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ABSTRACT 
 

HIS thesis deals with the composition and properties of cement-based materials, concrete and 
grout, for use as seals and for stabilizing fracture zones in underground facilities like mines and 

repositories for chemical and radioactive waste. It is of general character with respect to the 
composition and preparation of concretes and grouts but focuses on the sealing of boreholes for 
mineral prospection and site investigation for locating underground repositories of hazardous 
waste.  

The proposed principle of constructing concrete seals in very deep boreholes (VDH) where they 
are intersected by fracture zones is to cast the concrete on-site over placed clay seals to the upper 
end of the respective fracture zones where the next clay seal is installed. The chemical interaction 
between concrete and clay causes mutual degradation that must be taken into consideration. 
Ordinary concrete with Portland cement as binder is not suitable because of its poor chemical 
stability over long periods of time and because of its high pH, more than 12, which attacks 
contacting clay seals. Another drawback is that such concrete requires organic superplasticizers for 
achieving fluidity and they can give off organic colloids that can transport radionuclides. Inorganic 
fluidizers like talc and use of low-pH cement offer new possibilities to prepare suitable concretes 
and grouts. They are the focus of this present document. 

The criteria for the concrete seals are: sufficient fluidity and coherence at casting and sufficiently 
high bearing capacity and low compressibility for maintaining constant volume conditions under 
the load of the overlying series of clay and concrete. The hydraulic conductivity of the hardened 
concrete should be lower than that of the surrounding fracture zone. 

Since the concrete must perform acceptably for up to 100,000 years and the cement component 
will ultimately be dissolved and lost, the rest, i.e. the aggregate components, must still provide 
acceptable support for overlying clay and concrete seals in deep boreholes. The aggregate 
component must therefore be very densely packed and have a granular composition that resists 
erosion. 

The main objectives of this study are: 

 1) To investigate the performance of new types of cement-poor, organic-free concrete for long-
term duty under normal and extreme hydrothermal conditions at varying temperatures. Properties 
of special importance are fluidity, mechanical strength, rate of strengthening, pH, and minimum impact on 
contacting seals of smectite-rich clay seals. 

2) To investigate the function of new cement-based grouts proposed for sealing finely fractured 
rock around boreholes, tunnels and shafts where concrete seals will be cast, especially with respect 
to fluidity, rheological behaviour, mechanical strength, rate of strengthening, and penetrability into fine 
fractures.  
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The study comprised testing of low-pH cement concretes and grouts with talc and other silicate 
minerals added for achieving fluidity and high strength. They were composed according to 
modern packing theories for obtaining low porosity and a minimum amount of cement paste.  

The use of talc is firstly for decreasing the viscosity of the mixture at casting or injection and 
secondly for assuring that it can really contribute to the mechanical strength by chemical 
interaction with the cement component. The need for chemical integrity led to the choice of 
quartzite as main aggregate in the study. The low-pH cement used was Merit 5000 manufactured 
by SSAB Merox AB, Oxelösund. 

For one of the candidate grouts, Portland cement was used in order to get quick hardening, whilst 
the other contained low-pH cement for providing high strength in the course of time. The 
principle of composing the aggregate was to obtain a filtering function so that the risk of losing 
fines is minimized in the construction period when local hydraulic gradients may still be high. 

It was concluded from this study that theoretical modeling as well as experimental results confirm 
that concrete mixtures can get high packing degrees and bulk densities if the ballast gradation is 
suitable and that the role of the fine fraction is thereby very important. The achieved density of 
the concrete is believed to be sufficiently high in order to make the concrete perform acceptably 
for very long periods of time even after complete loss of the cement. It was documented that talc 
serves to reduce the viscosity and contribute to the strength. The relatively low pH of Merit 

ither of the 
materials will be low. Such concrete, containing properly composed quartz-rich aggregate, and 
with talc added, fulfills the criteria set for its performance under both normal and high temperature 
conditions.  

It was also concluded that grout fluidity is positively affected by the hydrophobic nature of talc 
and negatively by thixotropic action of other silicates and by early cement hydration. The 
experiments highlight the role of the rheological properties and the need for proper composition 
of the grouts. A general conclusion from the grout flow study was that effective injection of grouts 
into fractures narrower than 100 μm requires that the viscosity is as low as 0.05 Pas and that high 
injection pressures are used. 
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SAMMANFATTNING   
 

ENNA avhandling behandlar sammansättningen och egenskaperna hos cementbaserade 
material, betong och grout, för användning som tätningar och för tätinjektering av 

bergsprickzoner i underjordsanläggningar såsom gruvor och slutförvar av kemiskt och radioaktivt 
avfall. Den har allmän karaktär när det gäller komposition och framställning av betong och grout 
men fokuserar på försegling av borrhål använda för mineralprospektering och platsval för 
underjordsdeponering av farligt avfall.   

En bärande princip för utförande av betongtätningar (pluggar) i djupa borrhål (VDH) där de 
genomskärs av sprickzoner är att platsgjuta betongen över installerade lertätningar (pluggar) upp till 
övre begränsningen av respektive sprickzon, där nästa lerplugg skall installeras. Den kemiska 
reaktionen mellan betong och lera kommer att orsaka ömsesidig nedbrytning som måste beaktas. 
Vanlig betong med portlandcement som bindare är inte lämplig därför att dess kemiska 
beständighet är dålig över längre tid och därför att pH, högre än 12, attackerar angränsande 
lertätningar. En annan nackdel är att sådana betongmaterial kräver organiska flytmedel för att 
uppnå gjutbarhet och de kan avge organiska kolloider som kan vara bärare av radionuklider. 
Oorganiska flytmedel som talk och användning av låg-pH cement erbjuder nya möjligheter att 
framställa lämpliga betong- och grouttyper. De står i fokus i detta dokument.   

Kriterierna för betongtätningar är: tillräcklig flytbarhet och kohesion vid gjutning och tillräckligt 
hög bärighet och låg kompressibilitet för att ge konstant volym under belastningen från 
överliggande ler- och betongtätningar. Den hydrauliska konduktiviteten hos hårdnad betong bör 
vara lägre än den hos omgivande sprickzon.  

Eftersom betongen måste fungera i upp till 100 000 år och cementkomponenten till slut löser sig 
och förloras måste återstoden, dvs ballasten, ändå ge tillräckligt stöd för överliggande ler- och 
betongtätningar i djupa borrhål. Ballastkomponenten måste därför ha hög packningsgrad och ha en 
sådan sammansättning att erosion motverkas.  

Huvudsyftet med studien var att: 1) undersöka funktionen hos nya typer av cementfattig, 
oorganisk betong för långtidsverkan under normala och extrema hydrotermala förhållanden vid 
varierande temperatur, särskilt med avseende på flytbarhet, hållfasthet, hållfasthetsökning, pH, och 
inverkan på anslutande tätningar av smektitlera, samt 2) att undersöka funktionen hos nya 
cementbaserade grouter föreslagna för tätning av finsprickigt berg som omger borrhål, tunnlar och 
schakt där betongtätningar skall gjutas, särskilt med avseende på flytbarhet, reologi, hållfasthet, 
hållfasthetssökning och förmåga att tränga in i fina sprickor.   

Studien omfattade testing av låg-pH betong och grouter med talk och andra silikater för att uppnå 
flytbarhet och hög hållfasthet. De var sammansatta enligt moderna packningsteorier för att få låg 
porositet och minimal cementmängd. Användningen av talk är för att sänka viskositeten vid 
gjutning och injektering och för att bekräfta att den verkligen bidrar till hållfasthetsökningen 

D 

V 
 



genom kemisk reaktion med cementkomponenten. Behovet av kemisk integritet ledde till valet av 
kvartsit som huvudsaklig ballast i studien. Låg-pH cementen var av typ Merit 5000 tillverkad av 
SSAB Merox AB, Oxelösund. 

För en typ av groutmaterialen användes portlandcement för att få snabb hardening medan de andra 
innehöll låg-pH cement för att ge hög hållfasthet med tiden. Principen för sammansättning av 
ballasten var att få filterverkan för att minimera förlusten av finmaterial i byggnadsskedet då lokala 
hydrauliska gradienter fortfarande kan vara höga.  

Det framgår av studien att både teoretisk modellering och experimentella resultat bekräftar att 
betongblandningar kan få hög packningsgrad och densitet om ballastens korngradering är lämplig 
och att den finkornigaste komponenten härvid är betydelsefull. Den uppnådda densiteten hos 
betongen bedöms som tillräckligt hög för att betongen skall fungera acceptabelt under mycket lång 
tid också efter förlust av cementen. Det bevisades att talk tjänar till att reducera viskositeten och 

kemiskt betingade nedbrytningen av vardera komponenten blir låg. Sådan betong, innehållande 
lämpligt sammansatt kvartsitrik ballast med tillsats av talk, uppfyller kriterierna för dess funktion vid 
normala och höga temperaturförhållanden.  

Slutsatsen var också att groutens flytbarhet påverkas positivt av talkens hydrofoba karaktär och 
negativt av tixotropieffekter hos andra silikater och av tidig hydratisering av cementen. 
Experimenten belyser betydelsen av de reologiska egenskaperna och behovet av lämplig 
sammansättning av grouter. En allmän slutsats från groutstudien var att effektiv groutinjektering i 
sprickor med mindre vidd än 100 μm kräver att viskositeten är så låg som 0.05 Pas och att höga 
injektionstryck används. 
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 Introduction 
 

CHAPTER ONE 

INTRODUCTION 

 
1.1 Background 

Countries considering construction of deeply located repositories for disposal of High-level 
Radioactive Waste (HLW), will base the location of them on comprehensive site investigations 
including geophysical logging and measurements in a number of deep boreholes. In Sweden the 
company ‘Swedish Fuel and Waste Managing Company’, (SKB), has the responsibility for 
conducting such investigations and for working out the design principle of the repository. The 
deep boreholes will be distributed in an area of about 500,0000 m2 and some of the approximately 
20 holes with 500-1,000 m depths will be located close to the system of deposition tunnels and 
transport tunnels in the repository. The principles for selecting the positions of the boreholes and 
for determining their role of transporting possibly released radionuclides from the waste has been 
considered by SKB, as described in a number of technical reports (Pusch and Ramqvist, 2004; 
2006; 2006a; 2007). The hydraulic function of clay and concrete seals1 in deep boreholes has been 
investigated leading to the conclusion that hydraulic gradients in the rock are sufficiently high to 
cause practically important transport of contaminated water from a HLW repository to the ground 
surface (Fig. 1-1). It can take place via such boreholes, which can short-circuit natural flow paths if 
they are poorly sealed, and which therefore require effective long-lasting sealing.  
 

 
 

Fig. 1-1: Short-circuiting of fracture zones by open or inadequately sealed or leaching boreholes, (Pusch and 
Ramqvist, 2007). 

1 The terms seals and plugs are used intermittently in the thesis. The first mentioned is preferred for matured sealings. 
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The bearing principle of sealing these, so-called investigation boreholes, is to minimize axial 
transport of contaminated water in the holes. It is achieved by installing dense expandable clay of 
smectite type where the surrounding rock has a low hydraulic conductivity, i.e. where the 
frequence of water-bearing fractures is low and casting concrete in the holes where they intersect 
water-bearing fracture zones. Such zones have an average hydraulic conductivity that is several 
orders of magnitude higher than of the rock between them and groundwater will flow through 
and around them irrespective of how effectively the holes are sealed. Tectonically and seismically 
generated displacements in a rock mass will take place in and along major fracture zones and 
activate them hydraulically. The idea is therefore to compose the concrete so that it is physically 
stable and just sufficiently tight to prevent clay particles from the adjacent clay seals from migrating 
through it and further into the fracture zones. This filtering effect requires that the grain size 
composition is of Fuller type2 and that the density is very high. Since shearing generated by 
exogenic processes will anyway break cementitious bonds, the amount of cement should be at 
minimum, i.e. just enough to make the concrete sufficiently strong enough to carry the clay seals 
in all borehole sealing phases. A further reason for minimizing the amount of cement is that the 
high porewater pH will have a degrading impact on adjacent clay plugs. 
 
Principles for installation of seals have been identified in SKB’s R&D and reported in the literature 
but further development of techniques for adequate construction of concrete seals is required, 
especially for very long boreholes. Fig. 1-2 illustrates schematically the system of concrete and clay 
seals installed in a deep borehole where hydraulic gradients are expected because of different 
piezometric heights in boreholes passing through a series of fracture zones. 
 

 
 

Fig. 1-2: Example of deep borehole with concrete seals where the hole intersects fracture zones, and clay seals 
where the rock is tight. 

