALL-MR               Ca

-100

0

100

200

300

400

500

600

1h 4h 1 2 3 4 5 6 9 12 16 23 30 37 44 51 58 65 73 79 87 94 10
1

10
8

11
5

12
2

12
9

13
6

14
3

15
0

16
3

17
7

19
1

20
5

21
9

sampling point [days] 

C
a

 (
m

m
o

l/
L

)

E1 0.8

E2 1.2

E3 0.8

E8 1.0

E7 1.0

E4 1.4

E5 0.9

E6 1.4

50oC            OL-SR                Ca

-100

0

100

200

300

400

500

600

1h 4h 1 2 3 4 5 6 9 12 16 23 30 37 44 51 58 65 73 79 87 94 10
1

10
8

11
5

12
2

12
9

13
6

14
3

15
0

16
3

17
7

19
1

20
5

21
9

sampling point [days] 

C
a

 (
m

m
o

l/
L

)

UF-00-08-2

UF-00-12-1

UF-15-08-2.8

UF-15-10-2.8

UF-15-10-00

UF-15-14-2.8

UF-41-09-4

UF-41-14-4

 

Figure A1-13. Cumulative concentrations of Ca in fresh (ALL-MR) and saline (OL-

SR) leachates for tests at 12ºC and 50ºC. Note! The legend and x-axis apply to all 

sub-figures. 

a) 

12ºC   ALL-MR 

b) 

12ºC   OL-SR 

c) 

50ºC   ALL-MR 

d) 

50ºC   OL-SR 
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12oC            ALL-MR               Cl

-12

-10

-8

-6

-4

-2

0

2

4

1h 4h 1 2 3 4 5 6 9 12 16 23 30 37 44 51 58 65 72 80 86 94 10
1

10
8

11
6

12
2

12
9

13
6

14
3

15
0

16
4

17
8

19
3

20
6

22
0

sampling point [days] 

C
l 
(m

m
o

l/
L

)
E1 0.8

E2 1.2

E3 0.8

E8 1.0

E7 1.0

E4 1.4

E5 0.9

E6 1.4

 12oC            OL-SR                Cl

-500

-450

-400

-350

-300

-250

-200

-150

-100

-50

0

1h 4h 1 2 3 4 5 6 9 12 16 23 30 37 44 51 58 65 72 80 86 94 10
1

10
8

11
6

12
2

12
9

13
6

14
3

15
0

16
4

17
8

19
3

20
6

22
0

sampling point [days] 

C
l 
(m

m
o

l/
L

)

E1 0.8

E2 1.2

E3 0.8

E8 1.0

E7 1.0

E4 1.4

E5 0.9

E6 1.4

 
50oC            ALL-MR               Cl

-12

-10

-8

-6

-4

-2

0

2

4

1h 4h 1 2 3 4 5 6 9 12 16 23 30 37 44 51 58 65 73 79 87 94 10
1

10
8

11
5

12
2

12
9

13
6

14
3

15
0

16
3

17
7

19
1

20
5

21
9

sampling point [days] 

C
l 
(m

m
o

l/
L

)

E1 0.8

E2 1.2

E3 0.8

E8 1.0

E7 1.0

E4 1.4

E5 0.9

E6 1.4

 
50oC            OL-SR                Cl

-500

-450

-400

-350

-300

-250

-200

-150

-100

-50

0

1h 4h 1 2 3 4 5 6 9 12 16 23 30 37 44 51 58 65 73 79 87 94 10
1

10
8

11
5

12
2

12
9

13
6

14
3

15
0

16
3

17
7

19
1

20
5

21
9

sampling point [days] 

C
l 
(m

m
o

l/
L

)

UF-00-08-2

UF-00-12-1

UF-15-08-2.8

UF-15-10-2.8

UF-15-10-00

UF-15-14-2.8

UF-41-09-4

UF-41-14-4

 

Figure A1-14. Cumulative concentrations of Cl in fresh (ALL-MR) and saline (OL-

SR) leachates for tests at 12ºC and 50ºC. Note! The legend and x-axis apply to all 

sub-figures. 

 

a) 

12ºC   ALL-MR 

b) 

12ºC   OL-SR 

c) 

50ºC   ALL-MR 

d) 

50ºC   OL-SR 
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Silicon (Si) 

The higher amount of silica fume in the low-pH grouts was seen in the Si-release to the 

leachates (Figure A1-15) when compared with the higher-pH grout leachates, however, 

in the saline leachates the released amount was only slightly higher. The effect of higher 

temperature was prominent in both leachates, especially in the saline leachate the low-

pH grout with higher W/DM ratio released about six times more Si. 

In the saline leachates the release of Si between the grout types correlated with the 

amount of silica fume in the pastes (Table A1-1), while in the fresh leachate hardly any 

release of Si was seen. Only at 12ºC towards the end of testing some release of Si was 

seen for the medium-pH grouts except the one with the highest W/DM (1.4), and at the 

higher temperature virtually no release. The behaviour pattern of the leachate results 

correlated with the Si amount in the grout and in the case of the medium-pH grouts with 

W/DM (highest value-lowest release), while no effect of W/DM could be observed for 

the high-pH grouts. 

A closer look of the results; 

Fresh leachate: 

 For both the high- and medium-pH leachates depletion of Si was observed 

somewhat more at 50ºC. Some Si release was observed only at 12ºC towards the 

end of testing in the case of the three medium-pH grouts with lower W/DM (0.8 

and 1.0). 

Saline leachate: 

 The high-pH grouts both released about equal amounts of Si and the amount was 

minimum compared to the release from other grouts. The released amount of Si 

from both high-pH grouts at 12ºC was virtually the same, but for the medium pH 

grouts slight correlation with the ratio of W/DM (higher release-lower ratio) was 

seen. At 50ºC the higher temperature resulted to slightly higher release but 

virtually no differences within the two grout types (high and medium) was seen.  

