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ABSTRACT 

The aim of this project was to evaluate the durability risks of injection grouts. The 
investigations were done with respect to the application conditions, materials and 
service life requirements at the ONKALO underground research facility. The study 
encompassed injection grout mixtures made of ultrafine cement with and without silica 
fume. Some of the mixtures hade a low pH and thus a high silica fume content. 

The project includes a background description on durability literature, laboratory testing 
programme, detailed analysis of results and recommendations for selecting of ideal 
grout mixtures.  

The background description was made for the experimental study of low-pH and 
reference rock injection grouts as regards pore- and microstructure, strength, 
shrinkage/swelling and thus versatile durability properties. A summary of test methods 
is presented as well as examples, i.e. literature information or former test results, of 
expected range of results from the tests. Also background information about how the 
test results correlate to other material properties and mix designs is presented. Besides 
the report provides basic information on the pore structure of cement based materials. 
Also the correlation between the pore structure of cement based materials and 
permeability is shortly discussed. 

The test methods included in the background description are compressive strength, 
measurement of bulk drying, autogenous and chemical shrinkage and swelling, 
hydraulic conductivity / permeability, capillary water uptake test, mercury intrusion 
porosimetry (MIP) and thin section analysis. 

Three main mixtures with water-binder ratio of 0.8, 1.0 and 1.4 and silica fume content 
of 0, 15 and 40% were studied in the laboratory. Besides two extra mixtures were 
studied to provide additional information about the effect of varying water-dry-material 
ratio and silica fume content on durability. The evaluation of water tightness based on 
water permeability coefficient and micro cracking was included in the laboratory tests. 
In addition essential properties of fresh injection grout were determined. 



 

Kestävyys 2007. Injektointimateriaalin tutkimukset. Kirjallisuusaineiston 
kuvaus. 

TIIVISTELMÄ 

Tämän tutkimuksen tarkoituksena oli arvioida injektointilaastien säilyvyyteen liittyviä 
riskejä. Tutkimus tehtiin ottaen huomioon ONKALOn tutkimusluolan olosuhteet, 
materiaalit ja käyttöikävaatimukset. Tutkimus käsitti sekä ultrahienosta sementistä että 
ultrahienosta sementistä ja silikasta valmistetut injektointilaastit, joista osalla on lisäksi 
alhainen pH ja siten korkea silikan pitoisuus. 

Tutkimus käsitti säilyvyyden kokeellisiin menetelmiin painottuvan kirjallisuusselvi-
tyksen, laboratoriokokeet, tulosten tarkastelun ja suositukset laastien optimaaliseksi 
koostumukseksi.  

Kirjallisuusselvitys tehtiin pohjaksi kokeelliseen tutkimukseen, jossa tutkittiin alhaisen 
pH:n kallioinjektiolaastien ja vertailulaastien huokos- ja mikrorakennetta, lujuutta, 
kutistumista/paisumista ja näin ollen useita säilyvyyteen vaikuttavia ominaisuuksia. 
Raportoinnissa esitellään pääpiirteissään koemenetelmät sekä kirjallisuusesimerkkejä 
menetelmillä saaduista koetuloksista. Lisäksi esitetään tietoa siitä, miten koemene-
telmillä saatavat tulokset ovat tyypillisesti suhteessa toisiinsa ja materiaalin koostu-
mukseen. Samalla esitetään perustietoa sementtipohjaisen materiaalin huokosraken-
teesta ja sen suhteesta läpäisevyysominaisuuksiin.  

Kirjallisuusselvityksessä esiteltävät koemenetelmät ovat puristuslujuus, kuivumiskutis-
tuminen, autogeenien ja kemiallinen kutistuminen sekä paisuminen, kapillaarinen 
vedellä imeyttäminen, vedenjohtavuus / läpäisevyys, elohopeaporosimetri (MIP) ja 
mikroskooppinen ohuthieanalyysi. 

Laboratoriokokein tutkittiin kolme keskeistä injektointilaastia, joiden vesi-sementti-
suhteet olivat 0.8, 1.0 ja 1.4 ja silikan pitoisuudet olivat 0, 15 ja 40 %.  Lisäksi tutkittiin 
kaksi injektointilaastia, joiden avulla hankittiin lisätietoa vesi-sideainesuhteen ja silikan 
pitoisuuden vaikutuksesta säilyvyyteen. Laboratoriotutkimukset sisälsivät vesitiiveyden 
arvioinnin, jossa käytettiin arviointiperusteena lähinnä vedenläpäisykerrointa ja mikro-
halkeilua. Injektointilaasteille tehtiin lisäksi keskeiset tuoreen laastin kokeet. 
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1  INTRODUCTION 

This project is a further study based on the background description report made by Erica 
Holt (Durability of low pH injection grout 2007). According to Holts report combining 
high amounts of silica fume with cement to produce a low-pH grout should result in a 
material having lower permeability and thus greater resistance to leaching and chemical 
attack. According to Holts report there is no enough applicable information or test 
results on the low-pH injection grouts similar to those in ONKALO project. Further 
laboratory testing was considered necessary. 

The aim of this project was to evaluate the durability risks of injection grouts used in 
ONKALO project. The investigations were done with respect to the application 
conditions, materials and service life requirements at the ONKALO underground 
research facility. The study encompassed injection grout mixtures made of ultrafine 
cement with and without silica fume. Some of the mixtures had a high silica fume 
content and thus a low-pH. 

This report includes a background description on the durability testing methods, detailed 
analysis of the results and recommendations for selecting ideal grout mixtures.  
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2  THEORETICAL BACKGROUND DESCRIPTION 

2.1  General 

The deterioration of concrete and other cement based materials has been an important 
topic of research for many years. The focus of most durability research has been the 
transport properties, which control the movement of fluids and the diffusion of 
potentially harmful ionic species. The changes in the physical and chemical 
microstructure of the material due to transport phenomena are what ultimately dictate 
the long-term performance and durability. The value of understanding the 
microstructure-transport property relationships is evident.  

There are a number of tools that have been applied to the problem of microstructural 
characterization with respect to pore structure. The suitability of these methods depends 
e.g. on the pore size range in question. Sorption methods are widely used to characterize 
pores with an average pore size up to about 30 nm. Pores with size between 2.5 nm and 
100 µm can be measured by mercury intrusion porosimetry. Also nitrogen sorption, 
optical methods and scanning electron microscopy have been used to study porosity. 
(Aligiazi 2006). 

There are also methods measuring directly permeability (m2), hydraulic conductivity 
(m/s) or diffusion coefficient (m2/s). Diffusion of water vapor, air, carbon dioxide, ions 
of aggressive character, notably chlorides and sulfates, can be measured in many 
experimental ways. Ionic diffusion is most effective when the pores in hardened cement 
paste are saturated, but it can also take place in partially saturated paste. Ions can also 
enter cement paste with water. Like permeability, diffusion is also lower at lower 
water/cement ratios, but the influence of w/c ratio on diffusion is much smaller than on 
permeability (Neville 1996, Lu et al 2006).  

Besides methods like capillary water uptake test, which gives capillary index 
(kg/(m2√s)) or resistance coefficient (s/mm2) are used. Capillary water uptake test 
includes also pressure or vacuum saturation with water, and it gives information on the 
“total porosity” as also drying of pore water (e.g. at 105 °C) is included.  

When used together, the above techniques provide a fairly comprehensive picture of 
pore structure. However, the picture is still incomplete. MIP and nitrogen sorption 
provide indirect measurements of pore structure, while electron microscopy can only 
provide two-dimensional information, unless destructive sectioning is used. Lately also 
three-dimensional imaging technique called x-ray microtomography has been employed 
as a way to link measurable microstructural features with alternate measurements of 
permeability in different cement based systems (Lu et al. 2006). 

2.2  Pore structure  

The total porosity of a porous medium is the ratio of the pore volume to the total 
volume of a representative sample of the medium.  
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The effective porosity, also called the kinematic porosity, of a porous medium is defined 
as the ratio of the part of the pore volume where the water can circulate to the total 
volume of a representative sample of the medium.  

The rates of diffusion of ionic species and the capillary and viscous flow of fluids in the 
pore structure control the rate at which degradation processes can proceed. This means 
also, that degradation processes are strongly affected by microstructural parameters.  

The effect of porosity on cement based materials resistance to degradation is quite 
complex. The distribution of the pores in the cement paste has to be considered, 
especially their size and connectivity and the evolution of porosity parameters with time 
and as affected by environmental and possible internal stresses.  

In concrete and mortar pore structure is affected also by the presence of the aggregate. 
Considering rock injection grouts, there is normally no aggregate in the grout material. 
However, there is always rock besides the grout. It forms a similar interface with the 
injection grout as cement paste forms with aggregate in concrete. In principle, the rock-
grout interfacial transition zone (ITZ) should also be considered, while studying the 
permeability properties and degradation process of injection grouts in injected cracks. 
Transition zone is normally more porous than paste. The porosity of this zone is 
affected especially by the w/c-ratio and chemical reactions of constituent materials as 
well as physical packing of powder materials in the grout and in the transition zone. 
Silica or other fine graded materials are able to make the transition zone tighter. Fine 
graded materials and materials with high specific surface area will also decrease water 
bleeding. Bleeding is a reason for the creation of a more permeable transition zone.  

 

 

Figure 1.  Presumable phase volume fractions as a function of distance from an 
aggregate surface. Volume fractions determined by a cement paste microstructure 
model (Neubaer et al. 1996). 

The internal structure of cement based materials is represented by its pore system, i.e., 
the porosity and pore size distribution plays a decisive role in influencing the physical 
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and mechanical properties of cement based materials. The most valued properties such 
as compressive strength and durability of hardened concrete, mortar or grout are directly 
related to its pore structure.  

Permeability of cement paste relates to the both capillary pores and gel pores. This 
bicomposite microstructure distinguishes cement paste from stone and rock in water 
transport mechanism. Pore structure and durability of cement based and concrete like 
materials is viewed in Posiva Oy working report (Holt 2007). 

The pore system in cement-based materials consists of four types of pores. There are 
several classifications of pore sizes as (Kumar & Bhattacharjee 2003a): 

 gel pores, which are micropores of characteristic dimension 0.5–10 nm,  
 capillary pores, which are mesopores with average radius ranging from 5 to 

5000 nm, 
 macropores due to deliberately entrained air from 10 µm to 800/1000 µm and  
 macropores due to inadequate compaction from 800/1000 µm to even 10 mm or 

more.  

In general, the borderlines between different classes is not strict and depend also on the 
shape of the pores (Aligizaki 2006). 

In addition to the above pores, there can be cracks due to e.g. shrinkage or mechanical 
loading. 

When the cement paste is very porous, capillary pores form a continuous network to 
cover the whole material. Water mainly flows inside this capillary pore network. The 
contribution from gel can be ignored. When the cement paste is less porous, part of the 
capillary pores are blocked by the hydration product. Water flows inside both capillary 
pores and gel pores to penetrate the material. Permeability of the material depends on 
how the two phases play off each other. 

The gel pores, which are mostly of 1.5–2.0 nm size, do not influence the strength of 
concrete adversely through its porosity, although these pores are directly related to 
creep and shrinkage.  

Capillary pores and other larger pores, on the other hand, are responsible for reduction 
in strength and elasticity, etc. Thus, while dealing with an empirical strength–porosity 
relationship of concrete, contribution of the gel pores in the overall porosity and pore 
size distribution of concrete can be neglected, without introducing any significant error 
(Kumar & Bhattacharjee 2003a).  

Many of the techniques used to determine the pore structure, and also permeability 
related parameters, require some kind of pre-treatment, most often drying. There are 
clear indications, that the drying process changes the microstructure of hardened cement 
paste permanently (Aligizagi 2006).  
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2.3  Transport process 

There are a number of different transport processes that may participate in the 
degradation of a cement based material. These are listed below, together with the 
transport coefficients characterizing the process (Buenfeld 1995): 

Pressure-induced water flow: flow of water due to the application of an hydrostatic 
head. It is characterized by a water permeability coefficient. For concrete structures 
this is rare to be the predominant transport process; exeptions include water-retaining 
structures and deeply submerged concrete. For rock injection grouts this can also be 
considered an essential transport process.  

Water absorption: uptake of water resulting from capillary forces, characterized by a 
sorptivity coefficient. If significant drying is possible, water absorption may lead to 
very rapid penetration of species dissolved in water (e.g. chloride ion ingress - tidal 
zone, offshore structures, brick decks). 

Water vapour diffusion: Diffusion of water as a vapour, characterised by a water 
vapour diffusivity coefficient. This is the process by which cement based material as 
concrete or grout dries. It controls the moisture distribution. In turn, moisture 
distribution influences properties such as water absorption during wet and dry cycles, 
electrical resistivity, gas permeability and gas diffusivity.  

Wick action: a combination of water absorption and water vapour diffusion, 
characterized by sorptivity and water vapour diffusivity coefficients respectively.  

Ion diffusion: movement of ions as a result of a concentration gradient, characterized by 
an ion diffusivity coefficient. Ion diffusion is only significant where the cement based 
material is nearly or completely water saturated. The ions that are usually of most 
interest are chlorides and sulphates. Ion diffusion is very slow, but it is often rapid 
enough to cause deterioration within the design life of e.g. a concrete structure.  

Gas diffusion: movement of gas molecules as a result of a concentration gradient, 
characterized by a gas diffusion coefficient. Diffusion of carbon dioxide into concrete 
results in carbonation. In some situations diffusion of oxygen controls the rate of steel 
corrosion in concrete.  

Pressure-induced gas flow: flow of gas due to pressure gradient, characterized by a gas 
permeability coefficient. Gas permeability is relatively easy to measure, but it is not 
relevant to vast majority of concrete structures. It is relevant to the behaviour of certain 
structures used in the nuclear industry.  

For service life prediction to be possible, the progress of deterioration mechanism likely 
to be contributing to loss of serviceability must be quantified, i.e. the deterioration 
mechanism must be modelled. Because most deterioration mechanisms are covered by 
transport, most models are essentially models of transport process.  

There are not many transport test methods that have been accepted as national or EN-
standards. However, there are numerous laboratory test methods used to test each of the 



9 

transport processes listed above. In most transport tests, the transport process is 
accelerated in relation to its rate in practice, in order to reduce duration. The more a 
transport process is accelerated (high hydrostatic head, electrical field, high 
temperature), the more it is likely to deviate from the process that occurs naturally.  

The test methods, preliminary rated here as useful methods for rock injection grout 
assessment, are described in the following Chapter 3.  

2.4  Test methods and expected range of results 

2.4.1  Compressive strength test  

Compressive strength of grout materials can be measured according to (EN 196-1).  

In general, the method applies to common cements and to other cements and materials, 
the standards for which call up this method. It may not apply to other cement types that 
have, for example, a very short initial setting time. The method is used e.g. for assessing 
whether the compressive strength of cement is in conformity with its specification.  

The method EN 196-1 comprises the determination of the compressive, and optionally 
the flexural, strength of prismatic test specimens 40 mm x 40 mm x 160 mm in size. 
Three specimens are cast from a batch of mortar.  

EN 196-1 describes the reference procedure, but allows alternative procedures to be 
used provided that they have been validated in accordance with the appropriate 
provisions.  

To be suitable to injection grouts and the circumstances relevant here, some alterations 
to the EN 196-1 method are necessary. Following modifications are applicable: 

 mixing of the grout is done by a high speed colloidal mixer (Desoi), 
 the grout is steadily poured in the moulds and no jolting apparatus is used 

afterwards, 
 the specimens are cured at the chosen temperature (+12 oC) in the moulds 

covered by a plate glass sheet for 1 d and  
 after demoulding the specimens are moved to a climate room with +20 oC and 

RH 100% and cured there until the appropriate testing age. 

2.4.2   Drying, autogenous and chemical shrinkage and swelling 

Autogenous shrinkage (sealed) 

Autogenous shrinkage is the external –macroscopical (bulk) dimensional reduction 
(volume or linear) of the cementitious system which occurs under isothermal conditions 
without exhange of moisture or any other substance with the surrounding, i.e. sealed 
curing. Sealed curing is curing without loss or addition of water. It eliminates other 
kinds of shrinkage so that all the resulting shrinkage will be autogenous. Autogenous 
shrinkage is usually driven by chemical shrinkage and the two are roughly equal when 
the system is fluid-like. Autogenous shrinkage has also been defined as the one which 
occurs after setting, with the volume change before setting, due to chemical shrinkage, 
is included in plastic shrinkage.  
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Autogenous shrinkage is a concrete or grout volume change occurring without moisture 
transfer to the surrounding environment. This type of shrinkage is due to the internal 
chemical and structural reactions of the material components. It is usually a concern in 
high performance, or high strength, concrete (> 40 MPa) where the w/c ratio is under 
approximately 0.42: indeed, in this case, the cement does not have enough water for 
hydration.  

Self-dessication is the reduction in the internal relative humidity of a sealed system 
when empty pores are generated. This occurs when chemical shrinkage takes place at 
the stage where the paste matrix has developed a self-supportive skeleton, and the 
chemical shrinkage (internal phenomenon) is bigger than autogenous shrinkage 
(external, bulk phenomen). Self-dessication is a problem in low w/c concretes under 
sealed conditions in which the pores dry out and hydration slows down. For injection 
grouts with relatively high w/c ratio (>0.80), self-dessication should be negligible. 

Autogenous shrinkage strain for low w/c concrete is typically about 40 - 100 10-6 (ACI 
224R-01 2001).  

As regards the test methods, autogenous deformations of cement pastes can be 
measured in two different ways: measurement of volumetric deformations and 
measurement of one-dimensional deformations. The first type of measurement is 
particularly suitable to obtain shrinkage data at (very) early age, whereas the other is 
more often performed for long term investigations. A particular characteristic of these 
methods is the encapsulation of the sample. This restricts moisture loss. The method 
should ensure the hardening sample from suffering any restraint.  

Autogenous volume change can be measured e.g. by strain meters embedded in test 
specimen, or by using measuring pins and a sliding calliper. The specimens must be 
carefully sealed to ensure that there is no loss of moisture, and the specimens are kept at 
constant temperature. In this method the measurements begin normally as soon as the 
specimens are hardened and sealed, and are continued periodically for months. 

The separation of thermal and autogenous deformation should be considered, if the 
measurement commerce shortly after casting while the hydration heat is still high 
(Loukili et al. 2000). Alike, the intentional or unintentional changes in the 
environmental temperature of the test specimen must be considered when studying 
shrinkage and swelling strains. 

Chemical shrinkage 

Chemical shrinkage is the volume reduction, which is the result of the fact that the 
absolute volume of the hydration products is smaller than that of the reacting 
constituents (cement and water). The reduction is roughly linearly proportional to the 
degree of hydration (beyond the very early stage).  