2 Cf. Pusch, R., The buffer and backfill handbook …..(2002). 
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The conditions are similar to those in an underground repository of SKB’s type (KBS-3V) for 
disposal of highly radioactive waste (HLW), cf. Fig. 1-3. The various tunnels and rooms are 
located in rock intersected by steeply oriented fracture zones between which there will be very 
high hydraulic gradients in the construction phase. The principles adopted for deep boreholes are 
valid also for the repository in which plugs in the form of concrete bulkheads are constructed for 
isolating the zones, whilst the parts of the tunnels that are located in fracture-poor rock will be 
backfilled with clay material. Large-diameter ‘deposition’ holes are bored from the floor of the 
tunnels for placement of containers with HLW.  
 

 
 
Fig. 1-3: Schematic plan view of a repository with a transport tunnel connected to deposition tunnels in rock 
with typical frequency of fracture zones. Tight concrete plugs (‘Permplugs’ are permanent, ‘Templugs’ are 
temporary) are keyed into the rock for isolating the waste-containing parts of the deposition tunnels from 
fracture zones (D3) and from transport tunnels. Where transport tunnels are intersected by water-bearing 

fracture zones they are suitably backfilled with cement-stabilized quartz sand (Pusch, 2008). 
 
1.2 Identification of Problems 

A major problem that can appear in the construction phase is insufficient stability (Any damage or 
weak zone around the borehole, which may have been induced by drilling, weathering, high stress 
concentration or by casing removal, can soften the surrounding rock. Fractures around a seal location 
can become a leakage path for gas or water along the seal) of the borehole, whilst it can be piping 
and erosion (Groundwater flow through concrete and grouts can erode them. The hydraulic 
gradients should therefore be low, especially in the maturation phase, by controlling the pressure 
conditions) of installed seals in the subsequent, operational phase.  
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There can also be problems with the chemical stability (Chemical compatibility of the seals and 
the surrounding rock and groundwater is a significant factor in the material selection process for 
long-term or permanent seals. The type of cement selected for the preparation of concrete seals should 
be compatible with groundwater chemistry) of the concrete and clay seals, and with their physical 
stability (The characteristics and frequencies of seismic activities caused by earthquakes or blasting 
should be considered. Special respect should be paid to factors like liquefaction of backfill material 
and displacements of the rock along fractures causing shearing of emplaced seals), which can become 
insufficient by tectonic events and earthquakes, (Pourbakhtiar, 2012).  
 
1.3 Aim and Scope of Work  

There are two main objectives for the work performed within this thesis: 
 
1. To investigate the performance of new types of cement-poor, organic-free concrete for long-

term duty under normal and extreme hydrothermal conditions at varying temperatures. 
Properties of special importance are fluidity, mechanical strength, rate of strengthening, pH, 
and minimum impact on contacting seals of smectite-rich clay seals. 

 
The seals consist of a series of clay segments containing highly compacted smectite-rich clay, and 
segments of concrete cast on top of them where the hole is intersected by a fracture zone. Casting 
of concrete with high density requires the addition of superplasticizers, which are commonly of 
organic type. Since they can release organic colloids with a potential to transport radionuclides up 
to the biosphere, and be dissolved and lost causing an increase in porosity, attempts are being 
made to find chemically compatible, inorganic additives and a candidate material, fine-grained talc, 
has been used in pilot testing of concrete for use in boreholes. The use of talc is firstly for 
decreasing the viscosity of the mixture at preparation and secondly for finding out if it can 
contribute to the mechanical strength of the concrete by chemical interaction with the cement 
component. Ordinary Portland cement raises the pH of the concrete so much that it can degrade 
contacting clay seals by cation exchange and substitution reactions. Low-pH cement can be a 
suitable binder and the present study included use of low-pH cement of type Merit 5000. The 
present study also addressed the performance and stability of proposed concrete mixtures separately 
and in contact with clay under hydrothermal conditions with varying temperatures.  
 
2. The function of new cement-based grouts proposed for the sealing of finely fractured rock 

around boreholes, tunnels and shafts where concrete seals will be cast, has been investigated 
with special respect to fluidity, rheological behaviour, mechanical strength, rate of 
strengthening, and penetrability into fine fractures. 

 
The study comprised testing of candidate grouts for sealing and stabilization of fractured rock 
surrounding boreholes to be sealed with dense clay and concrete. They were composed according 
to modern packing theories for obtaining low porosity and minimum amount of cement paste. 
Talc was used as inorganic superplasticizer instead of commonly used organic additives. The need 4 
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for chemical integrity led to the choice of quartzite as main aggregate in this study. For one of the 
grout types Portland cement was used in order to get quick hardening, whilst the other contained 
low-pH cement for being compatible with certain types of groundwater chemistry and for 
providing high strength with time. Once injected into the fractures the granular composition gives 
the grouts a filtering function so that the risk of losing fines in the grouts and in contacting cast 
concrete is minimized in the construction period when the hydraulic gradients may still be high. 
The study also describes the applicability of a simple theoretical model for predicting grout 
penetration into plane-parallel fractures based on laboratory tests. It also comprised a new simple 
way of determining the viscosity of cement-based grouts for use under field conditions.  
 
1.4 Research Questions 

The studies are summarized in this thesis and presented more fully in six appended papers. The 
specific questions addressed in each of the papers, focusing on the problem areas discussed above, 
can be summarized as: 
 
RQ1: What is required from concrete seals in boreholes? 
RQ2: What is the alternative of using organic superplasticizers in casting concrete seals in 

boreholes? 
RQ3: Can packing theory be an appropriate tool to assist in selecting an optimal aggregate grading 

curve? 
RQ4: What changes do the proposed talc concrete undergo under hydrothermal conditions? 
RQ5: How do seals of talc concrete and smectite clay interact in shallow boreholes and in VDH? 
RQ6: What is required from rock grouts used in boreholes? 
RQ7: How can the viscosity (fluidity) of grouts be determined: comparison of Marsh cone test, 

mini slump flow test, viscometry and pipe flow tests.    
RQ8: How can grout flow using artificial plane-parallel fracture tests be determined with special 

respect to injection under static and oscillatory pressure? 
 
1.5 Structure of the Thesis 

The thesis consists of seven chapters and six appended papers. A brief summary of the content of 
each chapter and paper is presented below:  
 
Chapter 1: presents a brief introduction to the background and to the identification of problems 
encountered.  It includes aim and scope, research questions and structure of the thesis. 

 

Chapter 2:  describes the fundamentals of sealing deep boreholes, criteria for sealing materials, the 
aspects on the selection of plug materials and then the stabilization of the borehole. 

 

Chapter 3: provides a way of estimating the transient vertical pressure distribution in boreholes 
with concrete and clay seals, comprising pressure conditions, estimation of the stress distribution 5 
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for the early case based on theoretical basis as well as evolution of the effective vertical stress in a 
deep hole, all assessed in a discussion. 

 

Chapter 4: describes the details, results and discussion of the experimental work on new concrete 
material compositions intended to be used as seals at both normal and high temperature 
conditions, and in contact with proposed clay seals. 

 

Chapter 5: describes the background, details, results of the experimental work on new cement 
grout compositions and materials intended to be used for sealing fractured rock. 

 

Chapter 6: sums up the relevant research questions and answers and also highlights the main 
conclusions achieved.  

 

Chapter 7: is the last chapter of the thesis. It provides suggestions for future work related to the 
research presented in this thesis. 

 

References 

Summary of appended papers 

 

Paper I: The study exemplifies how packing theory can assist designers in selecting optimal 
proportions of the various components. Optimum particle packing implies minimizing the 
porosity and thereby reducing the amount of cement paste needed to fill the voids between the 
aggregate particles. Theoretical modelling, as well as experimental results, confirm that concrete 
mixtures get high packing degrees and bulk densities if the gradation is suitable. The experiments 
highlight the role of the fine fraction for making the mixture dense on all scales. 

 

Paper II: In this paper, comparison is made between the performances of concretes based on two 
brands of cement (Portland and Merit 5000), two types of superplasticizers (organic Glenium 51, 
and the mineral talc) and two different types of fine materials (FN) added to crushed and ground 
quartzite. The overall conclusion was that talc as a superplasticizer and conditioner of the concrete 
can make the concrete sufficiently fluid for constructing seals at depth in boreholes, and react with 
cement to provide high strength with some delay. pH is much lower in Merit than in Portland 
concrete, which causes less impact on adjacent clay seals. Portland concrete has five times higher 
strength than Merit concrete after a week but three times lower strength after 28 days. 

 

Paper III: This paper focuses on the physical and chemical properties of a new type of organic 
free, low pH concrete based on granulated blast furnace slag, intended for concrete seals that can 
be exposed to hydrothermal conditions with varying temperatures. It is concluded that repositories 6 
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can be successfully sealed by the combined clay-concrete approach so that radionuclides are 
unlikely to reach the biosphere in the stipulated life span of the repository. 

 

Paper IV: This study comprises description of hydrothermal treatment of clay and concrete in 
contact within cells under isothermal conditions at room temperature, 100oC and 150oC for 8 
weeks. Uniaxial compression tests showed an average increase in unconfined compressive strength 
of the clay from the lowest value, representing room temperature to a 50% higher value for the 
100oC sample and to a 100% higher value for the 150oC sample. X-ray diffraction and electron 
microscopy analysis of the materials revealed an increased reduction of the cation exchange 
capacity for higher temperatures in the cement, with Ca replacing Na in the interlayer sites of 
smectite layers. Dissolution of illite/smectite is also evident, occurring at enhanced temperatures, 
with a decrease in K, Mg and Fe content for more comprehensive alteration. 

 

Paper V: Investigates the availability of suitable materials based on cement for grouting relatively 
fine fractured rock intersected by deep boreholes, tunnels and shafts. According to the experiments 
(viscosity, mechanical strength and rate of strengthening) carried out, most of the investigated 
grouts are injectable into fractures with apertures down to 100 μm. 

 

Paper VI: Describes the composition and performance of candidate grouts in laboratory 
experiments with injection into plane-parallel slots with different apertures. A simple and quick 
method was developed for estimating the viscosity on the construction site for adapting the grout 
recipe to the injectability of the rock. A simple theoretical model for predicting grout penetration 
gives a fair agreement with laboratory data.  
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CHAPTER TWO 

SEALING OF DEEP BOREHOLES 

2.1 General 

Branches requiring borehole sealing are those dealing with gas and oil prospection and 
exploitation, like the petroleum industry, carbon dioxide storage companies, nuclear waste 
enterprises and the mining industry (Pusch et al., 2011; Pourbakhtiar, 2012). Borehole sealing can 
and has to be used for tight isolation of gas and oil from abandoned holes and for maintaining a 
high pressure in deep geological carbon dioxide storages. Isolation by tightly sealing deep 
boreholes made in conjunction with site exploration for HLW repositories and for HLW disposal 
in deep boreholes are also urgent issues. 
 
Radionuclides can be moved to the biosphere by water flow in deep boreholes extending from 
the ground surface to the repository level, driven by pressure differences unless they are effectively 
sealed. The Fracture zone system can be short-circuited by the boreholes (Pusch et al., 2012). 
Proper function of the seals requires that they shall perform acceptably for very long periods of 
time, which, for HLW repositories are in the order of tens to hundreds of thousands of years. This 
implies that all physical and chemical processes that can endanger their longevity must be 
considered (Allen and Benny, 1987). 
 
2.2 Sealing of Slim Boreholes 

Borehole sealing can follow the same principles as backfilling of repositories, shafts and tunnels. A 
fundamental strategy is to tightly seal fracture-poor rock with highly expandable smectite clay and 
fill the parts that intersect permeable fracture zones with physically stable concrete that does not 
need to be very tight but still be strong enough for supporting the clay segments (Pusch et al., 
2012). Thermally induced stresses, seismic shocks and tectonic strain will generate shear 
displacements along fracture zones in the repository rock and damage borehole seals located in the 
zones. In these positions clay is not suitable because of the risk of erosion and dispersion (Pusch and 
Ramqvist, 2007) and here concrete is proposed as a sealing material. It shall have a high density and 
a low content of cement for minimizing the risk of losing the bearing capacity by dissolution of 
this component. 
 
