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R20 PROGRAMME: FIELD TESTING OF GROUTING MATERIALS 
 
 
ABSTRACT 
 
In the year 2004 Finnish nuclear waste management organisation Posiva Oy started to 
construct an underground rock characterisation facility in Olkiluoto, Eurajoki, Western 
Finland. The ONKALO was planned to be a final disposal of spent nuclear fuel in 
Finland. This facility is going to be finished in the end of the year 2010. In ONKALO it 
is important to grout the water conductive structures to minimize the leakage of the 
inflowing groundwater in order to keep the geohydrogical environment unchanged and 
the repository conditions safe. 
 
Before the construction began the development of the grouts suitable for this demanding 
environment was started. Especially pH, the penetration ability and rheology have been 
the matter of interest.  
 
One target for the grout has been that the pH is relatively low. These grouts have 
different properties than the normal grouts. Several laboratory and field tests have been 
done for low pH grouts. The suitable recipies are studied in laboratory and the 
properties are verified in field. This work concerns the field testing of several low pH 
grout recipies. The different W/DM –ratios and SPL contents were studied. Besides the 
customary test methods, two new measurement methods were taken into use: the sand 
column test for measuring the penetration ability and the stick test for determining the 
plastic viscosity and yield value. The relationships between different properties, the 
properties as a function of the time and the effect of the W/DM –ratio and SPL content 
on the properties of the grout were studied in this work. 
 
Keywords: grout, grouting, microcement, low pH, penetration ability, rheology, 
bleeding, setting, shear strength, strength development, compressive strength, water 
leakage control  



  
 

R20-OHJELMA: INJEKTOINTIMATERIAALIEN KENTTÄKOKEET 
 
 
TIIVISTELMÄ 
 
Vuonna 2004 alettiin rakentaa Länsi-Suomessa sijaitsevaan Eurajoen Olkiluotoon 
maanalaista tutkimustilaa ONKALOa. ONKALOn on suunniteltu olevan osa Suomessa 
syntyneen ydinjätteen loppusijoitustilaa ja se valmistunee vuoden 2010 loppuun 
mennessä. Posiva Oy on ydinjätehuollosta vastaava yhtiö Suomessa. ONKALOssa on 
tehtävä kallion tiivistystä vettäjohtavissa rakenteissa, jotta tunneliin virtaavien 
vuotovesien määrä voitaisiin minimoida. Tämä on välttämätöntä geohydrologisen 
ympäristön säilymisen sekä turvallisen ydinjätteen loppusijoituksen kannalta. 
 
Ennen ONKALOn rakentamista alkoi sopivien injektointimateriaalien kehitystyö. 
Erityisesti injektointimassan pH, tunkeutumisominaisuudet ja reologia ovat olleet 
kehittämisessä tärkeässä osassa.  
 
ONKALOssa käytettävä injektointimassan on oltava pH-arvoltaan normaalisementtiä 
alhaisempaa. Alhaisen pH:n injektointimassan tunkeutuvuus- ja reologiaominaisuudet 
ovat erilaisia kuin normaaleiden sementtien vastaavat ominaisuudet. 
 
Alhaisen pH:n injektointimassoille on tehty runsaasti tutkimuksia sekä laboratorio- että 
kenttäolosuhteissa. Tämä työ koskee kenttäolosuhteissa tehtyjä sekoituskokeita. Työssä 
tutkittiin erilaisia W/DM –suhteita sekä notkistinpitoisuuksia sopivien massojen 
löytämiseksi ja erityisesti erilaisten massojen ominaisuuksien selvittämiseksi. 
Tutkimuksissa otettiin käyttöön myös uusia tutkimusmenetelmiä: hiekkakolonnikoe ja 
tikkukoe. Hiekkakolonnikokeella mitataan massan tunkeutuvuutta ja tikkukokeella 
mitataan massan myötörajaa ja plastista viskositeettia. Tässä raportissa tutkittiin 
injektointimassan ominaisuuksien suhteita toisiinsa, ominaisuuksien kehittymistä ajan 
suhteen sekä W/DM –suhteen ja notkistinpitoisuuden vaikutusta injektointimassan 
ominaisuuksiin. 
 
Avainsanat: injektointi, injektointiaine, leikkauslujuus, lujuuden kehittyminen, 
matala pH, mikrosementti, puristuslujuus, reologia, sitoutuminen, tunkeutumiskyky,  
vedenerottuminen, vuotoveden hallinta 
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LIST OF ABBREVIATIONS 
 
W/DM  = Water to dry material ratio  
 
W/C  = Water to cement ratio 
 

critb  = Critical aperture (related to grout penetration ability); all grout penetrates 

 

minb  = Minimum aperture (related to grout penetration ability); some grout starts to 
penetrate 
 
PC = Portland cement 
 
SF = Silica fume 
 
OPC = Ordinary Portland cement 
 

95d  = Grain size limit, 95 % of the material pass the sieve 

 
SPL = Superplasticizer 
 
CS = Colloidal silica 
 
PFT = pilot field test 
 
BMT = batch mixing test 
 
FT = field test 
 
LPHTEK = project concerning the technical development of low pH cements during 
2005-2006 
 
INKE = project concerning the development of grouting technology in ONKALO 
during 2006 - 2008 
 
IMA = project concerning the technical development of low pH cements during 2006-
2007 
 
IPA = project concerning the long term safety of grouting materials 
 
VTT = Technical Research Centre in Finland 
 
KTM = Royal University of Technology 
 
CTH = Chalmers University of Technology 
 
SKB = Swedish Nuclear Waste Management Company 
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THE NAMES OF THE GROUTS 
 
There is a certain logic how to name the grouts. The mix name consist 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 multiplied by 10 and the last part, QQ, is the 
superplasticizer content expressed as weight-% out of total dry material. 
 
Some mixes have been tested in earlier projects, but the name system was different. The 
table below presents the old names and corresponding new names. 
 

Old name New name 
P308 UF-41-14-3 
P308B UF-41-14-4 
P307 UF-41-12-3 
P307B UF-41-12-4 
5/5 UF-15-10-2.8 

 
 
CORRELATION COEFFICIENT 
 
Correlation coefficient R is a factor which describes how well the trend line corresponds 
to the dispersion of the measured points in diagram. The generally used classification of  
correlation coefficient is following:  If the dispersion of the points is wide the trend line 
do not describe the data and the correlation coefficient R = |�R2|  is less than 0.3. If the 
trend line corresponds moderately to the measured points the correlation is moderate 
and the correlation coefficient is 0.3-0.6. If the trend line corresponds well to the 
measured points the correlation is strong and the correlation coefficient is more than 
0.6. 
 
  Value of R = |�R2| 

Strong correlation |�R2| > 0.6 
Moderate correlation |�R2| = 0.3-0.6 
Poor correlation |�R2| < 0.3 
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1 INTRODUCTION 
 
ONKALO is an underground rock characterisation facility of which construction started 
2004 in Olkiluoto, Finland. Its construction will be completed till the end of 2010. 
ONKALO is planned to be a part of the Finnish nuclear waste repository (see 
Figure 1-1). Posiva Oy is a Finnish nuclear waste management organisation responsible 
for the final disposal of spent nuclear fuel, research on final disposal and for other 
expert nuclear waste management tasks. 
 
Grouting in ONKALO can be seen as a method to minimize groundwater inflow into 
the tunnel and thus to control the foreseen disturbances in hydrogeological environment. 
According to the investigations and the hydrogeological and geometric models made 
from the bedrock around the ONKALO, essential water bearing structures have to be 
sealed. Otherwise leakages into the tunnel will be quite too large (Riekkola et al. 2003, 
Sievänen & Riekkola 2003) and development work was implemented in the year 2003. 
Thereby, low pH grouts were suggested for grouting and sealing of ONKALO while the 
use of stay materials like cements might be limited in the future repository the materials 
to be used at ONKALO must fulfil long term requirements. The pH of ordinary 
injection grouts is harmful for the bentonite which is a buffer material around the fuel 
capsules. The releasing alkalines from the ordinary grouts can cause also alteration of 
the fracture fillings. To avoid these harmful effects the use of the low pH injection 
grouts is necessary in ONKALO. 
 
Based on the evaluation at the time, ONKALO was planned to be constructed to a depth 
of about 1000 m going through a group of fracture zone R19-structures. Thus, further 
development in grouting and grout materials was recommended (Ahokas et al. 2006). 
This assessment was based on the examinations on the upper part of the bedrock, 
monitoring, numerical modelling of groundwater inflow and development of the 
injection materials. After these estimations further development work after the fracture 
zone R19 were suggested and R20-programme was initiated. The programme aims at 
having acceptable grouting methodology before intersecting the group of R20-structures 
at the level –270 m. 
 
Different grout materials need to be developed for different grouting situations. 
Requirements for grouting and grout materials depend both on the environment around 
the underground facility and on the use of the underground facility. Properties of grout 
material like penetration ability and rheology are always of interest. In case of deep 
repositories also chemistry, durability and pH are very important.   
 
To increase the knowledge on the function of used grouts and thereby to select the best 
grouts in use in ONKALO, a project has been commenced by Posiva. The IMA – 
project (Injection Materials) is a part of the R20-programme. In addition, there are two 
other projects, IPA –project (Long Term Safety of the Grouting Materials) and INKE -
project (Injection Technology) belonging to the R20 -programme.  
 
This work is a part of the project ´Injection Materials´. The work is divided into two 
parts: literature study and field tests. The aim of this work has been to describe the grout 
properties and suitable methods to measure them for design purposes. The most 
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important grout properties examined in this work are penetration ability, rheological 
properties and early age strength development. Ordinary laboratory methods to 
characterize the grouts have been clarified at common level. Newer test methods, sand 
column and stick to determine yield value of the grout, have been studied in more detail 
in order to introduce them first time in use in ONKALO.  
 
Tests made for ordinary cement-based grouts and low pH grouts are reported here. Tests 
were made both during the actual test grouting works in ONKALO, normal grouting 
works and in batch mixing tests, which were organised separately. Tests were made on 
site in order to enhance knowledge in real conditions and thus to verify the results 
obtained in laboratory.  
 

 

 
 
Figure 1-1. Schematic plan of ONKALO and the deep repository. 
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2 ABOUT GROUTING 
 
By grouting, hydraulic conductive features and fractures in the bedrock will be sealed 
against groundwater flow. This is the most important reason also for grouting works in 
ONKALO.  
 
Different geological structures in the bedrock make it impossible to know exactly the 
right way to grout every tunnel. Surrounding environment and use of the underground 
facility have an affect on the demand of water tight in the bedrock. Sinking groundwater 
surface, cost of water to be removed from the facility and maintenance of the facility are 
factors, which really need to be taken into account. Sinking groundwater surface can 
cause collapsing of the ground and constructions, rotting of wooden piles under 
buildings, drying of wells and drying of vegetation.  
 
Grouting works can be divided in four sealing classes depending on the need of the 
injection (Finnish Concrete Association 2006). Injection of deep repositories belongs to 
the first sealing class (AA) where the allowed flow of groundwater into the tunnel is 
only ~1-2 l/min/100 m of tunnel length. 
 
Investigations and development work concerning grouting of deep repository facilities 
have been vital over decades. Posiva has carried out development works concerning 
sealing of ONKALO; some of those in collaboration with other research organisations. 
For example flow-logging and water loss measurements (Öhberg 2006) as well as rock 
samples from drill holes can give essential information about prevailing cracks on the 
test site in order to determine the need of grouting. 
 
The present conception is that only small amount of groundwater leakages can be 
tolerated at the repository because of their disturbances on the hydrogeology and 
geochemistry (Riekkola & al. 2003). Groundwater leakage into the tunnel may also 
cause problems for repository construction and operation. Disturbances caused by 
construction of ONKALO can be sinking groundwater table, penetrating surface water 
into the tunnel and rising saline ground water into the tunnel. These events can have 
harmful consequences like weakening the function of the tunnel backfilling and buffer 
bentonite around used disposal canister, or releasing alkaline and having impact on the 
drifting processes of water in the bedrock.  
 
Leakages and inflowing amount of groundwater into ONKALO have been estimated 
with analytical methods with and without supposed sealing (Riekkola et al. 2003, 
Sievänen et al. 2005) and numerically (Vieno et al. 2003, Ahokas et al. 2006). The 
disturbances caused by the groundwater inflow have been identified and the basic 
decisions of the groundwater control have been described. The inflow of groundwater 
could be limited by a careful selection of the locations of the underground facilities and 
their entrances. During construction leaking fractures and fracture zones are to be sealed 
by pre- and post-grouting. On the other hand inflow of groundwater can be limited by 
constructing watertight structures. 
 
R19 and R20 are names for large regional gently dipping structure groups or fracture 
zones in the bedrock around ONKALO (Ahokas et al. 2006). These zones are very 
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water bearing and may cause much stream of water into the tunnel and that is why both 
zones have to be taken into account when designing grouting in ONKALO. 
Intermediate estimation in 2005 by Posiva was named according to the R19 structure. 
The programme looking for the acceptable grouting methodology before intersecting the 
group of R20-structures has been named according to the R20 structure. Information in 
more detail due to the disturbances of groundwater flow into ONKALO is available in 
Riekkola et al. 2003, Sievänen & Riekkola 2003 and Ahokas et al. 2006. 
 
The development of grouting materials for the deep repository has been vital during 
several years. The use of low pH grouts (pH �11) has been found necessary in order to 
prevent pH plume around the tunnel. The low pH is thus important with respect to the 
long-term safety and a suitable chemical environment at the deep repository (Vieno et 
al. 2003).  
 
It has been found probable that in the deeper sections of ONKALO neither the standard 
cement grout nor the low pH cement grout are suitable for sealing of the smallest 
fractures (apertures under 100�m) in the rock mass (Bodén & Sievänen 2006). Large 
study in co-operation with Posiva, SKB and NUMO was carried out. The aim of the 
collaboration study was to develop low pH injection grouts and to find the optimum 
grout materials for different fractures in the deep repository. Posiva concentrated to 
study the function of the low pH cement-based grouts and SKB the function of the non-
cement-based grouts. Several laboratory analyses were done. In the project two pilot 
field tests were carried out. Pilot field test 1 (PFT–1) was carried out in Helsinki 
Kamppi-Kruunuhaka multipurpose tunnel in 2004 and pilot field test 2 (PFT-2) was 
carried out in ONKALO access tunnel in 2005.  
 
Posiva continued with the outcome of the collaboration study developing further the low 
pH cement-based grout (PC + SF + SPL) and optimising the grout properties within the 
LPHTEK –project during 2005 (Sievänen et al. 2006). The work comprised laboratory 
studies, two batch mixing tests in field conditions, the third pilot field test and 
monitoring of the test area. The third pilot field test was made in ONKALO. In the 
LPHTEK –project the low pH grout got its present composition. The low pH mix 
UF-41-14-4 and several other mixes were developed further at laboratory and the grout 
UF-41-14-4 met most of the target values both in laboratory and in field.  
 
Besides the pilot field test 3 one large-scale field test was carried out during the 
LPHTEK –project. R20 –programme concentrates on optimizing the properties of the 
low pH grout to the field conditions. Also properties like stability and durability in the 
ONKALO conditions are taken into account. In addition, the focus has been to examine 
technical properties of low pH grout in field conditions, especially concerning to the 
penetration ability and rheology of the grout.  
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3 ALTERNATIVE GROUTING MATERIALS IN ONKALO 
 
3.1 General 
 
First of all the difference between terminology used has to be clarified. In this work 
with the term grout has been meant the material penetrating into the joints to be sealed.  
 
Grouts can be divided into groups in different ways (Finnish Concrete Association 
2006). One argument is to categorize grouts due to their structure. According to the 
national Finnish standard SFS-EN 12175 grouts have been categorised to mortars, 
suspensions and solutions or chemical grouts. The suspension is the most used for rock 
grouting. The basic suspension grout is a cement paste, which is a mix of cement and 
water. Cements belongs to bingham fluids. 
 
There are also several chemical grouts available on the market today. Chemical grouts 
show typically Newtonian behaviour (Funehag 2005, Satola 2001 and Finnish Concrete 
Association 2006). Colloidal silica belongs to chemical grouts. Chemical grouts can be 
used in places, where sealing requirements are high, in post-grouting situations or when 
groundwater is flowing very fast. Some chemical grouts can cause damages for the 
environment when used incorrectly. 
 
In this work the cement based grouts (suspensions of cement and water with 
admixtures) are of interest. 
 
 
3.2 Ordinary cement based grouts 
 
3.2.1 Properties of the grout 
 
The composition and quality requirements for common cements is defined in the 
national cement standard SFS-EN 197-1. According to the standard, cement is a 
hydraulic binder and fine grinded inorganic material. When cement is mixed with water, 
it forms a paste, which binds and hardens via hydration reactions between cement and 
water. After binding and hardening, cement will keep its strength and composition even 
under water. 
 
Originally grouts were developed using very coarse-grained cements with small specific 
surface area around 300 m²/kg and high W/C ratio around 4.0 (Holt 2006). In 
development process of the grouting technology and materials the W/C ratio was 
lowered first and it was followed by the modification of components of the grout. The 
particle size of cement was ground finer; microcements were developed with specific 
surface areas up to around 1500 m²/kg and the injection ability was improved. In the 
1980s chemical admixtures like superplasticizers became more common.   
 
Grouts can be based on Portland cement, slag cement or aluminium cement (Tolppanen 
& Syrjänen 2003). Portland cement is the cement used mostly when making concrete 
and when grouting (Houlsby 1990). The main raw material of the Portland clinker is 
limestone, which main part is calcium carbonate CaCO3. The main minerals of the 
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clinker are alite C3S, belite C2S, aluminate C3A and ferrite C4AF. Each of the minerals 
has their own characteristics. Regulating their proportions it is possible to influence on 
the properties of the cement. The clinker of sulphate resistant Portland cement contains 
a reduced C3A content.  
 
Based on the grain size distribution and d95-particle size, cements can be roughly 
divided into different groups as it is introduced in Table 3-1. The Blaine value given for 
typical cement types in Table 3-2 describes the specific surface area of cement particles 
or the extend area of cement particles (Melbye et al. 2003).  
 
The cement used in ONKALO is very fine-grained sulphate resistant Portland cement. 
The basic injection grouts used in ONKALO are slurries of microcement and water, 
which lead to pH 12-13 in leachates. The 95d  -particle size of the microcement used in 

ONKALO is 16 μm, except in few structure intersections where coarse-grained cement 
are used. To enhance the properties both in fresh and hardened grout different chemical 
and mineral admixtures are used in the grout mix. The main chemical additive used in 
ONKALO is a naphthalene sulphonate based superplasticizer and the main mineral 
additive is silica fume.  
 
The components or raw materials used for main grouts in ONKALO have been 
described below: 
− Ultrafin 16 (UF) is sulphate resistant and low alkaline Portland cement, which d95 

particle size is smaller than 16 μm. 

− Grout Aid (GA) is microsilica slurry by Elkem, which bulk density is 1390 kg/m� 
− Mighty 150 is naphtalene sulphonate superplasticizer by Scancem   
 
The standard grout mix described in Table 3-3 is used for grouting in the upper sections 
of ONKALO.  
 
Table 3-1. Cement types with the typical 95d  -value (Finnish Concrete Association 

2006). 
 

Cement type d95 [μμμμm] 
Ordinary cement < 128 
Rapidly setting cements < 64 
Grouts < 30 
Microcements MFC (SFS-EN 12715) < 20 
Ultrafine cemets < 16 

 
Table 3-2. Normal cement types and typical Blaine values (from Melbye et al. 2003). 
 

Cement type Blaine [m²/kg] 
Low heat cement for massive structures 250 
Ordinary Portland cement 300-350 
Rapid hardening Portland cement 400-450 
Microcements 650-1000 
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Table 3-3. The recipe for a 1 m3 batch and the main laboratory test results of the 
standard grout UF-15-10-2.8 used in ONKALO (Raivio & Hansen 2007) 
 
Property Unit Standard grout UF-15-10-2.8 
Water  [kg] 625 
Ultrafin 16 (sulphate resistant microcement) [kg] 625 
Grout Aid (liquous microsilica, 50 % solids) [kg] 220 
Mighty 150 (naphthalene sulphonate based 
superplasticizer) 

[kg] 20.5 

W/DM  1.0 
Density  [kg/m³] 1521 
Marsh, fresh grout [s] 35 
Marsh, 1 h grout [s] 39 
Filter pump, fresh grout [ml] 310 

minb  [μm] 54 Penetrability 
meter 

critb  [μm] 148 

Shear strength, 6 h grout [kPa] 0.66-1.58 
Shear strength, 24 h grout [kPa] > 245 
Compressive strength, 1 d grout [MPa] 1.00-2.37 
Compressive strength, 28 d grout [MPa] 22.2-22.6 
Compressive strength, 91 d grout [MPa] 12.2-27.1 

 
 
The main reason to use sulphate resistant cement is to reduce the damages for the 
environment and groundwater (Holt 2006). Alkaline and different concentrators of the 
cement make it important to know the impact of grouting on the environment and 
groundwater. If the molecules in the groundwater and in the grout get into touch with 
each other, it can lead to attacks of sulphates, magnesium and chlorides and instability 
of the grout. Using sulphate resistant cement the risk of harmful molecules getting into 
the groundwater will be reduced. Using silica fume as a mineral admixture in the grout 
mix, the formation of calcium hydroxides in the groundwater will be reduced.  
 
The hydration process, in which different minerals react with each other and finally 
form a hard product, begins direct after mixing the grout (Warner 2004). The hydration 
process depends on the type of cement, temperature, additives and W/DM ratio of the 
grout. 
 
The use of the ordinary cement grout causes pH pulses in the surroundings and release 
of alkalis. These can cause risks to the long-term safety of the deep repository and that 
is why it is important to get the pH value lower than normal 12-13.  
 
 
3.2.2 Regulating the properties of the grout 
 
To regulate the properties of grouts and to prepare a good grout, many parameters in the 
suspension have to balance together. Admixtures can have an influence on stability, 
rheology (fluidity, viscosity), setting time, rate of hardness and shrinkage of the grout 
(see Table 3-4). In Table 3-4 symbol + means increasing influence on the property and 
symbol – means decreasing influence on the property of grout. 
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Table 3-4. Influence of the alteration of the recipe on the grout properties (modified 
from Eriksson & Stille 2005). 
 
 Yield value Viscosity Bleeding Setting time 
Decreased W/C ratio + + + + + + - - - - - 
Decreased temperature + + + + / - + + 
Addition of silica fume + + + + + - - - - 
Addition of minerals (clay, quartz 
sand, bentonite) 

+ + + + - - - + / - 

Addition of superplasticizer - - - - - - + + + 

 
 
The rheology of grout has a notable influence on the penetration length of grout (Satola 
2001). Increasing viscosity and yield strength means poorer fluidity and worse 
penetration ability. Strength development and rheological properties together determine 
the time needed for whole grouting cycle. They have to be considered from the 
economical point of view. Final strength of the grout is important from the durability 
point of view. Measuring and controlling properties of the grout mix, desired properties 
and the quality of the grout will be verified. 
 
 
3.3 Low pH cement based grouts and the properties of them 
 
Low pH cementitious grout is like normal cement grout but with pH –value of 11 or 
smaller which is achieved by adding silica. The low pH cementitious grout was 
developed at VTT (Technical Research Centre in Finland) (Kronlöf 2005a and 2005b). 
The recipe was further optimised at laboratory of Contesta (Sievänen et al. 2006). The 
low pH grout is planned to get to the use in deeper sections of ONKALO. 
 