During the very first hours after mixing autogenous (external) shrinkage is fully 
attributed to chemical shrinkage. The chemical shrinkage is a result of the reaction 
resulting between cement and water, which lead to a volume reduction. Chemical 
shrinkage of cement paste is not affected by the w/c ratio. The w/c ratio and cement 
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fineness will only affect the rate of the chemical shrinkage. The final shrinkage as the 
hydration approaches 100% will only be influenced by the chemical composition of the 
cement (Holt 2001). 

Total chemical shrinkage can be measured e.g. by using a weighing method (Baroghel 
et al. 2006). In the tests by Baroghel et al. (2006) the contact surface with the water bath 
was 20 cm2 and the specimens were thin enough (7 mm), in order to permit absorption 
of water from the bath at the rate that the water was consumed by the chemical 
reactions. A small orifice in the flask cap allows for continuous water supply. The 
whole system, including the cement paste sample in its flask, was hung from a balance 
and was immersed in distilled water at the required temperature. The measurement 
started 10 min after water–cement contact and lasted for 24 h. 

Autogenous swelling (expansion) 

Autogenous swelling (expansion) is the external–macroscopical (bulk) dimensional 
expansion (volume or linear) of the cementitious system which occurs under isothermal 
conditions, without exchange of moisture or any other substance with the surrounding, 
i.e. sealed curing. This expansion occurs immediately self-supportive skeleton has 
developed (roughly the setting time). Such swelling which is observed frequently in 
high w/c ratio systems, but also sometimes in low w/c systems immediately after 
setting, can be ascribed to a variety of mechanisms associated with hydration, such as 
swelling pressure and ettringite formation (Bentur 2002). 

Thermal deformation 

Thermal deformation is the external –macroscopical (bulk) linear and volume change 
induced by thermal effects. 

In the case of early age behaviour the thermal change are induced by the exotermic 
nature of the hydration reaction and it's cooling later on. It must be considered, that the 
coefficient of thermal expansion is not constant value at early age.  

Thermal deformations must also be considered, and separated from other deformations 
(e.g. shrinkage), if external temperature changes.  

Autogenous deformation 

In a sealed system, external–macroscopical dimensional changes are introduced 
simultaneously by the three effects defined above: autogenous shrinkage, autogenous 
swelling and thermal deformation. The sum of the three can be defined as autogenous 
deformation.  

Nordtest method (NT Build 366 1991) is a test method for measuring the shrinkage or 
swelling of mortars during the hardening period and the subsequent desiccation period.  

In this method the mortar is compacted in the prismatic moulds (40 x 40 x 160 mm3) 
and the moulds are then carefully covered and stored according to the stiffening period 
of the mortar. The prisms are de-moulded at the end of the curing period: 
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Stiffening period:  Period to be covered: 
0 - 2 hours  5 - 6 hours 
2 - 5 hours   16 - 20 hours 
over 5 hours   approx. 4 x period of setting 

For shrinkage the prisms are placed in a climatic chamber at 20 ± 2 ºC and 65 ± 5% RH. 
The prisms are placed on a frictionless substratum to ensure freedom of movement 
during the storage period. During the hardening and desiccation processes the mortar is 
exposed to longitudinal changes due to chemical shrinkage and desiccation shrinkage. 
In principle, the relative humidity can also be chosen to be 40 ± 5% RH, though it is not 
the case in (NT Build 366 1991). 

Hardened mortar stored in a water bath will absorb water and increase its volume, i.e. 
swell. The longitudinal change during the water curing period is measured.  

2.4.3   Hydraulic conductivity / permeability  

General 

The matrix permeability of a grout can be an important factor. A more pervious grout is 
subject to faster deterioration. Calcium hydroxide can be more readily leached out from 
the grout, if permeability coefficient is high. Values of the hydraulic conductivity of 
grouts are needed as inputs for degradation models. Degreasing the permeability of the 
concrete/grout is probably the single most important factor improving resistance to 
external attack. Clearly, the grater the permeability, the greater the rate of attack. 

The flow of liquid in porous materials obeys Darcy's law, which says that the flux is 
proportional to the gradient in pressure, p:  

pkJ pk
 (1) 

where  k is the permeability (m2) and 
η is the dynamic viscosity (Pa s) of the pore liquid. 

 
The SI unit of permeability (m2) to fluid flow is defined as the amount of permeability 
that permits 1 cubic meter of fluid of a viscosity of 1 Pascal (Pa) per second (s) to flow 
through a section 1 meter thick with a cross section of 1 square meter in 1 second at a 
pressure difference of 1 Pascal. That unit has no special name.  

The SI unit of permeability is 1.013 25 × 1012 darcy. 1 darcy is equivalent to 0.986923 
µm2. This conversion is usually approximated as 1 µm² (= 10-12 m2).  

Rocks are commonly in the millidarcy to darcy range (10-15 – 10-12 m2); concrete fall in 
the micro- to nanodarcy (10-18 – 10-21 m2) range (Scherer et al. 2006).  

Darcy´s law is often expressed as in (Holt 2007) with the pressure replaced by the 
hydraulic head, ∆h. The coefficient of permeability (hydraulic conductivity (m/s)), Kw, 
is related to k (permeability) by a product of the properties of water (ρw = density and 
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ηw=viscosity and the gravitational constant, g, at room temperature, the conversion 
factor is Kw (m/s) = 107 k (m2).  

In the permeability tests the steady state of flow of water through the sample due to a 
pressure differential is measured, and Darcy´s equation is used to calculate the 
coefficient of permeability.  

Hydraulic conductivity (m/s) is the rate of discharge of water under laminar flow 
conditions through a unit cross-sectional area of porous medium under a unit hydraulic 
gradient and 20 °C standard temperature conditions (ASTM D 5084 – 03).  

The values of the coefficient of permeability quoted in different publications may not be 
comparable, as many different testing methods have been used to measure permeability 
(Neville 1986). These values can be expressed as permeability values (m2) or hydraulic 
conductivity values (m/s). 

Generally in permeability testing, the pressure under which water is forced to flow 
through the concrete specimen can be roughly rated as low (e.g. < 0.5 kPa) or high (e.g. 
about 2.7 MPa, which corresponds to 282 m head of water). The pressure can also be 
much higher e.g. 5 – 10 MPa (Ganjian et al. 2006). A too high pressure may alter the 
natural state of the cement paste; blocking of some pores by silting is also possible.  

As an example, in (Ganjian et al. 2006) the permeability to water and synthetic leachate 
was determined by a high pressure method, and the relationship between the eluted 
volume passing and permeability was established for mortar mixtures having 
compressive strengths ranging from 5 to 20 MPa.  

The permeabilities of the specimens were determined using a continuous high-pressure 
flow experiment in which solution is eluted through the cylindrical specimens at 
pressures up to 10 MPa depending on the compressive strength of the particular 
specimen. The specimens were cylindrical with either 54 mm diameter and about 30 
mm thickness, or 100 mm diameter and 55 mm thickness. The time taken to complete 
seven sample volume hydraulic permeability tests was about 46 h for the 20 MPa 
strength portland cement mortar mixture at 5 MPa pressure, and about 1 h for the 5 MPa 
strength cement kiln dust mortar mixture at 9.5 MPa pressure. This study was actually 
made to study the effect of e.g. the change of permeability in the presence of leachate, 
the effect of sample size and the effect of pressure.  

As a conclusion in (Ganjian et al. 2006), the results indicate a decrease in hydraulic 
conductivity for lower strength mixtures and a slight increase in permeability coefficient 
for the higher strength mixtures with increasing permeating volumes. Increasing the 
testing specimen size also slightly increased the coefficient of permeability in lower 
strength mixtures and decreased the coefficient in higher strength mixtures. The 
permeability coefficient did not change significantly with pore solution pressure. 
Besides, large site trials were regarded necessary step in establishing the performance of 
the tested cementitious barriers.  
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With regard to the absolute values for the coefficient of permeability (m/s) in (Ganjian 
et al. 2006), the ranges of the results are presented below (testing always at 28 d, 
varying testing times and other testing parameters, pressure 5 – 9.5 MPa): 

 3 x 10-9 m/s for a 5 MPa mortar with deionised water,  
 1 x 10-10 – 6 x 10-9 m/s for a 15 MPa mortar with synthetic leachate, 
 9 x 10-11 – 6 x 10-9 m/s for a 20 MPa mortar with synthetic leachate  

It is important to note, that the scatter of permeability test results made on similar 
concrete at the same age, and using the same equipment, is large. The coefficient of 
variation of results is typically 30 to 50%. Differences such as between 2 x 10-12 m/s to 
6 x 10-12 m/s are not significant, so that reporting the order of magnitude, or at the most 
the nearest 0.5 x 10-1 m/s, is adequate. Smaller differences are not significant and can be 
misleading (Hooton 1989, Neville 1986, Ganjian et al. 2006). 

The water saturation of injection grouts may also be done before testing outside the 
permeameter, if the saturation can not be done adequately in the permeameter. In 
(Hooton et al. 1989) it was found important to remove entrapped air from the system 
and to presaturate the specimens. This is important to get reasonable data in a 
reasonable period of time. Presaturation was done by vacuum saturation as presented in 
AASHTO T 277 (Standard Method of Test for Electrical Indication of Concrete s 
Ability to Resist Chloride Ion Penetration). Presaturation is a common method in 
chloride ion penetration testing.  

The mixtures in (Hooton & Wakeley 1989) were air entrained mixtures with 
water/binder ratios 0.65 including 0%, 25% or 40% fly ash. They were tested at the age 
of 90 d or more. Compressive strength at 90 d was about 22 MPa for every tested 
concrete. The driving pressure used was 0.7 – 2.8 MPa. Below are presented some 
numeric values for hydraulic conductivity, K (m/s), with varying binder material fly ash 
contents (% by volume): 

 fly ash 0% K = 6.6 x 10-13 m/s 
 fly ash 25% K = 2.2 x 10-13 m/s 
 fly ash 40% K = 4.7 x 10-13 m/s 

Onofrei’s hydraulic conductivity and permeability tests (1992) with w/b 0.4 to 0.8 
showed that adding silica fume decreased the apparent hydraulic conductivity (K) of the 
grout, which was approximately 10-15 m/s and was little influenced by w/b. For 
comparison, the reference mixtures had higher K values and were influenced by w/b, 
especially over a w/b of 0.6 (Fig. 2). 
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Figure 2.  Effect of silica fume and w/b on the hydraulic conductivity of grout 
(hydraulic gradient, i > 28500 for 0% SF and i > 35000 for 10% SF) (Onofrei et al. 
1992, Holt 2007). 

The scope of (ASTM D 5084 – 03) is to measure the hydraulic conductivity (m/s), also 
referred as to coefficient of permeability, of water-saturated porous materials with 
flexible wall permeameter at temperatures between about 15 and 30oC. Darcy´s law is 
assumed to be valid. In (ASTM D 5084 – 03) there are six alternate methods or 
hydraulic systems (A – F) that may be used to measure the hydraulic conductivity. 
Specimens shall have a minimum height of 25 mm and a minimum diameter of 25 mm.  

All the methods (A – F) apply to water saturated porous materials containing virtually 
no air. They may be utilized on all specimen types that have a hydraulic conductivity 
less than about 1 x 10-6 m/s, providing the head loss requirements are met. Besides, if 
the hydraulic conductivity is less than about 1 x 10-11 m/s, then standard hydraulic 
systems and temperature environments will typically not suffice. However, there are 
some strategies that may be possible including the following: Controlling the 
temperature more precisely, adoption of unsteady state measurements by using high-
accurancy equipment along with rigorous analyses and shortening the length or 
enlarging the cross-sectional area, or both, of the test specimen. Also e.g. use of higher 
hydraulic gradients, lower viscosity fluid and strict verification of leakage, may be 
considered.  

Water saturation of the test specimen is essential. To saturate the specimen, so called 
“Back-Pressure Saturation” is usually necessary. The specimen may also be soaked 
under partial vacuum applied to the top of specimen (“Specimen Soaking”).  

The time to perform the method (ASTM D 5084 – 03) depends on such items as the 
method (A – F) used, the initial degree of saturation and the hydraulic conductivity of 
the test specimen. Method A takes from a few days to a few weeks depending on the 
hydraulic conductivity. Typically, about one week is required for hydraulic 
conductivities on the order of 1 x 10-9 m/s. The testing time is ultimately controlled by 
meeting the equilibrium criteria for each Method as required in (ASTM D 5084 – 03). 
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The testing details in the measurement of Hydraulic conductivity according to (ASTM 
D 5084 – 03) are not further presented here, but in the standard itself.  

The method to be used at the first place (pre-testing phase) in connection with POSIVA 
injection grouts will be method A (“Constant Head”) in (ASTM D 5084 – 03). The 
pressure will be < 0.5 MPa.  

2.4.4   Capillary water uptake test 

“Capillary water uptake test” is a water suction test, where slices of concrete or other 
material (normally 3 slices, which are 25 mm thick and have an area of 1 dm2) are 
immersed after initial drying (normally at +50 oC) partially in water (100 cm2 surface in 
water connection; immersion depth 3 mm) and the weight of the specimen is recorded 
for normally about 14 days. No evaporation of water is allowed during the testing. The 
test includes also at the end water saturation with pressure (15 MPa) and also final 
drying at 105 °C to “constant weight” (weight degrease < 0.2% during 24 hours). 

This method used at VTT follows in all essential parts the RILEM tentative 
recommendation written (Fagerlund 1977). However, instead of vacuum saturation, 
pressure saturation (15 MPa water pressure for 24 h) is used at VTT to make the 
procedure more practical and faster. For the same purpose the specimen size is selected 
as small as possible.  

The test procedure, as performed at VTT, is presented in (Vesikari 1992). With this 
method following parameters can be measured: 

 cement paste porosity divided to capillary and gel porosity (see Fig. 3) 
 air pore porosity (see Fig. 3) and  
 parameters characterizing the capillary water uptake before nick point: 

o capillary index before nick point, k1 (kg/(m2 √s)), 
o resistance coefficient before nick-point, m (s/mm2) and 
o slope of the saturation line before nick-point. 

Capillary index before nick point, k1, is: 

k1 = (d (wnp – wa1))/√tnp (2) 

where  d is the thickness of the specimen (mm) 
 wa1 is the initial water content (kg/m3) 
 wnp is the nick-point water content (kg/m3) and 
 tnp if the nick-point time (s).  

Resistance coefficient before nick-point, m, is: 

m = (Pcap/(1000 k1))2 (3) 

where Pcap is capillary porosity (l/m3). 

The degree of saturation in capillary water uptake test, designed as Scap, is plotted 
against the square root of water uptake time. A curve of the type shown in Fig. 3 is 
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obtained. The nick point in the diagram corresponds to the “nick point absorption” 
which occurs at the “nick point time”. The Scap-lines can be expressed analytically as:  

Before nick-point: 

Scap = c1 + b1 √t (4) 

After the nick-point: 

Scap = c2 + b2 √t (5) 

where c1, b1, c2 and b2 are constants 

Concrete 40 MPa

0

0,2

0,4

0,6

0,8

1

Time [h]

Scap

40016 64 144 2560

 
Figure 3.  Capillary water uptake curve, i.e. degree of water saturation, Scap, with time 
(square root scale). The determination of the “nick-point”-value can be seen. Before the 
nick-point the pore volume is expected to include gel- and capillary pores and after that 
only air pores, which will be saturated with water much slower than capillary pores. 
“Gel pore” volume is expected to be the pore volume including water after the final 
drying at 50 oC, and thus also just before the capillary water saturation is initiated. In 
the above example this gel porosity it is about 20% of the total pore volume.  

Test results for air entrained concretes with w/c 0.37 – 0.58 are presented in (Vesikari & 
Kuosa 1999) and test result for 42 – 57 MPa concretes with w/c 0.42 – 0.52 are 
presented in (Kuosa 2004). Gel and capillary porosity results for these concretes are 
presented in Fig. 4. In these concretes ( w/c = 0.37 – 0.58) with different cements and 
mix designs, “gel porosity” alone was 20 – 58 l/m3, “capillary porosity” was 45 – 144 
l/m3 and gel- and capillary porosity together was 95 – 178 l/m3. The correlation of w/c 
with the pore volume was large, but it was not so large for the concretes in the same test 
series with the same cement, admixtures, aggregate and testing age (Vesikari & Kuosa 
1999).  

When comparing the results in Fig. 4 with e.g. results for cement paste or injection 
grout material, one must remember, that in concrete there is also aggregate phase (about 
70 vol.-%) normally with very low porosity. Besides in concrete, there are air pores and 
compaction pores in cement paste (together normally 1 - 8% of concrete volume). 
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Figure 4.  Capillary water uptake –test porosity results for air entrained concretes with 
different water/cement ratios. A) Different test series and concretes with different 
cements, admixtures and mix designs. B) One test series with the same cement, 
admixtures, aggregate and testing age, but with different w/c ratios. Air pores (18 – 51 
l/m3) are not included in these porosity values, but they are included in the total 
volumes (Vesikari & Kuosa 1999, Kuosa 2004). 

In (Vesikari & Kuosa 2000) Capillary water uptake test was performed to clay bricks (A 
and B) and mortars (O and P). The 28 d compressive strength for the clay brick A was 
45.7 MPa and for the clay brick B 37.7 MPa. For mortars O and P compressive strength 
at 28 d was about 11 MPa. Porosity results for these materials are presented in Fig. 5.  
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Figure 5.  Capillary water uptake –test porosity (capillary porosity and air pores) 
results for clay bricks and mortars. The amount of pores as classified “gel pores” in the 
test was almost zero for these materials (Vesikari & Kuosa 2000). 

The values for capillary index before nick point (kg/(m2 √s)) and resistance coefficient 
before nick-point (s/mm2) for the concretes, clay bricks and mortars in the above Figs 4 
and 5 are presented in Table 1. It can be noticed, that the material type and specific 
properties will clearly affect capillarity properties.  
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Table 1.  Capillary water uptake –test results for different materials. Capillary index 
and water resistance coefficient (Vesikari & Kuosa 1999, Kuosa 2004, Vesikari & 
Kuosa 2000). 

Material Water/cement 
ratio 

Compressive 
strength 
(MPa) 

Capillary index 
(k1) 

(kg/(m2 √s)) 

Water resistance 
coefficient (m) 

(s/mm2) 
Concrete 0.58 - 0.012 46.4 
Concrete 0.52 - 0.010 48.4 
Concrete 0.47 - 0.011 39.9 
Concrete 0.42 - 0.010 47.0 
Concrete 0.37 - 0.006 51.5 
Concrete 0.43 54.9 0.025 29.0 
Concrete 0.42 56.7 0.028 27.3 
Concrete 0.52 44.2 0.022 31.0 
Concrete 0.48 42.0 0.020 38.8 
Clay brick - 45.7 0.637 0.6 
Clay brick - 37.3 0.255 0.9 
Mortar - 11.2 0.030 35.5 
Mortar - 11.2 0.015 85.8 

 
2.4.5   Mercury intrusion porosimetry (MIP)  

General 

The pore system characteristics of concrete cement paste and other cement based 
materials can be determined through mercury intrusion porosimetry (MIP). With MIP, 
porous samples are introduced into a chamber, the chamber is evacuated, the samples 
are surrounded by mercury, and pressure on the mercury is gradually increased. MIP 
has been used for a long time as a convenient means for porous space investigation. It is 
perhaps the most widely adopted method for the study of porosity and pore size 
distribution of hydrated cement-based composites such as cement paste, mortar and 
concrete (Kumar & Bhattacharjee 2004, 2003b).  