Clay seals can consist of highly compacted smectite clay (‘bentonite’) fitted in perforated copper 
tubes. After installation under water the strongly expansive clay migrates through the perforation 
and forms a dense and tight skin between the tubes and the rock by which the boreholes become 
effectively sealed (Pusch and Ramqvist, 2007; Pusch, 1994; Pusch, 2008). Groundwater will 
therefore not flow through the sealed holes but within the rocks around them (Pusch et al., 2013; 
Pusch and Ramqvist, 2007). Portland cement in the concrete seals is deemed less stable than low-
pH cements, which speaks in favour of the latter. 
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Before clay and concrete seals can be installed the holes must be stabilized so that the risk of failure 
in installation of the seals caused by falling debris from the borehole walls in the construction 
phase is eliminated. An extra stabilizing act can be to keep the not yet sealed parts of the boreholes 
filled with smectitic bore mud. Concrete is cast by pumping through tubes reaching down to the 
desired level within the holes, which are constantly kept filled with freshwater or bore mud. The 
up to 24 m long jointed tubes with clay are moved down through the mud to establish contact 
with the concrete (Pusch et al., 2012). After about one day, the expanded clay produces enough 
wall friction to make each clay segment carry itself (Pusch et al., 2013; Warr, L., & Grathoff, 2010). 
In one week, the concrete gets a sufficiently high bearing capacity to carry subsequently installed 
clay seals. Both the clay and concrete have an ultimate hydraulic conductivity of less than E-10 
m/s and for the clay seals it can even be lower than E-11 m/s. Dissolution and loss of the concrete 
cement component do not significantly change its bearing capacity but the hydraulic conductivity 
will increase and become the same as for moraine (Pusch et al., 2012b). Sealing of boreholes has 
been successfully applied in practice of limited length (500 m) but for longer holes, full-scale 
testing and some development is required (Pusch, 2008; Xiaodong et al., 2011; Mohammed et al., 
2014a). 
 
2.3 Sealing of Deep Holes for Waste Disposal 

The very high salt content of deep groundwater makes it almost stagnant, which is the main 
argument for disposal in deep boreholes: possibly contaminated groundwater at more than 2 km 
depth will not reach higher up than a hundred metres by convection. Another favourable 
condition is that the very high rock stresses, 50-110 MPa at 2-4 km depth, close fractures and 
joints and make the rock largely tight between fracture zones (Brady et al., 2009). A further 
advantage compared to shallower disposal is that the risk of illegal capturing of the waste is 
insignificant (Svemar, 2005). As to constructability, techniques have been developed for boring 
several thousand metre deep, large-diameter holes. In principle, the concept is feasible (Pusch et al., 
2012b; 2013c; Mohammed et al., 2014a). 
 
2.4 Fundamentals of Sealing Deep Boreholes 

2.4.1 General 

The proposed principle of borehole sealing is to tightly seal those parts of deep or long boreholes 
where the rock has few fractures and a low hydraulic conductivity and to fill the parts that 
intersect water-bearing fracture zones with physically stable material that does not need to be low-
permeable, but that must be physically stable and chemically compatible with the tight seals, i.e 
those made of clay. These consist of smectite-rich clay in the form of highly compacted blocks or 
pellets, whilst the material separating them is proposed to consist of silica-rich concrete with a low 
cement content of low-pH type and aggregates of quartz sand and quartzite (Fig. 2-1), (Mohammed 
et al., 2014a). 
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Fig. 2-1: Right: Principle of borehole sealing. Left: Detail of concrete cast where the borehole intersects a 
fracture zone. 

 
This type of concrete is largely inert with respect to chemical interaction with smectite clay and 
can be allowed to lose the cement component without jeopardizing its function as support to the 
clay seals by utilizing a size distribution of the aggregate grains. This prevents the large majority of 
the clay particles from migrating through the concrete and off into the fractures in the confining 
fracture zone. This risk is largely eliminated by stabilizing such zones by grouting (cf. Fig. 2-1) and 
by casting cement-poor concrete in reamed parts followed by re-boring. Hence, stabilization and 
subsequent clearing and cleaning of borehole walls are all prerequisites for successful plugging, 
which includes segment-wise placement of clay plugs and casting of concrete. The upper end of 
boreholes extending from the ground surface needs an upper ‘mechanical’ seal for which copper 
metal and concrete work can be employed (Pusch and Ramqvist, 2007). The major required 
functions of seals and the borehole as a whole are: 
 
 Borehole seals must form tight contact with the borehole walls for preventing fluid flow along 

and around the seals (Bill et al., 2011). 
 Borehole seals must be durable for sufficiently long periods of time. For boreholes in HLW 

repository areas it can be up to 100,000 years. 
 Borehole seals must have sufficient strength to resist mechanical loads from overlying fills, 

swelling pressure from clay seals, and excess water pressure from below caused by artesian 
conditions. 

 Borehole sealing materials must be chemically stable at 100 – 200 ºC in very deep holes.  
 Multiple seals and seal materials must be selected so that redundant isolation is provided even 

after failure of an individual seal. 
 Boreholes connecting abandoned oil and gas-holding strata including carbon dioxide storages, 

with the ground surface must be kept tight by installing effective seals at suitable levels 
designed so that high pressures can be resisted. 

11 
 



Sealing of Deep Boreholes 
 

Planning and performance of grouting from boreholes require characterization of the rock 
including the following activities (Bangoyina, 2008; Mohammed et al., 2013a):  

 
 Examination for selecting parts of the boreholes that require grouting. The basis is provided by 

logging data of the fracture frequency and hydraulic conductivity. 
 Selection of suitable grout. 
 Quality assurance of materials and grouting technique. 
 Planning of detailed scheme of grouting. 
 Measuring leakage by packer technique where this is possible. 
 Risk analysis. 

 
2.4.2 Criteria for Sealing Materials 

For the presently discussed use of cement-based seals in boreholes and backfills, the following 
issues are considered for formulation of criteria (Pourbakhtiar, 2012): 
 

1. The Compressive strength and bearing capacity, 
Concrete seals are placed at depths that can be very great. Additional concrete and clay seals will 
be placed on top of all of them for which they need to have satisfactory bearing capacity and 
compressive strength. For providing mechanical support to the surrounding rock mass, strength 
and stiffness are required and for the concrete seals the shrinkage must be insignificant in order to 
avoid formation of preferential flow paths for water or gas along the seals (Fuenkajorn & Daemen, 
1996), 
 

2. Erosion resistance 
Concrete and grout can be eroded by groundwater flow which reduces their sealing and stabilizing 
functions. High packing density of the mixture can be considered as one of the best ways of 
minimizing erodability since it gives the concrete and grout materials very low porosities. A 
further step to improve erosion resistance is to use optimum grain size distributions and particle 
shape. For concrete seals the hydraulic conductivity should be low, not just in order to minimize 
erosion, but also to prevent migrating hazardous elements from passing through it.   
 

3. Longevity 
The physical properties of the seals are determined by the chemical and mineralogical 
compositions and by the processes involved in their evolution. The knowledge of the long-term 
performance of clay is better than of concrete, which suggests that the amount of the degradable 
component, cement, is minimized. The risk of complete degradation and loss of coherence of the 
clay and concrete plugs makes it necessary to conservatively select possible dissolution mechanisms, 
implying mineral conversions in the clay seals and loss of cement from the concrete (Pusch and 
Ramqvist 2011). Sealing materials must be long-lived and able to maintain their performance under 
the various different physical and chemical conditions to which they will be subjected. One 
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concludes that the compatibility of any engineered barrier with the host environment, primarily 
controls its long-term performance with respect to leakage of contaminated water and associated 
material transport. 
 
Considering here the function of concrete for use underground one must realize a number of 
factors that can reduce the operational lifetime. Thus, low shear strength with low resistance to 
piping and erosion of cement grout early after injection may happen by diffusion and loss of the 
superplasticizer used for making casting possible. Of primary importance is also degradation of the 
cement component in salt water by dissolution and loss, which further emphasizes the need for 
minimizing the amount of cement.  

 
4. Interaction between concrete and clay 

Concrete in boreholes and bulkheads in HLW repositories will be used for supporting and 
stabilizing purposes. It will be in contact with the crystal matrix of the surrounding rock and with 
clay-based seals and tunnel backfills as well as with natural geological clay formations. By their 
aggressive nature they will chemically degrade both clay minerals and accessory minerals of the 
clay barriers (quartz, feldspars, etc.). The degradation of concrete by dissolution of the cement 
component will initially generate high-pH water, rich in K, Na, Ca ions. This first period will be 
followed by conditions under which pH is dominated by equilibrium with Portlandite, Ca(OH)2, 
(pH 12.4), and finally by equilibrium with CSH-  
 
This sequence of concrete degradation states can be modified by using special ‘‘low pH’’-type 
cement that reduces destabilization of contacting clay barriers. Their geochemistry, mineralogy 
and texture will be changed near the concrete/clay interface because of the alkaline plume 
extending from the concrete (Gaucher and Blanc, 2006). The most important conclusions from 
earlier studies are: 
 

 High-alkali cement degrades quicker than low-alkali cement. The latter deteriorates by 
destruction of the CAH gel. 

 In the first few hours of concrete/clay contact, dissolved elements and water migrate from the 
fresh cement paste into the clay. 

 The cement paste is dehydrated and its voids become wider; water moves from the clay to the 
dense cement matrix. 

 The dense cement pastes fissures. 
 A critical value of (pH) is (12.6) for significant changes of smectite clay. 
 Ion exchange caused by migrating Ca from the cement to the clay and change in the 

microstructure of the clay by coagulation of softer parts (Pusch et al., 2003). 
 

5. Placeability 
Pumping or pouring is one of the techniques to place concrete in boreholes and tunnels followed 
by compaction, if required. In deep boreholes, pouring of cementitious material down the hole 
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must be considered unacceptable, because segregation is unavoidable, whilst it is perfectly possible 
in shallow holes. Injection (pumping) under water is a realistic and recommendable method, 
starting from the base of the respective concrete seal and proceeding upwards. Other techniques 
similar to the way of bringing clay on site in tubes are under development. Safety issues have to be 
considered i.e. the risk of rock fall immediately before or during the course of the plug installation. 
The impact of high rock stresses on the stability of very deep boreholes needs to be considered, 
especially with respect to the use of heavy drilling muds of clay. 
 
2.4.3 Aspects on the Selection of Plug Materials 

The selection of material for the clay plugs is based on a number of criteria of which minimal 
sensitivity to the impact of adjacent concrete is particularly important. This matter is still under 
debate but a smectite-rich clay1 in block form with a dry density of about 1,700 kg/m3 is believed 
to be required. As to the concrete, the issue is to find a suitable concrete recipe with respect to 1) 
the need of keeping pH as low as possible, 2) making the aggregate component as dense as possible 
and 3) using very quartz-rich aggregate material. 

 
2.4.4 Stabilization of Borehole 

To provide stable conditions in the borehole throughout the installation of the various plugs, 
fracture zones need to be secured with subsequent rinsing and cleaning of the hole. The 
techniques and methods to stabilize the borehole are being developed within the SKB program for 
site investigations. The aim of this activity is to show that the selective stabilization of boreholes 
can be made by reaming, which for instance increases the diameter from 76 to 98 mm for typical 
boreholes, followed by casting concrete between packers to achieve a stable ‘concrete tube’ after 
re-drilling. The reaming tool was adapted to the Atlas Copco Corac N3 coring system (Tauno and 
Suomen, 2006). The principle of the selective stabilization of borehole is shown in Fig. 2-2. 

 

 
 

Fig. 2-2: Principles of selective stabilization of borehole modified from (Tauno and Suomen, 2006) 

1 Common and often recommended clay mineral types are montmorillonite, palygorskite and saponite  14 
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CHAPTER THREE 

PRESSURE DISTRIBUTION IN BOREHOLES WITH CONCRETE 
AND CLAY SEALS 

 
3.1 General 

The role of the concrete seals is to support the clay plugs and to serve as a filter for preventing clay 
particles from migrating out into the fracture zones. The concrete contains talc as superplasticizer 
and very little cement for minimizing the clay-degrading impact of pH caused by cement, and 
does therefore not generate significant wall friction. The concrete matures slowly and does not 
harden until after one week. Before this, it acts as a viscoplastic material with substantial internal 
friction. The clay also behaves viscoplastically and expands by absorbing water from the 
surrounding rock. It stiffens as a function of time after installation and establishes sufficient 
bonding to the rock to carry itself after a couple of days. Assuming that there is direct contact 
between concrete and clay, a swelling pressure of a few MPa will ultimately be exerted on the 
contacting concrete. 
 
Clay is placed in the boreholes where the rock is tight. It consists of strongly compacted blocks of 
smectite-rich clay fitting into perforated copper tubes that make up 6-12 m long units jointed to 
form clay seals with a length of between tens and hundreds of metres.  
 
The bore sealing procedure is as follows: 1) concrete is cast to fill the hole from the bottom up to 
5 m above the lowest fracture zone and left to mature for 2 days to one week: 2) the first clay plug 
is placed with its upper end 5 m below the second lowest fracture zone and left to mature for 2 
days: 3) concrete is cast over the clay plug and left to mature for a further period of 2 days: 4) the 
second clay plug is installed and left to mature for 2 days, and so on. It is estimated that a 1,000 m 
deep hole will be intersected by 5-20 fracture zones, meaning that the entire effective time for 
sealing the hole is about 20-100 days, assuming that each installation takes one day (Pusch et al., 
2013). In principle, all the seals must have hardened sufficiently to carry the overlying material 
throughout the sealing campaign. The clay plugs can expand axially but not be compressed 
because the clay is confined in perforated copper tubes that form stiff units, meaning that only the 
clay ‘skin’ formed between the tubes and the rock needs to be considered. The concrete seals can 
be compressed but not expanded. 
 