The recipe was found by altering the proportions and ingredients in the ordinary cement 
grout. Actually large part of the cement was replaced with silica fume in the low pH 
grout. When silica fume/cement –ratio is > 0.69 (silica 41 % and cement 59 % of dry 
material), the low pH will be reached. High amount of silica fume makes the low pH 
grout a little stiffer (increased yield strength) than ordinary grout. In order to have 
somewhat customary W/DM ratio and suitable technical properties at the same time, 
superplasticizer is needed.  
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In the collaboration study of Posiva, SKB and NUMO two types of low pH grout were 
to be developed: low pH cement-based grout for fractures with aperture � 100�m and 
non-cement-based grout for fractures with aperture < 100�m (Bodén & Sievänen 2006). 
The results from the project were based on Bodén & Sievänen (2006). Four different 
cement-based grout systems were tested: ordinary Portland cement with silica fume, 
blast furnace slag, super sulphate cement and LAC (Japanese low alkaline cement) and 
two different non cement-based grouts were studied: colloidal silica and magnesium 
oxide. According to the studied grout systems the low pH grout based on Portland 
cement with silica fume was found to be the most promising grout mix. In the first of 
the two pilot field tests during the study (PFT-1), the sealing results with three grout 
systems, one OPC + SF –based mix and two slag + supersulphate cement –based mixes, 
were not satisfactory and re-grouting was needed. Except of fluidity, technical 
properties like penetration ability and development of the strength of the mixes showed 
satisfying results in field conditions. The conclusion was that further development of 
grouts is needed. In the second pilot field test (PFT-2) two recipes were used: as a 
reference standard grout UF-41-10-2.8 used in ONKALO with W/DM 1.0 and mix P3 
with W/DM 1.6 and silica fume. The behaviour of mix P3 was poorer than that of the 
reference grout with regard to the penetrability and fluidity. The sealing results was 
promising but not satisfying.        
 
Pilot field test 3 (PFT-3) was organized during the LPHTEK -project (Sievänen et al. 
2006). Before the pilot field test, one batch mixing test was organized, where a couple 
of mixes were tested in field conditions and thus two mixes, based on P3 –recipe, 
UF-41-14-4 and UF-41-12-4 were selected for the pilot test grouting. The sealing 
efficiency was about 90 % and small leakages were observed after grouting. The second 
batch mixing test was organized in order to verify the properties of mixes. Marsh 
fluidity, early shear strength and bleeding were found satisfying for UF-41-14-4. 
 
The comparison of the recipes for the most promising low pH grout mix UF-41-14-4 
and for other in laboratory tested grout mixes UF-41-12-4, UF-41-14-3 and UF-41-12-3 
is presented in Table 3-5. 
 
Table 3-5. The low pH grout recipes tested for ONKALO. The used cement is Ultrafin 
16 (sulphate resistant microcement), Grout Aid consists of liquous microsilica and 50 % 
solids and Mighty 150 is naphthalene sulphonate based superplasticizer. 
 
Grout type UF-41-14-4 UF-41-12-4 UF-41-14-3 UF-41-12-3 
W/DM ratio 1.4 1.2 1.4 1.2 
Sil/cem (DM) 0.69 0.69 0.69 0.69 
SPL % (DM) 4 4 3 3 
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The low pH cements are based on the reactions in which free hydrates will be generated 
much less than in the reactions of ordinary cement (Bertolini et al. 2004). The hydrates 
will develop but they are bound to the addition reactions e.g. with silica fume, in which 
more ´cement stone´ will be formed and thereby less free hydrates will stay in the 
water-cement suspension. Using higher amount of silica fume than commonly used in 
grout mixes, leachates with lower pH (< 11) will be formed and the aim of long-term 
environmental safety will be reached. 
 
The primary reason to mix silica fume with the cement is to lower the pH of the grout 
(Bodén & Sievänen 2006). The use of silica fume has in addition two positive side 
effects; bleeding in the grout can be reduced and the final strength of the grout will be 
increased. Last-mentioned side effect is not necessarily valid in ONKALO conditions. 
By grouts with high water-cement ratios for example ~ 2 and without silica fume, 
bleeding might be tens of %. There is no sedimentation happening in the low pH grouts 
of ONKALO and thus bleeding is 0 %. Silica fume raises the yield value and thus the 
viscosity of the grout and superplasticizer is needed to lower the viscosity and yield 
strength. Using superplasticizer also the W/DM ratio of the grout will be got low 
enough. Thus it will be affected on the development of strength of the grout.  Another 
important reason to use the low pH grout in ONKALO is its smaller alkaline content. 
Free alkaline may increase the dissolution of uranium oxide and decrease the function 
of bentonite as a tightness material around the used fuel capsules. Alkaline can also 
cause alterations in fracture fillings in the rock mass and thereby allow more water 
leaking into the tunnel or damages for the groundwater.  
 
The properties and results of laboratory tests for low pH grout mixes UF-41-14-4, UF-
41-12-4, UF-41-14-3 and UF-41-12-3 are in Table 3-6. Same kind of grout mixes have 
been tested in batch mixing test introduced later in this work. 
 
 
Table 3-6. The main laboratory results of low pH mixes (modified from Sievänen et al. 
2006).  
 
Property Unit UF-41-12-4  UF-41-14-3  UF-41-12-3  UF-41-14-4  
Density, measured [kg/m�] 1400 1355 1401 1354 

Marsh, fresh grout [s] 57 57 >100 44 
Marsh, 1 h grout [s] 97 113 >100 61 

minb  [μm] 43 41 40 42 Penetrability 
meter 

critb  [μm] 108 90 88 247 

Shear strength, 6 h grout [kPa] 2.1 1.9 3.2 1.1 
Shear strength, 24 h grout [kPa]  196  157 
Compressive strength, 1 d grout [Mpa] 1.0 0.6 0.9 0.7 
Compressive strength, 28 d  grout [Mpa] 21.3 15.2 19.6 17.0 
Compressive strength, 91 d grout [Mpa] 31.9   22.4 

1.measurement [mPas] 10.7 23.5 10.9 10.9 Viscosity, 
Bingham  

2.measurement [mPas] 18.0 33.6 15.3 15.3 

1.measurement [Pa] 18.5 22.2 12.1 12.1 Yield stress, 
Bingham 

2.measurement [Pa] 18.5 22.2 13.8 13.8 
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4 GROUT PROPERTIES AND TESTING METHODS  
 
Some important properties of grouts must be tested and controlled in laboratory or on 
site before starting grouting work. These properties and methods to test them are 
introduced in this Chapter. Tests under in situ conditions should be always made. The 
conditions on site are different from the conditions in a laboratory. Many testing 
methods are standardized for equipments, boundary conditions and analysis. 
Standardized methods allow the comparison of the test results by different suppliers. 
 
The properties vary partly because of the natural variation of the material, partly 
because of the other factors like temperature, mixing procedures or age and storage of 
the materials. Different admixtures in the grout can also cause differences in grout 
properties. It is essential to make own site specific grout tests. Thus it is possible to 
determine which kind of grout type would be the best choice in the case in question. 
Some properties can be measured by using different methods. It is important to find out 
the most suitable method to test and describe the property in question.  
 
 
4.1 Penetration ability                  
 
4.1.1 Description 
 
The penetration ability is the most important and most studied property of the grout 
(Satola 2001). The ability of the grout to penetrate into fractures depends mostly on the 
grain size, the grain size distribution and on grouts tendency to form agglomerates (e.g. 
filtration stability). Other factors impacting on the penetration ability are water-cement 
–ratio, cement type, admixtures, mixing time and process. Penetration ability determines 
the lower limit of the fractures that can be sealed and thus is one of the most important 
properties of a grout. It cannot penetrate into as small apertures and fractures as water, 
due to its bigger particle size. The smaller particle size, the better penetration ability, but 
also, the smaller particle sizes the bigger water separation from the cement. Small 
particles have a tendency to grip together and form a grout ´cake´. The balance between 
different properties in the grout is important.  
 
A certain empirical ratio between aperture of the fracture and the particle size has been 
given (Pöllä & Ritola 1989). The recommended ratio between aperture of the fracture 
and the particle size of the cement must be bigger than 3 to make the penetration 
possible (Gustafson et al. 2006). Other equation describing the penetration ability of the 
grout is also connected to the joint aperture (Pöllä & Ritola 1989). The ratio for the 
fractures in the bedrock is defined with the following equation: 
 

95d

ertureFractureAp
Nr =   (4-1) 

 
In the Equation (4-1) d95 is the grain size, which describes 95 % of the grout passing the 
sieve. According to the equation it is possible to estimate the possibilities of grouting; 
when Nr > 5 grouting is possible, if Nr < 2 grouting is impossible. Between 2 and 5 the 
penetration of the grout and successful grouting result is uncertain. 
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Joint properties like aperture, continuity, direction and surface properties are important 
factors impacting on the penetration ability of the grout. In theory the grout should 
spread radially from the injection hole into every direction. In practice the grout will 
spread into the direction where the flow resistance has its smallest value or along the 
largest joint apertures. When the flow resistance has increased enough in the larger 
apertures, the grout can penetrate into smaller apertures. 
 
 
4.1.2 Methods to determine the penetration ability 
 
Filter pump  
 
By the filter pump the penetration ability or the filtration stability of the grout can be 
defined and controlled. At the same time the efficiency of the mixing equipments will 
be checked. There are two standards for the filter pump test method, one by Vattenfall 
Utveckling AB VU-SC: 27 and the other by The European Standard Association SFS-
EN 14497 (Finnish Standard Association 2005), which are actually same kind of 
standards. The filter pump device is shown in Figure 4-1. 
 
The device is composed of a 1000 ml metal tube with a 25.6 mm diameter, detachable 
end caps, rubber pistons, piston rod, handle, stop nuts and woven metal wire cloths 
(Finnish Standard Association 2005). Normally used wire cloths are with mesh 
apertures of 125, 100, 75, 45�m and 32�m. Other equipments needed in the test are 
thermometer, stop –watch, mixing equipment and 300 ml measuring cylinder. 
 
First of all, the air temperature and the temperature of the grout will be measured 
(Finnish Standard Association 2005). They are recommended to be 20 ± 2 ºC. 
Measurement by filter pump begins by fitting the metal wire cloth in question (125�m 
at the beginning) to the filter pump device. At the maximum 5 ± 1 minutes after 
finishing of the mixing, the bottom of the filter pump is placed on the half height of the 
grout column and the grout is drawn slowly and continuously by the pump into the 
metal tube during 5 ± 2 seconds. The filter pump is kept in the same position for 20 ± 5 
seconds further. After this the grout will be emptied into the measuring cylinder and the 
volume will be recorded. The maximum volume of the measuring cylinder is 300 ml. If 
the cylinder is totally filled the procedure is repeated for next smaller wire clothes 
within 3 minutes until the volume passing through the sieve is less than 20 ml. 
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Figure 4-1. Filter pump device. 
 
Filter pump test method can be easily used also on site. It is used in every grouting in 
ONKALO and in initial tests in laboratory when selecting the most suitable grouts in 
ONKALO. The metal wire cloth used in tests is always 100�m or smaller. Cleaning the 
segments of the filter pump device separately is very important in order to get good and 
comparable results. The test report should be made according to the standard.    
 
Penetrability meter 
 
Penetrability meter has been developed to test the penetration ability of the cement-
based grouts. The device is shown in Figure 4-2. The method is developed by KTH 
(Royal Institute of Technology) in Sweden. 
 
In the measuring process the grout is pressed into the pressure vessel with the volume of 
about 10 litres. The grout is pressed through the filter using 1 bar pressure. Filter sizes 
can be determined according to the d95 -value of the cement. Test procedure starts with 
the finest filter of 10 filters series and ends after reaching the nominal (usually 1000 ml) 
or maximum volume of the grout in 10 seconds (Kronlöf 2005a Appendix 3). 
 
The filters are mounted into cassettes, which are shifted so that their preparation in 
advance is possible. This makes it easier to take care of the so-called filter cake, which 
remains in the cassette after the testing. The equipments needed in the pressure vessel 
are a cup including a manometer, a pressure regulator, a connection for compressed air 
and a security valve (2 bar). It is possible to release the pressure and to shift the cap to 
another one with a stirring device that makes is possible to keep the grout in the vessel a 
longer time for testing the grout at different times after mixing (Kronlöf 2005a 
Appendix 3). 
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Figure 4-2. Penetrability meter. 
 
There are at least two different ways to use this device and process the results. It is 
possible to get the idea of the grouts ability to penetrate by observing the volume of the 
grout that will pass one filter. This is an easy and quick way to examine the penetration 
ability of the grout. Its negative aspect is that it just tells about penetration ability in a 
certain mesh, not about the full behaviour of the grout. On the other hand it is possible 
to observe the penetration ability of the grout with different filter sizes. This way 
demands more work but in regard to the behaviour of the grout it gives a more complete 
idea of it. The relationship between the grout volume and different filter widths can be 
pointed out clearly by plotting the test results in a diagram (see Figure 4-3) and showing 
the connection between the volume and filter widths. This is so-called model to define 
the parameters of the grout due to the penetration ability (Kronlöf 2005a Appendix 3).  
 
V1 is the nominal volume in the cylinder and it is determined already in advance. 1 litre 
is commonly used as the nominal volume. V2 (80 ml in Figure 4-3) is the smallest 
volume in the cylinder that has been passed any of different size of filters. Two 
parameters bmin and bcrit define aperture limits of the fracture. There are not exactly 
target values for bmin and bcrit, but bcrit< 100μm for cement-based grouts is thought to be 
good. 
 
The minimum aperture bmin is an aperture limit under which no grout can pass any filter. 
Over the critical aperture bcrit infinitive volume of the grout can pass the filter if time is 
not taken into account. Measuring the parameters bmin and bcrit the penetration ability of 
different grouts can be compared with each other. Filters used by penetrability meter 
can be reused after cleaning. After one-day use they should be anyway thrown away. 
Cleaning of the apparatus is very important for.    
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Figure 4-3. The relationship between the passed grout volume [ml] and fracture 
aperture [�m].  
 
 
The penetrability meter can be used also on site, but it is not that easy to use in tunnel. 
The test needs to be done rapidly and the filters need to be cleaned properly. The 
conditions in tunnel (supply of water, cleaning of the equipments) set limits for testing. 
The penetrability meter –tests introduced in this work, have been made partly in the 
wash hall near to the ONKALO access tunnel, partly in the tunnel. 
 
Figure 4-4 shows the comparison of the penetration ability between some inert and 
cement mixture. 
 

 
 

Figure 4-4. Critical fracture aperture critb  for penetration; determined for inert and 

cement mixtures (modified from Eklund 2005).  

minb critb mμ
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NES 
 
The NES method was developed for testing the penetration ability of the cement based 
grouts. Cementa AB developed the method in cooperation with Skanska and Elkem 
Materials. The method was originally made for testing microcements for the grouting of 
very small fractures. The basic idea of the method is to control the formation of filter 
cake of the grout. The filter cake is thought to clog the fracture to be injected. Thus, it 
hinders the grout penetration in the fracture or in the fracture zone and the desired 
sealing outcome cannot be reached. In the NES apparatus different slot sizes are 
selected, which will represent the natural fracture or crack in the rock mass. After 
selecting the right slot size the grout is forced through the slot into the grout chamber 
with the certain pressure. The chamber is filled with 1500 gram of the grout and then it 
is closed. The flow related to time and the amount (weight) of the grout is measured 
continuously during the test by an electronic scale. In Figure 4-5 has been shown the 
schematic illustration of the NES apparatus. 
 
The penetrability of the grout can be estimated according to the flow and weight of the 
grout (Sandberg 1997). The results are registered by a datalogger and they can be 
plotted out as shown in Figure 4-6. That is why NES method is suitable for comparison 
different grouts pointing out cement type, W/C ratio, particle size distribution or 
chemical admixtures. The disadvantage of the NES method is that the results are not 
thoroughly comparable with the results in natural circumstances in the rock mass. 
Different slot sizes can be chosen, but the slot surfaces can never be like natural fracture 
surfaces due to their roughness and unevenness. 
 
Also Posiva has used the NES method, in order to get more comparable results of 
penetration ability of the grouts. The NES -tests were done at the laboratory of Cementa 
in Öland (Sievänen et al. 2006). Besides testing microcements, Cementa AB has used 
the method also for conventional cement-based grouts with a maximum particle size of 
30-50�m. In these tests the slot width was in the range of 100-150�m.  
 
 

 
 

Figure 4-5. A schematic illustration of NES apparatus (Sandberg 1997). 
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Figure 4-6. Comparison of test results of NES test method with different slot sizes (from 
Sandberg 1997). 
 
 
Sand column test 
 
According to the standard SFS-EN 1771 (Finnish Standard Association 2004) the sand 
column test is used to determine the penetration length of the grout in the laboratory. 
The standard is based on the method to measure the penetrability of a product in a 
capillary network. The test is originally made to measure the rate of flow of the 
injection material through a column of graded sand and the aim of the test was to avoid 
difficulties occurring while recognising and measuring cracks in concrete. The 
apparatus for the sand column test is shown in Figure 4-7.  
 
The idea behind testing grouts by the sand column is that knowing the hydraulic 
conductivity of the sand, the penetration length of the grout in sand can be calculated 
and thus the estimations about penetration length of the grout in a fracture can be made 
(Axelsson & Nilsson 2002). The supposition is that knowing the hydraulic conductivity 
and by using washed sand in the column, the diameter of the pores between the sand 
grains can be calculated. The diameter is roughly the hydraulic fracture aperture in the 
bedrock. 
 
The test is made under a constant pressure (Finnish Standard Association 2004). The 
graded sand by the test has to be so porous that it allows a twisty path for the flow of the 
injection material. This means that resistances of the injection material and the reference 
sand have to be quite similar. One of the indispensable normative reference documents 
for the standard SFS-EN 1771 is the EN 196-1. The reference sand for cement type tests 
is chosen in accordance with EN-196-1. According to the EN 196-1 the requirements 
for the standard sand are the right grain size distribution and the maximum humidity of 
0.2 %. The grading curves for the reference sands according to the ISO 565 are shown 
in Table 4-1. 
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Figure 4-7. Sand column apparatus. 
 
 
Table 4-1. Grading curves for standard sand (from SFS-EN 1771). 
 

Sieves meshes [mm] 0.63 0.80 1.00 1.25 

Cumulative passing [%] 0 33 63 100 

 
 
Before testing, samples and the column have to be prepared for the test (Finnish 
Standards Association 2005). The test can be run both with dry sand in the column and 
with damp sand in the column. If the test is planned to make on both ways, two almost 
identical sand columns will be prepared previously. The sand in the column is 
compacted with 50 lateral shocks distributed in different layers. Total height of 
compacted sand should be 360 ± 1 mm. The compacted sand is covered with a disc of 
wire mesh. Test procedure begins by mixing the components of the material to be 
injected and tested. After mixing the components, 500 g of the grout mix will be poured 
into the metallic test container. Then the initial temperature of the grout will be 
measured and the container will be placed into the pressure vessel. Compressed air will 
be turned on and the injection pressure 0.075MPa will be checked. It is always 
important to check that there are no leakages and the pressure-regulating valve is 
working. The injection process will be continued until the injection column is full and 
20 ml excess has been collected in the water-measuring vessel. On the other hand, if the 
desired result of the flow of the injection material cannot be achieved or the rate of the 
grout rises in the injection column is less than 30 mm/min the test can be closed down. 
After finishing the test the flexible joining tube will be clamped again, the pressure will 
be released and the temperature of the residual injection material in the test container 
will be measured. The penetrability of the test material can be classified into three 
classes: 1) easy if the column is filled and 20 ml excess product collected, 2) feasible if 
the column is filled but 1 ml/min overflow rate is not achieved or 3) difficult if injection 
is halted before the column is filled (in this case the level reached in the column is 
recorded).        
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Funehag (2005) studied the penetration length of the CS grout in sand. The objective of 
his study was to find an equivalent measure to link the penetration length in the sand 
column with a theoretical expression of the penetration length in a fracture. A schematic 
Figure 4-8 shows the flow in granular material like in sand and the flow in a fracture. 
The flow occurs much more irregular in a granular material while it is planar in a 
fracture. The material flows where the resistance has its smallest value. The resistance is 
due to the friction between the flowing medium and the material in which the flow 
occurs.  
 
Funehag (2005) has presented a way to couple the penetration in sand and in a fracture 
and solved that for so called Baskarp-sand. Funehag proposed that the penetration in 
sand and in a fracture should be equal. In that study, the hydraulic conductivity was 
measured for the sand and it was transformed to a specific permeability as  
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where k is the hydraulic conductivity (m/s) and b is the aperture of the fracture (m), T 

is transmissivity (m2/s), � is density of water (kg/m3) and μ is viscosity of water (Pa s). 
 
The measured permeability k can be coupled to an equivalent aperture bequ. The bequ 
means the value of the equivalent aperture, which is to equal the apertures of the sand 
and the aperture of a fracture. The determination of the bequ, is made through penetration 
equations. The Equation (4-3) shows the penetration in a fracture as 
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where bfracture is the aperture of the fracture, μ is the viscosity of the grout, pΔ is the 

over pressure and t is the grouting time. The Equation (4-4) shows the penetration in 
sand as 
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where k is the hydraulic conductivity of sand, n is the porosity of sand, μ is the viscosity 
of the grout, pΔ is the over pressure and t is the grouting time. 

 
In the both Equations (4-3) and (4-4) the penetration depends on the pressure pΔ , on 

the grouting time t and on the viscosity of the grouted material μ. The penetration in the 
fracture should be equal to that in the sand and thus connecting the Equations (4-3) and 
(4-4) as 
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the new parameter bequ, which is to equate the apertures of the granular material and that 
of the fracture, can be calculated as 
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It can be seen from the Equation (4-6), the bequivalent depends on the permeability k and 
on the porosity n of the sand. When k is measured in the sand column, the penetration in 
the sand column becomes 
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The two expressions for the penetration length – in a fracture and in sand - are thus 
dependent on the permeability of the grouted medium. The equivalent aperture bequivalent 
(Equation 4-6) can be connected to the Kozeny-Carman expression  
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by putting the Equation (4-7) into the Equation (4-6) and thus the calculated aperture 
bcalculated  can be determined as           
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In the Equation (4-9) n is the porosity of sand, SS  is the specific surface area of sand and 
C3 is a constant (according to many determinations with different granular materials the 
constant C3 is thought to be 0.2) Kozeny-Carman –expression (Equation 4-8) is only 
valid for porous media (Axelsson & Nilsson 2002). The specific surface SS can be 
coupled to the hydraulic conductivity and permeability of the sand. SS is defined as the 
area divided by the volume. SS can be calculated as  
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where α is a shape factor of the sand grains (thought to be 6 for spherical grains) and pn 

is the volumetric percent of the fraction dn. The index n denotes the total number of 
sections into which the distribution curve is divided. The specific surface for the whole 
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sample is calculated by summation of the specific surface of each fraction (Funehag 
2005).  
 
There were too comlicated constants that could not be solved for the sands used in the 
tests in ONKALO site. This coupling was left out in these tests. 
 
Funehag also made comparison between calculated and measured fracture aperture and 
between calculated and measured penetration length. The calculated penetration 
corresponded well to the measured penetration. Less correspondence was found for the 
calculated apertures, however the porosity influences the calculated aperture, and 
thereby also the calculated penetration length.  
 
There are two types of sand used in the sand column tests in this work. The first sand 
type is same standard sand. Information about grain size distribution and humidity are 
found from specification of the sand. The grain size distribution of the sand was like 
shown in Table 4-1. The second sand had the grain size distribution from 0.6 mm to 1.0 
mm; fine material was washed away already at the company of supplier and that is why 
more exact grain size distribution was not known. The sand was much more 
homogenous than the standard sand and thus the penetration of the grout was easier to 
demonstrate in it. After the first trials, only washed sand was used. 
 
All sand column tests in this work begun by filling a plastic column with sand to the 
length of 37 cm. The plastic tube was placed in a vertical position as shown in Figure 
4-7. Grout was pumped into the sand column from the bottom of the column using a 
pump applying a pressure of 1 bar. The length of penetration of grout was determined 
by visual inspection and reported in cm. A result of 37 cm indicates that grout fully 
penetrated the sand column. The sand column tests were tried to do within 1 hour after 
mixing. The results were studied by comparing them to each other. The comparison of 
the sand column results was made between standard grout UF-15-10-2.8 and low pH 
grouts, comparing penetration lengths of different grouts in the same sand. In addition, 
approximation of the hydraulic fracture aperture was done (Ranta-korpi et al. 2007). 
 