Mercury porosimetry results are affected by a number of experimental factors such as 
contact angle and surface tension of mercury, sample preparation, forms and types of 
sample, sample drying technique and rate of pressure application, etc. (Kumar & 
Bhattacharjee 2003b). The method to be used in connection with POSIVA injection 
grouts is the one used at HUT (Helsinki University of Technology) Laboratory of 
Building Materials Technology.  

The specimen must be dried before the mercury intrusion process, because mercury 
cannot intrude into pores that are filled with another liquid. Different drying techniques 
lead to different results, therefore the method of drying needs to be reported for 
comparison of results to be meaningful.  
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Large pores due to entrained air of accidental voids and microcracks are mostly not 
interconnected and therefore can only be reached via smaller capillary pores; this leads 
to a systematic error (Aligizagi 2006). 

As the pressure increases, mercury is forced into the pores on the surface of the sample. 
If the pore system is continuous, a pressure may be achieved at which mercury can 
penetrate the smallest pore necks of the system and penetrate the bulk sample volume. If 
the pore system is not continuous, mercury may penetrate the sample volume by 
breaking through pore walls.  

The total porosity obtained from the cumulative porosity curve corresponds to the point 
of highest pressure and the smallest equivalent pore size. This is the point of maximum 
intruded volume (Aligizaki 2006) Total porosity values by mercury porosimetry differ 
from those obtained by other techniques. Mercury porosimetry will indicate smaller 
than actual porosity values where pores are too small or too isolated to be intruded by 
mercury. MIP porosities may also be closer to actual values than those indicated by 
other techniques, if mercury pressures can collapse small pores or break through to 
isolated pores (Cook & Hover 1999).  

The critical pore size corresponds to the steepest slope of the cumulative porosity curve. 
The critical pore size is frequently referred as to the maximum continuous pore radius, 
and is the pore size through which mercury penetrates the bulk of the specimen, i.e. it is 
the most frequently occurring pore size in interconnecting pores. The critical pore size 
controls the transmissivity of the material and this parameter is more often used to 
examine the effect of factors as water-cement ratio, temperature etc. on the pore 
structure change (Aligizaki 2006). 

All pore size distributions display a threshold diameter above which there is 
comparatively little mercury intrusion, and immediately below which commences the 
great portion of immersion. In qualitative terms, the threshold diameter is the largest 
diameter at which significant intruded pore volume is detected. Its determination always 
requires some judgment as to exactly what level of intrusion is considered “significant”. 
It has been observed that the threshold diameter decreases steadily as the age increases, 
as the w/c ratio decreases, and as to silica fume content in cement paste increases. The 
threshold diameter represents the minimum radius that is geometrically continuous 
throughout hydrated cement paste. When the pressure corresponding to the threshold 
diameter is reached, mercury begins to flow slowly from the exterior of the specimen to 
all portions of its interior, probably through long and tortuous paths. Once this flow has 
completed, further intrusion consists of filling the smaller pores that are near the already 
full main channels and is, thus, more rapid. The permeability of cement paste is more 
sensitive to the threshold diameter than to the total porosity, with both parameters being 
determined using the MIP technique (Aligizaki 2006). 

Mercury intrusion porosimetry (MIP)/HUT 

The MIP used at HUT Laboratory of Building Materials Technology is manufactured by 
Carlo Erba Strumentazione consists of two units. The low-pressure unit, Macropores 
Unit 120, has a pressure range from 0.15 to 1 bar (15 - 100 Pa) and it measures pores 
with a radius from 40000 to 7500 nm. The high-pressure unit, Porosimeter 2000 WS, 
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has a pressure range from 1 to 1990 bar (0.1 – 199 MPa) and it measures pores with a 
radius between 7500 and 3.7 nm. 

The relationship between pressure and pore radius is described by the Washburn 
equation as: 

Pr = 2γcosω (6) 

where  P is pressure (bar),  
r is pore radius (nm),  
γ is surface tension of mercury (mN/m²), and  
ω is the contact angle (°) between mercury and the material studied.  

The value of surface tension is 480 mN/m² and the contact angle is 141.3°. Mercury has 
to be forced into the sample studied by using pressure since its contact is > 90°. The 
pore size distribution is determined from the volume of mercury intruded at each 
pressure increment and the total porosity from the total volume intruded. The pores are 
assumed to be of cylindrical shape and fully accessible for mercury penetration. This is 
only a rough approximation and may, thus, give rise to erroneous results as regards the 
true pore size distribution, since instead of the true pore diameter the method detects 
only the diameters of the entrance throats of the pores. This is related to ink bottle 
effect. Thus, the porosity determined, is apparent porosity. 

The test specimens are going to be sawn dry from a bigger specimen. Size of a test 
specimen is approximately 10 x 15 x 15 mm3. The test specimens are dried in vacuum 
(10-2 mbar) for 2 - 4 weeks prior to the MIP test. 

In Figs 6 and 7 are some examples of MIP-results by TKK. These results are mainly for 
self compacting concretes (SCC) with different compositions and cements (Finnish 
Rapid and SR cement). The w/c ratio for these SCC´s was 0.41 – 0.57.  
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Figure 6.  Examples on TKK´s MIP results. Clear differences can be detected on pore 
volumes with different pore radius. The results are presented as average values for 3 
analyzed MIP samples. The cement in the SCC´s was Finnish Rapid cement and w/c 
was 0.41 – 0.45 (ITB 2004). 
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Figure 7.  The amount (m3/g) of capillary- and mesopores for concretes A – F as 
measured by MIP at TKK from a sample taken from the upper, middle and bottom part 
of a concrete specimen (150 x 150 x 150 mm3). The composition, cement and the w/c 
ratio for the concretes were different (w/c: A 0.45, B 0.41, C 0.41, D 0.51, E 0.57 and F 
0.41), and thus also the amount of capillary- and mesopores. The MIP sample location 
in the studied concrete cubes did not have a big effect on the measured MIP pore 
volumes (ITB 2004). 

The injection grout testing reported in (Vuorinen et al. 2005) included MIP tests for four 
injection grouts. The mix composition of these grouts is presented in Table 2.  
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Table 2.  The mix composition of the injection grouts for MIP testing in (Vuorinen et al. 
2005).  

Mix Binder OPC-
type 

SF 
TYPE 

OPC 
/DM 

SF 
/DM 

G 
/OPC 

HAC 
/OPC 

SF 
/OPC 

SL/ 
DM 

SF/ 
SL 

OPC/ 
SL 

SPL/ 
DM 

Water/ 
DM 

f63 
UF16-

SF with 
ETTA 

UF16 Grout 
Aid 0.56 0.38 0.027 0.075 0.69 - - - - 2.48 

44 
Slag-

RC10-
SF 

UF16 Grout 
Aid 0.04 0.16 - - - 0.80 0.20 0.05 - 1.36 

L8 LAC - - - - - - - - - - - 1.00 

Ref52 
UF16-

SF-
SPL 

UF16 Grout 
Aid 0.925 0.070 - - - - - - 0.01 1.21 

OPC = Ordinary Portland Cement 
SF = Silica Fume 
G = Gypsum 
HAC = High Alumina Cement 
UF16 = commercial cement 
Grout Aid = commercial slurry of SF 
ETTA = Ettringite Acceleration 

LAC = Low Alkali Cement 
RC10 = commercial cement 
LAC = Low Alkali Cement 
SL = Blast furnace slag 
SPL = Super plasticizer 
DM = dry matter 
 

 
The effects of CO2 during transportation from Finland to Japan CRIEPI (Central 
Research Institute of Electric Power Industry), where the testing was performed, was 
minimized. Analysis was performed both on leached (diffusion test) and unleached solid 
samples. The unleached solid samples had been kept in a refrigerator in steel vessels 
under N2 (periodical N2 flushing of the vessels) ever since curing was completed. Before 
performing the analysis the specimen slices had to be cut with a diamond cutter (ethanol 
as cooling liquid) in suitable parts for the MIP-analysis. For the MIP-analysis drying 
was performed by D-dry (dried at equilibrium vapour pressure of -80°C) for 24h 
(Vuorinen et al. 2005). 

The pore size distribution results and the total pore volumes analyzed by MIP are shown 
in Fig. 8; the total pore volumes are given in the upper right corner of each diagram.  

Besides total MIP pore volumes with Water/DM are presented in Fig. 9. Information on 
SF/DM is included. The effect of Water/DM, and also the effect of SF/DM, can be 
noticed. With a lower Water/DM, the MIP pore volume is also lowered. Also high 
relative SF-content (SF/DM = 0.38) has caused a lower MIP volume than can be 
expected from the trend with no SF or low SF content (SF/DM = 0 - 0.16) (Vuorinen et. 
al. 2005). 

Rather slight increase of total pore volume in the leached specimens was observed for 
mixes f63 and L8 ( 0.4% and 1%, respectively), whereas a decrease was observed in 
the case of mixes 52 and 44 ( 0.8% and 5%, respectively), to a greater extent in the 
leached mix 44. The possible cause could be the hydration of slag or pozzolan. Only in 
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the case of mix 52, the porosity decreased from 0.1 to 0.2 micron diameter in the 
leached specimen due to leaching of Ca(OH)2 (Vuorinen et al. 2005).  

 

Figure 8.  Pore size distribution of the four mixes tested; red colour for the initial 
specimen and black colour for the leached specimen. The total pore volumes are given 
in the upper right corner of each diagram (Vuorinen et al. 2005). 
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Figure 9.  Total MIP pore volumes with Water/DM; including information on SF/DM 
(Vuorinen et al. 2005). 
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To investigate the alteration associated with dissolution, dissolution tests of ordinary 
Portland cement (OPC) hydrates were performed in an experimental research by (Haga 
et al. 2005, Holt 2007). Cement paste samples with w/c of 0.7 were tested. MIP was 
used to measure the pore volumes and pore size distributions.  

The samples for leaching were first stored under sealed condition for 1 year at 20 oC. 
The test samples were prepared by cutting the hardened cement into slabs of 2.5x10x10 
mm3 with a diamond cutter. For dissolution tests the cement hydrates were sealed in 
polyethylene containers with ion-exchanged water at weight ratio of 1000 and left to 
react in a thermostatic chamber at 20 °C for a predetermined period. The leaching water 
was not exchanged. After a specified period, they were separated into solid and liquid 
phases by decantation. The solid samples were dried in a vacuum dryer. The entire 
process, from the leaching of samples through the vacuum drying, was conducted in a 
controlled atmosphere in a glove box where air was replaced with N2 gas. After being 
vacuum-dried, the solid phase samples were subjected to measurements of e.g. pore size 
distribution using mercury intrusion porosimetry (Haga et al. 2005, Holt 2007). 

Pore volumes became larger with longer leaching periods. The change in the pore 
volume with increasing leaching period can be found in (Holt 2007).  

An example of the MIP pore size distributions is presented in Fig. 10. A clear change in 
pore size distributions could be observed when comparing the initial sample and 56 
weeks leached sample.  

 
Figure 10.  Example of pore size distribution by MIP of sample initially and after 56 
weeks leaching (56W). Cement paste samples (OPC) with w/c of 0.7 (Haga et al. 2005). 

In (Cook & Hover 1999) MIP was performed on 92 hardened cement paste specimens 
of w/c ratios 0.3, 0.4, 0.5, 0.6, and 0.7 and curing times of 1, 3, 7, 14, 28, and 56 days. 
Experimental techniques, results, and their possible implications with respect to pore 
connectivity were studied. As expected, longer curing times and lower w/c ratios 
resulted in smaller indicated total porosities and smaller threshold pore widths. Longer 
curing times and higher w/c ratios resulted in greater degrees of hydration. In most of 
the mercury intrusion results, two peaks could be observed in the differential curves that 
were identified as the “initial” and “rounded” peaks. The initial peak may correspond to 



26 

the intrusion of mercury through a connected capillary network, while the rounded peak 
may correspond to the crushing of interposed hydration products. 

One example on MIP-results for ordinary Portland cement pastes (CEM I—52.5, 
according to the EN 197-1 European standard) is presented in Fig. 11 (Baroghel-Bouny 
et al. 2006). Porosity and pore size distribution were determined by MIP after freeze-
drying of the specimens, with an apparatus (Pmax = 200 MPa) allowing the 
investigation of pore radii ranging from 3.7 nm up to 60 µm. A w/c threshold can be 
seen located around 0.40.  

 
Figure 11.  Results obtained by MIP on hardened cement paste with various w/c, after 
curing at 20 °C and freeze-drying (Baroghel-Bouny et al. 20006). 

In (Perlos et al. 2006) two mortars were investigated using e.g. MIP to specify the pore 
size distributions. Compressive strength for these mortars was high; 78 MPa for mortar 
1 and 87 MPa for mortar 2. For mortar 1 the cement type was ordinary portland cement 
CEM I (w/c 0.40) and for mortar 2 the cement was a blended cement, CEM V/A, 
containing 22% by mass of fly ash and 22% by mass of blast furnace slag (w/c 0.42).  

A Pascal 240-CE porosimeter commercialized by Horiba Instruments was used. 
Intrusion was examined in pressure range to 200 MPa. The MIP measurement was 
repeated on three samples for each material. Samples came from crushed pieces of 
mortars, approximately 2 cm3, and were oven dried at 80 C to constant mass. Prior to 
the measurements, samples greater pores were mercury saturated at atmospheric 
pressure.  

Total MIP porosities for Mortars 1 and 2 were 12.3% and 11.5%. Average pore radius 
for Mortar 1 was 37 nm and for Mortar 2 28 nm. Total specific surface areas were 
respectively 5.4 m2/g and 7.3 m2/g.  

It was also noticed that the measured water porosity for mortar 2 (22.0%) was greater 
than for mortar 1 (19.7%), which was contrary to mercury intrusion porosimetry results. 
This difference is directly linked to the nature of the experimentations, which do not 
give information on the same type of matrix porosity. Before MIP, the most of capillary 
pores were saturated at low pressure, also they were not esteemed. For this test, the 
maximal pressure allowed was limited to 200 MPa. This pressure was not efficient to 
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permit the mercury intrusion in pores smaller than 3.4 nm. So, MIP only investigated 
pores in size range of 3.4 nm to 5μm whereas water porosity considers the total open 
porosity of the material. The additive porosity for mortar 2 in water porosity results 
comes from microporosity (pore radius <10 nm): gel pores or pores in CSH high-
density interlayer sheets that are very abundant in blended cement pastes.

The MIP pore size distributions for Mortars 1 and 2 are presented in Fig. 12. There is 
not a great difference in the pore size distribution over 100 nm for Mortars 1 and 2.
Instead the distribution of pores with radius of 3 to 50 nm is different for the two 
materials. For mortar 2, the curve of pore size distribution is shift towards small pores 
radius: it presents two maxima for 35 nm and 5 nm. Mortar 2 from cement blended with 
fly ash and slag contains more micropores with radius less than 25 nm than the mortar 
from ordinary Portland cement. This fine pore structure is due to pozzolanic reactions
(Perlot et al. 2006)

Figure 12. Mean (3 measurements) of pore size distributions for Mortars 1 and 2 with 
different cements. The effect of cement type on pore size distribution can be seen (Perlot 
et al. 2006).

2.4.6 Thin section microscopy  

A thin section consists of a thin slice of e.g. cement-based material usually impregnated 
with fluorescent epoxy glued to an objective glass and protected by a cover glass. The 
thickness required for analysis of cement-based material is approximately 25 µm (Fig. 
13). 
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Figure 13.  Principle of a thin section preparation: a concrete, mortar or paste slice on 
the object glass is ground to a thickness of 25 microns and protected with a cover glass 
(NT BUILD 361. 1999). 

Materials with crystalline structure cannot be studied using ordinary white light 
principally because the light vibrates in all directions. The polarized light microscopy 
can overcome these problems and specific properties of a material can be detected in 
specific orientations.  

Because of the porous nature of concrete and cement paste, it is possible to fill the voids 
and pore spaces with resin (epoxy) that has been mixed with a fluorescent dye. As 
epoxy is located in original voids and cracks in the concrete, including the large 
capillary pores of cement paste, this method highlights strongly the presence of all kind 
of pores and cracks in cement paste because of the fluorescence. Also homogeneity of 
the cement paste, i.e. local variation in w/b can be detected. Lack of homogeneity can 
be related to the original mixing efficiency.  

Microcracks can be easily detected in thin sections. Also unhydrated cement grains as 
well as silica agglomerates can be detected. Possible reaction product can also be seen, 
e.g. needle like ettringite. 

Normally in the preparation phase of a thin section the specimen is dried in alcohol or in 
a drying chamber overnight at 30 - 40 °C before impregnation with epoxy. This drying 
phase may cause microcracking in materials sensitive to drying cracking. Secondary 
microcracks caused by cutting, grinding or drying must be distinguished from the 
primary shrinkage microcracks. One method for this is to impregnate e.g. the primary 
prismatic specimen before any thin section preparation. This method only allows 
impregnating microcracks connected to the surface of a primary specimen (Bisschop & 
van Mier 2002)  

The brightness or the cement paste filled with fluorescent epoxy gives information on 
the capillary porosity, and thus also on the w/c ratio of the paste.  

Ethanol replacement treatment has been proposed instead of drying during thin section 
preparation to reduce cracking during drying (Bager & Sellevold 1979) (Aligizagi 
2006). However, the ethanol treatment does not prevent visible cracking during drying. 
Cement paste disks soaked in ethanol for 24 hours and then dried in room conditions did 
show visible cracks, even though the cracks were less extensive than those developed in 
control specimens dried from a wet state without ethanol replacement (Aligizagi 2006)  



29 

For thin section, epoxy and fluorescent dye penetration is required. This is normally 
only achieved through application of a vacuum to assist epoxy impregnation. The 
problem with possible introduction of microcracks during preparation can be solved by 
using the fluorescent liquid replacement technique (FLR) instead if the vacuum 
impregnation technique (Aligizagi 2006). This technique makes it possible to detect 
only those microcracs present in non-dried samples. After FLR no more fluorescent dye 
may not be introduced into the sample during the further thin section preparation, as the 
vacuum impregnation with epoxy, if it is desired to detect only the microcracks present 
in original wet sample. 