For determining whether each concrete seal can carry the clay plug placed above it without 
yielding, the pressure distribution in the entire series of seals must be known. If the bearing 
capacity of a concrete plug is not sufficient, soft concrete will be pressed up along the tube with 
clay, by which the sealing capacity of the clay is strongly reduced and the strength of closest part of 
the adjacent concrete is reduced. This phenomenon was observed in a field experiment (Warr & 
Grathoff, 2010; Pusch et al., 2013). 
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3.2 Pressure Conditions 

Holes bored in rock for finding the most suitable location of a repository for radioactive waste 
typically extend to about 1,000 m below the ground surface. They all penetrate a number of 
fracture zones that form a network of steep, oblique and more or less horizontal, permeable 
discontinuities. Table 3-1 illustrates the distribution of fracture zones to be sealed with concrete in 
a steep borehole in granitic rock. 
 

Table 3-1: Proposed plug positions in borehole in the Forsmark region north of Stockholm 
(KFM07A). 

Borehole length, m Plug type and length Fractures zones (SKB Nomenclature) 

0 - 210 Concrete, 210 m DZ1, DZ2 
210 - 260 Clay, 50 m  
260 - 290 Concrete, 30 m Fracture-rich 
290 - 325 Clay, 35 m  
325 - 345 Concrete, 20 m Fracture-rich 
345 - 415 Clay, 70 m  
415 - 435 Concrete, 20 m DZ3 
435 - 495 Clay, 60 m  
495 - 505 Concrete, 10 m Fracture-rich 
505 - 535 Clay, 30 m  
535 - 545 Concrete, 10 m Fractures 
545 - 790 Clay, 245 m  

790 – 1,000 Concrete, 210 m DZ4 

 
The number of intersected fracture zones of the KFM07A hole is relatively large, i.e. 6 concrete 
plugs and 5 clay plugs over 545 m borehole length. The lengths of the concrete seals range from 
10 to 210 m and the expected construction time for each of them is 1 day. The lengths of the clay 
seals are 30 to 245 m, also requiring 1 day for installation. The minimum total time is nearly 2 
months if two days of rest are required and the total construction time amounts to somewhat more 
than one month. The time for the individual plugs to rest depends on the rate of strength increase, 
which can be estimated on the basis of earlier performed studies. It determines the bearing 
capacity, which must be higher than the pressure exerted by overlying plugs.   
 
For illustrating the principle of constructing seals, called plugs after maturation, a reference 
borehole of 1,000 m length with four concrete seals and three clay plugs is used here (Fig. 3-1). 
The calculation of the effective axial stress conditions is based on the premise that the borehole is 
kept water-filled throughout the sealing campaign. Two major cases are considered, one ‘Early 
Case’ with 1 day for installation and 2 days of rest for each plug, and one ‘Matured Case’ with 1 
day for installation and 30 days of rest for each of them. 
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Fig. 3-1: Schematic profile of the reference borehole with installed plugs of clay and concrete. 
 

3.3 Calculation of the Pressure Distribution for the ‘Early Case’ 

The vertical pressure at the contacts between different plug materials will be calculated here taking 
the length, density and friction angle of the plug units into consideration. The pressure 
distribution is not linearly increasing with depth but follows some exponential law because of the 
impact of wall friction. This is commonly considered by using what is called Janssen’s formula 
(Ravenet, 1981) and used for the calculations. It gives the lateral (‘silo’) pressure in filled boreholes 
that must be known for estimating the shear resistance along the contact with the borehole walls. 
 
The seals, forming plugs after maturation, are assumed to be installed sequentially in one day and 
left to mature for 2 days during which the respective plug materials are assumed to retain their 
original, soft condition. For this early state both the concrete and the clay behave as heavy liquids, 
characterized only by their density and a low angle of internal and wall friction (Pusch et al., 2013). 
For 30 day maturation the strength of both materials has risen and the friction angles increased. 
Both conditions are considered. 
 
3.3.1 Theoretical Basis 

i) Impact of ‘Silo’ pressure 
The vertical pressure is evaluated from the lateral (‘silo’) pressure, which is derived from the use of 
Janssen’s theory, (Ravenet, 1981) which is still commonly used. This pressure is then used for 
determining the shear stress at the contact between the plug material and the rock by multiplying 

Concrete, density 2,000 kg/m3

Ground surface=groundwater level

a

b

c

d

e

f

g

p1

p2

p3

p4

p5

p6

Concrete, density 2,000 kg/m3

Clay, density 1,950 kg/m3, swelling pressure 2.5 MPa

Clay, density 1,950 kg/m3, swelling pressure 2.5 MPa

Clay, density 1,950 kg/m3, swelling pressure 2.5 MPa

Concrete, density 2,000 kg/m3

Concrete, density 2,000 kg/m3

0.1 m

1,000 m

p7
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it with tan , where  is the angle of internal friction, neglecting a possible difference between the 
angle of wall friction and the angle of internal friction.  
 
Mathematical expressions for lateral and vertical pressures in silo fillings were proposed by Janssen 
in 1895. Since then his formulas have been frequently applied and both the German specifications 
DIN 1055 and Soviet silo code CH-65 are based on Janssen’s theory with various 
recommendations respecting the selection of parameters. Somewhat different expressions were 
later suggested by (Ravenet, 1981; Briassoulis, 1991). Keeping in mind the uncertainty in selecting 
parameter values the Janssen theory was considered to be acceptable for the present investigation, 
(Pusch et al., 2013). The basic formula for the ‘silo pressure’ Ph is: 
 =                    (1)  

 
where: Ph: Horizontal pressure in kN/m2 at depth; : Density of the material in kN/m3; R: 
Hydraulic radius, equal to the area/perimeter ratio of the straight section in metres; : Angle of 
wall friction of the material.  

 
ii) Impact of volume change 
The concrete plugs will undergo some slight shrinkage through cement hydration process (Paulini, 
1994) that is largely compensated by the lateral expansion caused by the compression under their 
own weight. This generates axial shortening and thereby generation of wall friction, that increases 
with the age of the cast concrete (Pusch et al., 2013). Axial compression by creep under constant 
volume conditions will take place with time, generating additional wall friction. This study 
considered the impact of a generalized wall friction angle on the vertical effective stresses in the 
system of concrete plugs, (Pusch et al., 2013). 
 
The clay plugs undergo evolution in the form of expansion of the clay through the perforation of 
the tubes (Fig. 3-2) that initially contain highly compacted expandable (smectite) clay blocks. A 
clay ‘skin’ is formed around the tubes, providing an increasingly strong bond between the rock 
and the clay, (Pusch et al., 2013c). Increasing swelling (effective) pressure of the clay skin with time 
leads to increasing the shear strength, meaning that the ‘wall friction’ increases, (Pusch et al., 2013). 
 
 

18 
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Fig. 3-2: Smectite-rich clay with dry density 1675 kg/m3 expanded through a perforated ‘supercontainer’ 
causing consolidation of a clay mud after 24 hours. The dry density of the partly removed mud had increased 

from 160 to 320 kg/m3, (Pusch et al., 2013c). 
 

3.3.2 Evolution of the Effective Vertical Stress in the Assembly of Seals in a Deep 
Hole 

The hole is assumed to be located in rock with the groundwater level coinciding with the ground 
surface. The pressure generated by the own weights is gravitational and therefore directed 
downwards whilst the wall friction acts upwards and hence reduces the gravitational force.  
 
Fig. 3-1, shown previously, specifies the levels for which the effective pressure (P1, P2, etc.) shall 
be determined. Two sub-cases are examined, one assuming that the concrete and clay strengths 
have not yet been fully developed, representing 2 days of maturation and ‘soft’ conditions, and the 
other representing 30 days of maturation and ‘viscous’ conditions. The performance of the clay 
plugs is determined by the pressure caused by its own weight together with the pressure from the 
overlying seals, and also by the angle of internal friction. In practice, the real condition is 
intermediate, i.e. the swelling pressure (and shear strength) of the clay formed and matured 
between the perforated copper tube and the rock is initially nearly nil but substantially increased 
after two days. The different friction angles (20 and 30 degrees for concrete and 10 degrees for the 
clay) are specified for the respective sub-cases. All segments have the same height, i.e. 142.85 m 
(1,000/7 m). 
 
The calculations refer to the successive construction stages, starting with casting concrete to 
142.85 m height and leaving it for two days to rest, followed by installing a clay plug consisting of 
jointed 12 m long perforated copper tubes filled with highly compacted clay with the top at 
2x142.85 m=285.70 m. After letting the clay on top of the first concrete plug rest for two days, 
the second concrete plug is cast with its top 428.55 m above the lower end of the hole. It is left to 
rest for two days after which the second clay plug is inserted, its upper end being 571.40 m above 
the base of the hole. Two days later concrete is cast over it with the upper end being 714.25 m 
above the base of the hole. This third concrete plug is left to rest for two days after which the 
third clay plug is inserted reaching up to 857.15 m above the base of the hole. After two days of 19 
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rest the fourth concrete plug is cast up on the ground surface. The selection of parameters for the 
stress calculation is shown in Table 3-2. 
 

Table 3-2: Conditions 

Case Concrete 

Internal 
friction 
angle, 
degree 

Concrete 

Wall 
friction 
angle, 
degree 

Clay1) 

Internal 
friction 
angle, 
degree 

Clay 

Wall friction 
angle, 
degree 

Total time 
of 

maturation, 

days 

Stage 

soft 20 20 10 10 1-15 1, 2, 3, 4 
viscous  30 30 20 20 15-30 5, 6, 7 

1) The clay ‘skin’ formed between the plug and the borehole wall.  

 
Subcases refer to the time-related increase in strength for the concrete and clay materials matured 
for 2 days, each being termed ‘soft’, whilst materials rested for 30 days are termed ‘viscous’. 
Compressive stress is negative (-). The calculation of the pressures P1, P2 etc has been made for 
the various construction stages considering both the ‘soft’ and ‘viscous’ cases and the evolution of 
the respective materials. The principle is illustrated here for the first three stages. 
 
Stage 1: The first concrete plug is cast at the base of the borehole.  
 
P7: caused by the weight of material for the soft case; P7= -1.4 MPa  
P7: for the viscous case1preserved from the initial soft case; P7= -1.4 MPa. 

 
Stage 2:  The first clay plug is installed and matures by which a ‘clay skin’ is developed along its 
full length, 142.85 m. The wall friction of the skin is 10o for the soft case and 20o for the viscous 
case. The pressure P7 at the base of the borehole is:  

 
P7: for the soft case the effective pressure is the initial pressure -1.4 MPa plus the effective 
pressure caused by the weight of the clay plug -1.331 MPa, reduced by wall friction (silo) effects 
giving -2.065 MPa in total. 
P7: for the viscous case the effective pressure at the base of the borehole is the initial pressure -1.4 
MPa plus the effective pressure caused by the weight of the clay plug reduced by the wall friction 
effects. In practice the pressure is preserved from the soft case, i.e. -2.065 MPa in total. 
P6 (pressure on the first concrete plug): the effective pressure on the top of the first concrete plug 
is caused by the own weight of the clay plug -1.331 MPa reduced by wall friction (silo effects). 
For the soft case we get the pressure as -1.996 MPa, and for the viscous case -1.996 MPa but since 
no recoil will occur the pressure from the soft case remains also for the viscous case.  

 

1 The ‘viscous’ case representing 30 days of maturation involves some compression that generates wall friction 20 
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The stability of the first concrete plug needs to be guaranteed, which makes it necessary to 
examine the shear strength of the concrete at the upper end of the first concrete plug. It is 0.3 
MPa after 2 days, increasing to 1.0 MPa after 30 days (Pourbakhtiar, 2012). Applying the theory of 
plasticity for soils (Prandtl, Terzaghi) these strength values correspond to a bearing capacity that is 
around 10 times higher, i.e. about 3 MPa for the 2 day old concrete and 10 MPa for the one 
matured for 30 days. The effective contact pressure exerted by the clay plug (weight of plug 
divided by the loaded area having 8.0 cm diameter) is slightly higher than the bearing capacity of 
the 2-day concrete but half that of the 30-day concrete, which would mean that one has to wait 
for at least 2 weeks after casting the first concrete plug before the first clay plug can be installed. 
However, the clay skin around the clay plug tube will mature quickly and gain shear strength so 
that the pressure on the first concrete plug will not be this high. Thus, already after 6 hours the 
skin will have a shear strength of 50 kPa (Hassen, 2012) and 550 kPa after 2 days. The shear stress 
in the clay skin caused by the own weight of the clay plug will be the weight under water of the 
142.85 m long plug divided by the clay skin area (average diameter 9.0 cm of the clay multiplied 

by Pi (  and the length 142.85 m). We therefore find that the entire clay plug will already be 
carried by the clay skin after two days and that the first concrete plug will not fail when loaded by 
the first clay plug. 