 

 
 
Figure 4-8. A schematic figure showing the flow in granular material and in a fracture 
– plane parallel flow in a channel (from Funehag 2005). 
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The porosity of sediments is affected by the grain-size distribution but also by the shape 
of grains (Fetter 1994). If the grains are cubic packed the radius of a pore in the sand is 
a diameter of a grain multiplied by 0.2 (see Figure 4-9). In natural, sands are not cubic 
packed. In this work, however, the porosity of sand was assumed to be like in cubic 
packing form and the pore diameter of sand was assumed to be approximately the 
fracture aperture the grout to penetrate. The examination of the sand column test results 
is introduced in Chapter 5. The definition of the porosity of sand is made by the 
following equation  
 

V

V
n v100

=  (4-11) 

 
where n is the porosity in percentage, Vv is the volume of void space in a unit volume of 
sand and V is the unit volume of sand, including voids and solids.  
 
 
4.2 Rheological properties 
 
For successful use of grouts it is essential to understand and control their rheological 
behaviour, mainly the viscosity and the yield value. Understanding the rheology will 
help choosing the right injection pressure in order to reach the desired penetration 
length and grout volume. First the differences between Newtonian and Bingham type of 
fluids will be discussed. In this context the rheology of the cement-based, Bingham type 
of grouts will be handled. The term fluid is used here commonly for all Bingham type of 
grouts. 
 
 
4.2.1 Description 
 
Flow properties of grout can be described with rheological properties. Such rheological 
properties are: viscosity, yield value and thixotrophy. The lower viscosity a fluid has, 
the better it will flow and penetrate into fractures. Thixotrophy describes the consistence 
of a fluid; the fluid will form a gel in rest, but it becomes a liquid again, when vibratory 
forces like shaking or enough big pressure are focused on it (Satola 2001). 
 

 
 

Figure 4-9. Sediments in the cubic packing form (from Fetter 1994). 
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According to flow properties fluids can be divided into Newtonian and non-Newtonian 
fluids. In this context Bingham fluids will be considered as non-Newtonian fluids. The 
relationship between shear stress and shear rate of the fluid is described with Newtonian 
and Bingham models (Figure 4-10). The most remarkable difference between Bingham 
and Newtonian fluids is that Newtonian fluids are described only with viscosity and 
Bingham fluids are described both with viscosity and yield strength value. The 
Newtonian model is the simplest rheological model, where the relationship between 
shear stress and shear rate is linear. It is made for the Newtonian fluids like water, of 
which the viscosity will stay constant even if the shear stress is increasing. Viscosity for 
the Newtonian fluids is the derivative of the straight line (see Figure 4-10).  
 
Cement-based grouts and similar particle suspensions can in general be classified as 
Bingham, or Bingham like, fluids (Gustafson & Claesson 2006 and Håkansson 1993). 
Several models have been utilised to describe the rheological behaviour of the cement-
based grouts, but the Bingham –model it is thought to be the simplest one. The term 
viscosity is suitable only for the Newtonian and Bingham –fluids, while it is a constant 
only in these two models. With Newtonian fluids the flow starts immediately after the 
shear stress starts to increase. Bingham type of fluid does not start to flow before the 
shear stress focused on it, is bigger than the limit value of the shear strength 0τ  (Figure 

4-10). Later in this paper the limit value of the shear stress is called yield value 0τ . 

 
 
Figure 4-10. Rheological behaviors of different fluid types: Aμ is the viscosity for 

Newtonian fluid, Bμ  is the viscosity for Bingham fluid and 0τ  is the yield value of the 

Bingham fluid. 
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Viscosity and yield value and their meaning in grouting 
 
It is so called shear rate or the rate of deformation of a fluid, which carries to the 
balance of forces on the fluid (Håkansson 1993). The shear rate is actually a function of 
the shear stress acting on the fluid. On the other hand the shear rate depends on the 
viscosity of the fluid. Viscosity, however, depends on the temperature of the fluid. 
Viscosity is actually the internal fluid resistance. The higher the viscosity of the grout, 
the slower is its flow velocity under a certain grouting pressure. Viscosity is much 
higher for cement-based grouts than for water and thus in order to reach the same 
penetration length under a certain pressure, longer flowing time is needed for cement 
based grouts than for e.g. for water. The basic SI unit for viscosity is [Pa s], but because 
of the relatively low viscosity of grouts it is in most cases appropriate to use the unit 
[mPa s]. The previous is so-called dynamic viscosity, e.g. according to Håkansson 

(1993) the force per unit area (
A

F
=τ ).  

 
The strength is due to interference and interactions between the dispersed particles and 
the strength limit, yield value 0τ  (see Figure 4-10), has to be exceeded before the fluid 

will flow. The fluid cannot flow until stress > 0τ . When the stress is under 0τ , the grout 

is elastic solid, and when stress is above 0τ  the grout is a liquid with plastic viscosity. 

(Håkansson 1993). 
 
The yield value impacts on the behaviour of grout like when the grout starts to flow 
under increasing grouting pressure. But it impacts also on ending of the flow when the 
distance from the grouting hole increases and grouting pressure decreases. If thinking 
about the grout flow at a fracture, it is usual for Bingham fluids than the flow occurs 
mostly at the walls of the joint (Gustafson & Claesson 2006). This is because the basic 
event behind the flow of a Bingham fluid: the stress exceeds the limit value 0τ  first at 

the walls of a fracture. At the centre axis of the joint (see Figure 4-13) the fluid is much 
stiffer and stress < yield strength. When the stresses of the fluid are in the equilibrium 
everywhere in the cross-sectional area of the joint, the maximum grout spread is 
possible.  
 

 
Figure 4-11. The flow of grout occurs mostly at the walls of the fracture (Gustafson & 
Claesson 2006).  
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According to Gustafson and Claesson (2006), the velocity of grout, 
dt

dI
, is given as 

following 
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where 
 

1

0

−

⋅=
dx

dp
Z τ  (4-13) 

 
and where 0τ is the yield value of the grout, b is the aperture of the joint, gμ is the 

viscosity of the grout and Z < b/2. From the Equations (4-12) and (4-13) can be seen 
that the viscosity and yield value have remarkable effect on the flow velocity of grout. 
 
 
Penetration for the cement-based grouts can be estimated with the following equation 
(Hässler 1991): 
 

0
max 2τ

bp
I

⋅Δ
=   (4-14) 

 
In the Equation (4-14) pΔ is the overpressure or the difference between the grouting 

pressure and groundwater pressure, wg ppp −=Δ , b is the hydraulic aperture of the 

fracture and 0τ  is the yield value of grout.  

 
From the Equation (4-14) it can be noticed that the yield value has a remarkable effect 
on the penetration length of the grout.  
 
Equations (4-12), (4-13) and (4-14) show quite clearly, how rheological properties are 
determining at least affecting on the possible penetration length, flow rate and the need 
of grouting overpressure when having a certain grout mix. It can be easily seen why it is 
so important to measure grout properties and know about the behaviour of the used 
grout.  
 
It should be noticed that because of the hydration reaction of the cement-based grout 
rheological behaviour of the grout changes with time.  
 
 
4.2.2 Methods 
 
There are both laboratory methods and methods on site to measure rheological 
properties like viscosity and yield value of the grout. Rotational Rheometer is used as an 
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indirect method both for viscosity and for yield value determinations. Marsh cone and 
stick –method are used in field.  
 
Rheometer 
 
Rheometer and other rotational viscometers are used for viscosity and yield stress 
determinations in the laboratory. The main advantage to use rotational viscometers by 
rheology measurements is that only a relatively small sample is necessary and that the 
measurement can continue in the same sample for and extended period of time 
(Håkansson 1993).  
 
The apparatus Brookfield DV-III+ Rheometer by VTT is the rotational viscometer, 
which is used for the rheology measurements by Posiva’s tests (see Figure 4-12). All the 
grouts to be measured, will be tested twice; first from the fresh mix and then from the 
same mix 15 - 30 minutes later. The data got by using Brookfield DV-III+ Rheometer is 
processed with the Rheocalc software. The modelling of this software is based on 
several rheological models like Bingham - and Casson -models (Kronlöf 2005a). 
 
Before making viscosity measurement, the DV-III+ should be turned on, levelled and 
adjusted to zero (Operating Instructions. Manual No. M/98-211-A0701). The sample to 
be measured has to be set into the container. The recommendation is to use the 
appropriate container for the selected spindle. The principle behind the operation of 
DV-III+ due to viscosity determination is to drive a spindle through a calibrated spring. 
The spindle is first immersed in the test fluid. By the spring deviation (measured with a 
rotary transducer), the viscous drag or the viscous resistance of the fluid will be 
measured. The measuring scope of a DV-III+ will be measured by the rotational speed, 
the size and the shape of the spindle, by the container the spindle is rotating in and by 
the full-scale torque of the calibrated spring. The DV-III+ has the capability to measure 
viscosity over an extremely wide range. The chosen spindle results in measurements 
made between 10–100 on the instrument % torque scale. There are two general rules, 
which will help by choosing the right spindle: 1) to measure high viscosity a small 
spindle and/or a low speed should be chosen and 2) reduce the speed or choose a 
smaller spindle if the chosen spindle/speed results above 100 %. Several spindles and 
speed combinations can be used also by testing non-Newtonian fluids (Bingham fluids), 
but it has to be taken into account that if the spindle or speed is changed it might cause 
changing in the measured viscosity. 
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Figure 4-12. Rheometer by VTT (from Kronlöf 2005a). 
 
The viscometric data (from viscosity determinations) is taken to the extrapolation fitting 
of a rheological model to the measured data (Håkansson 1993). The yield value can be 
estimated by curves according to the shear rate. Viscosity can be seen as a measure of a 
fluid´s resistance to flow. Thus two separate determinations from the Rheometer data 
are needed to describe the whole rheological behaviour of the grout.  
 
Marsh cone 
The Marsh cone is used to determine the fluidity of grout. The Marsh cone test is made 
according to the standard SFS-EN 14117 (Finnish Standards Association 2005). The 
device used by test is so-called Marsh cone made of non-corroding material (plastic). 
The main purpose for measuring the Marsh value is to ensure that metering device 
(dosage) works on the right way. The cone has been shown in Figure 4-13 below. The 
tube below the cone (pouring container) can be detached. Other additional equipments 
needed, are a stand for the whole device, levelled ground receiving container with size 
of 1000 ± 10 ml, stopwatch, thermometer and mixer.  
 
 



32  
 

 
 

Figure 4-13. Marsh cone. The volume of specimen run through the cone is 1 liter. 
 
According to the standard the temperature at a test site should be 21 ± 2 °C and the 
relative humidity 60 ± 10 % (Finnish Standards Association 2005). In practice, it is not 
possible to have such a high temperature in the tunnel and the test is usually organized 
at 12 °C, which is near to the normal tunnel temperature. The test begins by pouring 
1500 ml of grout through the sieve into the cone. Then the stopwatch will be started and 
the outlet of the cone will be opened. When 1000 ml of grout has flowed through the 
cone, stopwatch is stopped and the flow time is registered. Before real measuring with 
the cone, the flow time of water has to be checked. The Marsh value is around 28 s for 
clean water. Because of the narrow diameter of the tube, the cleaning of the whole 
device is essential after each mix to be tested. Both receiving container and flow cone 
have to be cleaned from grout before following test, in order to get representative 
results.  
 
The diagram in Figure 4-14 presents the connection between Marsh efflux time, 
viscosity and yield value. For determining one of those, two others and the density of 
the grout need to be known.  
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Figure 4-14. Definition of the viscosity bμ  by Marsh cone depends on the density and 

on the yield value 0τ  of the grout (presentation by  Håkansson 2006 modified from 

Håkansson 1993).  
 
The diagram in Figure 4-14 is modified from the diagram of Håkansson (1993). It 
should be applicable for any true Bingham fluid. As long as the Marsh cone is not 
blocked it is useful for any cement-based grout, considering the assumptions made in 
the derivation of the Marsh cone flow.  
 
Marsh cone is a commonly used test method before grouting procedures in the 
ONKALO tunnel. Even if it only tells roughly about the behaviour of the grout, it is 
easy and simply to check that the grout fluidity is as desired.     
      
Stick 
 
A new stick method can be used to determine the yield value of cement-based grouts. 
The comparison of between stick and rheometer results has shown good agreement in 
some studies (Figure 4-15, Axelsson & Gustafson 2005). The stick method is suitable 
for site use.  
 

310⋅
ρ
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Figure 4-15. Yield strength (yield values) measured with the Rheometer on the x-axis 
and measured with sticks on the y-axis (Axelsson & Gustafson 2005). 
 
Schematic drawing about the test procedure has been shown in Figure 4-16. No special 
equipments are needed except the cup and stick to carry out the test. In order to 
determine the yield value, one need to determine the density of the grout, and certain 
measures of the stick. 
 

 
Figure 4-16. Yield stick, measuring glass and the wooden stick (Axelsson & Gustafson 
2006).  
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Tthe yield value 0τ [Pa] of the grout (see Figure 4-10) can be calculated according to 

Axelsson & Gustafson (2006) as,  
 

2

2

0 92 rrl

grlgm gs

ππ

ρπ
τ

⋅+⋅⋅

⋅⋅⋅−⋅
=                                                                                         (4-15) 

 
In the Equation (4-15) l [m] is the sink of the stick in the grout, r [m] is the radius of 

the stick, 0τ [Pa] is the yield value of the grout, gρ [ kg/m�] is the density of the grout, 

sm [kg] is the mass of the stick and g [m/s²] is the acceleration due to gravity. 

 
With the help of the chart presented in Figure 4-17 the yield value of the grout can be 
determined in the field. The simply way to read the diagram and determine the yield 
value shows that the stick method is very suitable method just for field conditions. The 
stick together with Marsh cone and related charts, are enough to determine the 
rheological properties of the grout on site. 
 

 
 
Figure 4-17. Diagram to determine the yield value with known density and measured 
sink of the stick (Axelsson & Gustafson 2006). 
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4.3 Development of strength 
 
4.3.1 Description 
 
Setting and early age shear strength 
 
Because of its large impact on the development of strength, setting time evaluation of a 
grout is carefully taken into account in this Chapter. Setting can be thought of in terms 
of 1) initial set, where the grout firms up, but it is not really hard, and 2) final set, where 
the grout becomes hard (Houlsby 1990). Setting time is the time required for grout to set 
or harden (Warner 2004). Setting time need to be controlled well. Setting time of the 
grout is measured both at a laboratory and on site.  
 
The setting means the process which happens for the water-cement mixture during the 
first few hours after mixing. During setting the plasticity of the cement paste decreases 
and the paste changes into solid state. The hardening of the cement means the change 
which happens after setting. During hardening the strength of the cement increases. 
These hardening reactions continue as long as the hydration continues (Viirola & Raivio 
2000).  
 
The hydration is a process during which the cement hardens. The hydration is a reaction 
between cement and water. During this process occur chemical and physical changes in 
the mixture of water and cement. While the cement is mixed with water produces a 
cement paste which sets and hardens. The hydration is a complicated series of chemical 
reactions and happens spontaneously. Some of these reactions happen at the same time 
and some are the results of another reactions. Some reaction depends on other reactions 
(Viirola & Raivio 2000). 
 
Although the reaction begins fast the hydration continues several years if the water is 
not consumed. The most important things which have an effect of the hydration are the 
reactivity of the clinker, fineness of the cement and especially reactive surface area and 
grain size distribution, water-cement –ratio, used additives and curing temperature 
(Viirola & Raivio 2000). 
 
By smaller water-cement ratios setting is faster (Finnish Concrete Association 2006). 
Other things effecting on the strength development are temperature, microstructure, 
pore geometry and amount of the silica fume (Appa Rao 2001). Setting time impacts 
partly on the development of strength of the grout. The faster the grout sets, the faster 
the maximum strength is reached.  
 
Shortening the setting time of grout has two advantages; 1) setting of grout becomes 
faster and thus the packers can be removed earlier and drilling and blasting works can 
be continued or 2) loosening of grout into tunnel is prevented. The time needed setting 
can be controlled by adding accelerator or controlling the W/DM –ratio. 
 
Water-cement ratio and viscosity of the grout are important factors for the setting time 
and strength development (Satola 2001). In addition, the shear strength of the hardened 
grout depends on porosity of the grout (Viirola & Raivio 2000). 
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Reducing the water-cement ratio it is possible to reduce the porosity and thus increase 
the strength. According to Appa Rao (2001) the adding of silica fume changes the 
porosity discontinuous. Silica fume accelerates the strength development. But 
enhancing the strength, brittleness and danger of cracking in the hardened grout will 
increase especially by large strength values. The type of cement and possible 
admixtures, have also an influence on the strength development. In addition, the final 
strength depends on the water-cement ratio of water in the fractures, the properties of 
the fracture filling mixed with the grout and quality and temperature of the groundwater 
in the bedrock. 
 
Compressive strength 
 
Compressive strength is considered as a final strength of grout. There is a connection 
between water-cement ratio and uniaxial compressive strength of a grout. It can be 
calculated with the following Equation (4-16): 
 

wB

A
ucs

∗
=

5,1
                                                                                                             (4-16) 

 

where ucs is uniaxial compressive strength, A is a constant (96.54 
2m

N
), B is a constant 

(depends on properties of a grout) and w is water-cement ratio. The equation is best to 
be used for grouts with the water-cement ratio of 0.3 < w < 0.7 (Satola 2001). 
 
 
4.3.2 Methods 
 
Vicat test 
 
The Vicat test is made for measuring the setting time of the grout at a laboratory 
conditions (Finnish Standards Association 2005). The testing method is standardized 
and the results got everywhere are comparable with each other. The manual Vicat 
apparatus has been shown in Figure 4-18 below. The dimensions and tolerances given in 
Figure 4-18 are important for correct function of the Vicat device in the testing 
procedure.  
 



38  
 

 
 

Figure 4-18. Manual Vicat apparatus for determination setting time (SFS-EN 196-
3:2005). 
 
According to the standard SFS-EN 196-3 the cement specimens for the Vicat test are 
prepared at a laboratory, where they should be maintained at a temperature of 20 ± 2 °C 
and a relative humidity of not less than 50 % (Finnish Standards Association 2005). 
Temperature and humidity of the air in the laboratory will be determined once per day 
during working hours. The test procedure depends if you will measure initial or final 
setting time. In first case, the filled Vicat mould will be placed with the base-plate in the 
container and some water will be added so that the surface of cement paste will be sunk. 
After a suitable time, the mould, base plate and container will be positioned under the 
needle of the Vicat apparatus and the needle and the paste will be put gently in contact. 
After that the moving parts will be released and when the penetration in the paste has 
ceased or 30 s after releasing the needle, the distance between the end of the needle and 
the base plate will be read from the scale. The penetration will be repeated on the same 
specimen at suitably spaced positions. Cleaning the needle after each penetration will be 
made immediately. In the second case, when measuring the final setting time, the mould 
is inverted on its base plate and the final setting test is made on the face of the specimen 
originally in contact with the base plate. The time when the needle penetrates 0.5 mm 
into the specimen is recorded is the final setting time. The penetration or the final 
setting time is repeated in two other positions.  
 
Cup test  
 
In the field circumstances the development of setting of grout can be roughly 
approximated by cup test (Finnish Concrete Association 2006). The grout is poured e.g. 
into a plastic cup. The drilling of next drift can begin when the grout does not flow 
away inclining the cup horizontal. The drift can be blasted when the pen put on the 
surface of the grout does not penetrate into the mass under its own weight. In this work 
the terms ´cup time-1´ and ´cup time-2´ are used as abbreviations for the earlier 
mentioned moments respectively. Previous moments have been compared with the zero 
time of grout, which is the point of time, when mixing ends. The cup test give only 
rough, trendsetting suggestion about the setting time The temperature in the tunnel is 
usually higher than the temperature in the bedrock.  
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The fall cone test is originally planned to use for clays. It is also used for testing the 
development of early age shear strength of grout. In ONKALO the method is always 
used in laboratory and occasionally in field (e.g. field tests). The test is made according 
to the standard ISO-TS 17892-6:2004. An example of the fall cone device has been 
shown in Figure 4-19 below. The cone apparatus is equipped with such a scale that the 
cone penetration in the cement can be read off to a resolution of ± 0.1 mm after 
releasing the cone. Typical angles and weights of the cones are in Table 4-2.  
 
The idea is to drop a cone on the grout and displacement depth is read from the scale of 
the apparatus. The millimetres are transformed to Pascals with a help of a certain table 
(Finnish Geotechnical Society 1985 (GLO-85)). There are own tables for every cone, 
which is selected separately for every mix and each moment of measuring.  
 
The test mixes are cast into plastic moulds. The testing ages depend on the case (W/DM 
–ratio), but are often between 2-24 hours after casting. The temperature during tests 
should be taken into account because it has an effect on the early age shear strength 
development. The storage temperature in laboratory has been 20, 12 or 8 degrees. 
 
During time the early age shear strength of the grout increases and the sink of the cone 
decreases. If the cone sinks less than 4.0 mm into the grout the cone must be changed 
for the heavier one. The measurement continues as long as the early age shear strength 
reaches the value more than 245 kPa. 
 
Table 4-2. Typical weights and angles for cones used by fall cone test (from ISO/TS 
17892-6:2004). 
 

Cone mass [g] 10 60 80 100 400 

Cone angle [°] 60 60 30 30 30 

 
 

 
 

Figure 4-19. Fall cone apparatus. 
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Compressive strength test 
 
The measurements of compressive strength are made at a laboratory, according to the 
national standard SFS-EN 196-1. The grout is cast into moulds. Samples can be taken 
also from the field. Moulds or prismatic test specimens are 40 mm x 40 mm x 160 mm 
in size. The laboratory temperature should be 20 ± 2 °C and the relative humidity not 
less than 50 %. The filled grout moulds should be maintained in the storage room at a 
temperature of 20 ± 1 °C and a relative humidity of not less than 90 %. The grout 
should be mixed and sieved under given conditions before casting it into moulds 
(Finnish Standards Association 2005). In the field conditions, where the prisms have 
been cast and kept before bringing to the laboratory, the temperature have been 
10 - 19 °C. The test is carried out at the different ages with the following limits: 24 h 
± 5 min, 48 h ± 30 min, 72 h ± 45 min, 7 d ± 2 h and ≥ 28 d ± 8 h.    
 
The testing machine for the compressive strength test is like shown in Figure 4-24. The 
numbering in Figure 4-24 is following: 1) ball bearings, 2) sliding assemble, 3) return 
spring, 4) spherical seating of machine, 5) upper platen of machine, 6) spherical seating 
of the jig, 7) upper platen of the jig, 8) specimen, 9) lower platen of the jig, 10) jig and 
11) lower platen of the machine. The machine should provide a rate of load of 2400 
± 200 N/s. The machine is equipped with an indicating device, which shows the value 
indicated at failure of the specimen and which remains indicated although the testing 
machine is unloaded. When the use of jig is needed by the measuring procedure, the jig 
should be placed between the auxiliary plates of the machine (see Figure 4-20) to 
transmit the load of the machine to the compression surface of the specimen (Finnish 
Standards Association 2005).  
 
Testing procedure itself begins placing the halves of prism laterally to the auxiliary 
plates of the machine within ± 0.5 mm and longitudinally such that the end face of the 
prism comes to the platens by about 10 mm. The load is increased smoothly at the rate 
of 2400 ± 200 N/s over the entire load application until fracture. The compressive 
strength is calculated in MPa according to the Equation (4-17): 
 

1600
c

c

F
R =                                                                                                                (4-17) 

 
where cR is the compressive strength [MPa], cF is the maximum load at fracture [N] and 

1600 is the area of the auxiliary plates (40 mm x 40 mm) [mm2]. 
 
To get an idea of the final strength of the mix, the compressive strength of Posiva´s 
grouts is measured first 1 day and then 28 day after casting the grout into moulds, 
usually 3 measurements of one prism. In laboratory moulds are brought into the room 
with the temperature of 12 °C and moisture of 40 % up to 1 day, thereafter generally 
until 28 days at 100 % RH & 12 °C, curing under water at 10 °C also used for some 
prisms. Samples of the tested grout mixes in ONKALO will be tested for the 
compressive strength in laboratory. 
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Figure 4-20. Typical apparatus for testing compressive strength (from SFS-EN 196-1). 
 
 
4.4 Other properties and methods 
 
Bleeding 
 
Bleeding means water separation from cement particles. Bleeding in the grout depends 
greatly on the particle size, W/DM ratio and admixtures (Finnish Concrete Association 
2006). Measuring glass is used for determining bleeding. Water separation is measured 
with a tin and pipette in the laboratory. 1 litre of the grout is poured into a 1000 ml 
measuring glass. Observations will be made after 2 hours setting the grout to the 
measuring glass: the amount of the settled water is measured with a pipette. Bleeding is 
given in percent. 
 