For concrete there is a Nordtest method (NT BUILD 361 1999) for estimation of the w/c 
ratio in hardened concrete using microscopic investigation of thin sections. The 
capillary pores in the cement paste are filled with fluorescent epoxy by impregnating the 
specimen in vacuum, or alternatively, the pores are impregnated with fluorescent dye by 
immersing the specimen in a saturated solution of ethanol and fluorescent dye, i.e. 
Fluorescent Liquid Replacement technique (FLR). The latter technique supplements the 
epoxy impregnation at lower w/c ratios. FLR technique is not applicable above w/c 0.50 
for the estimation of w/c-ratio. A thin section is then prepared and analyzed in an optical 
microscope. The intensity of fluorescence of the cement paste is a function of the 
capillary porosity. The capillary porosity is a function of the w/c ratio and the degree of 
hydration. The w/c ratio can therefore be estimated by comparing the thin section of the 
test sample with a thin section of a reference sample.  

Capillary porosity is defined in (NT BUILD 361 1999) as the volume of submicroscopic 
pores (greater than 50 nm) which can possibly be filled with epoxy resin. 

When fly ash, silica fume or slag are present, the “equivalent w/c ratio” can be 
estimated according to (NT BUILD 361 1999). This “equivalent w/c ratio” is defined as 
the apparent w/c ratio of concrete containing fly ash, silica fume or slag.  

For concrete there is also e.g. a Nordtest method (NT BUILD 381 1999) to be applied to 
determine the air content and air void structure in hardened concrete. Air void is a small 
space enclosed by the cement paste in concrete and occupied by air. 

Entrained air voids are specified in (NT BUILD 381 1999) to have a diameter of 0.008 
– 2 mm. Entrapped air voids have a diameter greater than 2 mm. The air void structure 
is described by means of air void content (%), specific surface area of air voids 
(mm2/mm3) and spacing factor of air voids (mm). Specific surface area of air voids is 
the surface area of the air voids, related to their volumes, in hardened concrete. Spacing 
factor is an index related to the maximum distance of any point in the cement paste from 
the periphery of an air void. 

Two methods are described in the standard, the linear traverse method and the modified 
point count method. The measurements can be performed on either face ground 
specimens or thin sections. The method can be applied to test the air entraining agents, 
and to evaluate the quality of the air void structure in the hardened concrete.  

At VTT, air void analysis is done today according to (VTT TEST R003-00 2000). There 
are some in practice normally relatively small differences between these two air void 
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analysis methods ((NT BUILD 381 1999) and (VTT TEST R003-00 2000)). Both 
methods can be applied also to injection grouts with no aggregate phase. 

The more an injection grout specimen includes air pores, the lower the compressive 
strength value of an injection grout specimen will be. As injected to rock fractures it is 
presumable, that there will not remain many air pores in the hardened grout.  

It is today a common and widely used technique to study cement based materials micro-
structure by polarized light and fluorescent light microscopy at VTT. Some examples of 
concrete microstructure as photographed through optical microscope are presented in 
Fig. 14.  
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Cement paste with a microcrack. Unhydrated 
cement particles are visible. Thin section, optical 
microscope, polarized light. The width of the 
picture is about 95 µm. 

 
Cement paste with irregular pores. Thin section, 
optical microscope, polarized light. The width of 
the picture is about 95 µm. 

 
Cement paste with a microcrack and carbonation 
(greenish areas) Thin section, optical microscope, 
polarized light. The width of the picture is about 
3.7 mm.  

 
Cement paste with microcracks caused by drying 
of the paste and more wide and  irregular “crack-
like pores” formed at plastic state of the paste. 
Thin section, optical microscope, UV-light. The 
width of the picture is about 3.7 mm. 

 
Concrete with air pores (yellow spheres). Light 
areas are aggregate and dark area is cement paste. 
Thin section, optical microscope, polarized light. 
The width of the picture is about 3.7 mm. 

 
Concrete with internal bleeding (bright areas) 
mostly besides aggregates (dark areas). Thin 
section, optical microscope, UV-light. The width 
of the picture is about 1.85 mm. 

Figure 14.  Thin section pictures of cement paste and concrete. Optical microscope.  

Due to the limitations in resolution and magnification of optical microscopy, the 
detailed features of the cement paste microstructure are usually examined using 
Scanning electron microscopy (SEM). Some of the limitations of the traditional SEM, 
like drying of the specimen and application of a conductive coating, have been 
eliminated with the use of Environmental scanning electron microscopy (ESEM). It is a 
versatile microscope with 2 nm ultimate resolution. It works well in both Hi-Vac mode 
(normal SEM) and Wet mode (as an ESEM). In Wet mode, the Peltier stage may be 
utilized to keep samples at 100% R.H. while they are being imaged. 
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2.5  Correlation of test method results and material properties 

Water permeability, pore structure and strength  

Hardened cement paste is composed of particles connected only over a small fraction of 
their total surface. Also part of the water is within the field of force of the solid phase, 
i.e. it is adsorbed. This water has a high viscosity but it is mobile and takes part in the 
flow.  

Permeability of cement paste is not a simple function of its porosity or volume of pores, 
but depends also on the size, distribution, shape, tortuosity, and connectivity of the 
pores. The pores and the solid particles are very small and numerous, whereas, in rocks, 
the pores, though fewer in number, are much larger and lead to a higher permeability. 
For the same reason, water can flow more easily through the capillary pores than 
through the much smaller gel pores: the cement paste as a whole is 20 to 100 times 
more permeable than the gel itself. This means also, that the permeability of hardened 
cement paste is controlled by its capillary porosity. (Neville 1996)  

General information on cement paste permeability, water cement ratio and curing time 
has been given in (Holt 2007). Permeability of cement paste decreases with the progress 
of hydration. For cement paste hydrated to the same degree, the permeability is lower 
the higher the cement content of the paste, i.e. the lower the w/c ratio. A reduction of 
w/c from, say, 0.7 to 0.3 lowers the coefficient of permeability by 3 orders of 
magnitude. The same reduction occurs in a paste with a w/c ratio of 0.7 between the 
ages of 7 days and one year.  

For a concrete with w/c about 0.75 the coefficient of permeability is about 10-10 m/s. At 
a w/c ratio of 0.45, the coefficient of permeability is typically 10-11 or 10-12 m/s.  

In the vicinity of w/c ratio 0.4 the capillaries become segmented, so that there is a 
substantial difference in permeability with mature cement paste with a w/c below 0,4 
and those with higher w/c ratios.  

Supplementary cementing materials can also reduce permeability, if the material is 
properly designed and cured.  

In general terms it is possible to say, that the higher the strength of the hardened cement 
paste the lower its permeability – a state of affairs to be expected because strength is a 
function of the relative volume of gel in the space available to it. There is one 
exception: drying the cement paste increases its permeability, probably because 
shrinkage may rupture some of the gel between the capillaries and thus open new 
passages to water.  

Porosity, w/c ratio and strength 

There are a number of well established strength versus w/c-ratio relationships, which 
indirectly relate the strength of concrete with its pore system characteristics. As initially 
presented by Powers (1962)1) the porosity of cement paste (Pi) can be estimated by a 
function of the w/c-ratio and the degree of hydration (Fagerlund 2000). 
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Pi=(w/c-0.19·α)/(w/c+0.32)  (7)1 

where  Pi is the porosity of the cement paste (m3/m3) 
α is the degree of hydration (-) 
w/c is the water-cement ratio (-) 

Porosity of cement paste can increases e.g. by leaching. Leaching and increased 
porosity will diminish cement paste strength and increase permeability. Increased 
porosity and permeability will further increase the convection and diffusion of e.g. 
chlorides or aggressive substances as sulphates.  

Feret´s law is also a well known law, which tells the general relation between mix 
constituents and compressive strength:  

S = K(c/(c + e + a))2 (8) 

where K is a constant and c, e and a are the absolute volumes of cement, water and air 
in the mix. It thus takes account of air voids as well as the water content of the mix. In 
essence this law state that strength is dependent on the concentration of cement in the 
cement paste.   

Compressive strength of a cement based material is a good indicator of also material 
porosity. As a general law, porosity and compressive strength are related to each other. 
However, quite a few relationships involving strength and porosity of cement-based 
materials have been reported in literature. Notable among them are (Kumar & 
Bhattacharjee 2003a): 

 linear relationship of the form σ = σ0 - Kp,  
 power exponent relationship of form σ = σ0(1 - p)m and 
 exponential relationship of the form σ = σ0e-Kp and σ = Kln(p0s/p).  

In all these relationships: 
 σ stands for compressive strength at porosity p,  
 σ0 stands for compressive strength at zero porosity,  
 p0s stands for porosity at zero strength and 
 m and K are empirical constants.  

In (Kumar & Bhattacharjee 2003a) it has been demonstrated that most of the existing 
models relating the strength with pore size characteristics of cement-based material are 
inadequate in the context of concrete. The reason for this can be found in the complex 
composition of concrete and with time altering properties as pore size distributions. A 
new model has been proposed, which takes into account the apparent porosity, pore size 
characteristics and cement content of concrete, etc., in addition to aggregate type, 
exposure condition and age of concrete.  

                                                 
1 Derived from equations in T.C. Powers: Physical properties of cement paste. In ”Chemistry of Cement”, 
Proc. 4th Int. Symposium, Washington, 1960. National Bureau of Standards, Monograph 43, Vol II, 
Washington D.C. 1962. 
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Concrete is a composite including at least cement paste phase and aggregate phase. Also 
air pores are included and besides paste-aggregate transition zones with distinct 
properties. Injection grouts normally do not have aggregate phase and this make them 
perhaps a little pit less complex compared to concrete. On the other hand, in rock 
fractures, and thus in combination with rock material, there are apparent features 
resembling concrete, as rock-grout interface.  

In (Fagerlund 2000) two possibilities for estimation of cement paste compressive 
strength are presented: 

1. The ”gel-space ratio” concept: 

fp=fo´·Xk (A.1) (9) 

where  fp is the cement paste strength (MPa) 
fo´ is the strength of the cement gel including gel pores (MPa) 
X is the gel-space ratio (-); X= (gel volume)/(gel volume+capillary pore 
volume) 
k is an exponent (2.5<k<3) (k=3 is used) 

2. The ”total-porosity” concept: 

fp=fo(1-P)k  (10) 

where  fo is the strength of the solid (non-porous material in the cement paste 
(MPa) 

P is the total porosity of the cement paste (-) 
k is an exponent (2.5<k<3) (k=3 is used) 

Further, based on the above Equations 9 and 10 and by substitution of reasonable values 
of fo (380 MPa) and fo´ (175 MPa), following Equations for cement paste strength (fp) 
estimation are presented in (Fagerlund 2000): 

fp=175·(0.71 α /(0.32 α +w/c))3  (11) 

fp=380·((0.32+0.19·α)/(w/c+0.32))3 (12) 

where  α is the degree of hydration. 

Strength values calculated by these equations are shown in Table 3. The degree of 
hydration is 0.65 for w/c=0.40 and 0.8 for the other w/c-ratios.  
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Table 3.  Calculated strength of mature cement paste (Fagerlund 2000). 

 
w/c 

Gel space ratio 
concept; 

Equation 11 

Total porosity 
concept; 

Equation 12 
0.40 77 89 
0.50 74 72 
0.60 51 51 
0.70 37 38 
0.80 27 28 
0.90 21 22 
1.00 16 18 

 
Thus, the two ways of expressing the strength of cement paste give almost the same 
result. There is a certain deviation for the lowest w/c-ratio, where the gel-space ratio 
gives a lower value. But, this can be explained by the fact that the gel-space ratio 
neglects the strength of unhydrated cement. Therefore, for low degrees of hydration 
(65% for w/c=0.40) the gel-space ratio underestimates the real strength (Fagerlund 
2000).  

Influence of silica fume on compressive strength  

The strength and durability of concrete containing silica fume has been widely studied 
in the past 25 years. These studies are often done on high strength or high performance 
concrete, where there are various forms of harsh environmental exposures. Many of the 
typical research results have been presented in (Holt 2007). Some minor information 
and examples are also presented below. 

The main effect of silica fume on strength is based on factors as:  
 so called filler effect (silica fume compacts cement paste),  
 higher CSH gel content or acceleration of Portland cement (PC) hydration in SF 

cement pastes at early ages, which is caused by the acceleration of hydration 
process of binder at early ages – this acceleration might be attributed to the 
above so called filler effect of the SF, 

 pozzolanic activity/reaction of silica with CH, 
 the packing density achieved by partial substitution of OPC by SF of lower 

particle size and  
 the presence of pores with a lower size. 

 
In (Wild et al. 1995) is data on the relationships between pozzolanic activity and cement 
hydration with particular emphasis on condensed silica fume (CSF)-ordinary Portland 
cement blends. In this work, which was done with high strength concrete, the main 
conclusions were: 

 When curing at 20°C the relative strength of silica fume concrete, i.e. the ratio of 
strength to that of reference mix at same curing period and curing temperature, 
increases rapidly within the first 21 days. Beyond 21 days, relative strength 
declines at low fume contents (12 - 20% of binder) but continues to increase at 
high fume contents (e.g. 24 - 28% of binder). This behaviour can be explained in 
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relation to the time taken for an inhibiting layer of reaction product to form 
around CSF particles thus terminating the lime-fume reaction. The time taken 
for this to occur, increases with increasing fume content.  

 The function of silica fume is also the formation of increasingly dense interfacial 
zones resulting from consumption of Ca(OH) crystals by reaction with CSF. 

 

 
A 

 
B 

Figure 15.  Relative strength versus curing time, when silica fume content is 28% (A), 
and at 91 d days with silica fume content (B), for concretes cured at 20°C. Relative 
strength is the ratio of strength to that of reference mix at same curing period and 
curing temperature (Wild et al. 1995). 

Strength and porosity, leaching 

Carde and François (1999) have studied the loss of strength and porosity after the same 
leaching test. Some of their results can be found in (Holt 2007): the relative loss of 
average strength compared to the amount of degradation and the correlation between the 
amount of degradation and the increase in porosity. From these results they have 
modelled the degradation and concluded that the initial amount of calcium hydroxide is 
the main parameter governing the decrease of mechanical performance and thus 
performance (Carde & François 1999). 

They have also presented the evolution of the increase in porosity as a function of the 
compressive strength decrease for two mixtures: a pure paste (w/c = 0.5) and a paste 
(w/b = 0.45) in which 30% by mass of cement is replaced by silica fume (Sikacrete 
HD). The mixtures were poured into cylindrical moulds (Ф110 mm x 220 mm). After 
24 h, the pure paste samples were demoulded and cured by immersion for 27 days in 
water saturated in lime at 20°C ±2oC. The paste samples with silica fume were cured for 
75 days to achieve the complete pozzolanic reaction. Two series of tests were made: the 
first for immersion in the aggressive solutions (treated series) and the second to be kept 
in an endogenous environment (control series). The overall results for the increase in 
porosity, ∆P, as a function of the compressive strength decrease, ∆σ/σ, is presented in 
Fig. 16. 
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Figure 16.  Evolution of the increase in porosity as a function of the compressive 
strength decrease for the paste mixtures with (w/c = 0.5) and without silica fume (w/b = 
0.45) (Carde & François 1999). 

W/c ratio, curing time and MIP results 

Summary of the effect of curing time and w/c ratio on total porosity as determined by 
MIP (Cook & Hover 1999) is presented in Fig. 17. It can be seen, that both w/c ratio 
and curing time have a distinct effect on the MIP total porosity.  

 
Figure 17.  Summary of the effect of curing time and w/c ratio on total porosity as 
determined by MIP. Maximum pressure 300 MPa (Cook & Hover 1999). 

Curing time and w/c ratio will according to Fig 18 also have a distinct effect on the 
value of threshold pore width (Cook & Hover 1999). 

Silica fume and e.g. other fine by-products will also have an effect on MIP pore 
volumes and threshold values, as well as all the other more specific paste composition 
and mix design parameters.  
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Figure 18.  Summary of the effect of curing time and w/c ratio on threshold pore width 
as determined by MIP (Cook & Hover 1999). 

Permeability and MIP critical pore radius 

In (Halamickova &Detwiler 1995) a power-law relationship with an exponent of 3.3 
was observed in relating permeability to critical pore radius, as determined by MIP (Fig. 
19). Besides, a good linear relationship between the coefficient of diffusion and the 
critical pore radius was observed. The critical radius was taken to be the inflection point 
on the volume intrusion versus radius curve (or the maximum of the dV/dp curve). This 
point is suggested to corresponds to the smallest pore size diameter of the subset of the 
largest pores, which creates a connected path through the sample.  

 
Figure 19.  Permeability vs. MIP critical pore radius (Cr) for portland cement pastes 
and mortars (Halamickova &Detwiler 1995). 

Pore volume, water permeability, strength, leaching 

Saito and Deguchi (2000) have conducted leaching tests on mortars with w/c ratios 0.32 
to 0.60 (Saito & Deguchi 2000, Holt 2007). The pore volume of the degraded specimens 
increased as a result of cement hydrate dissolution. Pore volume and pore size 
distribution was within range 3 nm to 60 µm in diameter measured by the mercury 
intrusion method. Water permeability (m/s) of the mortar specimens increased by about 
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one to two orders of magnitude due to leaching degradation. The compressive strength 
of the degraded mortar specimens decreased also by 20% to 60%.  

There was good correspondence between each performance change and pore volume 
change due to leaching degradation. Pozzolanic admixture replacement for a part of the 
cement was very useful in achieving a durable concrete that resists leaching and shows a 
small loss of performance after leaching.  

The relationship between compressive strength and pore volume per cement paste 
volume (PV/Vp) is presented in Fig. 20. The relationship between water permeability 
per cement paste volume (Kw/Vp) and pore volume per cement paste volume (PV/Vp ) 
is presented in Fig. 21.  

It was clarified that compressive strength decreased greatly with dissolution of the 
cement hydrate. It is clearly seen that the compressive strength decreases as the pore 
volume increases (Fig. 20). Thus, the loss of strength is caused mainly by a change in 
the cement hydrate structure to a porous structure due to dissolution of hydrates.  

It can also be seen, that water permeability to cement paste volume (Kw/Vp) and pore 
volume show good correlation independent of pozzolanic admixture replacement: log 
Kw/Vp increases almost proportionally with PV/Vp (Fig. 21). Based on this result, 
dissolution of cement hydrate causes an increase in water permeability due to an 
increase in the porosity of the cement hydrate structure. Therefore, an increase in water 
permeability could be expected from an increase in pore volume in cement hydrate 
structure.  

From the viewpoint of pozzolanic admixture replacement, the loss of strength could also 
be explained by increase in pore volume. Thus, the loss was smaller than for non-
replacement. This is due to the small increase in pore volume due to dissolution of the 
cement hydrate. Therefore, it was judged that replacement of pozzolanic admixture also 
controlled the loss of compressive strength after degradation due to leaching. 