 
Stage 3:  The second concrete plug is cast on top of the first clay plug, thereby loading the clay 
skin which will be squeezed upwards by downward sinking concrete if the bearing capacity of the 
clay is not high enough. As the shear strength of the clay skin will be 550 kPa after 2 days and the 
bearing capacity about 5.5 MPa when the concrete is about to be cast, the clay skin will be able to 
carry a 500 m high concrete fill without failing. The 142.85 m concrete plug will therefore be cast 
without problems, even if the wall friction effect is disregarded. Taking the wall friction angle to 
be 10o, corresponding to the soft case in Table 3-2, the vertical pressure on the clay plug will be -
1.099 MPa, meaning that the first clay plug will remain stable under the load of the second 
concrete plug.  

 
P7 (pressure at the base of the borehole): The effective pressure on the base of the borehole is 
increased from -2.065 MPa of stage 2 to -3.164 MPa by installing the first clay plug and casting 
the second concrete plug.  
P6 (pressure on the first concrete plug): The effective pressure on the first concrete plug is 
increased from -1.996 MPa of stage 2 to -3.095 MPa by installing the first clay plug and casting 
the second concrete plug.  
P5 (pressure on the first clay plug): The effective pressure on the first clay plug is increased from 
1.799 MPa of stage 2 to -0.301 MPa by casting the second concrete plug. 

 
3.4 Results and Discussion 

The estimated effective pressures in the plug sequence according to the applied simplified 
technique are plotted in Fig. 3-3, from which one concludes that the general pressure evolution 
can be described as a successive increase with the depth, ranging from about -0.3 MPa at the base 21 
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of the uppermost concrete plug to -7.8 MPa at the base of the borehole. The pressure increase is 
not linear for stage 3 and upwards because of the assumed increase in internal and wall friction 
angles.  
 
The compressive strength for each stage is consistently higher than the effective stress meaning that 
stable conditions prevail throughout the sealing campaign. The only possibly critical condition is 
represented by stage 2 for which the strength of the clay ‘skin’ has to be relied upon for avoiding 
failure of the concrete where the clay plug is in contact. In practice one can raise the safety factor 
by letting the clay plug hang on the drilling rig during the required 2 days of maturation, (Pusch et 
al., 2013). 
 

 

Fig. 3-3: Estimation of the effective pressure for the respective stage. The bearing capacity compressive is 
represented by the upper curves for each stage. 
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CHAPTER FOUR 

A NEW CONCRETE FOR SEALING BOREHOLES, SHAFTS AND 
TUNNELS 

 
4.1 General 

The proposed principle of constructing concrete seals where investigation boreholes or boreholes 
for disposal of HLW, like a VDH, intersect fracture zones, requires consideration of their physical 
performance and what their chemical and mineralogical impacts are on adjacent clay seals. A most 
important fact is that ordinary concrete with Portland cement as binder is not attractive, firstly 
because of its poor chemical stability and secondly because of the rise in pH of the porewater to 
more than 12, which has a strong degrading effect on the clay seals. There is also a third, major 
argument: organic super-plasticizers that are commonly used for making concrete sufficiently fluid 
for casting, are not wanted since they can give off organic colloids that can transport radionuclides. 
Inorganic fluidizers like talc and use of low-pH cement offer new possibilities to prepare concretes 
for use in boreholes, shafts and tunnels (Pusch et al., 2012b; 2013). 
 
4.2  ‘Talc-Concrete’ 

New types of concrete have been developed for long-term performance. They contain a small 
amount of cement ( 6-10%), and have quartz as dominant aggregate mineral with talc added for 
providing fluidity at casting (Mohammed et al., 2013; 2014a; Pusch et al., 2013; 2013b; Warr and 
Grathoff, 2011). 
  
A number of criteria have been defined concerning concrete seals, in particular with respect to the 
granular composition and the cement content. They are different for ordinary boreholes and for 
the VDH concept of storing HLW deep down in large-diameter boreholes, where high 
temperatures prevail. For very deep boreholes the following criteria must be satisfied:  
 
 Concrete fluidity at casting has to be sufficient. 
 The bearing capacity of the concrete has to be sufficient and the compressibility sufficiently 

low for maintaining constant volume conditions under the load of the whole overlying series 
of seals or waste containers. 

 The concrete must not undergo phase separation when being cast, and it must be physically 
stable after hardening. 

 The hydraulic conductivity of the hardened concrete should be lower than that of the 
surrounding fracture zone, (Mohammed et al., 2014a). 

 
Since the concrete must perform acceptably for 100,000 years (Svemar, 2005; Pusch et al., 2011), 
and the cement component will ultimately be dissolved and lost in this time perspective, the 
remainder, i.e. the aggregate components must still provide support for the neighbouring segments  

23 
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of clay seal and be sufficiently tight and erosion resistant. They must therefore be very densely 
packed and have a low porosity, (Mohammed et al., 2013).  
 
4.3 Composition and Constitution of Proposed Concrete 

The concrete seals to be cast in boreholes should have a small amount of cement for minimizing 
the mutual chemical impact on the contacting clay seals. This can be achieved by keeping the 
cement/aggregate ratio very low and by using aggregate material with high internal friction after 
maturation, and also by using low-pH cement. Aggregate is the main constituent of concrete and 
represents about 75% of the total volume of the mixture. The performance of concrete in both 
fresh and hardened states is affected by the texture, shape and grading of aggregate. High aggregate 
packing density gives a small void volume in which the cement paste dwells and the recipe should 
therefore be such that the void volume is at minimum, which also implies low cost and 
insignificant problems with shrinkage (Reisi and Nejad, 2011). Amongst the most important tools 
for working out suitable recipes are the particle packing theories, of which one was found to be 
particularly suitable for the present purpose of preparing concrete for borehole sealing. Packing 
theory can be used for optimizing the composition of concrete by combining different available 
aggregate types for making it as dense as possible still with sufficient workability (Mohammed et al., 
2014a). Fig. 4-1 represents a flow chart showing the arguments for using particle packing as a 
concept in preparing concrete mixtures. 
 

 
 

Fig. 4-1: Flow chart for using particle packing as a tool in optimizing concrete mixes. 24 
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An ideal concrete recipe implies: (1) increasing compressive strength with time; (2) good 
workability and fluidity; (3) minimum amount of cement and optimal granulometry of the 
aggregate for providing low compressibility and hydraulic conductivity; (4) minimum amount of 
cement for minimizing cost (Mohammed et al., 2014a). 
 
4.3.1 Application of Particle Packing Theories 

4.3.1.1 Introduction 

A recommended principle in composing concrete for sealing boreholes, followed also in the 
present project, is to use packing theory for reducing the cement content to an absolute 
minimum, the reason being that even total loss would have only a small impact on the porosity 
and hydraulic conductivity. The aim of optimizing concrete mixing is to prepare concrete with 
best possible packing (Mohammed et al., 2013). The amount of binder (primarily cement) for filling 
the aggregate voids can be minimized, still keeping the freshly mixed concrete sufficiently fluid. A 
minimum amount of binder is beneficial not only from economical points of view but also for 
reducing shrinkage and creep and for creating a product that is durable and strong. The W/C ratio 
is a strength-controlling parameter that is affected also by the packing concept. Particle packing 
models give a basis for mix designs not only for traditional concrete but also for selecting mix 
proportions that have self-compacting ability and high strength (Senthil and Manu, 2003). 
 
4.3.1.2 Definition of Packing 

The degree of packing is expressed in terms of the amount of solid aggregate minerals per unit 
volume (Fig. 4-2).  
 

 
 

Fig. 4-2: Illustration of packing definition. 
 

The mathematical expression is simply ‘unity minus porosity’ (De Larrard, 1999). The degree of 
packing is a function of the grading curve and the shape of the particles. The packing density for 
any mixture depends on geometrical features and is defined as below (further details are described 
in (Mohammed et al., 2012; 2012a; Paper I). 
 25 
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Total volume (Vt) = volume of solid particles (Vs) + volume of voids (Vv). 
Porosity = Vv / Vt 
Packing density ( ) = Vs / Vt = 1-Porosity 
 
4.3.1.3 Factors Affecting Particle Packing 

Particle packing models aim at selecting suitable sizes and proportions of small particles to fill voids 
between larger grains. The small particles are, in turn, separated by smaller voids which will be 
filled with even smaller particles etc. The main factors affecting the applicability of packing 
theories are: 
 
 Particle size distribution. 
 Methods of compaction. 
 Shape and size of particles. 
 ‘Wall effect’: a coarse particle is located in the matrix of fine particles, which disturbs the 

packing of small particles along the surface of larger particles at the boundaries of the mixer. 
To avoid this, the diameter of the cylindrical container for preparing the concrete mixture 
should be more than 10 times the diameter of the larger particle (Senthil and Manu, 2003); (Fig. 
4-3, right). 

 ‘Loosening effect’: If a ‘Class 2’ grain is inserted in the pores of a coarse-grain packing and if it 
is no longer able to fit in a void, there is locally a decrease of volume of ‘Class 1’ grains (De 
Larrard, 1999). It will negatively effect the packing density of coarse particles as shown in Fig. 
4-3, left, Paper I. 

 

             
 

Fig. 4-3: Illustration of wall and loosening effect, (modified from De Larrard, 1999). 
 

4.3.1.4 Experimental Methods for Estimating Particle Packing 

a) Loose Packing method 
Almost all methods for composing concrete employ the same practical procedure, i.e. pouring the 
aggregate mix into a container and evening out the surface of the fill, followed by measuring the 26 
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net weight of the material and calculating the packing degree ( ). The calculation requires data of 
the weight, volume and density as defined by Eq. 2, (Norberg, 2005). The tested material needs to 
be dry in order to avoid particle adhesion and agglomeration, (Fig. 4-4). 
 

containerparticleAgg

sample

xV
m

.
                                                     (2) 

 

where: samplem : The weight of compacted; particleAgg . : Density; containerV : Volume of the test 

container. 
 

b) Compression packing  
Compression packing makes it possible to find a combination of aggregate particles that generates 
the minimum void content (Utsi, 2008). The procedure is the same as for the previous method 
but the granular material is compacted by vibration and loading, (Fig. 4-5). 
 

  
 

Fig. 4-4: Loose packing method. 
 

Fig. 4-5: Compressible packing method. 
 

4.3.1.5 Classification of Packing Models  

The particle packing models - theoretical and practical - can be categorized as two main classes: 
 
(i) ‘Discrete models’ 
This system includes packing of a mixture that consists of two or more size fractions of particles. 
The coarsest particles form the basic ‘Skeleton’ according to this approach. The voids between 
these particles are filled with smaller particles and the voids between them are in turn filled with 
even finer particles etc. (Senthil and Manu, 2003). 
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(ii) ‘Continuous models’ 
This approach assumes that all possible sizes are present in the particle system (Senthil and Manu, 
2003). The major output of most of these models appears in user-friendly programs as described in 
the flow chart of Fig. 4-6. 
 

 
 

Fig. 4-6: Particle packing models and software based on, 
 

4.3.2 Practical Application of Micro-Structural Modeling 

4.3.2.1 Linear Packing Model  

(Stoval et al., 1986) and (De larrard, 1999) have proven that there exists at least one dominant 
particle group in fully packed mixtures containing two or more particle groups (Stovall et al., 
1986; Wong, 2007). However, the particles in such mixtures will be dispersed if they are not in 
close contact. The constituting equations of the linear packing model (Wong, 2007) are Eq. 3 and 
Eq. 4, (Mohammed et al., 2012a). 

 = =                          (3)                      

         = min                                                                     (4)                                                               
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where: : Actual packing density of the mixture;  : Packing density of the particle group i; : 
Individual packing densities; : Particle interaction factor (loosening or wall effect factor); : 
Individual solid particle to total solid particle Eq. (5); : Solid volume of each particle group in a 
unit bulk volume. 