Generally, grouts with the bleeding smaller than 5 % are favoured. However, in small 
fractures the bleed is not considered to be that critical factor and the value of 10 % is set 
as the bleed requirement. Bleeding should be < 2 % for the grouts of high-level 
requirements like grouts for the deep repository. (Finnish Concrete Association 2006). 
Bleeding by grouts with relative high content of silica fume is very low; in some cases it 
is 0 %. 
 
When the grout has been pumped into a fracture it should fill the fracture as completely 
as possible for achieving a tight grouted zone (Kronlöf 2005a). If the flow velocity of 
grout will lower, the individual particles of a fluid tend to settle under the gravity. 
Thereby a passage may be formed in planar, horizontal spaces in the upper part of the 
fracture and leakages may take place and erode the surface of the grout (Figure 4-21).  
 
Bleeding can be partly reduced by good dispersion of the solids through mixing. If the 
grout is not mixed properly and bleeding will happen too fast in the fracture, the upper 
part of the fracture will become filled initially with water, which allows a free path e.g. 
for groundwater to flow via the path into the tunnel (Warner 2004). 
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Figure 4-21. Free path e.g. for groundwater has been formed at the upper part of the 
fracture because of bleeding of the grout (Jääskeläinen 2006). 
 
The coarser the cement particles the faster they will separate from the water (Warner 
2004). Bleeding can be reduced also modifying the mix design, e.g. using additions like 
bentonite and silica slurry in the grout mix. Bleeding is usual especially when large 
quantities of grout are injected and when the injection rate is very slow. Bleeding before 
grouting must be reduced as low as possible to prevent free canals for the groundwater 
to flow in the bedrock. Otherwise the grout will not work properly in the bedrock and 
fractures. 
 
Density 
 
Measuring the density of the grout the correct dosing and the function of the grouting 
equipments (mixer) can be checked. Measuring is based on the weight and volume of 
the grout mix. Density of the grout will be measured by mud balance device in the field 
(Finnish Concrete Association 2006) and by weighing in the laboratory In the mud 
balance method the measuring cup is filled with the grout and extra grout will run over 
via the hole in the cap (Figure 4-22). The pointer is moved until a balance is found. The 
density is read from the bar.  
 
Deformation 
 
Shrinkage or expansion of the grout is also important to know. 1-2 % of shrinkage is 
usual by cement grouts but there is no recommended value for shrinkage. The low pH 
grout expands in damp conditions and shrinks in dry conditions. The value of shrinkage 
should be selected case by case. There is not much information about shrinkage of 
grouts available.  
 
The shrinkage or the expansion can be measured in laboratory by casting the grout into 
prism moulds and bringing these in the room with the temperature of 10-12°C and 
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moisture of 100 % or in water. Hardened samples will be measured to get information 
about the deformation of the sample and about the changes compared to its original size. 
 
Workability time 
 
By determining the time when the grout has desired penetration ability and viscosity is a 
so-called workability time of the grout. In ONKALO it is thought to be 1 hour after 
mixing the grout.     
 
 
 

 
 
Figure 4-22. Mud Balance test device for measurement of the density. 
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5 TESTS AND RESULTS 
 
Altogether four test series were run in IMA-project. IMA-project also studied the mixes 
used in grouting tests done within INKE-project, and those mix tests are reported and 
studied here. The tests are reported in chronological order, because modifications on 
tests and/or mixes to be tested were done based on earlier experiences.  
 
The abbreviation BMT stands for batch mixing test i.e. testing the grouts with real 
mixer but not grouting then into rock. FT refers to field test, i.e. testing during real 
grouting test. 
 
 
5.1 The mixing procedure 
 
In the field tests the used grouting equipment is Häny 350. The mixer in the Häny is 
colloidal mixer. The mixer shear force is produced by the high turbulence. The shear 
force is created by close tolerance between impeller and casing. By this the lumps of the 
cement break. In mixing procedure the cement particles are separated and wetted. The 
shear force produces energy which is released as a heat. This increases the temperature 
of the grout (Pettersson & Molin 1999). 
 
The first stage of the mixing procedure is mixing of water and cement. This mixing 
takes usually about 30 seconds, but also the mixing time of two minutes, three minutes 
and 60 seconds was tested. In the second mixing stage the water-cement mixture is 
mixed with additives as accelerator and superplasticizer. This mixing takes usually 45 
seconds but also mixing times of 30, 90 and 180 seconds and 3 minutes have been 
tested. 
 
After mixing the grout is transferred into the agitator. The purpose of the agitating is to 
expel the air mixed into the grout during mixing and to prevent the sedimentation. The 
time the grout can be in the agitator is limited because of the grout should be fresh until 
grouted. When grouting the grout transfers into the pump and is grouted into the 
fractures.  
 
 
5.2 The tests in ONKALO 
 
5.2.1 Preliminary run of new grouting equipment BMT-1 
 
Test arrangement 
 
The first batch mixing test (BMT-1) was organized above surface at the ONKALO 
construction site on 31.1.-2.2.2007. The main purpose of these tests was a preliminary 
run of mixer and dosing system of the Posiva´s new injection equipment Häny 350 (see 
Figure 5-1). The purpose was to get information about the new injection equipment, like 
its mixing and dosing properties and also to do the final settings and calibrations. The 
tests in BMT-1 were made with overaged materials, of which the properties were 
proved to be acceptable in laboratory. Because of these reasons these results are not 
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taken into account in the analysis of the Chapter 6. During BMT-1 mixing test the 
temperature of the water varied between 8.5 and 22.8 ˚C. The temperature of the air 
varied between 11.0 and 14.8 ˚C. 
 
Test mixes 
 
Two recipes were tested: a standard grout mix UF-15-10-2.8 and a low pH grout mix 
UF-41-14-4. Three batches of UF-15-10-2.8 and three batches of UF-41-14-4 were 
mixed (see Table 5-1). The mixing time was 180 s + 30 s for UF-15-10-2.8 and 120 s + 
180 s for UF-41-14-4. The test samples were taken from each batch (see Figure 5-1) and 
the basic quality control tests (mud balance, Marsh cone, filter pump, bleeding and fall 
cone) were made for all of the mixes. In addition, the penetrability meter test was made 
in purpose to get extra knowledge about the ability of the new injection equipment to 
mix the grouts efficiently. The comparison values for the test mixes were based on the 
laboratory values (see Table 3-6). 
 
Results 
 
The main results of BMT-1 are given in Table 5-1. Some important notices were made 
during BMT-1. When taking the test sample from agitator it was noticed that there was 
always lots of air in the grout. The density of every grout batch was much lighter than 
the target value. It was assumed that the air was developed during the mixing procedure. 
During mixing process the grout rolls in the mixer and is transferred into the agitator via 
the pipe at the upper edge of the agitator. In this process the air is mixed into the grout. 
The workmen lengthened the pipe of the agitator and the amount of the air content in 
the next grouts was reduced and the densities of the grouts were within the target 
ranges. According to the measured densities and size of batches the amount of the air 
was estimated to be 4 %. According to the concrete norms the amount of the air in the 
hardened concrete is about the same proportion. The air escaped from the grout after 
5-10 minutes agitating.  
 
The temperature of the grout was checked for all the fresh grouts, after half an hour and 
after one hour. The temperature increased 2.5 degrees during the first hour. The 
temperature of air and the temperature of water were higher than desired all the time 
during the BMT-1. 
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Figure 5-1. The new injection equipment Häny 350 in ONKALO (on the left). Taking 
grout sample for the tests of BMT-1 (on the right).  
 
 
In addition, the comparison between two grouting lines was made by mixing two 
batches of the same recipe in both lines. It was noticed that the results, especially 
density and fluidity, differed from each other depending on the mixing line. It might be 
that some of the components of the injection equipment were not calibrated enough. It is 
also possible that the difference between lines was a consequence of the dosing 
problems in the other line. Later in the mixing tests the differences between the lines 
were ignored because they could not be noticed. The use of the new grouting equipment 
went without large problems. Based on the variation of the results, the dosage and 
mixing procedure still needed to be checked.     
 
Table 5-1. Results of grouts UF-15-10-2.8 and UF-41-14-4 measured in BMT-1. 
 

Penetrability 
meter 
 

Property Batch 
size 

Mixing 
time 

Density  Marsh 
fresh 

Filter 
pump 
fresh 

bmin bcrit 

Shear 
strength 
6 h  **) 

Yield 
value 
(stick) 

Unit [l] [s] [kg/m3] [s] [ml] [μm] [μm] [kPa] [Pa] 
UF-15-10-2.8 *) 192 180+30 1450 38 310 37 103   
UF-15-10-2.8 *) 192 180+30 1430 45      
UF-15-10-2.8 192 180+30 1490 70    10.0  
UF-41-14-4 183 120+180 1340 41 325 28 78 0.4  
UF-41-14-4 183 120+180 1340 58 325 28 77   
UF-41-14-4 183 120+180 1360 57 330 27 75   

*) The properties of the grouts were not acceptable. 
**) Curing at 11.0 - 14.8 ˚C 
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5.2.2 Field test INKE FT-1 – grouting with low pH cement 
 
Test arrangement 
 
A real grouting field test in the tunnel was organised at the tunnel chainage 1880 m on 
7.3.2007. The target of the grouting was to optimise the grouting with the time stop 
criteria (Hollmén 2007). In the INKE-FT-1 –field test the low pH grout UF-41-14-4 was 
used and its properties were tested.  
 
Besides normal quality control tests, more detailed testing was carried out in order to 
get more information about material properties in the tunnel conditions. The new 
cement consignment was taken into use in the INKE-FT-1 (1.2.2007). During the 
INKE-FT-1 field test the temperature of the water was 10.0 ˚C, the temperature of the 
air was 9.8 – 10.0 ˚C and the temperature of the grout was between 14.4 and 16.1 ˚C. 
 
Tests 
 
Five batches of UF-41-14-4 grout were mixed. Basic quality control tests (mud balance, 
Marsh cone, filter pump, bleeding, fall cone and cup test) were made for all batches. 
The penetrability meter test and sand column test were made once, with the fourth 
batch. The conditions in the tunnel like supply of water and cleaning of the equipments 
prevented to organize all the tests down. Thus, penetrability meter test and sand column 
test (see Figure 5-2) were made in the wash hall near to the ONKALO access tunnel. 
 
Results 
 
The detailed test results and batch sizes of the acceptable grouts are given in Appendix 
1. The main results of INKE FT-1 are given in Table 5-2. First two batches had too high 
Marsh values,and the mixes could not be accepted for grouting the drift. The densities 
of the grout mixes were quite low, which was also reason to abandon the batches. The 
disorder in dosing system was found, it was fixed and the test continued with mixes that 
had acceptable quality control test results. The sand column test results are probably not 
reliable because of the irregular grain size distribution of the sand in the column (see 
Figure 5-2). The grout has poorer penetration ability through the fine-grained sand than 
through the coarser grained sand. The results of the two first batches are not taken into 
account in the analysis of the Chapter 6. 
 
About 24 hours after the grouting, a cement bar came from the grouting hole. The 
setting of the grout did not happen as expected. The bar was taken in the laboratory of 
Contesta to research the reason for the setting problems.  
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Figure 5-2. Sand column after testing in the INKE-FT-1; the fine material of the sand  
in the column is clear to see. 
 
 
Table 5-2. Test results of the mix UF-41-14-4 in the INKE FT-1.  
 

Penetrability 
meter 
 

Property Batch 
size 

Mixing 
time 

Density  Marsh 
fresh 

Filter 
pump 
fresh 

bmin bcrit 

Shear 
strength 
6 h **) 

Yield 
value 
(stick) 

Unit [l] [s] [kg/m3 [s] [ml] [μm] [μm] [kPa] [Pa] 
UF-41-14-4 *) 183 120+180 1320 58 250     
UF-41-14-4 *) 183 120+180 1340 83      
UF-41-14-4 183 120+180 1280 37 330   0.3  
UF-41-14-4 183 120+180 1320 42 315 31 191   
UF-41-14-4 183 120+180 1325 41 335     

*) The grouts were not acceptable for grouting. 
**) Curing at 9.8 – 10 ˚C. 
 
 
5.2.3 Grouting of personnel shaft 1 
 
Test arrangement 
 
The grouting of personnel shaft 1 was organized in the 31.3.2007. The personnel shaft 1 
of ONKALO was planned to be sealed in three sections: the lowest part with standard 
grout UF-15-10-2.8, the middle part with coarser cement grout and the upper part with 
low pH grout. The tests introduced in this report were made during the grouting of the 
lowest part of the personnel shaft. A field laboratory was established beside the grouting 
equipment and all the tests were made in ONKALO tunnel. The cement consignment 
was 1.2.2007. During the grouting of the personnel shaft the temperature of the water 
was 3.6 – 4.0 ˚C, the temperature of the air was 9.0 ˚C and the temperature of the grout 
was 10.0 ˚C. 
 
Tests 
 
During the grouting of the personnel shaft, the tests were made for three mixed batches 
of UF-15-10-2.8. Basic quality control tests (Mud balance, Marsh cone, filter pump, fall 
cone and cup test) and penetrability meter test were made for the grout mixes. All the 
batches were mixed in the line 2 of the grouting equipment where the extra pipe was 
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installed (see Chapter 5.1.1). However, there was always quite much air in the grout, 
which could be clearly seen when taking the sample from the agitator. 
 
Results 
 
The detailed test results and batch sizes of the acceptable grouts are given in 
Appendix 1. The main results of the grouting of personnel shaft are given in Table 5-3. 
The third batch could be used for grouting. The target values were not reached with the 
two first batches: the densities were too low and Marsh values too high. In addition, 
filter pump results were not reliable. Penetrability meter result of UF-15-10-2.8 were: 
little higher than those in the laboratory (bmin 54 μm and bcrit148 μm). Poor density 
values were tried to be improved by changing the mixing time from 30 s + 180 s to 30 s 
+ 45 s. The new grouting equipment was in use for the second time in ONKALO tunnel. 
The same notices of the components and technical properties of the grouts were valid in 
both INKE-FT-1 field test and in grouting of Personnel shaft –tests. The results of the 
first two batches are not taken into account in the analysis of the Chapter 6 because they 
were not allowed. 
 
Table 5-3. Test results in the grouting of the Personnel shaft with the mix UF-15-10-2.8.  
 

Penetrability 
meter 
 

Property Batch 
size 

Mixing 
time 

Density  Mars
h 
fresh 

Filter 
pump 
fresh 

bmin bcrit 

Shear 
strength 
6 h **) 

Yield 
value 
(stick) 

Unit [l] [s] [kg/m3] [s] [ml] [μm] [μm] [kPa] [Pa] 
UF-15-10-2.8 *) 192 30+180 1405 43 135     
UF-15-10-2.8 *) 192 30+180 1395 50 80     
UF-15-10-2.8 192 30+45 1410 41 240 62 192 0.6  

*) The grouts were not acceptable for grouting. 
**) Curing at about 9 ˚C. 
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5.2.4 Testing of modifications of low pH grout recipes BMT-2 
 
Test arrangement 
 
The BMT-2 was organized above surface at the ONKALO construction site on the 
27.-29.3.2007. The main purpose of the BMT-2 was to compare the results measured in 
laboratory with the results of the BMT-2. Besides, the purpose of the BMT-2 was to 
study the effect of the SPL amount and the W/DM –ratio on the technical behavior of 
the grout. The aim was to find out a set of different low pH grouts  for different bedrock 
conditions. During the BMT-2 the temperature of the water varied between 4.9  and 
10.5 ˚C, the temperature of the air was 7.0-12.6 ˚C and the temperature of the grout was 
9.5 – 16.9 ˚C. 
 
One important purpose of these tests was to develop further the use of the sand column 
test method and compare these results with the results of other test methods which 
determine the penetration ability of the grout. The comparison required the calculations 
and suppositions is introduced in Chapter 4.1.2. As important as the sand column test, 
was the yield stick test method. The stick test was made parallel with the rheometer test. 
Thus, the yield value -results of two different methods have been compared with each 
other.  
 
Test mixes 
 
Low pH grout mixes and the standard grout UF-15-10-2.8 (Table 5-4) were tested in 
BMT-2. The mix UF-48-19-3.5 was born by accident; from the beginning the sixth mix 
(UF-41-14-4) was planned to have the largest water to dry material ratio. But instead of 
45 kg cement, only 34 kg of cement were used in the seventh batch and thus the mix 
with higher W/DM ratio formed (UF-48-19-3.5). At least two test series were made for 
each mix. Basic quality control tests (Mud balance, Marsh cone, filter pump, fall cone 
and cup test) were made for all grout mixes. In addition, the penetrability meter -, sand 
column- and stick –tests were made for all grout mixes. The cement consignment was 
1.2.2007.  
 
In BMT-2 the batch size was three-fourths of the batch size mixed in BMT-1 (see 
Appendix 1). It was reduced in purpose to diminish the amount of loss material. First 
three batches were mixed with standard grout UF-15-10-2.8 to find the best mixing time 
and mixing order for the new equipment. The third batch of the standard grout set much 
faster than usual because of the different mixing order; Mighty 150 worked different 
way as it has usually worked in the grouts tested by Posiva. For all the low pH grout 
mixes the mixing time was 30 s + 45 s. The mixing order was as usually for grouts in 
ONKALO: water + cement and Mighty 150 + Grout Aid. 
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The density of Grout Aid was checked to be in target range before mixing the grouts 
(1380 ± 50 kg/m³ given from the manufacturer). Other important observation is that the 
mixing time 30 s + 45 s in BMT-2 differed from the time 120 s + 180 s in laboratory. It 
might be that the shortened mixing time in BMT-2 had an effect on the test results for 
example on the strength development results of the grout. The target values for the test 
mixes in BMT-2 were based on the laboratory values.   
  
Results 
 
The detailed test results, batch sizes and mixing times of the acceptable grouts are given 
in Appendix 1. The main results of BMT-2 are given in Table 5-4. 
 
Table 5-4. Results of low pH grout mixes and standard grout UF-15-10-2.8 measured in 
BMT-2.  
 

Penetrability 
meter 
 

Property Batch 
size 

Mixing 
time 

Density  Marsh 
fresh 

Filter 
pump 
fresh 

bmin bcrit 

Shear 
strength 
6 h *) 

Yield 
value 
(stick) 

Unit [l] [s] [kg/m3] [s] [ml] [μm] [μm] [kPa] [Pa] 
UF-15-10-2.8 144 30+180 1270 37      
UF-15-10-2.8 144 30+45 1370 35 325   0.29  
UF-15-10-2.8 144 30+45 1340 41 270   0.58  
UF-41-14-4 137 30+45 1310 39 320   0.40  
UF-41-14-4 137 30+45 1310 39 330   0.35  
UF-48-19-3.5 147 30+45 1230 40 330   0.25  
UF-41-10-4 107 30+45 1490     2.20 62.0 
UF-41-12-4 122 30+45 1350 56 300 39 81 0.55 16.2 
UF-41-12-3 121 30+45 1370 92 330 47 126 1.00 63.0 
UF-41-14-3 137 30+45 1310 56 330 45 93 0.70  
UF-41-14-3 137 30+45 1320 55 320   1.60  
UF-41-12-3 137 30+45 1360  320   1.00  
UF-41-12-3 137 30+45 1380       
UF-41-14-3 137 30+45 1310 51 350 31 77 0.25  
UF-41-12-4 122 30+45 1370 63 340   4.00 19.5 
UF-41-10-4 107 30+45 1430  340   2.39 69.3 
UF-41-14-4 122 30+45 1310 43 345 30 77 0.76 13.8 
UF-41-16-3 151 30+45 1260 44 330 27 63 1.00 11.9 
UF-41-16-3 151 30+45 1240 46 340    17.6 

*) Curing at 7-12.6 ˚C. 
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5.2.5 Field test INKE-FT-2, subpart 1 – grouting with low pH cement 
 
Test arrangement 
 
The INKE-FT-2 -field test consisted of tree subparts and is organized personnel shaft 1 
in ONKALO at the depth level about -90 m (Hollmén 2007) on the 23.5.2007. The 
purpose of the INKE-FT-2 subpart one was to test time stop criteria and the low pH 
grouting mixes. The used grouts were UF-41-12-5.1, UF-41-14-5.1 and UF-41-12-3.6. 
The grouting materials were tested before grouting to ensure the properties. For every 
grouting mix the basic quality control tests (mud balance, Marsh cone, filter pump and 
fall cone) were done. The penetrability meter test and stick test were done for several 
grouts. The first grout was not acceptable for grouting. During the INKE-FT-2, subpart 
1 the temperature of the grout varied between 11.1 and 12.5 ˚C. 
 
Test mixes 
 
A mistake in dozing of the superplasticizer happened in this test. After the test it was 
observed that the designed amount was dozed in kilograms instead of liters. This is why 
the test results, especially Marsh values, were not acceptable. The mixes seemed to be 
more fluid compared to the earlier results. Because of this mistake the recipes changed: 
Instead of the mix UF-41-14-4 was tested the mix Uf-41-14-5.1, instead of the mix UF-
41-12-4 was tested the mix UF-41-12-5.1 and instead of the mix UF-41-12-3 was tested 
the mix UF-41-12-3.6. The mixed batches were 162 – 183 liters and the mixing time 
was 30 s + 45 s for every grout. The temperature of the grout was measured from every 
batch. The cement consignment was 7.5.2007.  
 
Results 
 
The detailed results are given in the Appendix 1. The main results are given in the Table 
5-5.  
 
Table 5-5. Results of the field test INKE-FT-2 subpart 1.  
 

Penetrability 
meter 
 

Property Batch 
size 

Mixing 
time 

Density Marsh 
fresh 

Filter 
pump 
fresh 

bmin bcrit 

Shear 
strength 
6 h **) 

Yield 
value 
(stick) 

Unit [l] [s] [kg/m3] [s] [ml] [μm] [μm] [kPa] [Pa] 
UF-41-12-5.1  *) 162 30+45 1390 42 300  116 0.84 19.30 
UF-41-14-5.1  183 30+45 1300 36 340 26 86 0.26 5.45 
UF-41-14-5.1 183 30+45 1320 37 335 12  0.80  
UF-41-12-3.6  161 30+45 1380 49 330 28 81 1.43 19.40 
UF-41-14-5.1 183 30+45 1335 37 300   0.29 3.40 
UF-41-12-3.6 161 30+45 1390 47 340   0.73 19.30 

*) The grout was not acceptable for grouting. 
**) Curing at about 12 ˚C. 
 



54  
 

5.2.6 Testing of modifications of low pH grout recipes BMT-3 
 
Test arrangement 
 
The mixing test BMT-3 was organized in ONKALO tunnel in the shaft connection 
tunnel at  900 m on 11.-12.6.2007. The main purpose of the BMT-3 was to test different 
mixing times and their effect on the mix properties. For the mix UF-41-12-3.6 was 
tested also the effect of the smaller, 122 liters, batch size instead of 200 liters. Before 
the use of the grout the basic quality control tests were done. The temperature of the 
grout was measured during the tests. 
 
The Marsh values were again mostly out of the target range. After the tests it was 
observed that the amount of superplasticizer was put into the equipment in kilograms 
instead of liters. During BMT-3 mixing test the temperature of the water was 17.0 ˚C, 
the temperature of the air was 13.0 – 13.9 ˚C and the temperature of the grout varied 
between 14.2 and 18.0 ˚C. 
 
Test mixes 
 
In the BMT-3 test, tests were made for twelve mixed batches of low pH grout mixes. 
The six tested recipes were UF-41-14-4.8, UF-41-12-3.7, UF-41-12-3.6, UF-41-08-4.7, 
UF-41-10-4.8 and UF-41-12-4.8. Basic quality control tests (mud balance, Marsh cone, 
filter pump and fall cone) and penetrability meter and stick test were made for the grout 
mixes. The cement consignment was 19.3.2007.  
 
Results  
 
The detailed results are given in Appendix 1. The main test results of the BMT-3 mixing 
test are given in the Table 5-6. The mixing time seems to have an effect on the density 
of the grout and on the filter pump value. The detailed description of the effect of the 
mixing time on the properties is given in the Chapter 6.5.3.2. 
 