 
Figure 20.  Relationship between pore volume per cement paste volume, PV/Vp, and 
compressive strength for different degraded (leaching) and undegraded mortars (Saito 
& Deguchi 2000). 
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Figure 21.  Relationship between pore volume per cement paste volume, PV/Vp, and 
water permeability to cement paste volume, Kw/Vp, for different degraded (leaching) 
and undegraded mortars (Saito & Deguchi 2000). 

Leaching and e.g. strength 

Leaching causes strength loss as it decreases the volume of load-bearing phase inside 
the cement paste. Thus, strength loss caused by leaching might be described by 
(Fagerlund 2000): 

Df/fi=1-(1-DX/Xi)3  (13) 

where  Df is the strength loss (Pa) 
fi is the initial strength of cement paste before leaching (Pa) 
DX is the volume of leached load-bearing material in cement paste 
(m3/m3) 
Xi is the volume of load-bearing phase in unleached cement paste (m3/m3) 

The relation between the strength after leaching and the initial strength is 

f/fi={1-DX/X}3 (14) 

Thus, if 20% of the initial load-bearing phase is dissolved, strength is reduced by almost 
50%. 

Examples of experimental determinations of the relation between the total amount of 
leaching of lime expressed as leaching of CaO and strength loss is shown in Fig. 22. 
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Figure 22.  Strength loss as function of the degree of leaching. Different authors 
(Fagerlund 2000). 

In the work by Agostini et al. (2007) the effect of leaching on two mortars with w/c of 
0.50 and 0.80 are studied. These mortars, differencing mainly in their initial porosity, 
were degraded by the use of a chemically accelerated process with ammonium nitrate 
solution. To specifically study the leached material, the chemical attack was undertaken 
on thin walled tubes. The leaching effects were evaluated by studying variations in 
mechanical and hydraulic properties. For both mortars tested, the kinetics of relative 
loss in strength, in elastic modulus and of increase in permeability were similar. For the 
same time of degradation, the increase in porosity and the loss in volumetric mass 
roughly depend on the estimated cement paste proportion of each mortar. The total 
process of degradation was carried out in three steps: 4, 8 and 16 days. Very sharp 
variations of all the studied properties were observed until 8 days of leaching followed 
by a plateau. These two phases are attributed to Portlandite dissolution first then to 
progressive C–S–H decalcification. At the end of the leaching test, a permeability 
increase of more than two orders of magnitude and a loss in strength and elastic 
modulus of more than 85% were observed for both mortars (Agostini et al. 2007).  

Shrinkage (autogenous, chemical and drying) and w/c 

In (Baroghel-Bouny et al. 2006), among other results, there are presented results on the 
effects of w/c within the range 0.25 – 0.60 on chemical shrinkage, volumetric and one 
dimensional autogenous deformations, drying shrinkage, as well as other parameters 
characterizing the hydration process or the microstructure of the material; including 
MIP porosity and pore size distribution (see above).  

In Fig. 23 the unrestrained one-dimensional autogenous deformations (length changes) 
measured on the cement pastes with various w/c at 20 oC are plotted vs. the age from 
initial setting time (this moment is taken as the zero point on the time scale of the 
curves) up to 1 year. The results are for Portland cement pastes (CEM I—52.5) 
(Baroghel-Bouny et al. 2006). The experimental results point out that, at a given age, 
the magnitude of autogenous shrinkage increases linearly as w/c decreases from 0.60 
down to 0.25 In the case of mixtures with low w/c, a great proportion of the long-term 
autogenous shrinkage value occurs before 24 h illustrating thereby the need of an initial 
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measurement far earlier than 24 h for this type of materials. In the case of mixtures with 
medium or high w/c, swelling is exhibited from a few hours up to several days.  

Various physical and chemical processes linked to cement hydration are involved in the 
unrestrained (isothermal) autogenous deformations measured on cement paste samples. 
These deformations include in the general case three components: (total) chemical 
shrinkage, structural (chemical) swelling due to crystal growth, and self-desiccation 
shrinkage. The component which is prominent depends on the age at which the system 
is observed and on the mix-composition of the cement paste. In the long term, another 
component may be added: the matrix creep under hygral stress (Baroghel-Bouny et al. 
2006).  

 

Figure 23.  One-dimensional autogenous deformations vs. age, measured from initial 
setting time up to 1 year on ø20 mm x 160 mm sealed samples of cement pastes with 
various w/c, at 20 oC, zero point of the time scale: t0 = initial Vicat setting time 
(Baroghel-Bouny et al. 2006). 

In the research by Baroghel-Bouny et al. (2006) after 1-year length-change 
measurements in autogenous conditions (see Fig. 23 above), the self-adhesive 
aluminium foil sheets of some of the Ф20 mm x 160 mm samples were removed and the 
hardened cement pastes were exposed in sealed chambers to various relative humidities 
(controlled by saturated salt solutions), in order to measure drying shrinkage at 20 oC. 
The same measurement device (dial gauge) as in autogenous conditions was used. The 
drying shrinkage results are presented in Fig. 24.  

It can be seen that, contrary to autogenous deformations (Fig. 24), the “ultimate” drying 
shrinkage value increases when w/c increases from 0.25 up to 0.60. More precisely, the 
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relationship between the “ultimate” drying shrinkage values at RH = 63% and w/c 
seems to be linear above and below a threshold value located at w/c = 0.40. 

 
Figure 24.  Drying shrinkage (length changes) measured at 20 oC on ø20 mm x 160 mm 
samples submitted to RH=63%, after 1-year curing in autogenous conditions and 
equilibrium at RH=71.5% (Baroghel-Bouny et al. 2006). 

As far as chemical shrinkage is concerned, Justnes et al. (1996) (Baroghel-Bouny et al. 
2006) has not found any significant effect of w/c (ranging from 0.30 to 0.50) on the 
final chemical shrinkage value of cement pastes at 20 oC, from 0 to 48 h after mixing. 
Nevertheless, according to (Baroghel-Bouny et al. 2006) a broader range of 
investigations is still required, in order to accurately characterize the influence of w/c.  

2.6  Summary 

This report is a background description on the test methods for the experimental study 
of low-pH and reference rock injection grouts as regards pore- and microstructure, 
strength, shrinkage/swelling and thus versatile durability properties. A summary of test 
methods is presented as well as examples, e.g. literature information or former test 
results, of expected range of results from the tests. Also background information about 
how the test results correlate to other material properties is presented. Besides the report 
provides information on the pore structure of cement based materials. Also the 
correlation of cement based materials pore structure to basic transport properties is 
shortly discussed. 

There are a number of tools that can be applied to the problem of microstructural 
characterization with respect to pore structure. The methods, that had been chosen for 
the comparison and evaluation of different rock injection grouts and thus reviewed here 
were: 

 hydraulic conductivity / permeability, 
 capillary water uptake test, 
 mercury intrusion porosimetry (MIP), 
 compressive strength, 
 microscopic thin section analysis and  
 measurement of bulk drying, autogenous and chemical shrinkage and swelling. 



44 

The test results presented here are mostly for materials with lower w/b ratios than the 
w/b ratios for injection grouts in the question are. This limits the direct comparison of 
literature data with the future injection grout test results. With some extrapolation these 
values will however give a good hint of the expected range of results for injection 
grouts. The high amount of silica fume in the low-pH grout will surely also have a 
specific effect on the test results, more or less difficult to predict based on the results 
presented in the literature for materials with no or much lower silica fume contents. 

The high w/b, and also the high silica fume content, will also make the practical 
application of the methods extra challenging. E.g. drying out of the injection grout 
materials will change its structure/microstructure easily and cause cracking and 
microcracking, which must be considered carefully in connection with all the testing 
methods and testing phases.  

Injection grout field environment, e.g. relative humidity and temperature, will also 
define the most suitable testing procedures and the meaning of the specific test results. 
The actual microclimate of injection grout in the rock fracture should also be considered 
when analyzing the test results and making conclusions on the durability properties of 
the tested grouts. Age effect should be considered, as the properties of the cement based 
injection grout are dependent on age or maturity.  

Material mix design as w/b and binder type do have correlation with material properties 
as permeability, porosity, strength and shrinkage. Some typical correlations or test result 
are presented. E.g. leaching or chemical degradation will change these material 
properties. The main question in the future will be, how long the material will maintain 
its decisive properties in an acceptable level with an acceptable probability.  
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3  EXPERIMENTAL STUDY 

3.1  Grout mix compositions 

All five injection grouts used in this experimental part were made with sulphate 
resistant microcement Ultrafin 16. The microcement is ground finer than standard 
Portland cement to improve the injection ability. 

Four injection grout included silica fume with the trade name GroutAid, produced by 
Elkem in Norway. The solids content of the GroutAid is 50%. 

Naphthalene sulphonate based superplasticizer Mighty 150 was used in all injection 
grouts. 

Grout mix compositions are presented in Table 4 and Table 5. In grout mix codes the 
following characteristics are presented: 

Cement type UF (Ultrafine 16) 
Amount of solid silica / total binder amount % 00, 15 or 41  
Water / total binder x 10 08, 09, 10 or 14 
Superplasticizer amount / total binder amount % 2, 2.8 and 4 

Table 4.  Grout mix compositions UF-00-08-2, UF-15-10-2.8 and UF-41-14-4. Values 
are calculated from batches presented in Appendix A. 

 Standard 
(high pH) grout 

mix 
UF-00-08-2 

Reference 
(medium pH) 

grout mix 
UF-15-10-2.8 

Low pH 
grout mix  

UF-41-14-4 

Water (all water; incl. superplasticizer 
water and silica slurry water) (kg/m3)  

716 747 789 

Ultrafin16 (sulphate resistant 
microcement) (kg/m3) 

8821) 6251) 3281) 

Silica fume (solid content) (kg/m3) 0 1102) 2262) 
Mighty 150 (naphthalene sulphonate 
based superplasticizer, solid content) 
(kg/m3) 

73) 83) 93) 

Calculated water binder ratio  
(incl. superplasticizer water and silica 
slurry water) 

0.81 1.02 1.42 

Calculated density (kg/m3) 1602 1490 1352 
1) Density of cement = 3150 kg/m3 

2) Density of GA slurry = 1380 kg/m3, solid content 50% 
3) Density of Mighty = 1200 kg/m3, assumed solid content 40% 
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Table 5.  Grout mix compositions UF-15-14-2.8 and UF-41-09-4. Values are calculated 
from batches presented in Appendix A. 

 Additional 
(medium pH) 

grout mix 
UF-15-14-2.8 

Additional  
(low pH)  
grout mix  

UF-41-09-4 
Water (all water; incl. superplasticizer 
water and silica slurry water) (kg/m3)  

805 709 

Ultrafin16 (sulphate resistant 
microcement) (kg/m3) 

4831) 4551) 

Silica fume (solid content) (kg/m3) 852) 3132) 
Mighty 150 (naphthalene sulphonate 
based superplasticizer, solid content) 
(kg/m3) 

63) 123) 

Calculated water binder ratio  
(incl. superplasticizer water and silica 
slurry water) 

1.42 0.92 

Calculated density (kg/m3) 1379 1489 
1) Density of cement = 3150 kg/m3 

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

3.2  Mixing of injection grouts 

Room temperature and the temperature of injection grout materials were at mixing time 
about +12 °C. After mixing the injection grouts were cured 24 h in the same room 
(temperature +12 °C). 

Mixing of injection grouts materials was made with high speed blender DESOI AKM-
70D. Speed of revolution was 7500 rps. The mixing bowl was in water bath. The 
temperature of water in bath was also +12 °C. So it was possible to reduce the 
increasing of the injection grout temperature during mixing with blender. After mixing 
with blender the injection grouts were mixed in low speed mixer HOBBART up to one 
hour. Speed of revolution was 140 rps. Temperature was measured before and after 
mixing with DESOI AKM-70D and after mixing one hour in HOBBART. 

Mixing time with DESOI AKM-70D was five minutes when silica was used and four 
minutes without silica fume. 

When silica fume was used, cement was added into the water during two first minutes, 
then plasticizer and silica fume were added and then mixed three minutes. 

When mixing was made without silica fume, cement and superplasticizer were added 
into the water at the same time during first two minutes. 

Batch volumes were 3.0 litres (UF-00-08-2) and 5.5 litres (the other injection grouts). 
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3.3  Methods of analysis 

3.3.1   Fresh injection grouts 

3.3.1.1  Bleeding (water separation) 

Bleeding was measured immediately after mixing period at the temperature of +12 °C in 
a 1000 ml measuring glass. Grout height was 335 mm and sample diameter was 60 mm. 
The result was given as vol.-% of separated water at two and three hours after mixing. 

3.3.1.2  Time of efflux 

The Marsh cone was used to estimate grout fluidity immediately after mixing with 
DESOI-blender and at the age of 1 h at the temperature of +12 °C. Time of efflux by 
Marsh Cone was determined according to EN 14117. 

3.3.1.3  Early shear strength (fall cone test) 

The fall cone test was used for testing setting of the mixes at the age of 6 h at the 
temperature of +12 °C. Shear strength with Fall Cone Test was determined according to 
ISO / TS 17892-6:2004. The first measurement was taken 3 hours and the last ca. 6 
hours after mixing in DESOI AKM-70D. Five individual measurements were made, the 
highest and lowest values were excluded and the result given as the average of 
remaining 3 values. 

3.3.2   Hardened injection grouts 

3.3.2.1  Flexural tensile strength and compressive strength 

The compressive and flexural tensile strength was determined by casting the specimen 
into 40 x 40 x 160 mm3 mm steel moulds. The procedure is a modification of the 
standard EN 196-1: 1994 “Methods of testing cement – Part 1: Determination of 
strength with 40 x 40 x 160 mm3 prisms". According to the standard the result is given 
as the average of six determinations. In this work only three determinations were used 
for practical reasons to save materials. Another difference compared to SFS-EN 196-1 
was the curing conditions. According to the standard the curing is +20 °C for 24 h and 
after de-moulding in water. In this work the specimen were kept covered with glass 
plate at +12 °C temperature for 24 h. The prisms were tested at the ages of 1 - 2, 7, 28 
and 91 days.  

Curing after casting was 1-2 days in moulds, after first 24 hours the specimen were kept 
at the temperature of +20 °C and in a minimum of 95% RH in plastic bags in water until 
testing. Flexural tensile strength and two compressive strength determinations was made 
on all the prisms.  

3.3.2.2  Length change 

The length change was determined by casting the specimen into 40 x 40 x 160 mm3 mm 
steel moulds. Measuring bolts were fastened into the ends of the moulds before casting. 
Three prisms / curing condition were tested.  
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Curing after casting was 1-2 days in moulds, for the first 24 hours at the temperature of 
+12 °C, then the temperature was in all curing conditions +20 °C. One third of the 
prisms were cured in water, one third was sealed with air duct tape and cured in plastic 
bags in water and one third cured in 50% RH. 

First measurement was made after de-moulding (at the age of one or two days). Then 
measurements were made weekly at the age of 7 - 91 days.  

3.3.2.3  Water permeability 

Water permeability was determined by casting the specimens into one litre injection 
grout cans (ø 105 mm, h 130 mm). Injection grouts were cured in injection grout cans 
until testing. Injection grout cans were closed with cover and cured for the first 24 h at 
the temperature of +12 °. Then the temperature was +20 °C. At the age of 7 days a 5 
mm high level of water was added on the surface of the injection grouts. So curing was 
in water.  

Water permeability was determined at the age of three months. At the age of three 
months ca. 20 mm thick small slices were prepared from the specimens with diamond 
saw for the determination. The drying of the specimens was prevented during 
preparation by water immersion between treatments. 

Measurements were made according to standard ASTM D5084:2000. 

The equipment is made by Geo-Petech Oy. The maximum value of the confining 
pressure of the equipment is 250 kPa when transparent jacket tube is used. 

The water permeability was measured when the specimens were saturated with water 
and there was a water flow through the specimens. The amount of water flowing in and 
out of the specimen was determined by measuring the movement of air bubbles in glass 
burettes. The water permeability was calculated on the bases of the dimensions of the 
specimens, gradient and average rate of water flow. 

Before determinations some preliminary determinations were made using about 28 days 
old samples. The aim was to determinate the correct thickness of slices (20 or 50 mm). 
Injection grout UF-41-14-4 was used in preliminary determinations. 

3.3.2.4  Water uptake and porosity by wetting and drying 

Water uptake and porosity was determined by casting the specimen into 100 x 100 x 
100 mm3 mm steel moulds. The specimen were cured 1-2 days in moulds, for the first 
24 h at the temperature of +12 °C, then at the temperature of +20 °C and in a minimum 
of 95% RH in plastic bags in water until determination at the age of three months. At 
the age of three months two ca. 30 mm thick small slices (100 x 100 x 30 mm3) were 
prepared from each of specimen with diamond saw for the following determinations: 

 Weight before capillary water uptake, w0 (kg). 
 Weight after capillary water uptake until constant weight, in average ca. 7 days, 

w1 (kg). 
 Weight in air after pressure treatment of 15 MPa in water for 24 hours, w2 (kg). 
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 Weight in air and in water 24 hours after the pressure treatment, w3 (kg) and w4 
(kg)  
(curing in water). 

 Weight after drying for at least 7 days until constant weight in an oven at 
+105 °C, w5 (kg). 

 Density before capillary water uptake, 0 (kg/m3). 
 Density after capillary water uptake until constant weight, 1 (kg/m3). 
 Density after pressure treatment, 2 (kg/m3). 
 Density after drying for at least 7 days in an oven at +105 °C, 5 (kg/m3). 
 Air pores filled in pressure treatment, pa (l/m3). 
 Capillary pores, pw (l/m3). 
 Pores in total, pa + pw (l/m3). 

The main results were: 
 Amount of capillary water uptake, when specimens were at first cured three 

months in plastic bags (l/m3).  
 Amount of air bubbles in injection grouts (l/m3). 
 Amount of evaporable water in injection grouts (l/m3). 

3.3.2.5  Mercury intrusion porosimetry (MIP) 

The porosity was determined by casting the specimen into 40 x 40 x 160 mm3 mm steel 
moulds. The specimen were cured 1-2 days in moulds, for the first 24 h at the 
temperature of +12 °C, then at the temperature of +20 °C and in a minimum of 95% RH 
in plastic bags in water until determination at the age of three months.  

Preparation of samples and porosity determination using Mercury intrusion porosimetry 
(MIP) was made at Helsinki University of Technology. Sample size in determinations 
was ca. 15 x 15 x 15 mm3. The test specimens were sawn dry from a bigger sample 
which had been cast in a plastic pipe. The test specimens were normally dried in a 
vacuum (10-2 mbar) for 2 - 3 weeks prior to the MIP test. Three parallel specimens were 
tested in each test series. 