 =                                                                               (5) 

 
4.3.2.2 Toufar’s Model 

The model proposed by Goltermann et al., 1997 is based on Toufar’s model and has been validated 
by comparing around 800 test results from multiple sources. The packing degree predicted by this 
model is expressed as in Eq. 6:  
 = 1 + 1            (6) 

 
where: y1/ 1: is the bulk volume of the fine particles; y2/ 2: is the bulk volume of the coarse 
particles; y2 (1/ 2 -1) is the void volume between the coarse particles; : is the factor that 
determines the influence of the diameter ratio; : is the statistical factor, (Goltermann et al., 1997). 
Toufar et. al., (Goltermann et al., 1997) also showed that  represents as in Eq. 7: 
 = ( ) ( + )                      (7) 

     
                 

and that each of the fine particles is located between four coarse particles, leading to the relation in 
Eq.8: 
 = 1 ( )                 (8) 

 
where: x is the bulk volume of the fine particles divided by the void volume between the coarse 
particles, derived from Eq. 9. 
 = ( )( )( )              (9) 

 
The packing grades evaluated from application of the various models do not increase if a small 
amount of fine particles are added because the fine particles are confined within the voids between 
the coarse particles. This over-idealized approach has been adjusted by introducing the correction 
factor  defined by Eqs.10 and 11: 
 = ( ), For x <x0                                 (10) 

   
where: x0 = 0.4753   and   k0 = 0.3881 29 
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 = 1 ( )  , For x x0            (11) 

 
The basic and modified Toufar models are based on a number of assumptions, especially 
concerning shape and size variations of the aggregate grains (Goltermann et al., 1997). They are 
modified by introducing a characteristic diameter of the aggregate particles and by using the 
measured ‘eigenpacking’ (loose filling) degrees for the aggregates according to (Goltermann et al., 
1997). The void diameter is a key parameter for the particle distribution and should be the basis 
for ascribing characteristic diameters to the aggregate particles (Norberg, 2005; Mohammed et al., 
2012; 2012a; Paper I). 

 
4.3.2.3 The ‘4C-Packing’ Model and Software 

4C-Packing is a model that can be used for calculating the packing of any combination of solid 
constituents in concrete (aggregate, cement, fly ash etc.), (Glavind and Pedersen, 1999). It is a linear 
packing model developed by employing the principles of packing of binary mixtures, extended to 
also cope with multi-component mixtures according to Stoval et al., (1986). The combination of 
empirical model data and this packing program makes it possible to optimize the concrete 
composition, and at the same time, to minimize the cement content and the cost. This software 
has been used as a tool for comparing results from other theoretical models and from practical tests 
of the packing degree (Mohammed et al., 2012; 2012a; 2013a; Paper I). The basic packing formula 
is given by Eq.12, (Glavind and Pedersen, 1999): 

 
1

1 1
1 )),(),()1((

i

j

n

ij

n
i jjifijigiiMinimumpacking   (12) 

 
where: : represents mono-disperse packing; : the volume fraction; f (i, j) the interaction 
function for the ‘wall effect’ i.e. the reason why small particles near the wall of the container or 
large particles cannot be packed as in bulk; and g (i, j) the interaction function for the effect of 
small particles misfitting in voids between large particles without disturbing the packing of the 
large ones. This latter effect is represented by a so called ‘ -value’ (Glavind and Pedersen, 1999; 
Glavind and Olsen, 1993).  
 
The last-mentioned model has been converted into a computer program ‘4C-Packing’ software 
that is commercially available (Danish Technological Institute), the input and output of the program 
being shown in Table 4-1. The main user-interface is as shown in Fig. 4-7. It consists of two main 
areas, the ‘Database’ area and the ‘Calculations’ area. Aggregates are selected for calculations by 
pressing one of the buttons of ‘Aggregate 1 up to 6’ followed by clicking with the mouse cursor 
on one of the materials pre-prepared in the ‘list of aggregates’ (Fig. 4-7). 
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Table 4-1: Input and output data by 4C-program (Claus et al., 2009) 

 Input Output 

Materials Density 
Size distribution (grading 
curve) 
Eigen-packing for each 
fraction 
Cost 

 

Calculations ‘ -value’ 
‘GC’ subdivision 

Packing value 
Diagrams of packing 
Grading curves 
Concrete mix proportions 
Grading factor 

 

 
 

 
Fig. 4-7: Main interface of the 4C-program 

 
4.3.2.4 Theoretical Evaluation of Packing Degree 

Modelling for calculating important microstructural parameters has been made following the 
principle illustrated in Fig. 4-8, (Paper I; Pusch et al., 2013). 
 

31 
 



 A New Concrete for Sealing Boreholes, Shafts and Tunnels 
 

 
 

Fig. 4-8:  Schematic view of REV (representative elementary volume) of talc concrete in 2D, it represents 
aggregate pattern with cement grains (grey spheres) and talc particles (thick red lines), the section is taken to be 
400 μm thick and hosts aggregate grains representing the size fractions 0-0.4 mm, 0.4-0.8 mm, and 0.8-1  
mm, the cement grains are assumed to be 20 m in diameter, the talc particles are assumed to cover the whole 

side surface of the indicated aggregate grains and form film patches with an average thickness of 100 m. 
 
Microstructural parameters can be defined by statistical treatment (Pourbakhtiar, 2012). For the 
talc-concrete considered here as reference material for borehole sealing, the solid matrix consists of 
four major components: (a) aggregate particles; (b) cement grains; (c) talc particles; and (d) water. 
The aim is to define the granulometric size distribution of these components and the packing 
degree for the mixture, for which the sieve curves were utilized. For the microstructural modeling 
the largest grains were assumed to have an equivalent ‘diameter’ of 1 mm and all aggregate grains 
to be tetrahedrons motivated by the angular shape caused by the crushing. Each grain had an edge 
length representing the ‘equivalent diameter’ and since the volume of the tetrahedron-shaped 
particle is directly available and the density 2,700 kg/m3, the number of grains belonging to the 
respectively sized fractions is easily calculated. The packing degree is obtained by dividing the total 
solid volume by the total unit volume, assuming the equivalent diameter to be 0.8-1.0 mm 
(Fraction 1), 0.4-0.8 mm (Fraction 2), and 0-0.4 mm (Fraction 3). All particles in the respective 
fraction were assumed to have the same size and the number of them was calculated from the 
weights given by the sieve curve. The size of the quadratic REV in 2D was defined as 2,000 × 
2,000 m2 and the thickness to be 400 μm for giving fair representation of larger particles and for 
making it possible to include complete aggregate grains of the 0-0.4 mm fraction, i.e., the most 
important population. The distribution of tetrahedrons, representing aggregate grains of crushed 
quartzite, was made randomly as indicated in Fig. 4-8 previously. This picture is schematic and 
does not give the right ratios between small, medium-sized and small aggregate grains, nor the 
ratio between cement, aggregate or talc, which have to be determined using packing theory, of 
which there are several versions (cf., Paper I). 
 

2,000 m

2,000 m
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4.4 ‘Talc-Concrete’ at Normal Temperature 

The following properties were investigated at normal temperature:  
 
4.4.1 Fresh State Properties 

4.4.1.1 Workability 

The fluidity of concrete is traditionally determined by conducting slump tests that give the height 
of the pile formed by letting the freshly prepared concrete flow out from the standard metal cone 
in which it is prepared. The results for the concretes with Glenium and talc are given in (Paper II). 
The figures represent the height of the slumps after the outflow. 
 
4.4.1.2 pH 

The pH of the freshly prepared concretes was determined by use of litmus strip papers since pH 
glass electrodes could not be inserted because of the dominance of coarse aggregate grains. (Paper 
II). 
 
4.4.2 Hardened State Properties  

4.4.2.1 Compressive Strength 

A uniaxial strength compression device was used for determining the unconfined compressive 
strength. The standard procedure was followed, implying compression of the samples at a rate of 
1.5% of the length per minute until failure occurs. Failure of hardened concrete was interpreted as 
the appearance of cracks. (For details see Papers I; II and Pusch et al., 2013). 
 
4.4.2.2 Tensile Strength 

The Brazilian test type was used and the results interpreted as shown in Fig. 4-9. A disc sample is 
subjected to compressive loads at the disc periphery (P). Following the standard method of The 
International society for rock mechanics (ISRM), the tensile strength, was calculated. The results 
of the tests made after 30 days of maturation. (For details see Paper I). 
 

 
 

Fig. 4-9: Brazilian test arrangement with typical tensile fracturing 
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4.4.2.3 Impact of Concrete Components  

The effects of fine aggregate, superplasticizer, cement type and packing degree on the mechanical 
strength as well as on the packing degree itself on the mixture has been studied and investigated. 
(For details see Papers I and II).  
 
4.4.3 Mineralogical and Microstructural Investigations 

XRD analysis, SEM electron microscopy and atomic absorption spectroscopy analysis were made 
at Greifswald University. Merit 5000 or Portland cement (25 g) were mixed with water (15 g), 
and prepared either with or without talc (2.2 g) (Pusch et al., 2013). 
 
4.4.4 Hydraulic Conductivity 

The hydraulic conductivity of 2 cm thick samples was determined for both Portland and Merit 
concretes cast in oedometers and exposed to a hydraulic gradient of 25 m/m (metre water height 
per metre flow length), (Pusch et al., 2013). 
 
4.5 ‘Talc-Concrete’ at High Temperatures 

Certain concepts for disposal of high-level radioactive waste (HLW) imply placement of it in very 
deep boreholes (Brady et al., 2009; Pusch et al., 2012b) where the concrete and clays seals will be 
exposed to temperatures of up to 150°C. Tests were made for investigating the performance of 
talc-concrete in pilot tests that are reported in detail in Papers III & IV.  
 
4.5.1 Test Setup 

The tests simulate the case of concrete exposed to a thermal gradient, which is the driving force 
for chemical evolution and which prevails for a long period of time in sealed holes with HLW. 
The copper base of the cells was heated to the respective temperature and the top lid of steel 
cooled to a constant temperature of 40-60oC. (For details see Paper III).   
   
4.5.2 Investigated Properties 

4.5.2.1 Load Testing 

The strength of the concrete, being the most important physical property of the concrete in the 
present context, was determined by performing unconfined compression tests at a constant 
compression rate of 1.5 % per minute (Paper III). 
 
4.5.2.2 Permeability Testing 

The second most important physical property is the hydraulic conductivity of the hydrothermally 
treated concrete. It was measured by using distilled water as percolate under a hydraulic gradient 
of 110 m/m. For avoiding leakage along the cell/concrete contacts the samples were first extruded 
from the hydrothermal cells, coated with smectite-rich clay paste and then pushed in again. The 
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paste has a hydraulic conductivity of less than E-11 m/s. (Paper III). 
 
4.5.2.3 Chemical and Mineralogical Investigations 

The investigation comprised XRD and electron microscopy with EDX and atomic absorption 
spectroscopy of the hydrothermally treated materials for comparison with freshly prepared ones, 
Paper III. 
 
4.6 Interaction of ‘Talc-Concrete’ and Clay Seals 

4.6.1 General 

Axial support to the clay seals provided by the concrete requires that it remains as a mechanical 
buffer and is not eroded, a criterion that requires high density and a minimum amount of cement. 
A concept for disposal of highly radioactive waste at large depth termed VDH implies that the 
upper two kilometres of 800 mm diameter steep bored holes are sealed with dense smectite clay 
where the rock has few fractures whilst concrete is cast where the holes intersect fracture zones. 
Earlier investigations have shown that there will be chemical interaction between concrete and 
clay both in the upper part where the temperature is lower than 90oC and in the deeper part 
where the temperature is up to 150oC. The present study comprised hydrothermal treatment of 
clay and concrete in contact with cells under isothermal conditions at room temperature, 100oC 
and 150oC for 8 weeks, (Details in Paper IV). 
 
4.6.2 Chemical / Mineralogical Processes 

Concrete with ordinary Portland cement gives very high pH caused by dissolution of Ca(OH)2 
(portlandite) in the porewater of the cement matrix, which can attack smectite crystal lattices in 
neighbouring clay seals. Released Ca, K and Mg in the porewater of the cement can migrate into 
the clay and affect its physical behaviour (Pusch, 1982). The initially generated hydroxides in the 
porewater of clay seals in boreholes caused by casting ordinary concrete over them is generally 
very high (>13). This is followed by a period in which pH is dominated by equilibrium with 
portlandite, Ca(OH)2, leading to the value pH = 12.4, in turn followed by a final stage with the 
system being in equilibrium with the CSH-type minerals formed in the cement matrix, giving a 
pH of about 10. These various stages of alkalinity can be modified by using ‘lower pH cement’ 
which reduces the destabilizing impact on the smectite clay (Gaucher and Blanc, 2006; Paper IV). 
 