Table 5-6. The main results of the mixing test BMT-3. 

Penetrability 
meter 
 

Property Batch 
size 

Mixing 
time 

Density  Marsh 
fresh 

Filter 
pump 
fresh 

bmin  bcrit 

Shear 
strength 
6 h *) 

Yield 
value 
(stick) 

Unit [l] [s] [kg/m3] [s] [ml] [μm] [μm] [kPa] [Pa] 
UF-41-14-4.8  200 30+45 1345 37 330 35 83  3.28 
UF-41-12-4.8  200 30+45 1380 41 320 31 91  8.03 
UF-41-12-3.7  200 30+45 1385 53 300 19 105 1.55 28.77 
UF-41-14-4.8  200 30+90 1335 35 320     
UF-41-12-3.6  122 30+45 1380 95 190    23.70 
UF-41-10-4.8  200 30+45 1425 52 340    28.30 
UF-41-14-4.8  200 30+90 1330 36 290   0.50 3.50 
UF-41-14-4.8  200 30+180 1325 37 210   0.64 2.20 
UF-41-14-4.8  200 60+90 1320 35 330   0.90  
UF-41-14-4.8  200 60+45 1320 37 340   0.30 2.30 
UF-41-12-4.8  200 30+90 1380 40 330   0.30 4.30 
UF-41-08-4.7 200 30+45 1495 130 300   6.40 53.50 

*) Curing at 13.0 – 13.9 ˚C. 
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5.2.7 Field test INKE FT-2, subpart 2 – grouting with low pH cement  
 
Test arrangements 
 
The INKE-FT-2, subpart 2 –field test was arranged in personnel shaft 1 in ONKALO at 
the depth level of about -90 m on 13.6.2007 (Hollmén 2007). The aim of the field test 
was to have real grouting event. For every batch the basic quality control tests (mud 
balance, Marsh cone, fall cone, filter pump) and stick test were done before grouting 
and for one grout also the penetrability meter test was done. During field test the 
temperature of the air was 13.4 ˚C and the temperature of the grout was 13.2 ˚C. 
 
After two weeks from the earlier grouting, a cement bar came from the grouting hole 
next to the hole which was grouted in the INKE-FT-2 subpart 2 (see Figure 5-3). The 
mix was not hardened in the expected way and the grout sample was soft when handling 
it. The sample was taken for laboratory tests to research the reason for setting problems. 
 
Test mixes 
 
In the INKE-FT-2, subpart 2 –field test was used the grout UF-41-10-4.8 (mistake in 
dozing of superplasticizer, the recipe changed).  The used cement consignment was 
19.3.2007.  
 
Results 
 
The detailed results, mixing times and batch sizes are given in the Appendix 1. The 
main results are given in the Table 5-7. 
 

 
  
Figure 5-3. Some cement bars came from the hole grouted two weeks earlier. 
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Table 5-7. The main results of the INKE-FT-2, subpart 2 –field test.  
 

Penetrability 
meter 
 

Property Batch 
size 

Mixing 
time 

Density  Marsh 
fresh 

Filter 
pump 
fresh 

bmin  bcrit 

Shear 
strength 
6 h *) 

Yield 
value 
(stick) 

Unit [l] [s] [kg/m3] [s] [ml] [μm] [μm] [kPa] [Pa] 
UF-41-12-4.8  200 30s+45 1385 48 330    7.80 
UF-41-12-4.8 200 30s+45 1370 41 330    2.90 
UF-41-12-4.8 200 30s+45 1390 40 340 6 225  2.60 
UF-41-12-4.8 200 30s+45 1380 40 320    1.40 
UF-41-12-4.8 200 30s+45 1375 42 330    6.10 
UF-41-12-4.8 200 30s+45 1380 43 340    10.30 
UF-41-12-4.8 200 30s+45 1385 42 340    12.80 
UF-41-12-4.8 200 30s+45 1380 41 340    12.90 

*) Curing at about 13.4 ˚C. 
 
 
5.2.8 Testing of modifications of low pH grout recipes BMT-4 
 
Test arrangement 
 
The BMT-4 was arranged in the shaft connection tunnel at ONKALO chainage 900 m 
on the 27.6.2007. The main purpose was to retest the same mixes as planned to do in the 
BMT-3 and also to find out the effect of the different mixing times on the properties of 
the mixes. The mix UF-41-08-4.7 was replaced with the mix UF-41-10-3. For the mix 
UF-41-12-3 also the effect of the smaller, 122 liters, batch size instead of 200 liters was 
tested in order to compare the batch size influence on the results. In this test the correct 
dosing of the superplasticizer were checked. All the batch sizes, the mixing times and 
the recipes were unchanged. During the BMT-4 mixing test the temperature of the water 
12.4 – 15.7 ˚C, the temperature of the air was 13.6 ˚C and the temperature of the grout 
was 15.9 – 19.8 ˚C. 
 
Test mixes 
 
In BMT-4 the tested low pH grout mixes were UF-41-14-4, UF-41-12-4, UF-41-12-3, 
UF-41-10-4 and UF-41-10-3. Eleven batches and five different recipes were tested. The 
used cement consignment was for first six grouts presumably the 19.3.2007 and for five 
last tested the 7.5.2007.  
 
Results 
 
The detailed test results are given in Appendix 1. The main results are given in the 
Table 5-8. 
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Table 5-8. Test results in the BMT-4 mixing test. 
 

Penetrability 
meter 
 

Property Batch 
size  

Mixing 
time  

Density  Marsh 
fresh 

Filter 
pump 
fresh 

bmin  bcrit 

Shear 
strength 
6 h  *) 

Yield 
value 
(stick) 

Unit [l] [s] [kg/m3] [s] [ml] [μm] [μm] [kPa] [Pa] 
UF-41-14-4  200 30+45 1340 42 350   1.57 4.89 
UF-41-12-4  200 30+45 1380 54 330    19.41 
UF-41-12-3  200 30+45 1380 103 330   1.37 35.27 
UF-41-14-4  200 30+90 1315 42 330   1.57 13.70 
UF-41-12-3  122 30+45 1375 148 120   1.17  
UF-41-10-4  200 30+45 1435 179 140   5.83 42.99 
UF-41-14-4  200 30+180 1335 41 250   1.57 10.87 
UF-41-14-4  200 60+90 1330 41 157   1.57 6.76 
UF-41-14-4  200 60+45 1305 38 200   0.50  
UF-41-12-4  200 30+90 1370 49      
UF-41-10-3  200 30+45 1405  130   10.6  

*) Curing at about 13.6 ˚C. 
 
 
5.2.9 Field test INKE FT-2, subpart 3 – grouting with low pH cement 
 
Test arrangements 
 
The field test INKE-FT-2, subpart 3 was arranged in personnel shaft 1 in ONKALO in 
on 18.7.2007 (Hollmén 2007). The grouting test consisted the testing optimised 
grouting with time stop criteria and low pH grout UF-41-14-4. The grouting was started 
with the grout UF-41-14-4. Because of the unexpectedly high grout take the mix was 
later changed to the grout UF-41-10-4. One purpose of the test was to do the Marsh 
cone measuring series for the grouts. The basic quality control tests were done for the 
grouts. During INKE-FT-2, subpart 3 was 11.8 – 13.4 ˚C, the temperature of the 
groundwater was 8.1 ˚C, the temperature of the air was 11.7 – 12.6 ˚C and the 
temperature of the grout varied between 16.2 and 18.4 ˚C. 
 
Test mixes 
 
For the eighteen batches of mix UF-41-14-4 were tested with basic quality control tests 
(mud balance, Marsh cone, filter pump and stick test). All these tests were done for the 
fresh grout. For one mix the Marsh cone test was done every 10 minutes (first 
measurement for the fresh grout and the last measurement 45 minutes later) in order to 
find out how the flowing properties develop (see Chapter 6.5.2.2). The grout UF-41-10-
4 was tested once. The mud balance, Marsh cone, filter pump and stick tests were done. 
The Marsh cone test was done every 10 minutes. This test begun when the grout was 
fresh and ended after 20 minutes (see Chapter 6.5.2.2). The used cement consignment 
was 7.5.2007 (first four grouts) and 11.6.2007 (the rest grout mixes). 
 
Results 
 
The detailed results of the acceptable grouts are given in the Appendix 1. The main test 
results are given in the Table 5-9. The results (filter pump result) of the first grout were 
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not as targeted and this grout abandoned. The results of the second grout were accepted 
and the filling of the grouting holes was started. The results of the third and fourth grout 
were not acceptable and the filling was interrupted. The grout was washed away from 
the holes. 
 
The reason for the invalid test results were possibly unsuitable cement batch or wetted 
cement. The first reason is possible because this same cement was used in the end of the 
BMT-4 test and the filter pump results were invalid then. The second reason seems to be 
also presumable. After the cement was removed from the silo of the equipment, the 
cement seemed to be wetted because it was gotten lumpy (Figure 5-4). The cement 
batch was changed and the mixing continued. The results were acceptable and the filling 
of the holes began. The properties of the grout UF-41-14-4 stayed quite constant during 
the mixing of all the rest batches. In the end of the grouting the mix UF-41-10-4 was 
used. 
 
The stick results were smaller than in the earlier tests. The possible reason for this can 
be that in the INKE-FT-2, subpart 3 the stick test was done for the grout which was used 
earlier in the Marsh cone test. During the Marsh test the air escaped from the grout and 
the properties of the grout changed. The changes were small, but they possibly had an 
effect on the yield value. 
 
 

 
 

Figure 5-4. Wetted cement (the consignment 7.5.2007). The lump was about 40 cm in 
diameter. 
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Table 5-9. Typical properties of tested mixes in INKE-FT-2 subpart 3 -field test. The 
results are in chronological order. 
 

Property Batch 
size 

Mixing 
time 

Density Marsh fresh Filter pump, 
fresh 

Yield value 
(stick) 

Unit [l] [s] [kg/m3] [s] [ml] [Pa] 
UF-41-14-4  *) 200 30s+45 1315 40 168 3.71 
UF-41-14-4  *) 200 30s+45 1325 42 310 12.50 
UF-41-14-4  *) 200 30s+45 1325 41 180 4.47 
UF-41-14-4  *) 200 30s+45 1325 47 80 11.00 
UF-41-14-4  200 30s+45 1330 40 310 3.50 
UF-41-14-4  200 30s+45 1350 48 320 8.44 
UF-41-14-4  200 30s+45 1325 41 320 3.57 
UF-41-14-4  200 30s+45 1325 40 320 3.57 
UF-41-14-4  200 30s+45 1330 41 320 3.42 
UF-41-14-4 200 30s+45 1325 42 330 2.19 
UF-41-14-4  200 30s+45 1325 40 320 3.57 
UF-41-14-4  200 30s+45 1330 41 330 2.12 
UF-41-14-4  200 30s+45  40 310  
UF-41-14-4  200 30s+45  41 320  
UF-41-14-4  200 30s+45 1340 38 320 0.74 
UF-41-14-4  200 30s+45 1340 39 300 1.98 
UF-41-14-4  200 30s+45 1335 39 330 4.96 
UF-41-14-4  200 30s+45  43 330  
UF-41-10-4  200 30s+45 1430 84 320 23.00 

*) The grouts were not acceptable for grouting. 
 
 
5.3 Tests in VTT and Contesta 
 
In addition to the basic quality control tests and stick tests in ONKALO, rheological 
tests were arranged with Technical Research Centre of Finland (VTT) and analysis of 
the hardened samples with cement laboratory Contesta.  
 
VTT did the rheological tests. The analysed samples were taken from the BMT-2 (27.-
28.3.2007), BMT-3 (11.-12.6.2007) and BMT-4 (27.-28.6.2007). The plastic viscosity 
and yield strength were measured by Brookfield DV-III+ Rheometer. These results 
support the stick measurements done in the field. The detailed results and graphs are 
given in the Appendix 3. The main results are given in the Appendix 1 and they are 
studied in the Chapter 6.2.  
 
From the samples obtained from the mixing tests and field tests the compressive 
strength and shrinkage of the grouts were analysed in Contesta. The compressive 
strength prisms were cast in the ONKALO. The results of the compressive strength 
measurements will be reported separately later in a Posiva working report. 
 
For mixes UF-41-14-4 and UF-41-12-4, the basic quality control tests were done in 
Contesta with the same material consignments than used in the BMT-2 in order to 
ensure that the materials (and these consignments) were usable and to compare the 
results in the field and in the laboratory. These results are studied in the Chapter 6.4. 
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6 EXAMINATION OF THE RESULTS 
 
6.1 The typical features of the main recipes 
 
In this Chapter are treated the results of the mixing tests and the field tests. One recipe is 
treated at a time. The results which are not representative or the measurements with 
uncertain factors are not taken into account in the calculations (average, minimum, 
maximum). 
 
 
6.1.1 UF-41-10-3 
 
This recipe has been tested only once in BMT-4.  The batch size was 200 litres and the 
mixing time was 30 s + 45 s. The averages of the properties and minimum and 
maximum values of the grout are given in the Table 6-1. 
 
The recipe for the 1 m3 batch is: 
 
UF16: 425 kg 
Grout Aid: 580 kg 
Water: 425 kg 
Mighty 150: 21.5 kg (18 l) 
 
Table 6-1. The typical properties of the grout UF-41-10-3. If only one sample exists, the 
value is the average = measured value. 
 

Property Unit Average Min. Max. Number of 
samples 

Density (measured) [kg/m3] 1405   1 
Density (calculated without air) [kg/m3] 1459    
Density (calculated with 4% air) [kg/m3] 1503    
Marsh value, fresh grout [s]     
Marsh value, 0.5 h grout [s]     
Marsh value, 1 hour grout [s]     
Filter pump (100 �m), fresh grout [ml] 130   1 
Filter pump (100 �m), 0.5 h grout [ml] 100   1 
Filter pump (100 �m), 1 h grout [ml] 120   1 
Penetrability meter, bmin [�m]     
Penetrability meter, bcrit [�m]     
The age when the hear strength of 
the grout was 0.5 kPa 

[min]     

Shear strength, 2 h grout [kPa]     
Shear strength, 6 h grout [kPa] 10.6   1 
Plastic viscosity, fresh grout [mPas] 61.2   1 
Plastic viscosity, 0.5 h grout [mPas] 108.7   1 
Plastic viscosity, 1 h grout [mPas]     
Yield value, fresh grout [Pa] 49.2   1 
Yield value, 0.5 h grout [Pa] 56.3   1 
Yield value, 1 h grout [Pa]     

 
 



62  
 

Density of the grout was 1405 kg/m3. Filter pump value for fresh grout with 100 �m 
filter was only 130 ml, half an hour later the value was 100 ml and after one hour the 
value was 120 ml. Penetration ability suffers from lowering of W/DM and SPL content. 
After six hours the shear strength value for the grout was 10.6 kPa. 
 
The plastic viscosity measured by rheometer was 61.2 mPas for the fresh grout and at 
30 min the value was 108.7 mPas. The yield value for fresh grout measured by 
rheometer was 49.2 Pa and after half an hour the value was 56.3 Pa. The confidence of 
fit for fresh grout was only 26.9% and after half an hour the value was 89.3%. The 
Marsh value could not be measured because the cone was clogged. The detailed average 
results are given in the Appendix 2. 
 
 
6.1.2 UF-41-10-4 
 
This recipe has been tested in BMT-2 and BMT-4 mixing tests and in INKE-FT-2 
subpart 3 –field test. For this grout altogether four test series has been done. The 
average properties and minimum and maximum values are given in Table 6-2. The used 
batch size was 107-200 litres and the mixing time was 30s +45s. 
 
The recipe for the 1 m3 batch is: 
 
UF16: 425 kg 
Grout Aid: 580 kg 
Water: 425 kg 
Mighty 150: 28.5 kg (24 l) 
 
Table 6-2. The typical properties of the grout UF-41-10-4.  
 

Property Unit Average Min. Max. Number of 
samples 

Density (measured) [kg/m3] 1446 1430 1490 4 
Density (calculated without air) [kg/m3] 1457    
Density (calculated with 4% air) [kg/m3] 1401    
Marsh value, fresh grout [s] 131 84.0 178.8 2 
Marsh value, 0.5 h grout [s] 123 85.0 166.0 3 
Marsh value, 1 hour grout [s] 95   1 
Filter pump (100 �m), fresh grout [ml] 267 140 340 3 
Filter pump (100 �m), 0.5 h grout [ml] 255 150 360 2 
Filter pump (100 �m), 1 h grout [ml] 140   1 
Penetrability meter, bmin [�m]     
Penetrability meter, bcrit [�m]     
The age when the shear strength of 
the grout was 0.5 kPa  

[min] 120 120 120 2 

Shear strength, 2 h grout [kPa]     
Shear strength, 6 h grout [kPa] 3.5 2.2 5.8 3 
Plastic viscosity, fresh grout [mPas] 27.9 21.3 34.4 2 
Plastic viscosity, 0.5 h grout [mPas] 43.2   1 
Plastic viscosity, 1 h grout [mPas]     
Yield value, fresh grout [Pa] 36.6 29.0 44.1 2 
Yield value, 0.5 h grout [Pa] 25.0   1 
Yield value, 1 h grout [Pa]     
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The density varied between 1430 kg/m3 and 1490 kg/m3. The mean value of the density 
was 1446 kg/m3. The penetration ability has varied in different measurements. The filter 
pump values with the 100 �m filter for fresh grout were between 140 – 340 ml (only 
two measurements) and the mean value was 240 ml. Half an hour later the values were 
between 150 – 360 ml (only two measurements) and the mean value was 255 ml. After 
one hour the filter pump was 140 ml (only one measurement). In the sand column tests 
the penetration in the sand was between 130 and 270 mm and the mean value was 200 
mm (only two measurements). The penetration stopped after 2 – 74 s and the mean 
value was 38 s. One of the sand column tests failed because the tap of the column was 
left open. 
 
The early age shear strength 0.5 kPa was reached after 2 hours (two measurements). 
After six hours the shear strength reached the values between 2.2 and 5.8 kPa. The mean 
value was 3.5 kPa. The grout stayed in the tilted cup after 240 - 360 minutes. The mean 
value was 300 minutes. 
 
Only two of the four Marsh value measurements for the fresh grout succeeded. The 
values were between 179 and 84 and the average was 131 s. The two other 
measurements failed because the cone logged. After half an hour the values were 
between 85 s and 166 s and the mean value was 123 s. After one hour the value (one 
measurement) was 95 s. It seems that the Marsh value of the grout decreases 
significantly during time. After one hour the Marsh value of the grout was much smaller 
than the value of the fresh grout. One uncertainty is the limited number of data. The 
yield values measured by stick varied a lot; between 23.0 and 69.3 Pa for the fresh grout 
and the mean value was 49.3 Pa.  
 
The rheology measurements gave out quite varying values: the plastic viscosity of the 
fresh grout was between 21.3 and 34.4 mPa s, and the mean value was 27.9 mPa s. After 
half an hour the viscosity was 34.2 mPa s (one measurement). Yield value of the fresh 
grout measured by rheometer was between 29.0 and 44.1 Pa and the mean value was 
36.6 Pa. After half an hour the value was 25.0 Pa (one measurement). The confidence of 
fit -value for the fresh grout was 91.3% (one measurement) and after half an hour the 
value was 95.1%. 
 
 
6.1.3 UF-41-12-3 (P307) 
 
The grout UF-41-12-3 has been tested in BMT-2 and BMT-4 mixing tests. Five test 
series was done. The batch size varied between 121 and 200 litres. The mixing time has 
been 30s + 45s in every test. The average properties and minimum and maximum values 
of the grout are given in the Table 6-3. 
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The recipe for 1 m3 batch is: 
 
UF16: 370 kg 
Grout Aid: 510 kg 
Water: 495 kg 
Mighty 150: 19 kg (16 l) 
 
The density of the grout varied between 1360 and 1380 kg/m3 and the mean value was 
1373 kg/m3. The bmin value was 47 �m and the bcrit value was 126 �m (one reliable 
measurement). The filter pump values varied a lot: For fresh grout, which were 
measured by using the 100 �m filter, they were between 120 and 330 ml and the mean 
value was 275 ml. After half an hour the value was between 140 and 360 ml and the 
mean value was 293 ml. After one hour the values of the grout were between 100 and 
350 ml and the mean value was 225 ml. One sand column measurement was done and 
the penetration length was 170 mm and the penetration time was 108 s. 
 
The shear strength value 0.5 kPa (measured by fall cone) was reached in 300-360 
minutes and the mean value was 330 minutes. After six hours the fall cone value of the 
grout was between 1.0 – 1.4 kPa and the mean value was 1.1 kPa. The grout stayed in 
the tilted cup after 250 minutes. This value was measured only from one sample. 
 
The Marsh values of the fresh grout varied a lot, between 92 and 148 s, and the mean 
value was 114 s. After half an hour the corresponding values of the grout were between 
82 and 127 s and the mean value was 113 s. After one hour the values of the grout were 
between 96 and 130 s (two measurements) and the mean value was 113 s. The Marsh 
value of this mix did not change significantly during time. The stick sank in the fresh 
grout 12 - 25 mm (two measurements) and the mean value was 18.5 mm. Thus the yield 
values were 35.3 and 63.0 Pa and the mean value was 49.1 Pa. The corresponding 
plastic viscosity (measured from the value 25 mm) was 35.2 mPa s. Plastic viscosity of 
the fresh grout measured by rheometer (three measurements) was between 32.6 and 
40.9 mPa s and the mean value was 36.6 mPa s. After half an hour the corresponding 
values of the grout were between 53.8 and 59.5 mPa s and the mean value was 56.7 mPa 
s. After one hour the corresponding values of the grout (two measurements) were 
between 46.4 and 53.0 mPa s and the mean value was 49.7 mPa s. The yield value 
values of fresh grout measured by rheometer (two measurements) were between 28.1 
and 35.7 Pa and the mean value was 31.2 Pa. After half an hour the corresponding 
values of the grout were between 27.7 and 28.8 Pa and the mean value was 28.3 Pa. 
After one hour the values were between 26.6 and 27.5 Pa and the mean value was 27.1 
Pa. The confidence of fit -value for the fresh grout was between 88.8 and 90.5 %. After 
half an hour the values were between 90.1 and 90.2 % and after one hour the 
corresponding values of the grout were 88.9 – 89.9 % and the mean value was 89.4 %. 
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Table 6-3. The typical properties of the grout UF-41-12-3. If only one sample exists, the 
value is the average = measured value. 
 

Property Unit Average Min. Max. Number of 
samples 

Density (measured) [kg/m3] 1373 1360 1380 5 
Density (calculated without air) [kg/m3] 1401    
Density (calculated with 4% air) [kg/m3] 1347    
Marsh value, fresh grout [s] 114 92 148 3 
Marsh value, 0.5 h grout [s] 113 82 127 4 
Marsh value, 1 hour grout [s] 113 96 130 2 
Filter pump (100 �m), fresh grout [ml] 275 120 330 4 
Filter pump (100 �m), 0.5 h grout [ml] 293 140 360 4 
Filter pump (100 �m), 1 h grout [ml] 225 100 350 2 
Penetrability meter, bmin [�m] 47   1 
Penetrability meter, bcrit [�m] 126   1 
The age when the shear strength of 
the grout was 0.5 kPa 

[min] 330 300 360 2 

Shear strength, 2 h grout [kPa]     
Shear strength, 6 h grout [kPa] 1.1 1.0 1.4 4 
Plastic viscosity, fresh grout [mPas] 36.6 32.6 40.9 3 
Plastic viscosity, 0.5 h grout [mPas] 56.7 53.8 59.5 2 
Plastic viscosity, 1 h grout [mPas] 49.7 46.4 53.0 2 
Yield value, fresh grout [Pa] 31.2 28.1 35.7 3 
Yield value, 0.5 h grout [Pa] 28.3 27.7 28.8 2 
Yield value, 1 h grout [Pa] 27.1 26.6 27.5 2 

 
 
6.1.4 UF-41-12-4 (P307B) 
 
The grout UF-41-12-4 was tested in BMT-2 and BMT-4 tests. Altogether four test 
series were done. The batch size was 122 – 200 litres and the mixing time was 30 s + 
45 s or 30 s + 90 s. The averages of the properties and minimum and maximum values 
of the grout are given in Table 6-4. 
 