Mercury intrusion porosimetry is used to determine the porosity characteristics of the 
grouts. MIP manufactured by Carlo Erba Strumentazione consists of two units. The 
low-pressure unit, Macropores Unit 120, has a pressure range from 0.15 to 1 bar and it 
measures pores with a radius from 35000 to 7500 nm. The high-pressure unit, 
Porosimeter 2000 WS, has a pressure range from 1 to 1990 bar and it measures pores 
with a radius between 7500 and 4 nm. 

The relationship between pressure and pore radius is described by the Washburn 
equation as 

pr = 2γcosω 

where p is pressure (bar), r is pore radius (nm), γ is surface tension of mercury (mN/m²), 
and ω is the contact angle (°) between mercury and the material studied. The value of 
surface tension is 480 mN/m² and the contact angle is 141.3°. Mercury has to be forced 
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into the sample studied by using pressure since its contact angle is > 90°. The pore size 
distribution is determined from the volume of mercury intruded at each pressure 
increment and the total porosity from the total volume intruded. The pores are assumed 
to be of cylindrical shape and fully accessible for mercury penetration. This is only a 
rough approximation and may, thus, give rise to erroneous results as regards the true 
pore size distribution, since instead of the true pore diameter the method detects only 
the diameters of the entrance throats of the pores. 

Before primary porosity determinations three preliminary determinations were made 
using about six month old samples, that were made by Contesta Oy using AEG SB2E 
Super Torgue drill mixer with a high-power disc. The aim was to secure the suitability 
of Mercury intrusion porosimetry. 

3.3.2.6  Thin section microscopy 

Thin section microscopy was made by casting the specimen into 40 x 40 x 160 mm3 
mm steel moulds. The prisms were cured 1-2 days in moulds, for the first 24 h at the 
temperature of +12 °C, then at the temperature of +20 °C and in a minimum of 95% RH 
in plastic bags until preparation of thin sections at the age of three months.  

For the study thin sections were made of the samples in the following way: 

1. The samples were cut using a small diamond saw. 2 pieces having a size of 15 x 
15 mm were cut from every sample. 

2. The pieces were immersed in a bath composed of spirit and a fluorescent dye for 
10 days. 

3. After that the samples were put on a plate and were let to dry in room 
temperature for 7 days. 

4. The samples were impregnated using a colorless clear epoxy resin and thin 
sections were made. 

Before primary thin section microscopy analysis three preliminary determinations were 
made using about six month old samples, that were made by Contesta Oy using AEG 
SB2E Super Torgue drill mixer with a high-power disc. The aim was to study the 
suitable method to prepare thin sections. 

3.4  Results 

3.4.1   Properties of fresh injection grouts 

Temperature before and after mixing in DESOI AKM-70D and one hour after mixing in 
HOBBART is presented in Table 6. 
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Table 6. Temperatures of mixes determined before mixing and after mixing in DESOI 
AKM-70D. The stiff injection grouts rotated not as efficiently as liquid grouts. From this 
reason the chance of temperature is not the same. 

Injection grout 
type 

Mixing time in 
Desoi (minutes) 

Temperature 
before mixing in 

Desoi 

Temperature after 
mixing in Desoi 

Temperature after 
mixing in Hobbart 

one hour later 
UF-00-08-2 
UF-15-10-2.8 
UF-15-14-2.8 
UF-41-09-4 
UF-41-14-4 

4 
5 
5 
5 
5 

12 
12 
12 
12 
12 

20.5 
18.8 
17.3 
18.4 
16.8 

17.0 
16.1 
14.7 
16.0 
14.5 

 
Bleeding of fresh injection grouts is presented in Table 7. 

Table 7. Bleeding expressed as vol.-% of bleeding water 2 and 3 hours after mixing 
in DESOI AKM-70D. 

Injection grout 
type 

Bleeding vol-% 2 hours after 
pouring the grout into the 

measuring glass 

Bleeding vol-% 3 hours after 
pouring the grout into the 

measuring glass 
UF-00-08-2 
UF-15-10-2.8 
UF-15-14-2.8 
UF-41-09-4 
UF-41-14-4 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

 
Time of efflux of fresh injection grouts is presented in Table 8. 

Table 8. Time of efflux determined by Marsh Cone according to EN 14117 after mixing 
in DESOI AKM-70D. 

Injection grout 
type 

Time (seconds) of efflux by 
Marsh Cone after mixing in 

Desoi 

Time (seconds) of efflux by 
Marsh Cone one hour later after 

mixing in Hobbart 
UF-00-08-2 
UF-15-10-2.8 
UF-15-14-2.8 
UF-41-09-4 
UF-41-14-4 

36 
42 
33 

>>50 
46 

46 
43 
34 

>>50 
46 

 
Shear strength of fresh injection grouts is presented in Table 9. 
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Table 9.  Shear strength by Fall Cone Test according to ISO / TS 17892-6:2004. The 
hours are after mixing in DESOI AKM-70D. 

Injection grout 
type 

3 hours 
N/m2 

4 hours 
N/m2 

5 hours 
N/m2 

6 hours 
N/m2 

7 hours 
N/m2 

8 hours 
N/m2 

UF-00-08-2 
UF-15-10-2.8 
UF-15-14-2.8 
UF-41-09-4 
UF-41-14-4 

<150 
<150 
<150 
870 

<150 

180 
210 

<150 
980 
240 

620 
680 

<150 
1940 
870 

980 
2550 
<150 
7680 
1580 

 
2550 
250 

 
5320 

 
 

980 
 
 

 
3.4.2   Flexural tensile strength and compressive strength 

Flexural strength test results of prisms are presented in Fig. 25. Single values are 
presented in Appendix B. 

Flexural tensile strength. Prisms. Curing in at 
least 95 % RH and +20 C temperature until 
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Figure 25.  Flexural tensile strength. Curing after casting was 1-2 days in moulds, after 
first 24 hours the specimens were kept at the temperature of +20 °C in plastic bags in 
water until testing. Mean value of 3 prisms at the age of 1-2, 7, 28 and 91 days. 

Compressive strength test results of prisms are presented in Fig. 26. Single values are 
presented in Appendix B. 
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Compressive strength. Prisms. Curing in at least 
95 % RH and +20 C temperature until testing
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Figure 26.  Compressive strength. Curing after casting was 1-2 days in moulds, after 
first 24 hours the specimens were kept at the temperature of +20 °C in plastic bags in 
water until testing. Mean value of 3 prisms at the age of 1-2, 7, 28 and 91 days. 

3.4.3   Length change 

3.4.3.1  Curing in water 

The first shrinkage determination was made at the age of two days. The second 
determination was made 6 hours later (after curing in water for 6 hours). Then 
determination was made weekly. Length change of prisms is presented in Fig. 27. 
Single values are presented in Appendix C. 

Length change of prisms. Curing after de-
moulding in water at +20 C temperature 
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Figure 27.  Length change. Curing after casting was 1-2 days in moulds, after first 24 
hours the prisms were kept at the temperature of +20 °C, then at the temperature of 
+20 °C. After two days curing was in water. Mean value of 3 prisms. Shrinkage -, 
expansion +. 



54 

3.4.3.2  Curing in plastic bags in water 

The first shrinkage determination was made at the age of 1-2 days and after that weekly 
until the age of 91 days. Length change of the prisms is presented in Fig. 28. Single 
values are presented in Appendix C. 

Length change of prisms. Curing after de-
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Figure 28.  Length change. Curing after casting was 1-2 days in moulds, for the first 24 
hours at the temperature of +12 °C, then at the temperature +20 °C in plastic bags in 
water till the age of 91 days. Water was observed in two plastic bags at the age of 14 
days (prisms UF-15-10-2.8 and UF-41-09-4). Plastic bags were changed. Shrinkage -, 
expansion +. 

3.4.3.3  Curing in 50% relative humidity 

First shrinkage determination was made at the age of 1-2 days. The second 
measurement was made at the age of 7 days. Then measurement was made weekly. 
Length change of prisms is presented in Fig. 29. Single values are presented in 
Appendix C. 
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Length change of prisms. Curing in plastic bags 
till 7 days, then 50 % RH and +20 C temperature 
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Figure 29.  Length change. Curing after casting was 1-2 days in moulds, for the first 24 
hours at the temperature of +12 °C, then at the temperature +20 °C in plastic bags in 
water till the age of 7 days. After that curing conditions were 50% relative humidity and 
+20 °C till the age of 91 days. Shrinkage -, expansion +. Several cracks were observed 
in prisms UF-41-09-4 and UF-41-14-4 after drying for 7 days at 50% RH.  All UF-15-
10-2.8 prisms were broken at the age of 70 days. 

3.4.4  Water permeability 

3.4.4.1  Preliminary water permeability determination 

Height of the specimen 1 (UF-41-14-4) was 23.7 mm. The confining pressure was 250 
kPa, the backpressure was 200 kPa and the forepressure was 215 kPa. The gradient over 
the specimen was ca. 60 (-). Gradient = the height of the water column causing flow 
(mm) / height of the specimen (mm). 

Height of the specimen 2 (UF-41-14-4) was 50.9 mm. The confining pressure was 200 
kPa, the backpressure was 70 kPa and the forepressure was 170 kPa. The gradient over 
the specimen was ca. 200 (-). This is because the specimen was so tall that the duration 
of the measurements would have been too long and the results would have been too 
inaccurate. 

The specimens were saturated using backpressure letting the water penetrate from both 
ends. It took several days - weeks for the specimens to reach saturation. The specimens 
were assembled in the cell in 25.4.2007 and the tests on specimen 2 were finished in 
15.6.2007.  

Dimensions and wet bulk densities are presented in Table 10. The coefficients of 
permeability are presented in Table 11. 
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Table 10.  Dimensions and wet bulk densities. At the beginning of test the age of 
injection grout was 28 days. The specimens were made from the same injection grout 
can. 

Injection grout 
type 

Diameter (mm) Height (mm) Wet weight 
(g) 

Wet bulk density 
 (g/cm3) 

1  UF-41-14-4  104.62 23.7 280.64 1.375 
2  UF-41-14-4  104.88 50.9 592.61 1.348 

 
Table 11.  The coefficient of permeability. At the beginning of test the age of injection 
grout was 28 days. The specimens were made from the same injection grout can.  

Injection grout  
type 

K (m/s) NB 

1 UF-41 - 14-4  1·10-10 9.6·10-11  9,7·10-11  2.0·10-10 
2 UF-41 - 14-4 9·10-13 1 measurement 

 
The test result of specimen 1 UF-41-14-4 fulfilled the terms for ending given in he 
standard. Because of the slow saturation rate only one test was carried out on specimen 
2 UF-41-14-4. This measurement fulfilled the terms for ending given in he standard. 
From this reason it was decided to use the height of the specimen 1 in primary water 
permeability determinations. 

3.4.4.2  Primary water permeability determination 

The confining pressure was 225 kPa, the backpressure was 150 kPa and the forepressure 
was 200 kPa. The gradient over the specimen was ca. 200 (-). Gradient = the height of 
the water column causing flow (mm) / height of the specimen (mm). 

The specimens were assembled in the cell in 26.6.2007. The tests on specimens UF-00-
08-2 - UF-15-10-2.8 were finished in 9.8.2007. Specimen UF-41-14-4 was changed 
after leakage (23.7.2007). The saturation and measurements on specimen UF-41-14-4 
were repeated using the confining pressure of 225 kPa, backpressure of 125 kPa and 
forepressure 200 kPa. The gradient over the specimen was ca. 300 (-). 

Dimensions and wet bulk densities are presented in Table 12. The coefficients of 
permeability are presented in Table 13 and in Fig. 30. The coefficients of permeability 
are parallel to the results presented in Figs. 2 and 3. 

Table 12.  Dimensions and wet bulk densities. At the beginning of the test the age of 
injection grout was 91 days. The specimens were made from one separate injection 
grout can. 

Injection grout 
type 

Diameter (mm) Height (mm) Wet weight 
(g) 

Wet bulk density 
 (g/cm3) 

UF–00 08-2 103.8 27.2 373.01 1.621 
UF-15-10-2.8 104.0 23.2 287.1 1.457 
UF-41-14-4 103.9 24.05 276.67 1.357 
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Table 13.  Coefficient of permeability. At the beginning of test the age of injection grout 
was 91 days. 

Injection grout 
type 

K (m/s) NB 

UF-00-08-2 5 x 10-12 4.8 x 10-12 5.5 x 10-12 
UF-15-10-2.8 6 x 10-13 7.0 x 10-13 5.8 x 10-13 
UF-41-14-4 8 x 10-13 7.6 x 10-13 7.6 x·10-13 

 

Coefficient of permeability. Height of injection 
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Figure 30.  Coefficient of permeability. Injection grouts UF-00-08-2, UF-15-10-2.8 and 
UF-41-14-4. At the beginning of determinations the age was 91 days. Curing of 
specimens was wet curing all the time. 

The test results of specimens UF-00-08-2 and UF-15-10-2.8 are clear and repeatable. 
However the measurement does not fulfil the terms for ending which is that the water 
flow in / out must be within the limits 0,75 < qin/qout < 1,25. The measurement was 
interrupted before fulfilling the terms for ending because practical experience has 
shown that the equipment does not work well with low water permeabilities - the 
measurement becomes inaccurate and the terms for ending are not always fulfilled. The 
test result of specimen UF-41-14-4 is explicit, repeatable and it fulfils the terms for 
ending the test given in the standard. 

During the test substances dissolved from specimens UF-00-08-2 and UF-15-10-2.8 
staining the water brown. Also the ceramic porous stones softened and became useless. 

3.4.4.3  Study of the functionality of the test arrangement 

The measuring method is well applicable on materials with water permeability 
coefficient of 10-7 … 10-10 m/s. The equipment may be used even when the water 
permeability coefficient is ca. 10-11 m/s. 
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The applicability decreases when the water permeability coefficient is ca. 10-12 m/s. 
This is mainly because of the low water flow and long measuring time (air gets into to 
the specimen and there is biological activity both in the water and in the sample). 

The gradients for materials used in infrastructures are typically lower than 50. Though a 
high gradient shortens the time of measurement it may cause erosion of the specimen or 
surface leakage between the specimen and sheet rubber and therefore make the 
measurement less accurate. 

3.4.5   Water uptake and porosity by wetting and drying 

Densities at the age of 91 days (cured in plastic bags in water), after the about 7 days 
long capillary water uptake, after pressure treatment (15 MPa / 24 h) and after drying in 
oven (+105 °C at least 7 days) are presented in Fig. 31. Single values are presented in 
Appendix D.  

Amount of capillary water uptake (l/m3), amount of air bubbles (l/m3) and amount of 
evaporable water in specimens (l/m3) are presented in Fig. 32. Single values are 
presented in Appendix D. 

Density of specimens after curing 91 days in at 
least 95 % RH, after capillary water uptake, after 
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Figure 31.  Densities of the specimens after curing for 91 days in a minimum of 95% 
relative humidity and +20 °C temperature, after capillary water uptake, after pressure 
treatment and after drying in oven at +105 °C temperature. 
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Pores in injection grouts determined by water 
uptake, water pressure treatment and drying
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Figure 32.  Air bubbles, capillary pores and pores in total. Curing after casting was 1-2 
days in moulds, for the first 24 hours at the temperature of +12 °C, then at the 
temperature +20 °C in plastic bags in water till the age of 91 days. 

3.4.6  Mercury intrusion porosimetry (MIP) 

3.4.6.1  Preliminary MIP on tree injection grouts 

The test specimens were sawn dry from a bigger sample, which had been cast in a 
plastic pipe. The test specimens were dried in a vacuum (10-2 mbar) for 2 - 3 weeks 
prior to the MIP test. Results of the MIP tests are presented in Table 14 and in Figs 33 
to 35.  
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Table 14.  Pore volume, bulk density and total porosity of the test samples, which were 
sawn dry from a bigger sample (a plastic pipe). The testing age was about six months. 
Preliminary determinations. 

Injection grout 
type 

Total cumulative pore volume 
(mm³/g) 

Bulk density 
(kg/m³) 

Total porosity 
(%) 

UF-00-08-2 
1 
2 
3 

354.66 
344.42 
348.89 

1104 
1101 
1105 

39.1 
37.9 
38.5 

Mean 349.32 1103 38.5 
UF-15-10-2.8 
1 
2 
3 

475.55 
493.78 
468.82 

877 
873 
893 

41.7 
43.1 
41.9 

Mean 479.38 881 42.2 
UF-41-14-4 
1 
2 
3 

859.74 
817.89 
841.23 

629 
633 
630 

54.1 
51.8 
53.1 

Mean 839.63 631 53.0 
 

UF- 00- 08-2

0

400

800

1200

1600

2000

2400

1 10 100 1000 10000 100000

Pore radius (nm)

dV
/d

(lo
g(

R
)) 

(m
m

3/
g)

test 1
test 2
test 3

 
Figure 33.  Pore size distribution of grout UF-00-08-2. 
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Figure 34.  Pore size distribution of grout UF-15-10-2.8. 
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Figure 35.  Pore size distribution of grout UF-41-14-4. 

3.4.6.2  Primary MIP on all 5 mixtures 

At the age of 91 days the test specimens were sawn dry from the prisms. The test 
specimens were dried in a vacuum (10-2 mbar) for 3 - 7 weeks prior to the MIP test. 
After the first days of drying there could be seen cracks on the specimens of grout UF-
15-14-2.8. 

The results of the MIP tests are presented in Tables 15 to 16 and in Figs 36 to 40. 
Normally three parallel specimens were tested in each test series, two specimens after 3 
weeks drying period and one specimen after 7 weeks drying period. With grout UF-00-
08-2 drying period of 3 weeks seemed to be too short. Therefore one additional 
specimen was tested after 7 weeks drying period. 
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Table 15.  Total cumulative pore volume, bulk density and total porosity of injection 
grouts UF-00-08-2 and UF-15-10-2.8. 

Injection grout 
type 

Total cumulative pore volume 
(mm³/g) 

Bulk density 
(kg/m³) 

Total porosity 
(%) 

UF-00-08-2 
1 
2 
3 
4 

258.68 
291.23 
341.82 
315.19 

1150 
1176 
1107 
1133 

29.8 
34.2 
37.8 
35.7 

Mean 301.73 1142 34.4 
UF-15-10-2.8 
1 
2 
3 

427.18 
432.21 
466.14 

930 
929 
904 

39.7 
40.1 
42.1 

Mean 441.84 921 40.7 
 

Table 16.  Total cumulative pore volume, bulk density and total porosity of injection 
grouts UF-15-14-2.8, UF-41-09-4 and UF-41-14-4. 