4.6.3 Test Arrangement and Hydrothermal Treatment 

Interaction of smectite clay and concrete with low-pH cement has been investigated in a pilot 
study with clay samples confining a central concrete sample in cells, Paper IV. The cells, which had 
50 mm diameter and 70 mm height, were equipped with clay/concrete samples each connected to 
vessels with distilled water and 3.5 % CaCl2 salt solution and heated separately for 2 months at 
21oC, 100oC and 150oC, respectively. The fluid pressure was up to 400 kPa to avoid boiling, Fig. 
4-10, (Paper IV). 
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Fig. 4-10: Hydrothermal treatment of the samples confined in cells heated to 100oC and 150oC. Vessels 
filled with distilled water and salt water under pressure supplied the cells with the respective fluids. 

 
4.6.4 Test Program 

The testing comprised determination of the stress/strain characteristics of the sets of clay and 
concrete samples extruded from the hydrothermal cells, and chemical and mineralogical analyses of 
fragments from the failed samples. The process was recognized by examining photographs taken 
during the course of the compaction. The unconfined compressive strain and strain rate were 
determined for the pressures 40 kPa, 80 kPa, 160 kPa etc until the total compression strain had 
become 38 %. The load was then increased to give complete failure (Paper IV). 
 
4.7 Concrete Properties Investigated – Results and Discussion 

4.7.1 ‘Talc-Concrete’ at Normal Temperature 

4.7.1.1 Packing Degree 

Composing the aggregate so that a sufficient amount of suitably graded fines were incorporated 
(70% ‘coarse’ and 30% ‘fine’) gave effective packing and high density for reaching the desired state 
of smaller particles filling the space between larger ones. The different types of cement had a 
negligible impact on the packing degree. The talc powder behaved like cement with respect to the 
maximum packing degree for a given aggregate content, the amount of talc additive to give high 
packing density (denser mixture) being 5-10% of the total weight of solids. The microstructural 
modelling that was performed showed a good fitting of Toufar’s model with the experiments. The 
4C model gave a similar but a little overrated result concerning the evolution of packing, (Paper I). 
 
4.7.1.2 Workability 

The results shown in Paper II demonstrate that Glenium gave higher fluidity than talc but that the 
difference was not significant. For illustrating the role of talc as superplasticizer, the slump 
behaviour is valuable (Fig. 4-11). One concludes that relatively high fluidity can be achieved by 
careful adjustment of the superplastisizers (Mohammed et al., 2014). 
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Fig. 4-11: Slumping behaviours of talc concrete with different talc ratios, Upper left: 4.5 % talc content ratio, 
Upper middle: 6.1 %, Upper right: 6.9%, Lower left: 7.6 and Lower right: 8.2 %.  

 
4.7.1.3 Segregation  

Resistance to segregation is essential for concrete to remain homogeneous when being cast (Utsi, 
2008). This can be tested when the sample is scraped off the testing plate after a slump test (Fig. 4-
12). (cf. Mohammed et al., 2014). 
 

  
 

Fig. 4-12: A ‘scrape test’ showing the desired behaviour of a concrete mix, represented here by talc concrete. 
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4.7.1.4  pH 

Merit concrete gave lower pH results than Portland concrete. For Portland cement, Glenium 
concrete had pH-values of 11 to 12 while talc gave pH 13 for different fine aggregate brands. In 
contrast, Merit 5000 concrete with talc had pH 10, (Paper II). 
 
4.7.1.5 Compressive Strength 

The results from the experiments are summarized in Papers I and Pusch et al., 2013c. As concerning 
the role of talc, comparison of the compressive strain under a uniaxial pressure of 0.35 MPa of 
Portland and Merit concretes showed 3% compressive strain after 7 days of the first-mentioned, 
giving a peak value representing brittle failure. In contrast, the Merit concrete showed ductile 

behaviour and progressive strain (Pusch et al., 2013). After 28 days the Merit concrete was as stiff as 
the Portland concrete and showed axial fracturing that is typical of brittle material. One concludes 
that the Merit concrete gave lower compressive strength after 7 days, i.e., about 1/5 of that of the 
Portland concrete, whilst it was three times higher after 28 days. The reason is that chemical 
reactions related to dissolution of the talc material and neo-formation of silicious cementing 

compounds gave delayed but effective hardening. 
 
4.7.1.6 Tensile Strength 

The results of the tests made after 30 days of maturation are given in (Paper I). The major 
conclusion is that the Merit concrete was significantly stronger than Portland concrete and that the 
ratio of compressive and tensile strength was higher for Portland concrete than for Merit concrete. 
The Merit concrete showed toughness and ductility after seven days but stiffer behavior after four 
weeks, (Pusch et al., 2013). 
 
4.7.1.7 Chemical and Mineralogical Reactions 

Mineralogical changes were found by XRD and scanning microscopy, the minerals identified 
being ettringite, portlandite, larnite, brownmillerite, calcite and quartz. The talc-bearing cement 
contains exactly the same cement phases present in similar concentrations. Therefore, the addition 
of talc appears to have no significant effect on the cement phase development. The analyses of the 
7 day old cement showed similar characteristics to that of the 60 day mineralogy, Figs. 4-13; 4-14 
and 4-15, (Pusch et al., 2013). 
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Fig. 4-13: Powder XRD patterns (Cu K  radiation) of the starting dry Merit cement with and without talc 
after 7 days of setting with and without added talc. The two cements contain a large amount of amorphous 

components as well as calcite and minor amounts of crystalline phases that could not be identified with 
certainty. The added talc does not change the mineralogy of the cement, (analysis by Greifswald University). 

 
 

Fig. 4-14: Powder XRD patterns (Cu K  radiation) of the starting Portland cement with and without talc 
after 7 days of maturation. The cements contain ettringite, portlandite, larnite, brownmillerite and calcite.  The 
cement with added talc contains the same minerals and that with additional talc, which therefore does not seem 

to have effected the mineralogy of the cement, (analysis by Greifswald University). 
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Fig. 4-15: Powder X-ray Diffraction patterns of the two cements (without added aggregate) matured for 60 
days. The top pattern is solely cement, the middle is cement with 8.5% talc. The bottom plot is the difference 

between the top and middle pattern, reflecting the added talc, (analysis by Greifswald University). 
 
The formation of talc coatings of aggregate grains was evident when observed at the micron-scale 
but no direct textural evidence of talc dissolution could be seen for Portland concrete (Figs. 4-16 
and 4-17), for the Merit concrete some changes were seen (Fig. 4-18), (Pusch et al., 2013; 2013c). 
The scanning electron microscopy verified two notable features: 1) the formation of fibrous 
cement phases between aggregate particles, and 2) the alignment of talc particles between larger 
aggregate particles. 
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Fig. 4-16: Residue of talc particles oriented around a spherical quartz grain (not shown) in the concrete, 
Micrographs by Greifswald University. 

 

 
 

Fig. 4-17: Scanning electron micrograph of talc concrete with Merit 5000 cement showing fibrous 
cement phases between aggregate particles, Micrographs by Greifswald University. 

 

 
 

Fig. 4-18: Talc particles in Merit concrete. The smooth, slighly rounded edges of the talc may be taken 
as an indication of some dissolution, Micrographs by Greifswald University.  41 
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4.7.2 ‘Talc-concrete’ at High Temperatures 

4.7.2.1 Loading Test 

The unconfined compressive strength is given in Paper III. Failure took place in the form of the 
development of fractures parallel to the loading direction indicating brittleness. The strength of the 
75 and 150oC samples was almost the same, indicating that the strengthening processes were 
complete already at 75oC. One concludes that 150oC does not cause break-down and that the 
concrete has a potential to serve in very deep holes. 
 
4.7.2.2 Permeability Testing 

Determination of the hydraulic conductivity of the concrete was made with the samples still in the 
cells using distilled water as percolate (Paper III). The high value for the sample matured at room 
temperature indicates the presence of large interconnected voids. The reduction to 1/10 of this 
value for the sample exposed to 75oC in the hydrothermal treatment is explained by the partly 
filling of these voids with gels formed by the chemical interaction of cement and talc. For the 
most heated samples further reduction of the conductivity by 5 times had taken place, indicating 
that the gel formation had continued and that further blocking of voids and channels had taken 
place.  
 
4.7.2.3 Chemical and Mineralogical Investigations 

The concentration of leached Na decreased over the period of sampling in all of the 3 
temperatures tested. The most rapid rate of the decrease in Na was seen in the 75°C sample and 
the slowest in the 20°C sample. A similar trend was observed for K, except that at 20°C, after 3 
weeks, an increase in K content had taken place, which may reflect the transition from cement 
precipitation to cement leaching as the dominant process. This mechanism is also evident by the 
significant increase of Ca observed at 20°C during the 4 week period. It can be taken to indicate 
dissolution of Ca hydroxide cement phases. Enhanced rates of dissolution and leaching of these 
cations during the experiment was not observed at 75°C and 150°C. Here, crystallization 
processes were more favourable. The lowest amount of leached Na, K, Ca and perhaps Mg was 
recorded at the highest temperature of 150°C, indicating that this concrete was thermally the most 
stable. The small differences in Mg concentration observed between the different thermal 
conditions are not considered to be significant (Paper III). 
 
In order to examine the mineralogy and crystalline state of the hydrothermally treated concrete, 
samples from the loading tests were investigated with respect to the mineralogy by SEM, the 
compositional results given in (Paper III). Cement phases in the form of a thin grain coating were 
abundant in the 25°C treated sample (Fig. 4-19a). Such coatings occurred on all types of grains in 
the sample, including the platy talc particles. The cement phases formed a notably fine, 
interconnecting network, which shows occasional coarsening but pore-filling cement phases are 
notably absent. In contrast, the 75°C treated sample has noticeably coarse cement coating that 
partly fill void spaces (Fig. 4-19b).  42 
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Fig. 4-19: Typical SEM micrographs of the hydrothermally treated concrete samples imaged with a secondary 
electron detector. a) 20oC, b) 75oC, (Paper III, Micrographs by Greifswald University). 

 
The coarsest type of cement with thick clusters and pore fillings was observed in the concrete 
subjected to 150°C, whereby the precipitation of crystals as large as 2 m was observed. These 
observations confirm that the enhanced thermal conditions led to more extensive precipitation of 
cement phases that provide both strength and lower hydraulic conductivity. The elemental 
composition of the cement phases partly confirms the leaching trends observed in the water 
analyses (Paper III). 
 
4.7.3 Interaction of ‘Talc-Concrete’ and Clay Seals 

4.7.3.1 Loading Test 

The compressive strength of the fresh-water clay sample at room temperature was reached for the 
pressure 519 kPa, corresponding to a shear strength of about 250 kPa assuming Mohr/Coulomb 
behaviour. The saltwater-saturated clay was stronger but more brittle. The average compression 
modulus of the clays, being the ratio of axial stress before failure, can be estimated at 10 MPa. The 
concrete remained intact until the pressure had reached about 700 kPa when the total compressive 
strain had become about 35 %. Further compression led to complete brittle failure of all the 
components, Paper IV. 
 
For the 100oC set, the behaviour was similar, i.e. with the clay saturated with distilled water being 
the first to fail. The compressive strength was reached at a pressure of around 900 kPa, 
corresponding to a shear strength of about 450 kPa of the clay saturated with distilled water. The 
lower saltwater-saturated clay was slightly stronger. The average compression modulus of the clays 
was similar to that of the room temperature clays. The concrete remained intact until the pressure 
had reached about 1,500 kPa when the total compressive strain had become about 40 %. Further 
compression led to complete brittle failure of all the components, Paper IV. 
 
The successive breakdown of the sample set kept at 150oC temperature is shown by Fig. 4-20. As 
in the other tests the upper clay saturated with distilled water failed first, the concrete being the 
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strongest component.  The compressive strength of the clays was reached when the total strain was 
about 1.5 % and the pressure about 1,100 kPa, corresponding to a shear strength of about 550 kPa, 
Paper IV. The compression modulus of the clays can be estimated at 25 MPa showing that they 
were significantly stiffer than the less heated ones. The concrete remained intact until the pressure 
was 3,300 kPa and the total compressive strain had become about 40 %. 
 

  

  
 

Fig. 4-20: Compression stages of the samples heated at 150 C temperature. Initial failure took place in the 
upper clay sample at 1,300 kPa pressure.  

 
On comparing the results for the concrete with earlier investigations with no clay present in the 
hydrothermal cells one finds that the compressive strength was nearly 3 times higher for the 
concrete without contacting clay (Paper III). It had a compressive strength of 4.5 MPa of unheated 
concrete and 9 MPa for concrete exposed to 75oC and 150oC. This agrees with the results from 
the field experiments with smectite-rich clay in contact with concrete based on Portland cement 
and therefore supports the conclusion from the latter study that the chemical interaction of the 
two materials causes weakening, Paper IV.  
 