The recipe for 1 m3 batch is: 
 
UF16: 370 kg 
Grout Aid: 510 kg 
Water: 495 kg 
Mighty 150: 25 kg (21 l) 
 
The densities varied between 1350 kg/m3 and 1380 kg/m3 and the mean value was 1368 
kg/m3. The penetration ability was repeatedly good. The bmin value was 39 �m and bcrit 
value was 81 �m. One penetrability meter measurement was done. The filter pump 
values of fresh grout with 100 �m were between 300 – 340 ml and the average was 
 323 ml. A half an hour later the values were between 320 – 340 ml and the average was 
330 ml. After one hour the value was 290 ml (one measurement). The grout penetrated 
in the sand column 225 – 300 mm (average 263 mm). The penetration stopped after 
 108 – 143 s (average 126 s). 
 
The 0.5 kPa early age shear strength was reached in 330 – 360 minutes (two 
measurements) and the average was 345 minutes. After six hours the shear strength was 
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0.05 – 4 kPa and the mean value was 2.3 kPa. The grout stayed in the tilted cup after 
150 – 300 minutes (two measurements) and the average was 225 minutes. 
 
The Marsh value of the fresh grout was 49 – 63 s when the mean value was 56 s. Half 
an hour later the values were 46 – 55 s and the mean value was 51. After one hour the 
values were between 45 and 52 s and the mean value was 49 s. The Marsh value seems 
to decrease during time. After one hour the average Marsh value of the grout was about 
7 s shorter than the average Marsh value of the fresh grout. The stick sank in the fresh 
grout 40 – 45 mm and the average was 42 mm. The corresponding yield values were 
16.2 – 19.5 Pa and the average was 18.4 Pa. The plastic viscosity was 22.1 – 30.8 mPa s 
and the mean value was 26.0 mPa s. Plastic viscosity of the fresh grout measured by 
rheometer was between 13.0 and 18.4 mPa s and the mean value was 15.4 mPa s. After 
half an hour the corresponding values of the grout were between 21.2 and 29.2 mPa s 
(two measurements) and the mean value was 25.2 mPa s. After one hour the 
corresponding values of the grout (two measurements) were between 21.9 and 30.6 mPa 
s and the mean value was 26.3 mPa s. The yield value values of fresh grout measured by 
rheometer were between 14.3 and 16.8 Pa and the mean value was 15.6 Pa. After half an 
hour the corresponding values of the grout were between 13.6 and 17.3 Pa (two 
measurements) and the mean value was 15.5 Pa. After one hour the values were 
between 14.7 and 17.8 Pa (two measurements) and the mean value was 16.3 Pa. The 
confidence of fit –values for the fresh grout were between 94.5 and 95.8 %. After half 
an hour the value was between 35.8 and 97.6 %. After one hour the corresponding 
values were 96.0 – 97.2 %. 
 
Table 6-4. The typical properties of the grout UF-41-12-4. If only one sample exists, the 
value is the average = measured value. 
 

Property Unit Average Min. Max. Number of 
samples 

Density (measured) [kg/m3] 1368 1350 1380 4 
Density (calculated without air) [kg/m3] 1400    
Density (calculated with 4% air) [kg/m3] 1346    
Marsh value, fresh [s] 56 49 63 4 
Marsh value, 0.5 h grout [s] 51 46 55 4 
Marsh value, 1 hour [s] 49 45 52 2 
Filter pump (100 �m), fresh grout [ml] 323 300 340 3 
Filter pump (100 �m), 0.5 h grout [ml] 330 320 340 3 
Filter pump (100 �m), 1 h grout [ml] 290   1 
Penetrability meter, bmin [�m] 39   1 
Penetrability meter, bcrit [�m] 81   1 
The age when the shear strength was 
0.5 kPa 

[min] 345 330 360 2 

Shear strength, 2 h [kPa]     
Shear strength, 6 h [kPa] 2.3 0.6 4.0 2 
Plastic viscosity, fresh grout [mPas] 15.4 13.0 18.4 3 
Plastic viscosity, 0.5 h grout [mPas] 25.2 21.2 29.2 2 
Plastic viscosity, 1 h grout [mPas] 26.3 21.9 30.6 2 
Yield value, fresh grout [Pa] 15.6 14.3 16.8 3 
Yield value, 0.5 h grout [Pa] 15.5 13.6 17.3 2 
Yield value, 1 h grout [Pa] 16.3 14.7 17.8 2 
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6.1.5 UF-41-14-3 (P308)  
 
The grout UF-41-14-3 was tested in BMT-2 test. Three test series were done for this 
grout. The batch size was in every test 137 litres and the mixing time was 30 s + 45 s. 
The averages of the properties and minimum and maximum values are given in 
Table 6-5. 
 
The recipe for 1 m3 batch is: 
 
UF16: 328 kg 
Grout Aid: 452.5 kg 
Water: 555 kg 
Mighty 150: 17 kg (14 l) 
 
The density of this grout varied between 1310 kg/m3 and 1320 kg/m3 and the average 
was 1313 kg/m3. The penetration ability was good: The bmin value was 31 - 45 �m and 
the average was 38 �m. The bcrit value was 77 –93 �m and the average was 85 �m. The 
filter pump values of the fresh grout were between 320 and 350 ml and the average was 
333 ml. A half an hour later the values were between 260 and 350 ml and the mean 
value was 337 ml. After one hour the value was 360 ml (one measurement). The 
penetration length of the fresh grout in the sand column was 295 mm (one 
measurement) and the penetration stopped after 126 s. 
 
The early age shear strength 0.5 kPa was reached in 270 – 390 minutes (average 340 
minutes). After six hours the shear strength was 0.3 – 1.6 kPa. The average was 0.9 kPa. 
The grout stayed in the tilted cup after 300 minutes (one measurement). 
 
Table 6-5. The typical properties of the grout UF-41-14-3. 
 

Property Unit Average Min. Max. Number of 
samples 

Density (measured) [kg/m3] 1313 1310 1320 3 
Density (calculated without air) [kg/m3] 1354    
Density (calculated with 4% air) [kg/m3] 1302    
Marsh value, fresh grout [s] 54 51 56 3 
Marsh value, 0.5 h grout [s] 53 51 55 3 
Marsh value, 1 hour grout [s] 52   1 
Filter pump (100 �m), fresh grout [ml] 333 320 350 3 
Filter pump (100 �m), 0.5 h grout [ml] 337 260 350 3 
Filter pump (100 �m), 1 h grout [ml] 360   1 
Penetrability meter, bmin [�m] 38 31 45 2 
Penetrability meter, bcrit [�m] 85 77 93 2 
The age when the shear strength of the 
grout was 0.5 kPa 

[min] 340 270 390 3 

Shear strength, 2 h grout [kPa]     
Shear strength, 6 h grout [kPa] 0.9 0.3 1.6 3 
Plastic viscosity, fresh grout [mPas] 22.0   1 
Plastic viscosity, 0.5 h grout [mPas]     
Plastic viscosity, 1 h grout [mPas]     
Yield value, fresh grout [Pa] 16.1   1 
Yield value, 0.5 h grout [Pa]     
Yield value, 1 h grout [Pa]     
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The Marsh values of the fresh grout were 51 – 56 s and the average was 54 s. A half an 
hour later the values were 51 – 55 s and the average was 53 s. After one hour the value 
was 52 s (one measurement). Plastic viscosity of the fresh grout measured by rheometer 
was 22.0 mPa s (one measurement) and the yield stress value of the fresh grout 
measured by rheometer was 16.1 Pa (one measurement). 
 
 
6.1.6 UF-41-14-4 (P308B) 
 
The grout UF-41-14-4 was tested in INKE-FT-1 field test and in BMT-2 and BMT-4. 
Altogether 11 test series was done for this grout. The batch size has been 122 – 200 
litres and the mixing time has been 30 s + 45 s, 30 s + 90 s, 30 s + 180 s, 60 s + 45 s, 60 
s + 90 s, and 120 s + 180 s. The average properties and minimum and maximum values 
of the grout are given in the Table 6-6. 
 
The recipe for 1 m3 batch is: 
 
UF16: 325 kg 
Grout Aid: 450 kg 
Water: 550 kg 
Mighty 150: 22 kg (18.5 l) 
 
Table 6-6. The typical properties of the grout UF-41-14-4. 
 

Property Unit Average Min. Max. Number of 
samples 

Density (measured) [kg/m3] 1324 1280 1340 22 
Density (calculated without air) [kg/m3] 1353    
Density (calculated with 4% air) [kg/m3] 1301    
Marsh value, fresh grout [s] 41 37 48 25 
Marsh value, 0.5 h grout [s] 41 38 48 9 
Marsh value, 1 hour grout [s] 41 38 43 7 
Filter pump (100 �m), fresh 
grout 

[ml] 310 157 350 25 

Filter pump (100 �m), 0.5 h grout [ml] 326 260 350 7 
Filter pump (100 �m), 1 h grout [ml] 305 180 350 5 
Penetrability meter, bmin [�m] 34 30 42 3 
Penetrability meter, bcrit [�m] 117 77 191 3 
The age when the shear strength 
of the grout was 0.5 kPa 

[min] 426 330 510 5 

Shear strength, 2 h grout [kPa]     
Shear strength, 6 h grout [kPa] 1.0 0.3 1.6 9 
Plastic viscosity, fresh grout [mPas] 10.4 9.0 11.6 5 
Plastic viscosity, 0.5 h grout [mPas] 16.6 15.2 17.9 3 
Plastic viscosity, 1 h grout [mPas] 17.4 16 18.8 5 
Yield value, fresh grout [Pa] 8.4 5.9 11.0 5 
Yield value, 0.5 h grout [Pa] 9.3 7.9 10.7 3 
Yield value, 1 h grout [Pa] 9.4 8.2 11.2 5 
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The density of this grout varied between 1280 and 1340 kg/m3 and the average was 
1324 kg/m3. The penetration ability was typically good, however there were also 
variation in the results. The bmin value was 30 - 42 �m and the average was 34 �m. The 
bcrit value was 77 –191 �m and the average was 117 �m. The filter pump values of the 
fresh grout with 100 �m were between 157 – 350 ml and the average was 310 ml. After 
half an hour the corresponding values of the grout were between 260 and 360 ml and the 
average was 326 ml. After one hour the values of the grout were between 180 and 
 350 ml and the average was 305 ml. The penetration length in the sand column was 
55 – 370 mm (three measurements) and the average was 208 mm. The penetration time 
was 35 s (one measurement). 
 
The early age shear strength value 0.5 kPa was reached of the age of 330 – 510 minutes 
(average 426 minutes). After six hours the shear strength was between 0.3 and 1.6 kPa 
and the mean value was 1.0 kPa. The measurement was done also after 24 hours and the 
value was 85.3 kPa. The grout stayed in the tilted cup after 360 minutes (one 
measurement). 
 
The Marsh value of the fresh grout was 37 – 48 s and the average was 41 s. Half an hour 
later the value was 38 – 48 s and the average was 41 s. After one hour the value was 
38 – 43 s and the mean value was 41 s. The stick sank in the fresh grout 50 – 70 mm 
and the average was 58 mm. A half an hour later the value was 70 – 79 mm and the 
mean value was 75 mm. The yield value of the fresh grout measured by stick varied a 
lot between 0.75 – 13.8 Pa and the average was 5.50 Pa. The plastic viscosity of the 
fresh grout measured by stick was 12.5 – 21.6 mPa s and the average was 16.5 mPa s. 
Plastic viscosity of the fresh grout measured by rheometer was between 9.0 and 11.6 
mPa s and the mean value was 10.4 mPa s. After half an hour the corresponding values 
of the grout were between 15.2 and 17.9 mPa s (two measurements) and the mean value 
was 16.6 mPa s. After one hour the corresponding values of the grout (two 
measurements) were between 16.0 and 18.8 mPa s and the mean value was 17.4 mPa s. 
The yield value values of fresh grout measured by rheometer were between 5.9 and 
11.0 Pa and the mean value was 8.4 Pa. After half an hour the corresponding values of 
the grout were between 7.9 and 10.7 Pa (two measurements) and the mean value was 
9.3 Pa. After one hour the values were between 8.2 and 11.2 Pa (two measurements) 
and the mean value was 9.4 Pa. The confidence of fit –values for the fresh grout were 
between 94.6 and 95.4 % (two measurements). After half an hour the value of the grout 
was between 97.8 and 97.9 % and after one hour the corresponding values of the grout 
were 96.6–97.6 % (mean value 97.2 %). 
 
 
6.1.7 UF-15-10-2.8 (5/5) 
 
The grout UF-15-10-2.8 was tested in Personnel shaft –field test and BMT-2 mixing 
test. Altogether were tested four mixes. The batch size was 144 – 192 litres and the 
mixing time was 30 s + 45 s and 30 s + 180 s. The average properties and minimum and 
maximum values of the grout are given in the Table 6-7. 
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The recipe for 1 m3 batch is: 
 
UF16: 625 kg 
Grout Aid: 220 kg 
Water: 625 kg 
Mighty 150: 20.5 kg (17.4 l) 
 
The density of the fresh grout was between 1270 and 1410 kg/m3 and the average was 
1348 kg/m3. The bmin value was 62 �m (one measurement). The bcrit value was 192 �m 
(one measurement). The filter pump value of the grout with 100 �m filter were between 
240 and 325 ml and the average was 278 ml. After half an hour the value of the grout 
was 160 – 320 ml (two measurements) and the average was 240 ml. The penetrability 
length in the sand column was 370 mm (one measurement) and the penetration stopped 
after 160 s. 
 
The early age shear strength reached 0.5 kPa in the age of 360 – 420 minutes (average 
was 380 minutes). After six hours the shear strength reached the value 0.3 – 0.6 kPa and 
the average was 0.5 kPa. The grout stayed in the tilted cup after 165 – 270 minutes and 
the average was 218 minutes. The Marsh values of the fresh grout were between 35 and 
41 s and the average was 39 s. After half an hour the value was 38 – 44 s and the mean 
value was 41 s. One measurement for the grout was done after one hour and the value 
was 38 s. The stick sank in the fresh grout 40 mm (one measurement). The yield value 
was 19.3 Pa and the plastic viscosity was 15.5 mPa s.  
 
Table 6-7. The typical properties of the grout UF-15-10-2.8. If in the table is only one 
sample, the value is the measured value. 
 

Property Unit Average Min. Max. Number 
of samples 

Density (measured) [kg/m3] 1348 1270 1410 4 
Density (calculated without air) [kg/m3] 1492    
Density (calculated with 4% air) [kg/m3] 1435    
Marsh value, fresh grout [s] 39 35 41 4 
Marsh value, 0.5 h grout [s] 41 38 44 2 
Marsh value, 1 hour [s] 38   1 
Filter pump (100 �m), fresh grout [ml] 278 240 325 3 
Filter pump (100 �m), 0.5 h grout [ml] 240 160 320 2 
Filter pump (100 �m), 1 h grout [ml]     
Penetrability meter, bmin [�m] 62   1 
Penetrability meter, bcrit [�m] 192   1 
The age when the shear strength of 
the grout was 0.5 kPa 

[min] 380 360 420 3 

Shear strength, 2 h grout [kPa]     
Shear strength, 6 h grout [kPa] 0.5 0.3 0.6 3 
Plastic viscosity, fresh grout [mPas]     
Plastic viscosity, 0.5 h grout [mPas]     
Plastic viscosity, 1 h grout [mPas]     
Yield stress, fresh grout [Pa]     
Yield stress, 0.5 h grout [Pa]     
Yield stress, 1 h grout [Pa]     
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6.1.8 High SPL dosage grouts (BMT-3 and INKE-FT-2 subparts 1 and 2) 
 
In BMT-3 mixing test and in INKE-FT-2 subpart 1 and 2 -field tests happened a 
mistake in dosing the superplasticizer with the mix UF-41-12-4, UF-41-14-4 and 
UF-41-12-3. As a consequence the recipes were not as planned. The new recipes were 
UF-41-12-5.1, UF-41-14-5.1 and UF-41-12-3.6 (UF-41-12-3.7). The amount of 
superplasticizer has a significant effect on the features of the grout. All the results are 
presented in Appendix 1. However, these mixes are analysed, because their exact recipe 
is known and additional information about the effect of superplasticizer is available. 
 
 
UF-41-10-4.8 
 
The grout UF-41-10-4.8 was tested once in BMT-3 mixing test. The batch size was 
200 litres and the mixing time was 30 s + 45 s. The detailed results of the grout are 
given in the Appendix 1 and the detailed averages are given in the Appendix 2. 
 
The recipe for 1 m3 batch size is: 
 
UF16: 425 kg 
Grout Aid: 580 kg 
Water: 425 kg 
Mighty 150: 34kg (28.5l) 
 
The density of the grout was 1425 kg/m3. The filter pump value for the fresh grout was 
340 ml, after half an hour the value was 295 ml and after one hour the value was 280 
ml. 
 
The Marsh value of the fresh grout was 52 s, after half an hour the value was 46 s and 
after one hour the value was 47 s. The stick sank in the grout 30 mm, the corresponding 
yield value was 28.3 Pa and the corresponding plastic viscosity was 17.1 mPa s. The 
plastic viscosity of the fresh grout measured by rheometer was 11.1 mPa s, after half an 
hour the value was 19.6 mPa s and after one hour the value was 21.3 mPa s. The yield 
value value of the fresh grout measured by rheometer was 14.5 Pa, after half an hour the 
value was 13.3 Pa and after one hour the value was 14.3 Pa. The confidence of fit varied 
between 91.3 - 98.0%. 
 
 
UF-41-12-5.1 
 
The grout UF-41-12-5.1 was tested once in INKE-FT-2 subpart 1 –field test. The batch 
size was 162 litres and the mixing time was 30 s + 45 s. The comparison between the 
average results of the grouts UF-41-12-4, UF-41-12-4.8 and UF-41-12-5.1 are given in 
the Table 6-8. The detailed results of the grout are given in the Appendix 1 and the 
detailed averages are given in the Appendix 2.  
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The recipe for 1 m3 batch is: 
 
UF16: 370 kg 
Grout Aid: 510 kg 
Water: 494 kg 
Mighty 150: 32.1 kg (26.5 l) 
 
The density of the fresh grout was 1390 kg/m3. The Marsh value of the fresh grout was 
42 s. The stick sank in the grout 40 mm. The yield value measured by stick was 19.3 Pa 
and the plastic viscosity was 9.7 mPa s. After six hours the shear stress was 0.8 kPa.  
 
 
UF-41-12-4.8 
 
The grout UF-41-14-4.8 was tested in BMT-3 test and in INKE-FT-2 subpart 2. 
Altogether ten test series was done. The batch size was 200 litres in every test and the 
mixing time was 30 s + 45 s and 30 s + 90 s. The comparison between the average 
results of the grouts UF-41-12-4, UF-41-12-4.8 and UF-41-12-5.1 are given in Table 
6-8. The detailed results of the grout are given in the Appendix 1 and the detailed 
averages are given in the Appendix 2. 
 
The recipe for 1 m3 batch is: 
 
UF16: 370 kg 
Grout Aid:  510 kg 
Water: 495 kg 
Mighty 150: 30 kg (25 l) 
 
The density of the grout varied between 1370 and 1390 kg/m3 and the average was 1381 
kg/m3. The bmin value was 26 �m (two measurements). The bcrit value was 86 �m. The 
filter pump value of the fresh grout with 100 �m were between 320 and 340 ml and the 
average was 332 ml. After half an hour the value was 330 – 340 ml (two measurements) 
and the average was 335 ml. After one hour the value was 340 – 350 ml (two 
measurements) and the average was 345 ml. The penetration length in the sand column 
was 370 mm (one measurement) and the penetration time was 223 s. 
 
The Marsh value of the fresh grout was 40 – 48 s and the average was 42 s. After half 
an hour the Marsh value of the grout was 40 – 41 s (two measurements) and the average 
was 41 s. After one hour the average Marsh value of the grout was 41 s. The stick sank 
in the grout 50 – 80 mm (average was 64 mm). The yield value varied between 1.4 and 
12.9 Pa and the mean value was 6.9 Pa. The plastic viscosity of the grout (measured by 
yield stick) varied between 13.1 and 23.5 mPa s and the average was  16.9 mPa s. The 
yield value measured by stick varied between 1.4 and 12.9 Pa and the average was 
6.9 Pa. The rheometer measurements were done from one mix. The plastic viscosity of 
the fresh grout was 13.1 mPa s, after half an hour the corresponding value was 14.1 mPa 
s and after one hour the value was 16.2 mPa s. The yield value of the fresh grout 
measured by rheometer was 9.3 Pa, after half an hour the value was 8.3 Pa and after one 
hour the value was 9.0 Pa. The confidence of fit varied between 94-98.6%. 
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The comparison of UF-41-12-4, UF-41-12-4.8 and UF-41-12-5.1 – the effect of the 
superplasticizer dosing 
 
All the detailed test results are in the Appendix 1. If the results of the mix UF-41-12-4 
are compared with the results of the mix UF-41-12-5.1 there are some differences. As 
the SPL amount increases the Marsh fluidity decreases. The average fresh Marsh value 
of the mix UF-41-12-4 is 56 s, the fresh Marsh value of the mix UF-41-12-4.8 is 42 s as 
the corresponding value of the mix UF-41-12-5.1 is 42 s. The average plastic viscosity 
(measured by stick) of the mix UF-41-12-4 is 26.0 mPa s, of the mix UF-41-12-4.8 the 
value is 17.0 mPa s and the corresponding value of the mix UF-41-12-5.1 is 9.7 mPa s. 
The yield value of the mix UF-41-12-4 (measured by stick) is 18.4 Pa, the value of the 
mix UF-41-12-4.8 is 6.9 Pa and the value of the mix UF-41-12-5.1 is 19.3 Pa. The 
average filter pump value (fresh grout) of the mix UF-41-12-4 with 100 �m filter is 323 
ml, the value of the mix UF-41-12-4.8 is 332 ml when the corresponding value of the 
grout UF-41-12-5.1 is 300 ml. The bmin value of the mix UF-41-12-4 is 39 �m (one 
measurement) and the value of the mix UF-41-12-4.8 is 19 �m. The bcrit value of the 
mix UF-41-12-4 was 81 �m (one measurement), the value of the mix UF-41-12-4.8 is 
158 �m and the value of the mix UF-41-12-5.1 it is 116 �m. The comparison between 
the average results of the grouts UF-41-12-4, UF-41-12-4.8 and UF-41-12-5.1 are given 
in the Table 6-8. 
 
It seems that in dosing of superplasticizer have to be very precise because very small 
mistakes in dosing have an effect on penetration and flow properties. The Marsh value 
seems to decrease as the amount of the superplasticizer increases. The plastic viscosity 
value decreases significantly when the amount of superplasticizer increases. In yield 
value results seems no to be reasonable. It is possible that some of the measurements are 
inaccurate. 
 
Table 6-8. The comparison between the average results of the grouts UF-41-12-4, UF-
41-12-4.8 and UF-41-12-5.1. 
 
Property Unit UF-41-12-4 UF-41-12-4.8 UF-41-12-5.1 
Density (measured) [kg/m3] 1368 1381 1390 
Marsh value, fresh [s] 56 42 42 
Plastic viscosity, stick [mPa s] 26.0 17.0 9.7 
Yield value, stick [Pa] 18.4 6.9 19.3 
Filter pump, 100 �m, fresh grout [ml] 323 332 300 

bmin value [�m] 39 19  Penetrability 
meter bcrit value [�m] 81 158 116 
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UF-41-14-5.1 
 
The grout UF-41-14-5.1 was tested in INKE-FT-2 subpart 1 –field test. Altogether three 
test series were done. The batch size was 183 litres in every test and the mixing time 
was 30 s + 45 s. The comparison between the average results of the grouts UF-41-14-4, 
UF-41-14-4.8 and UF-41-14-5.1 is given in the Table 6-9. The detailed results of the 
grout are given in the Appendix 1 and the detailed averages are given in the 
Appendix 2. 
 