Injection grout 
type 

Total cumulative pore volume 
(mm³/g) 

Bulk density 
(kg/m³) 

Total porosity 
(%) 

UF-15-14-2.8 
1 
2 
3 

692.66 
734.24 
718.33 

764 
743 
745 

52.9 
54.5 
53.5 

Mean 715.08 750 53.6 
UF-41-09-4 
1 
2 
3 

404.90 
391.32 
379.43 

909 
924 
913 

36.8 
36.1 
34.6 

Mean 391.88 915 35.9 
UF-41-14-4 
1 
2 
3 

821.56 
840.06 
821.99 

657 
650 
650 

54.0 
54.6 
53.4 

Mean 827.87 652 54.0 
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Figure 36.  Pore size distribution of grout UF-00-08-2. 
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Figure 37.  Pore size distribution of grout UF-15-10-2.8. 
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Figure 38.  Pore size distribution of grout UF-15-14-2.8. 
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Figure 39.  Pore size distribution of grout UF-41-09-4. 
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Figure 40. Pore size distribution of grout UF-41-14-4.

3.4.7   Thin section study of injection grouts 

3.4.7.1 Preliminary thin section study of injection grouts 

The preliminary thin sections were made for studying the suitable method to prepare 
thin sections. The samples in this study were made six months earlier by Contesta Oy 
using a different kind of mixer than used in primary thin section microscopy study. 

In the preliminary thin section microscopy the pieces were immersed in a bath 
composed of spirit and a fluorescent dye. After drying the samples were impregnated 
using a fluorescent epoxy resin. For this reason it was not possible to decide the date, 
when the possible cracks have occurred (during hardening of or during preparation of 
samples). To avoid this, in primary thin section study the samples were impregnated 
after drying using a colourless clear epoxy resin. 



66 

 

Figure 41.  UF-15-10-2.8. A lot of silica fume agglomerates in injection grout. The 
silica fume agglomerates can be seen as black balls. This clearly shows, that the mixer 
has not been enough efficient. In primary tests a different kind of mixer was used. The 
height of the micrographs corresponds to 1.3 mm in the sample. 

3.4.7.2 Primary thin section study of injection grouts 

In Figs 42 – 46 the microstructure of the samples is shown using a small magnification 
to give an overview of crack pattern observed. The height of the micrographs in Figs 42 
– 46 corresponds to 11 mm in the samples. 

In Figs 47 – 51 the more detailed view of the crack pattern is shown. The height of the 
micrographs in Figs 47 – 51 corresponds to 2.7 mm in the samples. 

The fillings of cracks, the occurrence of silica agglomerates and the carbonation around 
cracks are listed in Table 17. 
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Table 17.  Fillings of cracks, occurrence of silica fume agglomerates and carbonation 
around cracks. 

Injection 
grout type 

Fillings of cracks Occurrence of silica 
agglomerates 

Carbonation 
around cracks 

UF-00-08-2 All cracks are filled with  
a colorless clear epoxy resin  

1) Some cracks 

UF-15-10-2.8 
 

All cracks are filled with  
a colorless clear epoxy resin  

No silica fume 
agglomerates 

All cracks 

UF-15-14-2.8 All cracks are filled with  
a colorless clear epoxy resin  

No silica fume 
agglomerates 

All cracks 

UF-41-09-4 Some cracks are filled with  
a fluorescent dye and some with a 

colorless clear epoxy resin  

No silica fume 
agglomerates 

No carbonation 

UF-41-14-4 Some cracks are filled with  
a fluorescent dye and some with a 

colorless clear epoxy resin  

No silica fume 
agglomerates 

No carbonation 

1) No silica in this injection grout. 

 

 

Figure 42.  UF-00-08-2. A lot of air pores in the grout. The diameter of the biggest air 
pores is about 1.0 mm. The cracks are filled with a colorless clear epoxy resin, i.e. the 
cracks are formed during the preparation process. The height of the micrographs 
corresponds to 11 mm in the sample. 
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Figure 43.  UF-15-10-2.8. A lot of air pores in the grout. Two generation of cracks, 
both are formed during the preparation process. The broad cracks are filled with a 
colorless clear epoxy resin and the small ones are empty. The height of the micrographs 
in Fig. corresponds to 11 mm in the sample.  

 

 
Figure 44.  UF-15-14-2.8. Two generation of cracks, both are formed during the 
preparation process. The broad cracks are filled with a colorless clear epoxy resin and 
the small ones are empty. No air pores in the grout. The height of the micrographs 
corresponds to 11 mm in the sample.  
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Figure 45.  UF-41-09-4. A network of the narrow cracks. Detail of the cracking can not 
be seen with this magnification. No air pores in the grout. The height of the 
micrographs corresponds to 11 mm in the sample.  

 

 
Figure 46.  UF-41-14-4. A network of the narrow cracks. Detail of the cracking can not 
be seen with this magnification. No air pores in the grout. The height of the 
micrographs corresponds to 11 mm in the sample.  
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Figure 47.  UF-00-08-2. All cracks are filled with a colorless clear epoxy resin. This 
indicates that the specimen was sound and the cracks formed during sample 
preparation. The height of the micrographs corresponds to 2.7 mm in the sample.  

 

 
Figure 48.  UF-15-10-2.8. The crack width is about 0.03 mm. The cracks can be seen as 
small white lines. The paste around the cracks is carbonated during preparation and 
can be seen as a light zone on both sides of the cracks. The cracks are formed during 
sample preparation. The height of the micrographs corresponds to 2.7 mm in the 
sample.  
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Figure 49.  UF-15-14-2.8. The crack width is about 0.03 mm. The cracks can be seen as 
small white lines. The paste around the cracks is carbonated during preparation and 
can be seen as a light zone on both sides of the cracks. The cracks are formed during 
sample preparation. The height of the micrographs corresponds to 2.7 mm in the 
sample.  

 

 
Figure 50.  UF-41-09-4. Some cracks are filled with a fluorescent dye and some with a 
clear epoxy resin. This indicates that some cracks have formed already when cured 
three months in plastic bag. The average crack intensity is 2.6 cracks / 10 mm. The 
height of the micrographs corresponds to 2.7 mm in the sample.  
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Figure 51.  UF-41-14-4. Some cracks filled with a fluorescent dye and some with a 
clear epoxy resin. This indicates that some cracks have formed already when cured 
three months in plastic bag. The average crack intensity is 3.2 cracks / 10 mm. The 
height of the micrographs corresponds to 2.7 mm in the sample.  
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4  EXAMINATION OF RESULTS 

4.1  Properties of fresh injection grouts 

Batch volumes were 3.0 litres (UF-00-08-2) and 5.5 litres (the other injection grouts). 
Injection grout UF-00-08-2 had the highest temperature after mixing (20.5°). The reason 
is evidently the difference between batch volumes. 

Bleeding (water separation) expressed as vol. % of bleeding water 2 and 3 hours after 
mixing was 0 for all injection grouts. Normative limit for acceptance according to 
POSIVA is ≤ 5 vol. %. 

Time of efflux by Marsh Cone was ≤ 50 s except for injection grout UF-41-09-4. 
Normative limit for acceptance according to POSIVA is ≤ ca. 35 – 50 s.  

Shear strength by Fall Cone Test was ≥ 500 Pa 6 hours after mixing except for injection 
grout UF-15-14-2.8. Normative limit for acceptance according to POSIVA is ≥ 500 Pa. 
According to the test results the shear strength at the age of 6 hours drops considerably 
as W/DM increases.  

4.2  Flexural tensile strength and compressive strength 

The flexural tensile strengths of the injection grouts containing cement and silica fume 
were on average the same between 7 and 91 days. The flexural tensile strength of the 
injection grout containing cement (UF-00-08-2) increased ca. 24% between 7 and 91 
days (Fig. 52). 
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Figure 52.  Development of flexural tensile strength between 7 and 28 days. 

The compressive strength of the injection grouts containing cement and silica fume 
increased on average ca. 500% between 7 and 91 days. The compressive strength of the 
injection grout containing cement (UF-00-08-2) increased ca. 30% between 7 and 91 
days (Fig. 53). 



74 

Compressive strength at the age of 7 and 91 
days

0

10

20

30

40

50

60

UF-00-
08-2

UF-15-
10-2.8

UF-15-
14-2.8

UF-41-
09-4

UF-41-
14-4

C
om

pr
es

si
ve

 s
tr

en
gt

h 
M

Pa

 7 days

91 days

 
Figure 53.  Development of compressive strength between 7 and 91 days. 

At the age of 7 days the ratio of the compressive strength to the flexural tensile strength 
of all the five injection grouts is ca. 5. The ratio of the compressive strength to the 
flexural tensile strength of the injection grouts containing cement and silica fume is ca. 
16 - 20 at the age of 91 days. The difference between 7 and 91 days is significant (Fig. 
54). This ratio remains constant after 7 days for the injection grout containing cement 
(UF-00-08-2). 

Normally the ratio of compressive strength to the flexural tensile strength is ca.10. 
Compared to this value the ratio of the compressive strength to the flexural tensile 
strength of the injection grouts containing silica fume is high (16 - 20). The value is 
high because the flexural tensile strength on average remains constant after 7 days while 
the compressive strength increases considerably. 
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Figure 54.  Ratio between compressive strength and flexural strength at the age of 7 
and 91 days. 
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4.3  Length change 

4.3.1   Curing in water 

All the prisms swelled in water curing. The deformation increased as silica fume content 
increased. The prisms containing 40% of silica fume had the biggest deformation (ca. 
1.6 - 1.9 ‰). The deformation was only 0.2 ‰ with the silica content of 0%. The 
deformation was ca. 1.2 – 1.3 ‰ with the silica fume content of 15%. 

4.3.2   Curing in plastic bags in water 

The deformation was less than 0.5 ‰ when the silica fume content was 15%. When the 
silica fume content was 40% the shrinkage of the prisms was ca. 2.1 – 2.9 ‰. Water 
appeared in some plastic bags during the test. The bags were changed and the test was 
continued. For this reason some prisms (UF-15-10-2) swelled slightly. No damages 
were observed in any of the prisms when examined visually. The prisms prepared 
without silica fume addition remained intact till the end of the measurement. 

4.3.3   Curing in 50% relative humidity 

The increase in silica fume content increased cracking and shrinkage considerably. 
When the silica fume content was 40% the cracking of the prisms after ca. one weeks 
drying was so high that the measurement had to be interrupted. Two prisms out of six 
with 15% silica fume addition remained solid during the measurement. 

According to the test results compressive strength at the age of 7 days does not affect 
cracking or shrinkage. E.g. UF-41-09-4 prisms were the first to crack even though their 
compressive strength was close to that of the prisms with no silica fume addition. 
According to the test results splitting tensile strength also does not affect shrinkage. 

Prisms with 40% silica fume content had the biggest shrinkage. Those prisms also 
swelled the most during water curing. Accordingly the deformations caused by water 
absorption and drying increase remarkably as silica fume content is increased. 

4.4  Water permeability 

The preliminary test was carried out to determine the appropriate thickness (mm) of the 
specimens. The thickness of the specimens in the preliminary test was 25 and 50 mm. 
The immersion times of the 50 mm thick specimens were unreasonably long. Therefore 
the actual tests were carried out on specimens that were 25 mm thick. 

The water permeability coefficient K (m/s) of the 25 mm thick specimens was 1 x 10-10 
in the preliminary test. The water permeability coefficient of the same injection grout 
(UF-41-14-4) was a hundredth part in the actual test. The difference is most likely 
caused by the age difference of the specimens in the beginning of the test. The 
preliminary test was started at the age of one month. The actual test was started at the 
age of three months. 

The actual test was carried out on injection grouts UF-00-08-2, UF-15-10-2.8 and UF-
41-14-4. The water permeability coefficient (K) of the specimens containing silica fume 
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and cement was ca. one tenth of that of the specimens containing cement. Thus silica 
fume affects substantially the water permeability coefficient. 

During the test substances dissolved from specimens UF-00-08-2 and UF-15-10-2.8 
staining the water brown. Also the porous stones softened and became useless. It is 
worth noting that the water did not get stained and the porous stones did not soften 
during the test with injection grout with low pH, UF-41-14-4. The reason for staining of 
water and softening of porous stones was not studied in this research. The alkalinity of 
water may cause softening of porous stones if they are not alkali resistant. 

4.5  Water uptake and porosity by wetting and drying 

Water is bound chemically and physically during the reactions of cement and silica 
fume. When cement is completely hydrated the amount of chemically bound water is ca. 
25% of the weight of cement. 

In the following calculations it is assumed that the amount of chemically bound water in 
silica fume reactions is also 25% of the weight of silica fume. 

When cement hydrates completely 1000 g of cement can react with not more than 200 g 
of silica. Thus in theory only 30% of the silica fume of injection grouts UF-41-09-4 and 
UF-41-14-4 can react with calcium hydroxide, CaOH2, of cement. 

The theoretical free water content (l/m3) in hardened injection grout is given in Table 
18. Here also gel water is included in free water. In the table the degree of cement 
hydration is 80% (age of 3 months). Also the calculated amount of free water (l/m3) 
based on the amount of free water determined by drying at +105 °C given in Appendix 
D is shown in Table 18. 

Table 18.  Theoretical amount of free water of the injection grouts (l/m3) and the 
amount of free water determined by drying at +105 °C at the age of three months (l/m3). 
The effect of autogenous shrinkage is not taken into account. 

Injection 
grout 
type 

Total 
mixing 
water 
(l/m3) 

Water needed 
in hydration 
with cement. 

80% 
hydration 

(l/m3) 

Water needed 
in hydration 
with silica 
fume and 
CaOH2 
(l/m3) 

Theoretical 
free 

evaporable 
water, 80% 
hydration 

(l/m3) 

Water2) 

determined by 
drying 
(l/m3) 

UF-00-08-2 716 176 0 540 547 
UF-15-10-2.8 747 125 22 600 646 
UF-15-14-2.8 805 97 17 691 716 
UF-41-09-4 709 91 181) 600 635 
UF-41-14-4 789 66 131) 710 746 
1) Not more silica fume than 20% of the amount of cement is taken into account. 
2) = ( 0 - 5), from Appendix D. 

The theoretical amount of free water of injection grout UF-00-08-2 is nearly the same as 
the amount of free water determined by drying (l/m3). The theoretical amount of free 
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water (l/m3) of the injection grouts containing cement and silica fume is in average ca. 
95% of the amount of free water determined by drying (l/m3). The difference is 
probably mainly caused by the partial decomposition of the hydration products of 
cement and silica at the drying temperature of +105 °C. Anyhow the results are so close 
to each other that the drying method is applicable to determine the amount of free water 
(l/m3). 

After capillary immersion the specimens were exposed to the water pressure of 15 MPa 
to fill the closed pores. The volume of closed pores is shown in Table 19 (values taken 
from Appendix D). 

Table 19.  The volume of closed pores of the injection grouts (l/m3) determined by water 
pressure test. 

Injection grout 
type 

Air pores filled in pressure treatment, pa 
(l/m3). 

UF-00-08-2 35 
UF-15-10-2.8 35 
UF-15-14-2.8 12 
UF-41-09-4 11 
UF-41-14-4 6 

 
According to Table 30 there are plenty of large pores in injection grouts UF-00-08-2 
and UF-15-10-2.8. The formation of air was observed after mixing. 

According to the results the volume of large air pores (l/m3) can be determined with 
water pressure test. In fact the value is a little higher because the capillary pores start to 
fill slowly with water during capillary immersion before the water pressure test. 

4.6  Mercury intrusion porosimetry (MIP) 

Hardened injection grout contains a certain amount of gel pores, capillary pores and 
compaction pores which are the largest. 

Gel pores are mainly smaller than 4 nm being too small to be measured with MIP the 
measurement range of which is 4 - 40 000 nm. The size of capillary pores is 4 - 40 000 
nm lying in the measurement range of MIP. 

Thus pores larger than capillary pores can not be measured with MIP. Neither can the 
pores that get filled immediately after quicksilver addition before raising the pressure be 
measured. In addition MIP can not be used to measure cracks and pores which remain 
water filled during drying under vacuum (a portion of gel pores). 

Therefore the pore volume determined with MIP (l/m3) is nearly the same as the 
capillary pore volume (l/m3). 

This is why the total pore volume of five injection grouts determined with MIP was in 
average ca. 220 l/m3 smaller than that determined by drying, Fig. 55. 
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It is not very useful as such to know the amount of gel water because gel water is 
physically bound and it is not movable under normal conditions unlike the water in 
capillaries. 
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Figure 55.  Total porosity by MIP and water immersion + drying. Total porosity by 
water immersion and drying is bigger than by MIP. 

The results obtained by MIP make it possible to study the correlation between W/DM, 
pore volume, pore size distribution, water permeability coefficient and silica content. 
The water permeability coefficients, total pore volumes and the main pore sizes are 
collected in Table 20.  

The following correlations were studied more closely: 
 The effect of W/DM on pore volume, pore sizes and water permeability 

coefficient. 
 The effect of pore volume on the water permeability coefficient. 
 The effect of pore size distribution on water permeability coefficient. 
 The effect of silica fume on pore size distribution and water permeability 

coefficient. 

The pore volume (l/m3) increases as W/DM increases: 
 Injection grout UF-00-08-2 has the smallest pore volume and smallest W/DM. 
 There is a 130 /l/m3 difference in pore volumes of injection grouts UF-15-10-2.8 

and UF-15-14-2.8 when their W/DM differ 0.4 from each other. 
 There is a 180 /l/m3 difference in pore volumes of injection grouts UF-41-09-4 

and UF-41-14-4 when their W/DM differ 0.5 from each other. 

The pore size (nm) increases as W/DM increases: 
 The pore size of injection grout UF-15-10-2.8 is less than 15 nm. The pore size 

of injection grout UF-15-14-2.8 is less than 30 nm. There is a difference of 0.4 
in their W/DM. 

 The pore size of injection grout UF-41-09-4 is less than 10 nm. The pore size of 
injection grout UF-41-14-4 is less than 15 nm. There is a difference of 0.5 in 
their W/DM. 
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W/DM has no significant effect on the water permeability coefficient K (m/s): 
 The water permeability coefficient of injection grouts UF-15-10-2.8 and UF-41-

14-4 is almost the same though there is a difference of 0.4 in their W/DM. 
 The water permeability coefficient if injection grout UF-00-08-2 is high though 

the W/DM is almost the same as that of injection grout UF-15-10-2.8. 

The pore volume does not affect considerably on the water permeability coefficient K 
(m/s): 

 The water permeability coefficient of injection grouts UF-15-10-2.8 and UF-15-
14-2.8 is almost the same though there is a difference of 130 /l/m3 in their pore 
volume. 

 The water permeability coefficient of injection grout UF-00-08-2 is high though 
the pore volume is small.  

The pore size distribution has a considerable effect on the water permeability coefficient 
K (m/s): 

 The water permeability coefficient of injection grouts UF-15-10-2.8 and UF-41-
14-4 is almost the same. There are practically no pores larger than 15 nm. 

 The water permeability coefficient of injection grout UF-00-08-2 is considerably 
higher than that of injection grouts UF-15-10-2.8 and UF-41-14-4. There are 
plenty of pores larger than 15 nm. 