Highest release was observed at 50ºC in the fresh leachate. In the saline leachate at both 

temperatures at a closer look of the results the trend of continuous release, even if slight, 

followed the classification of grouts into low-, medium- and high-pH grouts according 

to the amount of silica fume in the grout mixtures. On the contrary, in the fresh leachate 

slight retention of Si was observed at 50ºC, while at 12ºC the high-pH grouts showed 

retention and the medium-pH grouts showed slight retention only in the beginning of 

testing and later on release, especially those with lower W/D ratio (0.8 and 1.0). 

Sulphate (SO4
2-

) and STOT 

There is a clear difference in the leachate results of sulphate between the two 

temperatures ( Figure A1-16). At 12ºC the release of sulphate continued throughout the 

experiment in all experiments, while at the lower temperature similar trend was seen 

only in the case of the low-pH grout experiments but not quite from the beginning of 

testing. A clear difference between the two leaching solutions was observed, as well. 

Higher amount of sulphate was released into the saline leachates. Quite similar results 

were obtained for total sulphur ( Figure A1-17), except in the saline experiments at 

12ºC; the high- and medium-pH grout results showed some release in the beginning of 

testing. 
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Generally the low pH grouts released more sulphate than the other grouts, and so that 

the low-pH grout with higher W/D ratio showed somewhat higher release of sulphate 

except in the fresh leachate at 12ºC. The highest release of sulphate was observed at 

50ºC in the saline leachate for the medium-pH grout with the highest W/D ratio.  

Depletion instead of release of sulphate was observed in the case of the medium- and 

high-pH grout experiments at 12ºC in both leaching solutions. There was a clear 

difference between the fresh and saline leaching solutions so that in the fresh 

experiments the observed retention was greater.  

Magnesium (Mg
2+

) 

Magnesium results are shown in Figure A1-18. The general observation was that Mg 

was absorbed instead of remaining in the leaching solutions and only in the low-pH 

grout experiments some values in the leachate samples were above the detection limit. 

At 50ºC practically all results were below detection limit and the presence of some Mg 

was observed only in the leachate samples of the low-pH grout with lower W/D ratio. 

All the analysis results of the fresh experiment at 50ºC were below detection limit and at 

12ºC almost all, except a few single ones for which a result was obtained. The only 

exceptions where some Mg remained in the leachate samples was the saline experiment 

at 12ºC (A1-18 b). 

The saline leaching solution contains much more Mg than the fresh leaching solution, 

about 456 mg/L. Absorption of Mg by the grout specimen may be due to precipitation 

of brucite (Mg(OH)2), which is possible when the solution pH reaches values around 9-

10. Mg could also react with the Ca-containing phases to form brucite, which is less 

soluble than portlandite and hydrated Mg-silicates. Higher temperature will promote 

precipitation.  

When comparing the XRF results of initial and leached specimens (Table A1-10) higher 

Mg contents were observed in the low-pH grout specimens and the other high-pH 

specimen (W/D=1.2) leached at 50ºC. Precipitation of Mg silicates could be possible in 

the case of the low-pH grouts but brucite formation may be more probable in the case of 

the high-pH grout. 

Ca/Si 

Figure A1-19 shows the cumulative concentration ratio of Ca/Si. Only in the fresh 

leachate and for the low-pH grouts the result was presentable. After an initial high 

release of Ca the ratio reaches a rather steady value around one for both grouts at 50ºC, 

while at 12ºC higher Ca content in solution lasts longer before the ratio approaches a 

steady value around 3 reaching the specimen with higher W/DM. 
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Figure A1-15. Cumulative concentrations of Si in fresh (ALL-MR) and saline (OL-SR) 

leachates for tests at 12ºC and 50ºC. Note! The legend and x-axis apply to all sub-

figures. 

a) 

12ºC   ALL-MR 

b) 

12ºC   OL-SR 

c) 

50ºC   ALL-MR 

d) 

50ºC   OL-SR 
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Figure A1-16. Cumulative concentrations of SO4
2-

 in fresh (ALL-MR) and saline (OL-

SR) leachates for tests at 12ºC and 50ºC. Note! The legend and x-axis apply to all sub-

figures. 

a) 

12ºC   ALL-MR 

b) 

12ºC   OL-SR 

c) 

50ºC   ALL-MR 

d) 

50ºC   OL-SR 
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Figure A1-17. Cumulative concentrations of Stot in fresh(ALL-MR) and saline (OL-SR) 

leachates for tests at 12ºC and 50ºC. Note! The legend and x-axis apply to all sub-

figures.

a) 

12ºC   ALL-MR 

b) 

12ºC   OL-SR 

c) 

50ºC   ALL-MR 

d) 

50ºC   OL-SR 
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Figure A1-18. Cumulative concentrations of Mg a) in fresh (ALL-MR) leachate at12ºC 

and in saline (OL-SR) leachate b) for tests at 12ºC and c)for tests at 50ºC. Note! The 

legend and x-axis apply to both sub-figures. The line B.D. (below detection limit) gives 

the border line for complete removal of the initial leaching solution content of Mg. 

b) 

12ºC   OL-SR 

c) 

50ºC   OL-SR 

a) 

12ºC   ALL-MR 
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Figure A1-19. Cumulative molar concentration ratio for Ca/Si in the leachates at 

different sampling points in fresh (ALL-MR) leachates at both temperatures. Note! The 

legend and x-axis apply to both sub-figures.  

 

 

 

a) 

12ºC   ALL-MR 

c) 

50ºC   ALL-MR 