The recipe for 1 m3 batch is: 
 
UF16: 328 kg 
Grout Aid: 451 kg 
Water: 552 kg 
Mighty 150: 28.4 kg (23.5 l) 
 
The density of the fresh grout was 1300 – 1335 kg/m3 and the average was 1318 kg/m3. 
The Marsh values of the fresh grout were between 36 – 37 s and the mean value was 
37 s. The bmin value was 12 - 26 �m (average 19 �m). The bcrit value was 86 �m (one 
measurement). The filter pump values of the fresh grout with 100 �m were between 300 
and 340 ml (average was 325 ml). After six hours the shear strenght values were 
between 0.3 and 0.8 (average 0.5 kPa). 
 
The stick sank in the fresh grout 70 – 75 mm (average 73 mm). The yield value was 
between 3.4 and 5.5 Pa and the average was 4.4 Pa. The plastic viscosity was 10.4 – 
14.7 mPa s (average was 12.6 mPa s). 
 
 
UF-41-14-4.8 
 
The mix UF-41-14-4.8 was tested in BMT-4 test. The test series were done five times. 
The batch size was 200 litres in every test and the mixing time was 30 s + 45 s, 30 s + 
90 s, 30 s + 180 s, 60 s + 45 s and 60 s + 90 s. The comparison between the average 
results of the grouts UF-41-14-4, UF-41-14-4.8 and UF-41-14-5.1 is given in the Table 
6-9. The detailed results of the grout are given in the Appendix 1 and the detailed 
averages are given in the Appendix 2. 
 
The recipe for 1 m3 batch is: 
 
UF16: 325 kg 
Grout Aid: 450 kg 
Water: 550 kg 
Mighty 150: 26.5 kg (22.0 l) 
 
The density of the grout varied between 1320 and 1345 kg/m3 and the average was 1329 
kg/m3. The bmin value was between 25 and 35 �m (two measurements) and the average 
was 30 �m. The bcrit value was between 83 �m and 97 �m (two measurements) and the 
average was 90 �m. The filter pump values of the fresh grout with the 100 �m filter was 
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210 – 340 ml and the average was 303 ml. After half an hour the corresponding values 
were between 150 – 330 ml (average was 282 ml) and after one hour the values were 
between 320 – 340 ml. The shear strength at the age of 6 hours was 0.3 – 0.9 kPa and 
the average value was 0.6 kPa. The penetration length of the grout in the sand column 
was 370 mm (one measurement) and the penetration time was 15 s. 
 
The Marsh value of the fresh grout was 35 – 37 s and the average was 36 s. After half 
an hour the corresponding value was 34 – 37 s and the average was 36 s. After one hour 
the corresponding value was 33 – 37 s and the average was 36 s. The stick sank in the 
fresh grout 75 – 95 mm (average was 83 mm). The yield value was 2.2 – 3.5 Pa 
(average 2.8 Pa) and the plastic viscosity value was 10.6 – 13.5 mPa s (average was 
12.5 mPa s). Plastic viscosity of the fresh grout measured by rheometer was between 7.2 
and 8.8 mPa s and the mean value was 8.0 mPa s. After half an hour the corresponding 
values of the grout were between 8.2 and 11.2 mPa s and the mean value was 10.0 
mPa s. After one hour the corresponding values of the grout (two measurements) were 
between 8.2 and 12.0 mPa s and the mean value was 10.5 mPa s.  The yield values of 
fresh grout measured with rheometer were between 3.3 and 6.7 Pa and the mean value 
was 5.2 Pa. After half an hour the corresponding values of the grout were between 3.1 
and 6.2 Pa and the mean value was 4.8 Pa. After one hour the values were between 2.9 
and 6.2 Pa and the mean value was 4.7 Pa. The confidence of fit varied between 93.3 - 
96.5 %. After half an hour the value varied between 97.5 and 98.1 %. After one hour the 
value varied between 97.9 – 98.8 %. 
 
 
The comparison between UF-41-14-4, UF-41-14-4.8 and UF-41-14-5.1 – the effect 
of the dosing of the superplasticizer 
 
If the results of the mix UF-41-14-4 are compared with the results of the mix UF-41-14-
4.8 and the mix UF-41-14-5.1 there are some differences. The average fresh Marsh 
values of the grout UF-41-14-4 is 40 s, the average fresh Marsh value of the grout UF-
41-14-4.8 is 36 s as the average fresh Marsh value of the mix UF-41-14-5.1 is 37 s. The 
plastic viscosity (measured by stick) average value of the mix UF-41-14-4 is 14.6 mPa 
s, the value of the mix UF-41-14-4.8 is 12.5 mPa s as the corresponding value of the 
grout UF-41-14-5.1 is 12.6 mPa s.  The yield value of the grout UF-41-14-4 is 5.5 Pa, 
the value of the grout UF-41-14-4.8 is 2.8 Pa and the value of the grout UF-41-14-5.1 is 
4.4 Pa. The average filter pump value of the fresh grout of mix UF-41-14-4 is 297 ml, 
the value of the mix UF-41-14-4.8 is 303 ml as the corresponding value of the grout 
UF-41-14-5.1 is 325 ml. Penetrability meter measurements: bmin average value of the 
mix UF-41-14-4 is 34 �m, the value of the mix UF-41-14-4.8 is 30 �m and the value of 
the mix UF-41-14-5.1 is 19 �m. The bcrit average value of the mix UF-41-14-4 was 117 
�m, the value of the mix UF-41-14-4.8 is 90 �m and the value of the mix UF-41-14-5.1 
is 86 �m. After six hours the shear stress value of the mix UF-41-14-4 was 1.0 kPa, the 
value of the mix UF-14-4-4.8 was 0.6 kPa and of the mix UF-41-14-5.1 the value was 
0.5 kPa. The comparison between the average results of the grouts UF-41-14-4, UF-41-
14-4.8 and UF-41-14-5.1 is given in the Table 6-9. 
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Table 6-9. The comparison between the average results of the grouts UF-41-14-4, UF-
41-14-4.8 and UF-41-14-5.1. 
 
Property Unit UF-41-14-4 UF-41-14-4.8 UF-41-14-5.1 
Density (measured) [kg/m3] 1316 1329 1318 
Marsh value, fresh grout [s] 40 36 37 
Plastic viscosity, stick [mPa s] 14.6 12.5 12.6 
Yield value, stick [Pa] 5.5 2.8 4.4 
Filter pump, 100 �m , fresh grout [ml] 297 303 325 

bmin value [�m] 34 30 19 Penetrability 
meter bcrit value [�m] 117 90 86 
Shear strength, 6 h grout [kPa] 1.0 0.6 0.5 

 
 
Only a small mistake in dozing of superplasticizer can have an effect on penetration 
features and flow properties of the grout. There are also differences in the shear strength 
values: the smaller the amount of the superplasticizer the bigger the shear strength value 
at the age of 6 hours. The filter pump values with the 100 �m filter seems to increase as 
the amount of the superplasticizer increases. However, the change is very small. 
 
If the yield values of the grouts UF-41-14-4, UF-41-14-4.8, UF-41-14-5.1, UF-41-12-4, 
UF-41-12-4.8 and UF-41-12-5.1 are considered in the results behave same way. The 
yield values of the grouts with the SPL amount 4.8 have the lowest yield values. Earlier 
this was considered as an error, but because this same trend exists in the results of  both 
grouts with W/DM –ratio 1.2 and 1.4, the trend can not be an error. 
 
 
UF-41-12-3.6 and UF-41-12-3.7 
 
The grouts UF-12-3.6 and UF-41-12-3.7 was tested in INKE-FT-2 subpart 1 –field test 
and BMT-3 mixing test. The test series was done four times. The batch size was 122 – 
200 litres and mixing time was 30 s + 45 s in every test. The comparison between the 
average results of the grouts UF-41-12-3.6/UF-41-12-3.7 and UF-41-12-3 is given in 
the Table 6-10. The detailed results of the grout are given in the Appendix 1 and the 
detailed averages are given in the Appendix 2. 
 
The recipe for 1 m3 batch is: 
 
UF16: 370 kg 
Grout Aid: 510 kg 
Water: 495 kg 
Mighty 150: 23.0 kg (19.0 l) 
 
The density of the mix varied between 1380 and 1390 kg/m3 and the average was 1384 
kg/m3 and. The bmin value was between 28 and 35 �m (two measurements) and the 
average was 32 �m. The bcrit value was between 81 �m and 104 �m (two measurements) 
and the average was 93 �m. The filter pump value of the fresh grout with 100 �m was 
190 – 340 ml (average was 290 ml). After 0.5 hour the value was 180 – 340 ml (average 
was 260 ml). After one hour the value was 130 – 330 ml (average was 230 ml). 
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After six hours the shear strength was 0.7 – 1.6 kPa and the average value was 1.2 kPa. 
The penetration length of the grout in the sand column was 240 mm (one measurement) 
and the penetration stopped after 240 s. 
 
The fresh Marsh value was 47 – 95 s and the average was 61 s. After half an hour the 
Marsh value was 50 – 74 s and the average was 62 s. After one hour the Marsh values of 
the grout were between 50 and 82 s and the average was 66 s. The stick sank in the fresh 
grout 30 – 40 mm (average was 36 mm). The yield value was 19.3 – 28.8 Pa (mean 
value was 22.8 Pa) and the plastic viscosity was 13.1 – 46.9 mPa s (average was 23.8 
mPa s). Rheology measurements were done two times in every case The plastic 
viscosity of the fresh grout measured by rheometer was between 16.1 and 38.3 mPa s 
and the mean value was 27.2 mPa s. After half an hour the corresponding values of the 
grout were between 28.6 and 38.2 mPa s and the mean value was 33.4 mPa s. After one 
hour the corresponding values of the grout were between 30.6 and 53.3 mPa s and the 
mean value was 42.0 mPa s. The yield values of fresh grout measured by rheometer 
were between 13.2 and 26.6 Pa and the mean value was 19.9 Pa. After half an hour the 
corresponding values of the grout were between 16.5 and 27.4 Pa and the mean value 
was 22.0 Pa. After one hour the values of the grout were between 17.5 and 29.6 Pa and 
the mean value was 23.6 Pa. The confidence of fit varied between 91.9 and 92.6 %. 
After half an hour the value varied between 91.4 and 95.6 %. After one hour the 
corresponding values of the grout were 91.9 – 95.1 %. 
 
 
The comparison between UF-41-12-3.6, UF-41-12-3.7 and UF-41-12-3 – the effect 
of the dosing of the superplasticizer 
 
If the results of the mix UF-41-12-3.6 and UF-41-12-3.7 are compared with the results 
of the mix UF-41-12-3 there are some differences. The average Marsh value of the fresh 
grout of the mixes UF-41-12-3.6 and UF-41-12-3.7 is 61 s when the average Marsh 
value of the fresh grout UF-41-12-3 is 114 s. The average yield values measured by 
stick are for the grouts UF-41-12-3.6 and UF-41-12-3.7 22.8 Pa and for the grout UF-
41-12-3 the value is 49.1 Pa. The average plastic viscosity value (measured by stick) of 
the grouts UF-41-12-3.6 and UF-41-12-3.7 in the age of 6 hours is 23.8 mPa s as the 
corresponding value of the grout UF-41-12-3.7 is 35.2 mPa s. The average filter pump 
value of the fresh grout of the mixes UF-41-12-3.6 and UF-41-12-3.7 is 290 ml as the 
corresponding value of the mix UF-41-12-3.7 is 275 ml. The average bmin value of the 
grouts UF-41-12-3.6 and UF-41-12-3.7 is 32 �m as the corresponding value of the grout 
UF-41-12-3.7 is 47 �m. The average bcrit value of the grouts UF-41-12-3.6 and UF-41-
12-3.7 is 93 �m when the corresponding value of the grout UF-41-12-3 is 126 �m. The 
average shear strength value of the grouts UF-41-12-3.6 and UF-41-12-3.7 is 1.2 kPa as 
the corresponding value of the grout UF-41-12-3 is 1.1 kPa. The comparison between 
the average results of the grouts UF-41-12-3.6/UF-41-12-3.7 and UF-41-12-3 is given 
in the Table 6-10. 
 
Only a very small mistake in dozing of superplasticizer has an effect on penetration 
features and an effect on the flow properties of the grout. There are also differences in 
the shear strength values: the bigger the amount of the superplasticizer the bigger the 
shear strength value at the age of 6 hours. 
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Table 6-10. The comparison between the average results of the grouts UF-41-12-
3.6/UF-41-12-3.7 and UF-41-12-3. 
 
Property Unit UF-41-12-3.6 and UF-41-12-3.7 UF-41-12-3 
Density (measured) [kg/m3] 1384 1373 
Marsh value, fresh grout [s] 61 114 
Plastic viscosity, yield stick [mPa s] 23.8 35.2 
Yield value, stick [Pa] 22.8 49.1 
Filter pump, 100 �m, fresh grout [ml] 290 275 

bmin value [�m] 32 47 Penetrability 
meter bcrit value [�m] 93 126 
Shear strength, 6 h grout [kPa] 1.2 1.1 

 
 
6.2 The effect of the W/DM and SPL% on the properties of the grout 
 
The tested grouts had different W/DM -values and SPL contents.  These features have a 
significant effect on some properties of the grouts, such as penetration, setting and 
rheological properties. In this comparison all the tested grouts with acceptable 
properties have been taken into account. The W/DM –ratios, SPL contents and 
silica/cement -ratios of the studied grouts are given in the Table 6-11. 
 
 
6.2.1 Marsh value 
 
Marsh value as a function of W/DM 
 
It seems that there is some kind of relationship between SPL%, W/DM –ratio and 
Marsh value (see Figure 6-1). The first case is the grouts with 3% SPL. The R is 0.83. It 
seems that the W/DM has a strong effect on the Marsh value. As the W/DM decreases 
from 1.6 to 1.0 the Marsh value increases from 40 to 140 seconds. In the case of the 
grout with 4% SPL (R is 0.80) the trend reminds the previous example. As the W/DM 
decreases from 1.4 to 1.0 the Marsh value increases from 40 to 120 seconds. The 
evolution is similar but the values are smaller in the case of 4% SPL. If the W/DM ratio 
is 1.2 the Marsh value of the 3% SPL is about 110 seconds as the corresponding value 
of the grout with 4% SPL is about 70 seconds. If the SPL% is 4.8 (R is 0.88) the 
situation is different. The Marsh value increases as the W/DM –ratio decreases but the 
growth is not so strong as in the cases of 3% and 4% SPL.  
 
When the SPL concentration is small, the W/DM has stronger influence on the Marsh 
value. As the SPL concentration increases, the influence of the W/DM on the Marsh 
value is smaller. The diagram is probably not reliable because of the insufficient data. 
The trend lines describe the data quite well. 
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Table 6-11. All the grouts, their  W/DM –values, SLP contents and silica/cement -ratios 
which were used in the mixing tests and the field tests. 
 
Grout W/DM SPL% Sil/cem 
UF-41-08-4.8 0.8 4.8 0.69 
UF-41-10-3 1.0 3 0.69 
UF-41-10-4 1.0 4 0.68 
UF-41-10-4.8 1.0 4.8 0.68 
UF-41-12-3 1.2 3 0.69 
UF-41-12-3.6 and UF-41-12-3.7 1.2 3.6 or 3.7 0.69 
UF-41-12-4.8 1.2 4.8 0.69 
UF-41-12-4 1.2 4 0.69 
UF-41-12-5.1 1.2 5.1 0.69 
UF-41-14-3 1.4 3 0.69 
UF-41-14-4 1.4 4 0.69 
UF-41-14-4.8 1.4 4.8 0.69 
UF-41-14-5.1 1.4 5.1 0.69 
UF-15-10-2.8 1.0 2.8 0.18 

 
 
Marsh value as a function of  SPL% 
 
If the relationships are studied from the constant W/DM –ratio point of view, the 
situation is different (see Figure 6-1). The first case is the grouts with W/DM –ratio 1.0. 
The R is 0.48. When the superplasticizer proportion increases, increases the Marsh 
value too. In the case of W/DM –ratio 1.2 (R is 0.79) the Marsh value decreases as the 
superplasticizer proportion increases. In the case of grouts with W/DM –ratio 1.4 (R is 
0.84) the decrease of the Marsh value is not remarkable as the SPL% increases. This is 
quite exceptional result. 
 
In the case of low W/DM –ratios the Marsh value increases as the SPL content 
increases. In the case of high W/DM –ratio the Marsh value decreases as the SPL 
content increases. When the W/DM –ratio approaches 1.4 the effect of the SPL to the 
Marsh value diminishes. The diagram is probably not reliable because the amount of the 
data is insufficient. The trend lines describe the data quite well. 
 
 
6.2.2 Filter pump value 
 
In this work there was a problem in data since there are only a few grouts with W/DM –
ratio lower than 1.4 and the amount of grouts with W/DM –ratio 1.4 is enormous. These 
things possible misrepresent the results. In spite of it there seems to be a relationship 
between filter pump value, W/DM –ratio and SPL%. 
 
Filter pump value as a function of  W/DM 
 
In the case of grouts with 3% SPL (R is 0.62) the filter pump value increases as the 
W/DM –ratio increases (see Figure 6-2). In the case of 4% SPL (R is 0.20) the filter 
pump value increases but not as much as in the case of 3% SPL, as the W/DM –ratio 
increases. In the case of 4.8% SPL (R is 0.44) the filter pump value increases as the 
W/DM –ratio decreases. 
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The SPL content seems to improve the penetration ability most as the W/DM –ratio is 
high and the proportion of SPL is about 3%. The proportion of 4% does not improve the 
penetration as much as the proportion of 3% and the proportion of 4.8% seems to even 
make worse the penetration ability. In the cases of 3% and 4.8% SPL the data is 
probably insufficient and the trend lines do not describe the incoherent data. 
 
Filter pump value as a function of SPL% 
 
In the case of W/DM –ratio 1.0 (R is 0.30) the filter pump value seems to increase when 
the proportion of the SPL increases (see Figure 6-2). The development of the case of 
W/DM ratio 1.2 (R is 0.40) is similar. In the case in which the W/DM –ratio is 1.4 (R is 
0.08) the filter pump value is not effected by the proportion of the SPL. 
 
The increase of the SPL proportion seems to improve penetration ability as long as the 
W/DM –ratio is not more than 1.2. In the cases of W/DM -ratio 1.0 and 1.2 the data is 
probably insufficient and the trend lines do not describe the incoherent data. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-1. The Marsh value as a function of the W/DM (on the left) and the Marsh 
value as a function of the SPL% (on the right). 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-2. The filter pump value as function of W/DM (on the left) and the filter pump 
value as a function of the SPL% (on the right). 
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6.2.3 Penetrability meter 
 
There seems to be a relationship between W/DM –ratio, SPL%, bmin and bcrit. However, 
the data is probably insufficient and the trend lines describe weakly the incoherent data. 
 
The bmin value as a function of  W/DM 
 
In the case of 3% SPL (R is 0.82) the bmin value seems to decrease as the W/DM –ratio 
increases (see Figure 6-3). In the case of 4% SPL (R is 0.40) the development is similar 
but the decrease is not as steep as in the case of 3% SPL. In the case 4.8% SPL (R is 
0.77) the bmin seems to increase as the W/DM –ratio increases. 
 
There seems to be a limit between 4% and 4.8% SPL: When the SPL proportion is 
below the limit the bmin value decreases and the penetration ability improves as the 
W/DM –ratio increases. When the SPL proportion is above the limit the bmin increases 
and the penetration ability gets worse as the W/DM –ratio increases. 
 
The bcrit value as a function of W/DM 
 
In the case of 3% SPL (R is 0.95) the bcrit value seems to decrease as the W/DM –ratio 
increases (see Figure 6-3). In the case of 4.8% SPL (R is 0.72) the development is 
similar but the decrease is steeper than in the case of 3% SPL. In the case of 4% SPL (R 
is 0.32) the bcrit seems to increase as the W/DM –ratio increases. The results are not 
rational. The reason for this could be the insufficient data or that there is some unknown 
factor which have an effect on the results. 
 
The bmin value as a function of SPL% 
 
In the cases of 1.0, 1.2 and 1.4 W/DM –ratio the bmin value seems to decrease as the 
SPL proportion increases (see Figure 6-4). In the case of 1.0 W/DM –ratio the decrease 
is steeper than in the cases of 1.2 and 1.4 W/DM –ratio. In the case of 1.0 W/DM –ratio 
the R cannot be calculated since the number of data is only two. In the case of 1.2 
W/DM –ratio the R is 0.63 and in the case of 1.4 W/DM –ratio the R is 0.65. 
 
The bcrit value as a function of SPL% 
 
The bcrit values in the cases of 1.0, 1.2 and 1.4 W/DM -ratio seems to increase slowly as 
the SPL proportion increases (Figure 6-4). In the case of 1.0 W/DM –ratio the R cannot 
be calculated. In the case of 1.2 W/DM the R is 0.31 and in the case of 1.4 W/DM –ratio 
the R is 0.24. 
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Figure 6-3. bmin value as a function of the W/DM (on the left) and bcrit value as a 
function of the W/DM (on the right). 

 
 
 
 
 
 
 
 
 

 
 
Figure 6-4. bmin value as a function of the SPL% (on the left) bcrit value as a function of 
the SPL% (on the right). 
 
 
6.2.4 Plastic viscosity and Yield value  
 
The plastic viscosity results measured by rheometer and stick are very similar. The only 
difference is that the plastic viscosity results measured by stick are about 5 - 10 mPas 
smaller than the results measured by rheometer. The yield values measured by stick are 
about 10 - 15 Pa smaller than the results measured by rheometer. The behaviour of the 
results seems to be very similar.  
 
Plastic viscosity (Rheometer and stick) as a function of W/DM 
 
In the case of 3% SPL (R is 0.96 measured by rheometer) the plastic viscosity seems to 
decrease as the W/DM –ratio increases (see Figure 6-5). The behaviour is similar 
measured by both methods. In the case of 4% SPL (R is 0.87 measured by rheometer 
and 0.92 measured by stick) the plastic viscosity decreases as the W/DM –ratio 
increases. The decrease is steeper in the results measured by the stick than by the 
rheometer. In the case of 4.8% SPL (R is 0.77 measured by rheometer and 0.54 
measured by stick) the plastic viscosity decreases slowly as the W/DM –ratio increases. 
The decrease is a little bit steeper in results measured by stick. 
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Yield value (Rheometer and stick) as a function of W/DM 
 
In the case of 3% SPL the yield value measured by both methods seems to decrease 
when the W/DM –ratio increases (R=0.97 measured by rheometer and R=0.86 measured 
by stick) (see Figure 6-6). In the case of 4% SPL the development is very similar, but in 
the results measured by stick the decrease is little smaller (R=0.90 measured by 
rheometer and R=0.88 measured by stick). In the case of 4.8% SPL the yield value 
decreases as the W/DM –ratio increases. The decrease is even smaller. The R is 0.96 
measured by rheometer and 0.71 measured by stick. 
 
Plastic viscosity (Rheometer and stick) as a function of SPL% 
 
The plastic viscosity of the grouts with 1.0, 1.2 and 1.4 W/DM –ratio measured by 
rheometer and stick seems to decrease as the SPL proportion increases (see Figure 6-7). 
The decrease of the plastic viscosity is steepest for the grout with smallest W/DM –
ratio. As the SPL proportion increases near to 5% the differences in plastic viscosity 
between the grouts with different W/DM –ratios decrease. The plastic viscosity of the 
grouts measured by both methods seems to decrease as the SPL% increases. The R in 
the case of 1.0 W/DM –ratio measured by rheometer is 0.96, in the case of 1.2 W/DM –
ratio the R is 0.82 and in the case of 1.4 W/DM –ratio the R is 0.88. The R R in the case 
of 1.0 W/DM –ratio (measured by stick) cannot be determined, in the case of 1.2 W/DM 
–ratio R=0.61 and in the case of 1.4 W/DM –ratio R=0.61. 
 
 

 
 
 
 
 
 
 
 

 
Figure 6-5. Plastic viscosity as a function of W/DM measured by rheometer (on the left) 
and by stick (on the right).  
 
 
 
 

 
 
 
 
 
 

Figure 6-6. Yield value measured by rheometer (on the left) and by stick (on the right) 
as a function of W/DM. 
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Figure 6-7. Plastic viscosity measured by rheometer (on the left) and by stick (on the 
right) as a function of SPL%. 
 