Silica fume has a considerable effect on pore size distribution and water permeability 
coefficient K (m/s): 

 There are practically no pores larger than 15 nm in injection grouts UF-15-10-
2.8 and UF-41-14-4. The water permeability coefficients are small. 

 There are plenty of pores larger than 15 nm in injection grout UF-00-08-2. The 
water permeability coefficient is high. 

A comparison between the results of the preliminary and the primary MIP results 
shows, that the total porosity and the pore size are on an average a little bigger in the 
preliminary MIP specimens compared with the primary MIP specimens. The specimens 
in the preliminary MIP test were older than the specimens in the primary MIP test. The 
pore size distributions show, that the used mixer in the preliminary tests has not been so 
efficient than the mixer used in the primary tests (Figs. 33 and 36, Figs. 34 and 37, Figs. 
35 and 40). 

The water permeability coefficients, total porosities and main pore sizes of the injection 
grouts are shown in Table 20. These and other essential results are presented in 
Appendix E. 
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Table 20.  Water permeability coefficient K (m/s), total porosity (l/m3) and pore size 
distribution (nm). Age of injection grouts is 3 months. 

Injection grout 
type 

Water 
permeability 
coefficient K 

m/s 

Total porosity 
l/m3 

Main pore size 
nm 

Other pores 
nm 

UF-00-08-2 5 x 10-12 344 < 15 15 – 10 000, 
 a lot 

UF-15-10-2.8 6 x 10-13 407 < 15 - 
UF-15-14-2.8  536 < 30 200  and 20 000, 

a few 
UF-41-09-4  359 < 10 - 
UF-41-14-4 8 x 10-13 540 < 15 - 
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5   CONCLUSIONS 

In the theoretical background description a summary of test methods is presented as 
well as examples, e.g. literature information or former test results, of expected range of 
results from the tests. Also background information about how the test results correlate 
to other material properties is presented. Besides the theoretical background description 
provides information on the pore structure of cement based materials. Also the 
correlation of cement based materials pore structure to basic transport properties is 
shortly discussed. 

There are a number of tools that can be applied to the problem of microstructural 
characterization with respect to pore structure. The methods, that had been chosen for 
the comparison and evaluation of different rock injection grouts and thus reviewed here 
were hydraulic conductivity / permeability, capillary water uptake test, mercury 
intrusion porosimetry (MIP), compressive strength, microscopic thin section analysis 
and measurement of bulk drying, autogenous and chemical shrinkage and swelling. 

The test results presented in the theoretical background description are mostly for 
materials with lower w/b ratios than the w/b ratios for injection grouts in the question 
are. This limits the direct comparison of literature data with the future injection grout 
test results. With some extrapolation these values will however give a good hint of the 
expected range of results for injection grouts. The high amount of silica fume in the 
low-pH grout will surely also have a specific effect on the test results, more or less 
difficult to predict based on the results presented in the literature for materials with no 
or much lower silica fume contents. 

According to the experimental study silica fume improves substantially the water 
permeability coefficient of injection grouts. On the basis of MIP results silica fume 
decreases capillary porosity. Therefore silica fume addition is recommended. On the 
basis of the test results the water permeability coefficient is of the same order of 
magnitude with silica fume additions of 15 (W/B = 1.0) and 40% (W/B = 1.4). 

At the age of three months the flexural tensile strength of injection grouts with silica 
fume was lower than usually compared to compressive strength. There was no 
correlation between flexural tensile strength and water permeability coefficient. There 
was no correlation between compressive strength and water permeability coefficient 
either. 

The injection grouts with 40% silica fume addition shrank considerably in 40 % relative 
humidity and in plastic bags in water also. The shrinkage is bigger compared with 
results in literature. The big shrinkage may cause micro cracking. The effect of micro 
cracking is probably not permanent because injection grouts swell when wetted 
obviously causing micro cracks to close. 

The flexural tensile strength and compressive strength decreased as water-binder ratio 
increased. Therefore water-binder ratio not more than 1.4 is recommended. The increase 
in water-binder ratio resulted in increased pore volume and pore sizes. 
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On the basis of the test results the shear strength determined by Fall Cone Test six hours 
after mixing diminishes drastically as water-binder ratio increases. Therefore water-
binder ratio 1.4 is out of the question with 15% silica fume addition. 

Time of efflux by Marsh Cone immediately after mixing decreases as water-binder ratio 
increases. This sets limitations when silica fume addition is 40% if water-binder ratio of 
1.4 is required. 

On the basis of the test results the proportioning of high pH grout mix UF-00-08-2 
(without silica fume) is correct. The water permeability coefficient is worse compared 
to the grouts containing silica fume. Silica fume addition is necessary to improve water 
permeability coefficient. Plenty of air pores formed in the grout during mixing. It may 
be useful to use de-aerator if air pores tend to form also on site. 

On the basis of the test results the proportioning of Low pH grout mix UF-41-14-4 
(40% silica fume) is correct. Micro cracks may form in the grout but they obviously 
close as the injection grout gets wet. 

On the basis of the test results the water-binder ratio of Additional Medium pH grout 
mix UF-15-10-2.8 (15% silica fume) is too high (Shear strength determined by Fall 
Cone Test six hours after mixing is lower than required). 
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APPENDIX A 

Table 1.  Components in the batches of grout mixes. 

W/DM Water 
g 

Cement 
g 

GA slurry 
g 

Super-
plasticizer 

g 

Batch 
volume l 

Temp. °C 
target 

High pH grout UF-00-08-21) 
0.80 2844 3556 0 71 3.97 12 
Medium pH grout UF-15-10-2.81) 
1.00 2678 2678 945 88 4.21 12 
Medium pH grout UF-15-14-2.81) 
1.40 2917 1983 700 65 4.05 12 
Low pH grout UF-41-09-41) 
0,90 1556 1872 2572 126 4.0 12 
Low pH grout UF-41-14-41) 
1.40 2275 1358 1867 92 4.05 12 
1)Cement – silica – water/dry material x 10 – superplasticizer amount % of dry material 
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APPENDIX B 

Table 1.  Flexural tensile strength and compressive strength. Prisms 40 x 40 x 100 mm3. 
Injection grout type UF-00-08-2. Curing in a minimum of 95% RH and at +20 °C in 
plastic bags until testing. 

Age, days 
UF-00-08-2 

Density 
kg/m3 

Flexural tensile strength 
MPa 

Compressive strength MPa 

1 1590 
1610 
1580 

1.1 
1.1 
1.1 

2.6   2.6 
2.8   2.7 
2.9   2.8 

7 1600 
1610 
1570 

4.2 
3.2 
3.9 

15.1   15.5 
16.1   12.9 
15.4   14.2 

28 1580 
1610 
1540 

3.5 
5.2 
3.2 

20.4   21.9 
20.6   22.9 
16.1   17.6 

91 1570 
1570 
1570 

3.5 
4.7 
5.8 

19.6   14.9 
19.3   18.1 
22.9   20.4 

Table 2.  Flexural tensile strength and compressive strength of prisms. Injection grout 
type UF-15-10-2.8. Curing in a minimum of 95% RH and at +20 °C in plastic bags 
until testing. 

Age, days 
UF-15-10-2.8 

Density 
kg/m3 

Flexural tensile strength 
MPa 

Compressive strength MPa 

2 1520 
1520 
1460 

1.6 
1.2 
1.4 

3.8   3.9 
4.1   3.9 
3.9   3.8 

7 1490 
1500 
1470 

2.7 
3.0 
2.4 

7.5   7.5 
7.8   8.0 
7.4   7.5 

28 1490 
1450 
1470 

1.5 
0.6 
1.1 

19.0   22.1 
21.3   19.4 
18.9   16.8 

91 1460 
1460 
1480 

1.1 
1.0 
1.1 

21.3   26.5 
24.0   19.0 
21.5   18.5 
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APPENDIX B 

Table 3.  Flexural tensile strength and compressive strength of prisms. Injection grout 
type UF-15-14-2.8. Curing in a minimum of 95% RH and at +20 °C in plastic bags 
until testing. 

Age, days 
UF-15-14-2.8 

Density 
kg/m3 

Flexural tensile strength 
MPa 

Compressive strength MPa 

2 1370 
1370 
1390 

0.3 
0.4 
0.5 

0.9   0.9 
0.9   0.9 
0.9   1.0 

7 1400 
1370 
1380 

0.7 
0.6 
0.6 

2.1   2.2 
1.8   1.8 
2.0   2.3 

28 1370 
1400 
1360 

2.1 
1.0 
1.3 

11.6   13.2 
  9.7   12.6 
11.3   11.5 

91 1370 
1350 
1380 

0.9 
0.7 
0.7 

14.2   15.3 
12.8   10.6 
13.0   13.8 

 

Table 4.  Flexural tensile strength and compressive strength of prisms. Injection grout 
type UF-41-09-4. Curing in a minimum of 95% RH and at +20 °C in plastic bags until 
testing. 

Age, days 
UF-41-09-4 

Density 
kg/m3 

Flexural tensile strength 
MPa 

Compressive strength MPa 

1 1490 
1490 
1490 

0.6 
0.7 
0.7 

1.8   1.8 
1.8   1.9 
1.8   1.8 

7 1500 
1500 
1500 

2.5 
2.3 
0.8 

15.6   16.3 
16.1   16.1 
15.6   15.8 

28 1500 
1500 
1500 

1.5 
1.7 
1.4 

37.0   36.3 
36.9   35.1 
33.2   38.7 

91 1500 
1500 
1510 

2.8 
3.4 
2.9 

48.1   47.8 
51.6   49.9 
48.0   52.5 

 



91 
APPENDIX B 

Table 5.  Flexural tensile strength and compressive strength of prisms. Injection grout 
type UF-41-14-4. Curing in a minimum of 95% RH and at +20 °C in plastic bags until 
testing. 

Age, days 
UF-41-14-4 

Density 
kg/m3 

Flexural tensile strength 
MPa 

Compressive strength MPa 

1 1360 
1350 
1320 

0.5 
0.4 
0.4 

1.1   0.9 
1.1   1.0 
1.0   1.0 

7 1340 
1320 
1360 

1.1 
1.3 
1.3 

3.4   3.5 
3.4   3.6 
3.4   3.4 

28 1360 
1350 
1370 

1.0 
0.8 
0.9 

15.9   15.3 
15.5   16.7 
16.4   16.6 

91 1360 
1340 
1330 

1.3 
1.3 
1.2 

25.6   26.0 
23.1   26.3 
22.8   22.0 
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Table 1. Length change. Prisms 40 x 40 x 160 mm3. Curing in water till the age of 91 
days. Shrinkage -, expansion +. 

Length change (‰) 
Age (days) UF-00-08-2 UF-15-10-2.8 UF-15-14-2.8 UF-41-09-4 UF-41-14-4 

2  
2,25 

7 
14 
21 
28 
35 
42 
49 
56 
63 
70 
77 
84 
91 

0 
+ 0.04 
+ 0.13 
+ 0.21 
+ 0.22 
+ 0.27 
+0.26 
+0.28 
+0.30 
+0.29 
+0.26 
+0.22 
+0.23 
+0.23 
+0.24 

0 
+ 0.21 
+ 0.41 
+ 0.55 
+ 0.68 
+ 0.84 
+0.90 
+0.93 
+1.00 
+1.03 
+1.02 
+1.04 
+1.04 
+1.09 
+1.16 

0 
+ 0.27 
+ 0.58 
+ 0.69 
+ 0.91 
+ 1.03 
+1.13 
+1.19 
+1.23 
+1.28 
+1.27 
+1.25 
+1.30 
+1.31 
+1.31 

0 
+ 0.61 
+ 0.93 
+ 1.28 
+ 1.39 
+ 1.31 
+1.35 
+1.43 
+1.49 
+1.52 
+1.51 
+1.53 
+1.53 
+1.58 
+1.58 

0 
+ 0.65 
+ 1.06 
+ 1.49 
+ 1.76 
+ 1.60 
+1.63 
+1.70 
+1.79 
+1.81 
+1.81 
+1.85 
+1.83 
+1.85 
+1.88 

 
Table 2.  Length change. Prisms 40 x 40 x 160 mm3. Autogenous length change. Curing 
in plastic bags in water till the age of 91 days. Water was observed in plastic bags at 
the age of 14 days, prisms 5/5 and P307C. Plastic bags were changed. Shrinkage -, 
expansion +. 

Length change (‰) 
Age (days) UF-00-08-2 UF-15-10-2.8 UF-15-14-2.8 UF-41-09-4 UF-41-14-4 

1 (T = +12 °C) 
2 (T = +20 °C) 

7 
14 
21 
28 
35 
42 
49 
56 
63 
70 
77 
84 
91 

0 
+ 0.14 
+ 0.11 
- 0.06 
+ 0.11 
+ 0.19 
+ 0.19 
+0.18 
+0.22 
+0.18 
+0.18 
+0.18 
+0.09 
+0.12 
+0.14 

 
0 

- 0.31 
- 0.09 1) 
+ 0.30 
+ 0.35 
+ 0.29 
+ 0.12 
+ 0.05 
- 0.03 
- 0.06 
+ 0.42 
+ 0.35 
+ 0.35 
+ 0.35 

 
0 

- 0.04 
 -0.25 
-0.47 
-0.52 
- 0.54 
- 0.63 
- 0.62 
- 0.58 
- 0.50 
-0.56 
- 0.51 
- 0.53 
- 0.45 

 
0 

- 2.40 
-1.711) 

- 1.81 
- 1.78 
- 1.67 
-1.85 
-1.87 
-1.89 
-1.97 
-2.03 
-2.08 
-2.11 
-2.12 

 
0 

- 1.18 
- 2.05 
- 2.34 
- 2.78 
- 2.84 
- 2.93 
- 2.92 
- 2.93 
- 2.89 
- 2.90 
- 2.92 
- 2.91 
- 2.91 

1) Water in plastic bag. Plastic bag is changed. After this two plastic bags were used in all shrinkage 
prisms 
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Table 3. Length change. Prisms 40 x 40 x 160 mm3. Curing in plastic bags in water till 
the age of 7 days and after that at 50% relative humidity and +20 ° C temperature till 
the age of 91 days. Shrinkage -, expansion +. 

Shrinkage (‰) 
Age (days) UF-00-08-2 

 
UF-15-10-2.8 

 
UF-15-14-2.8 

 
UF-41-09-4 

 
UF-41-14-4 

 
1 (T = +12 °C) 
2 (T = +20 °C) 

7 
14 
21 
28 
35 
42 
49 
56 
63 
70 
77 
84 
91 

0 
+ 0.07 
+ 0.13 
-3.25 
-5.58 
-6.54 
-7.00 
-7.18 
-7.31 
-7.45 
-7.48 
-7.51 
-7.55 
-7.56 
-7.60 

 
0 

-0.32 
-9.56 

-13.34 
-13.76 

- 14.033) 

-14.17 
-15.504) 
-15.53 
-15.28 

-5) 
- 
- 
- 

 
0 

- 0.15 
-6.59 2) 

- 9.42 
-10.10 
-10.59 
-10.53 
-10.68 
-10.65 
-10.74 
-10.74 
-10.63 
-10.50 
-10.35 

 
0 

-2.52 
-1) 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

 
0 

-1.44 
33.422) 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

1) Several cracks after drying 7 days at 50% RH. Measuring bolts are loose 
2) Several cracks after drying 7 days at 50% RH 
3) One prism is broken 
4) Two prisms are broken 
5) All the prisms are broken 
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Capillary water uptake 

Table 1.  Density of injection grouts after curing for 91 days in plastic bags in water, 
after capillary water uptake, after pressure treatment and after drying at +105 °C. 

 UF-00-08-2 UF-15-10-2.8 UF-15-14-2.8 UF-41-09-4 UF-41-14-4 
w0 

1)
  (g) 380.5 357.8 390.0 436.5 341.3 

w1 
2)

  (g) 384.8 359.5 394.6 439.5 343.9 
w2 

3) (g) 393.0 367.7 398.0 442.6 345.3 
w3 

4)
  (g) 390.9 365.6 397.4 442.1 342.1 

w4 
4)

  (g) 154.7 126.7 122.5 158.3 96.4 
w5 

5)
  (g) 251.1 203.6 117.5 256.1 158.0 

0 
6)

  (kg/m3) 1610 1498 1419 1538 1389 
1 

7)
   (kg/m3) 1629 1504 1435 1549 1400 

2 
8)

  (kg/m3) 1664 1539 1448 1560 1405 
5 

9)
   (kg/m3) 1063 852 703 903 643 

pa 
10)

   (l/m3) 35 35 12 11 6 
pw 

11)
  (l/m3) 566 652 732 646 757 

pa + pw 
12)

 (l/m3) 601 687 744 657 763 
1) Weight before capillary water uptake, w0 (kg). 
2) Weight after capillary water uptake until constant weight, in average ca. 7 days, w1 (kg). 
3) Weight in air after pressure treatment of 15 MPa in water for 24 hours, w2 (kg). 
4) Weight in air and in water 24 hours after the pressure treatment, w3 (kg) and w4 (kg) (curing in 
water). 
5) Weight after drying for at least 7 days until constant weight in an oven at +105 °C, w5 (kg). 
6) Density before capillary water uptake, 0 (kg/m3). 
7) Density after capillary water uptake until constant weight, 1 (kg/m3). 
8) Density after pressure treatment, 2 (kg/m3). 
9) Density after drying for at least 7 days in an oven at +105 °C, 5 (kg/m3). 
10) Air pores filled in pressure treatment, pa (l/m3). 
11) Capillary pores, pw (l/m3). 
12) Pores in total (pa +  pw). 
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Summary table of essential results 

Table 1.  Essential results from tables. 

 UF-00-08-2 UF-15-10-
2.8 

UF-15-14-2.8 
Additional 

UF-41-09-4 
Additional 

UF-41-14-4 

Efflux by 
Marsh (s) 

46 43 34 >> 50 46 

Shear strength 
6 hours after 
mixing (Pa) 

980 2550 < 150 7680 1580 

Flexural tensile 
strength (MPa) 

4.7 1.1 0.8 3.0 1.3 

Compressive 
strength (MPa) 

19.2 21.8 13.3 49.7 24.3 

Length change 
in water (‰) 

+0.2 +1.2 +1.3 +1.6 +1.9 

Length change 
in plastic bags 
(‰)  

+0.14 +0.35 - 0.45 - 2.1 - 2.9 

Coefficient of 
permeability 
(m/s) 

5 x 10-12 6 x 10-13   8 x 10-13 

Air pores (l/m3) 35 35 12 11 6 
Pore size 
distribution 
(nm) 

4-10 000 < 15 < 30 < 10 < 15 

Total porosity 
by MIP (l/m3) 

344 407 536 359 540 

Microcracks1) No No No Yes Yes 
1)Curing three months  in plastic bags in water  
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