 
Yield value (Rheometer and stick) as a function of SPL% 
 
The yield value of the grouts with W/DM –ratio 1.0, 1.2 and 1.4 decrease as the SPL 
proportion increases (Figure 6-8). The decrease is steepest for the grout with 1.0 W/DM 
–ratio. For grouts with 1.4 W/DM –ratio the decrease is small. In the case of grouts with 
1.4 W/DM –ratio measured by stick no significant changes the yield value cannot be 
seen as the SPL proportion changes. A small decrease can be seen when measured by 
rheometer. In other cases the results obtained with the stick and the rheometer develop 
very similarly. The stick results are higher in every measurement.  
 
The R in the case of W/DM –ratio 1.0 (measured by rheometer) is 0.89, in the case of 
1.2 W/DM –ratio R=0.90 and in the case of 1.4 W/DM –ratio R=0.86. The R R in the 
case of 1.0 W/DM –ratio (measured by stick) is 0.46, in the case of 1.2 W/DM –ratio 
R=0.82 and in the case of 1.4 W/DM –ratio R=0.24. The data is probably insufficient. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-8. The yield value as a function of SPL% measured by rheometer (on the left) 
and by stick (on the right).  
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6.2.5 Shear strength and cup test 
 
Shear strength (after six hours) as a function of W/DM% 
 
In the case of 3% SPL (R=0.71) the 6 h shear strength decreases as the W/DM –ratio 
increases (Figure 6-9). The decrease is smaller in the grout with 4% SPL (R=0.70). The 
shear strength of the grout with 4.8% SPL (R=0.50) increases slightly as the W/DM –
ratio increases. If the W/DM –ratio is near 1.4 the shear strength is about 1-1.5 kPa for 
grouts in spite of the SPL proportion. With small W/DM –ratio the influence of the SPL 
is strong. Increasing SPL content seems to deteriorate the early age strength 
development. 
 
Shear strength (after six hours) as a function of SPL% 
 
The 6 hour shear strength of the grout with 1.0 W/DM –ratio (R=0.17) increases as the 
SPL proportion increases (Figure 6-9). The observations are very scattered. The bigger 
the amount of the SPL the lower the shear strength is after six hours. The SPL content 
does not have significant effect on the shear strength in the cases of W/DM –ratio 1.2 
(R=0.10) and 1.4 (R=0.29). 
 
Cup test results as a function of W/DM 
 
The results of the cup test as an indicator of the beginning of setting is scattered and 
insufficient. For the grouts with 4.8% SPL cup test was nod done. 
 
In the case of SPL 3% (R=0.96) the beginning of the setting time seems to fasten as the 
W/DM –ratio increases (Figure 6-10). In the case of 4% SPL (R=0.08) the beginning of 
setting stays unchanged as the W/DM –ratio increases. 
 
The beginning of setting results seems to be inconsistent. There is no linear increase or 
decrease in beginning of the setting time as a function of increasing amount of SPL in 
the cases of different W/DM -ratios. 
 
 
 
 
 
 

 
 
 
 

 
 
Figure 6-9. Shear strength at 6 h versus W/DM% (on the left) and shear strength versus 
SPL% (on the right).  
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Figure 6-10. Beginning of the setting determined by the cup test as a function of W/DM 
(on the left) and SPL% (on the right). 
 
 
Beginning of the setting as a function of SPL% 
 
In the case of W/DM=1.0 the beginning of the setting fastens as the SPL proportion 
increases (Figure 6-10). In the case of 1.4 W/DM –ratio the development is similar but 
the increase is not as steep. Exceptionally, in the case of W/DM 1.2 the beginning of the 
setting get slower as the SPL proportion increases. In the case of W/DM –ratio 1.0 the R 
is 0.59. In the case of W/DM –ratio 1.2 R=0.18 and in the case of W/DM –ratio 1.4 
R=0.17. It seems that there is some kind of lack in the data, because the beginning of 
the setting do not behave logically. 
 
 
6.2.6 Sand column 
 
The data is very limited and the trend lines do not describe well the incoherent data. 
However, the results are discussed below. 
 
Penetration length in sand as a function of SPL% 
 
If the SPL content is 3.8% the penetration length in sand column (about 240 mm) is not 
dependent on the W/DM –ratio (Figure 6-11). If the SPL content decreases below it or 
rises above it the penetration length varies very much depending on the W/DM –ratio. 
In the case of 1.0 W/DM –ratio (R is 0.81) the penetration length decreases as the SPL 
content increases. In the case of 1.2 W/DM –ratio (R is 0.93) the penetration length 
increases as the SPL content increases. In the case of 1.4 W/DM –ratio (R is 0.15) the 
penetration length increases slowly as the SPL content increases. 
 
Penetration length in sand as a function of W/DM 
 
In the case of 3% SPL (R=0.93) the penetration length increases as the W/DM -ratio 
increases (see Figure 6-11). In the case of 4.8% SPL the penetration length stays 
constant as the W/DM –ratio increases. In the case of 4% SPL the penetration length 
varies a lot. In the cases of 4% and 4.8% SPL it was not possible to determine the R.  
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Figure 6-11. Penetration length in the sand column as a function of SPL% (on the left) 
and W/DM (on the right). 
 
 
6.3 The comparison of the results of all tested grouts (field-field) 
 
6.3.1 Penetrability meter values as a function of the filter pump values 
 
Based on the data presented in Figure 6-12, it seems that filter pump give only a very 
rough estimate of penetration ability expressed as bmin and bcrit obtained by penetrability 
meter (fresh grout). Although the penetration ability through 100 μm filter by filter 
pump has been nearly complete, the bcrit-value varied a lot; between about 70 and 220 
μm. The data is scattered and the trend lines do not describe the data well. 
 
 
6.3.2 Penetrability meter values as a function of the Marsh value 
 
Based on the data presented in Figure 6-12 it seems that penetration ability is not related 
to the fluid properties of the grout, i.e. those properties are independent, which is 
expected. The trend lines do not describe the scattered data well. 
 
 
6.3.3 Yield value (rheometer) and Plastic viscosity (rheometer) as a function of 
the Marsh value 
 
As the yield value measured by rheometer increases the Marsh value increases too 
(Figure 6-13), which is natural. The same factors have an effect on the yield value and 
on the Marsh value. As the plastic viscosity measured by rheometer increases the Marsh 
value increases too. In the case of yield value (measured by rheometer) the R is high 
0.89 and in the case of plastic viscosity (measured by rheometer) the R is 0.69. 
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6.3.4 Marsh value as a function of yield value (stick) 
 
When the Marsh value increases, increases the yield value measured by stick too 
(Figure 6-14), which is expected. The same factors have an effect on the Marsh value 
and on the yield value. The R is 0.80. The trend line describes the data quite well. 
 
 
6.3.5 Yield value measured by stick and rheometer 
 
The yield value measured by two different methods correlates well (Figure 6-14). The R 
is 0.89. The stick gives typically systematically about 25% lower yield values than the 
rheometer. The stick can give reliable information about yield value. The trend line 
describes the data quite well. 
 

 
 
 
 
 
 
 
 

 
 
 
Figure 6-12. Penetrability meter results compared to the filter pump results (on the left) 
and penetrability meter results as a function of Marsh value (on the right). 
 

 
 
 
 
 
 
 
 
 

 
 
Figure 6-13. Yield value (rheometer) as a function of Marsh value (on the left) and 
plastic viscosity (rheometer) as a function of the Marsh value (on the right). 
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Figure 6-14. Marsh value as a function of yield value measured by stick (on the left) 
and yield value measured by stick compared to yield value measured by rheometer (on 
the right). 
 
 
6.3.6 Plastic viscosity measured by stick and rheometer 
 
The plastic viscosity measured by stick and rheometer are strongly correlated (Figure 
6-15). The stick results are systematically about 5 – 15 mPas higher than the rheometer 
results. The R=0.94. The stick can give reliable information about plastic viscosity. The 
trend line describes the date quite well. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-15. Plastic viscosity measured by rheometer compared to plastic viscosity 
measured by stick. 
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6.4 The comparison of the results (laboratory – field) 
 
In the Table 6-12 the laboratory results measured in the laboratory in 2005 (Sievänen et 
al. 2006) are compared with the results obtained from the field tests. The field results 
are from the mixing tests and the field tests arranged in 2007. In addition the laboratory 
results of the grout UF-41-14-4 obtained in 2006 (Raivio & Hansen 2007) were 
compared to the laboratory results obtained in 2005 and to the field results in 2007. 
 
The Marsh values of the grouts measured in the laboratory in 2005 are higher than the 
values measured in the field. The differences are bigger in the values measured at the 
age of one hour. In the laboratory tests made in 2006 the Marsh values of UF-41-14-4 
were lower than those measured in the field. 
 
Almost all the 6 h shear strength values measured in the laboratory in 2005 are higher 
than the values measured in the field. In 2006 the 6 h shear strength of the grout UF-41-
14-4 measured in the laboratory are higher than results obtained in the field 2007. The 
penetration ability by penetrability meter measured in the laboratory in 2005 are smaller 
than that measured in the field 2007. Almost all rheometer results are higher in the 
laboratory than in the field. 
 
There are several reasons why the results in the field and in the laboratory are different: 
There are different mixing equipments in the laboratory and in the field. In the field the 
used mixing equipment Häny 350 is much more effective than Polytron PT3100 
high-speed mixer used in the laboratory. There are also small differences between used 
cement consignments. The measurement equipments in the field and in the laboratory 
are different and the measurements have done by different people. Also the temperature 
is controllable in the laboratory but there is always more or less variation in 
temperatures in field. 
 
Table 6-12. The comparison of the laboratory results (Sievänen et al. 2006) and the 
field results. 
 

Penetrability Rheometer Grout Test site Marsh, 
fresh 

Marsh, 
1h 

Shear 
strength, 6h 

bmin Bcrit Plastic 
viscosity 

Yield 
stress 

Unit  [s] [s] [kPa] [�m] [�m] [mPas] [Pa] 
UF-41-14-4  Laboratory  44 61 1.1 40 88 13.1* 13.0* 
UF-41-14-4 Field 41* 41* 1.0* 34* 117* 10.4* 8.4* 
UF-41-14-3 Laboratory 57 113 1.9 41 90 28.6* 22.2* 
UF-41-14-3 Field 54* 52 0.9* 38* 85* 22.0 16.1 
UF-41-12-4 Laboratory 57 97 2.1 43 108 14.4* 18.5* 
UF-41-12-4 Field 56* 49* 2.3* 39 81 15.4* 15.6* 
UF-41-12-3 Laboratory >100 >100 3.2 42 247   
UF-41-12-3 Field 114* 113* 1.1* 47 126 36.6* 31.2* 
*) Average. 
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6.5 The variation of the results of UF-41-14-4  
 
The mix UF-41-14-4 is widely tested during recent years, and the number of data 
enables interesting analysis, which are presented below. 
 
 
6.5.1 Property - property 
 
Penetrability meter values as a function of the filter pump value 
 
As the filter pump results increase, decrease the bcrit -value which is unlogical (R is 
0.89) (see Figure 6-16). The bmin value does not change (limited data). There are only a 
few measurements so the interpretation is possibly not reliable. 
 
Penetrability meter values as a function of the Marsh value 
 
As Marsh value increases the  the bcrit value increases, too (R is 0.24) (Figure 6-16), 
which means that the stiffer the grout is (bigger viscosity) the worse is the penetration 
ability. There are only a few measurements so the interpretation is possibly not reliable. 
 
Yield value measured by stick and rheometer 
 
The yield value measured by stick and by rheometer seems to vary a lot and the results 
are very scattered (Figure 6-17). The limited number of data makes the interpretation 
unreliable. The R is 0.04. 
 
This result is different than that obtained from data of all mixes, and probably here the 
number of measurements is too limited. 
 
Plastic viscosity measured by stick and rheometer 
 
The plastic viscosity measured by rheometer and the plastic viscosity measured by stick 
seems to correspond each other very variably (Figure 6-17). Two of three measurements 
correspond each other: 1. the plastic viscosity (stick) is about 11.7 mPas and the plastic 
viscosity (rheometer) is 12.5 mPas and 2. the plastic viscosity (stick) is about 11.5 mPas 
and the plastic viscosity (rheometer) is 12.7 mPas. In the third measurement the 
properties do not correspond. These results are not reliable because of too sparse 
measurements. The R is 1.00. 
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Figure 6-16. Grout UF-41-14-4: The penetrability meter results compared to the filter 
pump results (on the left) and the penetrability meter results as a function of the Marsh 
value (on the right). 

 
 
 
 
 

 
 
 
 
 
 
 
Figure 6-17. Grout UF-41-14-4: The yield value measured by rheometer compared to 
the yield value measured by stick (on the left) and the plastic viscosity measured by stick 
compared to the plastic viscosity measured by rheometer (on the right).  
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6.5.2 Property – Age 
 
Shear strength as a function of time 
 
These results are from BMT-4 mixing test. The fall cone test was done once in an hour. 
The shear strength starts to increase significantly after 10 hours. A interesting feature in 
the development of the early age shear strength can be seen: the first small increase is 
followed by a small decrease (Figure 6-18). After this trend the shear strength starts to 
increase again. This is possible a consequence of changing of the cone of the fall cone –
equipment. 
 
Marsh value as a function of time 
 
The results are from the INKE-FT-2, subpart 3. For one grout UF-41-14-4 the Marsh-
fluidity was tested every 9 minutes. The first measurement was done with a fresh grout 
and the last for a grout of the age of 44 minutes. The Marsh value starts to increase 
immediately when the mixing stops (Figure 6-18). The R is 0.93. 
 
 
6.5.3 The effect of the other things 
 
The effect of the batch size on the Marsh value 
 
The batch size do not have an effect on the Marsh value in the case of grout UF-41-14-4 
(Figure 6-19). The typical batch size is about 200 litres. The R is 0.09 and the trend line 
does not describe scattered data. Because most of the measurements were done for the 
batch size 200 litres, the Marsh values of this batch size are emphasized. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-18. The development of the shear strength as a function of time (on the left) 
and the development of the Marsh value as a function of time (on the right).  
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On the contrary, in the case of UF-41-12-3 grout the batch size seems to have an effect 
on the Marsh value (after half an hour) (Figure 6-19): However, the Marsh value of the 
200 l batch deviate from the other observations so much, that there can be some other 
reason. The calculated R is 0.99. The uncertainty factor is the small number of the 
measurements. 
 
The effect of the batch size on the density 
 
The batch size seems to have a small effect on the density of the grout (R is 0.49) 
(Figure 6-20), but the observations are very scattered. If the observation is real, this 
would possibly be a consequence of that when having smaller batch more air into the 
grout is mixed. The density have an small effect on other properties such on the Marsh 
value (R is 0.49) (Figure 6-20). This is probably due to the fact that denser grouts have 
smaller W/DM than lighter grouts. As the density of the grout increases the Marsh value 
increases too. 
 
 

 
 
 
 
 
 

 
 
 
Figure 6-19. The Marsh value (fresh) as a function of the batch size (grout UF-41-14-4) 
(on the left) and the Marsh value (after half an hour) as a function of batch size (grout 
UF-41-12-3) (on the right). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-20. The density as a function of batch size (on the left) and the Marsh value as 
a function of density (on the right).  
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The effect of the mixing time on the Marsh value 
 
Based on the correlation coefficient R the total mixing time does not have an effect on 
the Marsh value (Figure 6-21). (R is 0.13). The trend line does not describe the data 
well. However, it has to be noted that there are not high Marsh values (> 43 s) with long 
mixing times, which means that possibly there is a connection. This would be natural 
because if the mixing time is longer the grout better mixed and this possible have an 
effect on the viscosity of the grout. It is also possible that during long mixing more air 
bubbles are released and this is seen in Marsh values. The Marsh value data of mix UF-
41-14-4.8 is also scattered and there is poor correlation with Marsh value and mixing 
time (R=0.08) (Figure 6-21). The trend line does not describe well the data. The 
uncertainty factor is the small number of measurements. The typical mixing time in 
mixing tests and field test have been 30 s + 45 s (75 s) and this grout of data is 
emphasized. When the total mixing time is 75 seconds the Marsh value has been 
between 38 and 43 seconds.  
 
The effect of the mixing time on the density 
 
As the mixing time increases, the density of UF-41-14-4 decreases (R is 0.39) and the 
grout UF-41-14-4.8 (R=0.55) (Figure 6-22). It is possible that more air is released from 
the grout as the mixing continues.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-21. The development of the Marsh value as a function of the total mixing time. 
On the left the grout UF-41-14-4 and on the right the grout UF-41-14-4.8. 
 
 
 
 
 

 
 
 
 

 
 
Figure 6-22. The density as a function of the total mixing time. On the left the grout 
UF-41-14-4 and on the right the grout UF-41-14-4.8. 

UF-41-14-4 The mixing time (total) vs Marsh value

R2 = 0,0175

0
50

100
150

200
250
300
350

35 40 45 50
Marsh value (s)

M
ix

in
g

 ti
m

e 
(s

)

UF-41-14-4.8 Total mixing time vs the Marsh value 
(fresh)

R2 = 0,0058

0

50

100

150

200

250

34 35 36 37 38
Marsh value (s)

M
ix

in
g

 ti
m

e 
(s

)

UF-41-14-4.8 Density vs mixing time (total)

R2 = 0,2993

1315

1320

1325

1330

1335

1340

1345

1350

50 100 150 200
Mixing time (s)

D
en

si
ty

 (k
g

/m
3)

UF-41-14-4 Density vs mixing time (total)

R2 = 0,1495

1270
1280
1290
1300
1310
1320
1330
1340
1350
1360

50 100 150 200 250 300
Mixing time (s)

D
en

si
ty

 (
kg

/m
3)



96  
 

 
The effect of the temperature 
 
During tests the temperature of the grout rose without exceptions. That is why the 
properties of the grout during rising temperature are important to study. At the 
beginning of the test the used water has stayed in the underground pipe and the 
temperature is near the temperature of the tunnel and the rock. Later used water comes 
straight from the surface without staying in the underground hosepipe and the 
temperature is naturally similar to that of the outside temperature.  
 
The effect of the temperature on the Marsh value 
 
It seems that temperature do not have an effect on fluidity of grout (R is 0.07) (Figure 6-
23). The trend line does not describe the scattered data well. 
 
The effect of the temperature on theYield value (stick) 
 
The temperature seems to have a clear effect on the yield value measured by stick. As 
the temperature increases the yield value decreases (Figure 6-23). The R is 0.56. 
 
The effect of the temperature on the density 
 
The temperature seems to have an effect on the density of the grout (Figure 6-24). As 
the temperature increases the density of the grout increases, too. The R is 0.54. It is 
possible that as the temperature increases, the fluidity of the grout decreases. The air 
escapes easier if the mix is more fluid. This possibly explains the decrease of the 
density. 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 6-23. The Marsh value as a function of temperature (on the left) and the yield 
value measured by stick as a function of temperature (on the right). 
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Figure 6-24. Density of the grout as a function of the temperature of the grout. 
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7 CONCLUSIONS 
 
The main purpose of this work has been to describe the most suitable and practical 
methods to measure grout properties and to characterise materials especially concerning 
penetration ability and rheology. The work is divided into two parts: literature study and 
field tests. In the literature part the ordinary laboratory methods to characterize the 
grouts have been described. Most of the methods introduced in this work are the same 
methods already used in Finland and in Sweden. In the field test part newer test 
methods, sand column and stick test, have been studied and tested in more detail in 
order to introduce them first time in use in Finland and in ONKALO.  
 
The test result data is quite wide. Altogether nine mixing tests and field tests were 
organized and all the acceptable test results were taken into account in analysis. The 
number of the tests done for the main recipes UF-41-14-4, UF-41-14-3, UF-41-12-4 and 
UF-41-12-3 is wide, and often the data is sufficient. The grout UF-41-14-4 has been the 
most studied mix during the past years and the data is representative. All of the grouts 
mentioned above were tested almost three times which enhances the reliability of the 
understanding of the properties. This work enhanced the knowledge of the mix 
properties and variation of them. 
 
The most important studies and comparisons have been done for the Marsh values, filter 
pump values, stick and rheometer results and the penetrability meter results. With the 
help of the comparisons of relationships between properties measured by different 
methods were found. 
 
The field results have been compared to the laboratory results of the year 2005. This 
was done because it is important to notice that the laboratory and field results differ 
from each other. One significant factor which has an effect on the results is the 
condition on the test site. Also the mixing equipment has an important effect on 
differences. The tests made in field conditions are more useful for grouting design 
purposes than the results from laboratory conditions. 
 
The conditions like temperature, the mixing order and time and the cement consignment 
have an effect on the results. The mixing time has an effect on the density of the grout. 
Some amount of air is mixed into the grout during mixing. As the mixing time 
increases, increases the amount of air mixed into the grout too. Instead, the agitating 
seems to decrease the amount of air. The difference in density caused by longer mixing 
time is not thought to have a significant effect on the properties of the grout. The change 
in mixing time possibly has a little effect on the Marsh value in the case of mix 
UF-41-14-4. As the mixing time increases the Marsh value decreases. This is possible a 
consequence of the increasing amount of air in the grout. The temperature may have an 
effect on the yield value measured by stick. As the temperature increases the yield value 
decreases. Temperature has also an effect on the density of the grout. As the 
temperature increases, increases the density too. Between laboratory and field test 
results there are differences in many properties. These differences are thought to be a 
consequence of the different mixing equipment. In the field the mixing equipment is 
more effective than in the laboratory. There are also differences between cement 
consignments. Some differences became apparent for instance in filter pump values. 



100  
 

They were possibly caused by the variation of the grain size distribution of the cement. 
There are probably also small differences between measurement equipments in the field 
and in the laboratory. Also one reason for differences between laboratory and field can 
be that the different people were done the measurements. The differences became 
apparent for instance in filter pump values. Also e.g. wetted cement did not behave in 
the wanted way. The typical mixed batch size testing these tests was 200 litres. In some 
exceptions the batch size was smaller. The smaller batch size has an effect on the Marsh 
value of the stiff grouts as UF-41-12-3 but not of the grout UF-41-14-4. The change of 
the batch size has an effect on the density of the grout. As the batch size increases, 
increases the density too. In the BMT-2 was noticed that the different mixing order have 
probably an effect on the properties of the grout. That is why the mixing order was kept 
unchanged in the following tests. 
 
The W/DM –ratio and the SPL content of the grout have the clear effect on the 
properties of the grout. The smaller the W/DM –ratio of the grout the stiffer the grout is. 
The smaller the SPL content of the grout the poorer the penetration ability of the grout. 
In generally the grouts UF-41-12-4 and UF-41-12-3 are stiff grouts which are aimed to 
the fractures with large apertures. The grouts UF-41-14-4 and UF-41-14-3 are more 
fluid grouts because of the bigger W/DM –ratio. Their flowing and penetration 
properties are suitable for the fractures with smaller apertures.   
 
The filter pump seems to be rough method to measure penetration ability, if the results 
obtained from the penetrability meter are considered reliable. Stick results and 
rheometer results are compatible, and it seems that the stick method can be taken to 
ordinary use in field. However, there seemed to be a systematic difference between the 
results. The plastic viscosity and yield strength measured by the stick are typically little 
bit smaller than those measured by rheometer. 
 
In stick tests it is important to repeat the measurement at least three times for every 
sample because a single measurement is not reliable enough. The sand column test is 
quite inconvenient and time consuming in fieldwork and should be developed further 
because the test results were contradictory. The sand column is suitable for laboratories 
and is not recommended in use in work site.  
 
In future more data of these mixes can enable more reliable information of mix 
properties and the variation of them. 
 
The early age strength development in rock turned out to be very serious problem and 
should be solved before intersecting the hydrostructure RH20. The reasons for poor 
hardening are not known but groundwater chemistry, temperature or diluting can be the 
possible reasons. The possible ways to enhance the early age strength development are 
the use of accelerator and/or different cement.  
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APPENDIX 1: ACCEPTABLE RESULTS OF BATCH MIXING TEST AND 
FIELD TESTS 
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APPENDIX 2: AVERAGES OF THE BATCH MIXING TEST AND FIELD TEST 
RESULTS 
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APPENDIX 3: RESULTS OF THE TESTS OF VTT 
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