4.7.3.2 Mineralogical and Chemical Analyses 

a. X-ray Diffraction 

Three samples from the clay and concrete were selected from the 20, 100 and 150°C experiments. 
The six samples were crushed and dried to powder form for random powder diffractometry. The 
clay samples showed the characteristic clay mineral reflections at low-angles (5-16° 2 theta) as 
shown in Fig. 4-21. 44 
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Fig. 4-21: X-ray diffraction analysis of the Holmhus clay sample showing the clay minerals present. Red = 
21°C, blue = 100°C and green = 150°C. d-values given are in Å units. The background trace has been 

subtracted. Lin = Linear (counts), (Paper IV, spectra by Greifswald University). 
 
The dominant reflection is that of illite (10 Å), being most intense in the 21°C sample and 
decreasing at higher temperatures. This decrease is presumably not reflecting a decreasing illite 
abundance, but is caused by the shift of a broad overlapping of the illite/smectite (I/S) reflection 
from ca. 11.3 Å in the 21°C sample to about 14.4 Å in the 100 and 150°C treated clays. The 
cause of this peak shift is attributed to the exchange of Na by Ca in the interlayered smectite, and 
the incorporation of 2 water-layers into the I-S structure (as opposed to 1 water-layer for Na), 
which is responsible for the increase in the measured thickness of I-S structure (Paper IV). 
 
b. Electron Microscopy 

The six samples were investigated by scanning electron microscopy combined with energy 
dispersive X-ray (EDX) analyses of the clay and cement portions across the contact between the 
two materials. Secondary electron imaging reveals a variety of microstructures in both the clay and 
cement phases at the different experimental temperatures. At 21°C the clay displays typically thin 
illite/smectite particles with irregularly shaped edges that are frequently crenulated (Fig. 4-22A). 
The contacting cement in the adjacent concrete is well developed, forming thin coatings of most 
grains and showing a network-type structure of interconnected cement grains (Fig. 4-22B), (Paper 
IV). 
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The clay subjected to 100°C was similar to that of the 20°C sample, with similar crenulated edges 
of the illite/smectite particles (Fig. 4-22C). A notable difference is the occurrence of irregular 
patches of cement that coats many of the clay’s grains, and appears to have precipitated from the 
interaction of the fluids derived from the cement and the saline CaCl2 solution. These 
neocrystallized cement precipitations, which include gypsum, are at least partly responsible for the 
apparent hardening of the clay beneath the concrete layer and indicate that cement-derived fluids 
penetrated significant parts of the underlying clay layer during hydrothermal treatment (Paper IV). 
 

 
 
Fig. 4-22: Secondary electron images of A) 21°C treated clay, B) 21°C treated concrete, C) 100°C treated 

clay, D) 100°C treated concrete, E) 150°C treated clay and F) 150°C treated concrete. I/S = illite-smectite, 
T = Talc, C = cement, (Paper IV, Micrographs by Greifswald University). 46 
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The nature of the cement in the concrete at 100°C is also well developed and coats most 
aggregate grains with the exception of some talc crystals (cf. Fig. 4-22D). The cement is, however, 
slightly coarser in its network texture and thicker than that developed in the 21°C sample, 
indicating enhanced dissolution and precipitation reactions, (Paper IV). 
 
The clay of the 150°C sample shows illite/smectite particles with notably smoother edges than 
developed in the lower temperature samples, which can be attributed to enhanced dissolution of 
the clay (Fig. 4-22E). Localized patches of Ca-cement precipitates are also found in the within the 
clay, as developed in the 100°C sample. The cement phases in the concrete are similarly coarse in 
texture and thicker than those developed at lower temperatures (cf. Fig. 4-22F), indicating 
similarly enhanced dissolution and precipitation reactions with penetration of cement-influenced 
fluids into the underlying clay layer, (Paper IV). 
 
c. EDX 

The EDX analyses show that some changes in composition of the illite/smectite particles occurred 
with increasing temperatures (Paper IV). Mg, Fe and K decreased slightly, indicating possible 
dissolution of illitic and or smectitic layers, whereas the Ca content increased by exchange of 
interlayer cations. However, as the clay particles are commonly coated by nanometre-sized 
neocrystallized cement grains (e.g. gypsum), which are increasingly evident at higher temperatures 
in the cement, these chemical trends also reflect the increasing degree of cement contamination 
(Ca-phases). The main constituents of Si and Al show no recognition changes (Paper IV). 
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CHAPTER FIVE 

NEW CEMENT GROUT FOR SEALING FRACTURED ROCK 

 
5.1 Introduction 

Sealing of rock is often required for making tunnel and shaft construction possible and grouting by 
injecting cement-based materials for this purpose is common in all parts of the world (Eliasson, 
2012; Littlejohn, 2003; Sio-Keong, 2005). In practice, the grout does not have to be intact for 
more than a century but for certain cases, like repositories for hazardous waste, it may have to 
perform for a much longer time, which requires special grouts. A number of important features of 
cement-based grouts have been described in the literature but relatively sparsely on the use of low-
pH cement and almost nothing has been reported on the use of inorganic super-plasticizers 
(Håkansson, 1993; Schwarz, 1997; Eriksson, 2002). These matters are in focus in the present study, 
which also describes a practical method for determining the viscosity of grouts and for selecting 
suitable aggregate/cement/water ratios by applying packing concepts. It deals, in particular, with 
the injectability, rate of maturation, erosion resistance, and long-term chemical stability of grouts 
intended for sealing fracture zones that intersect rock in which highly radioactive waste from 
nuclear reactors is stored. Injection is made from boreholes penetrating the zones to be sealed. 
Deep slim holes bored in the site selection process or larger ones for hosting  radioactive waste pass 
through several fracture zones that should be sealed by grouting from packed-off parts of the holes 
(Pusch et al., 2011; 2013c). Clay seals are installed where the rock is tight and concrete is cast 
where the holes pass through grouted fracture zones.   
 
5.2 Cement Based Grout- Background 

Grouting for underground construction is a process for filling fractures, voids or cavities in rock. 
In Sweden, most grout studies have concentrated on the grout itself. The most common type of 
grout used in Sweden is based on cement. Cement-based grouting has occasionally but not always 
shown good results even in rock with narrow fractures (Funehag, 2007).  
 
Cement-based grouts have been described in detailed by Houlsby (1990) and Littlejohn (2003). The 
most important features of cement-based grouts have been identified by Håkansson (1993), Weaver 
(1991), Schwarz (1997) and Banfill (2003). Cement grout has a well-defined shear stress as 
described by Cambefort (1954), (Sio-Keong, 2005; Mohammed et al., 2013b). 
 
The matter of longevity of cement materials for grouting and as a binder in concrete has been 
investigated in a comprehensive research program conducted in the US in the late eighties (Alcorn 
et al., 1992). The conclusion was that grout with Portland cement is expected to lose most of its 
sealing potential in 100 years and that other cement types should be considered for reducing the 
hydraulic conductivity of fractured rock that is present in HLW repositories. The hydraulic 
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conductivity of the hardened grout does not have to be very low but the erodability should be 
low and the strength and chemical stability high (Pusch et al., 2011; Mohammed et al., 2015).  
 
5.3 Rheological Properties of Grouts 

5.3.1 Background 

The rheology of cement-based grout is characterized by viscoplastic behaviour and a yield stress, 
(Nguyen et al., 2006), (Fig. 5-1). Injectability, stability (homogeneity and coherence) of the 
suspension, and rate of maturation are the most important properties of freshly prepared grouts 
(Toumbakari et al., 1999; Banfill, 2003; Westerholm, 2006). The rheological properties of dense 
cement pastes have been thoroughly investigated by cement and concrete manufacturers and 
various research institutes and universities through the years, whilst only a little work on the 
rheology of cement-based grouts for fracture sealing in rock has been reported in their literature. 
The reason is that the properties are strongly transient and dependent on physical interaction of 
the various constituents and mutual chemical reactions. This starts already in the course of the 
preparation and injection of grouts into rock fractures and continues in the injected grout 
(Håkansson, 1993). For achieving effective injectability and acceptable performance of the just 
injected grout it must be low-viscous and erosion resistant, since the fine materials in suspension 
coagulate rapidly by inter-particle interactions. They depend on the w/c ratio, cement type, 
temperature, content of superplasticizer and stirring energy (Börgesson et al., 1992). 
  

 
 

Fig. 5-1: Yield stress and plastic viscosity. 
 

Bingham fluids do not flow until a critical yield stress is exceeded and are characterized by a linear 
relationship between the shear stress and shear rate (Fig. 5-2). The yield value can be estimated by 
plotting the shear-stress/shear-rate data whilst the so-called plastic viscosity represents the slope of 
the curves (cf. Fig. 5-1). Bingham materials behave as solids below the yield stress and flow as 
viscous liquids after exceeding it (Sio-Keong, 2005). The proposed grouts behave as Bingham 
fluids, and have a viscosity that varies with the rate of shearing (Mohammed et al., 2015). 
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A number of attempts to find simple but accurate ways of determining the viscosity of Newtonian 
and non-Newtonian (Bingham) fluids have been made by Pitt (2000), Nguyen et al., (2006) and 
Roy and Roussel (2005; 2005a) starting with The Marsh Funnel – a standard tool for investigating 
grouts. The technique is to fill a cone of defined dimensions with freshly prepared grout to a 
certain height and measure the time for discharge from it when lifted.  
 
These investigators showed that the time for outflow is proportional to the Newtonian viscosity. 
They also showed that for certain funnel geometries and test conditions the flow time is a measure 
of ‘fluidity’ that can be related to the plastic viscosity and yield stress of grouts behaving as 
Bingham fluids, (Fig. 5-2), (Roussel and Roy, 2005a). 
  

 
 

Fig. 5-2: Newtonian and Bingham behaviour of grouts, 
 

Further work on the use of cones and funnels by Tregger et al., (2008) demonstrated a simple 
relationship between the time to final spread in the mini-slump flow test and the yield 
stress/viscosity for cement pastes, and by Bouvet et al., (2010) who used both mini-slump and 
Marsh Funnel tests, (Mohammed et al., 2014c).  
 
5.3.2 Practical Methods of Evaluating Rheological Parameters 

The fluidity of cement-based grout or paste can be described in terms of viscosity and yield stress. 
They are most accurately determined by use of viscometers. The purpose of the present study was 
to develop an alternative method for use on site in conjunction with full-scale grouting projects. 
For this purpose capillary flow testing, Marsh Funnel testing, mini-slump cone testing, and 
viscometer testing were used, the focus being on describing and defining the flow properties of the 
tested grouts with correlation of the flow time and the rheological behaviour (Pitt, 2000; Roy and 
Roussel, 2005; 2005a; Tregger et al., 2008; Mohammed et al., 2013; Utsi, 2008; Agulló et al., 1999; 
Gettu et al., 2002; Domone, 2006; Svermova et al., 2003; Park et al., 2005). The ability of grout to 
pass obstructions in the flow path without the grains clogging and preventing further penetration, 
which is called ‘filtration tendency’, is affected significantly by the size and distribution of grains 
(Eklund and Stille, 2008). A generally accepted rule is that the maximum grain size will be 50 % of 
the geometrical fracture aperture, (Mohammed et al., 2014c). 51 
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5.4 Flow Properties of Grout- Background 

An earlier study that formed the basis of the present investigation was an attempt to develop a 
grouting technique, that could bring cement and clay grouts into fractures with a ‘hydraulic’ 

aperture of 100 m or somewhat smaller by using ‘dynamic injection technique’, implying 
superposition of static pressure and superimposed oscillations (Pusch et al., 1988) . 
 
A grout penetration theory for fractured rock was developed by (Hässler, 1991; Hässler et al., 
1988) treating the grout as a Bingham fluid. Eriksson et al., (2000); Eriksson and Stille (2003) 
modified this model by also considering clogging of fractures by penetrating grout. This and a 
similar, complex model worked out by Gustafson & Stille (1996; 2005) for predicting grout 
penetration in real rock, was examined by Fujita et al., (2012) considering 1D conditions. The 
latter also reviewed various other grout penetration models developed and used in Japan and 
elsewhere. Yang et al., (2011), investigated the rheological properties of cement grouts with 
different water cement ratios, and their flow into fractures. Börgesson et al., (1992), determined the 
rheological properties of grouts based on smectite clay and cement with and without 
superplasticizers, and with different w/c ratios. They also derived a model for calculating the 
penetration of grout into fractures under static and dynamic pressure conditions. According to 
Draganovic´ and Stille (2011), many factors, such as the grain-size curve of the cement, hydration 
and flocculation, pressure, grout density, and the geometry of constrictions affect the complex 
processes of penetration and filtration of the injected grout. They found that the best penetrability 
is achieved by using cement of medium grain size rather than coarse or very fine-grained. Eriksson 
(2002) concluded that the aperture size, the variation in aperture and other geometrical measures 
are the most important rock features that affect the penetrability. Axelsson et al., (2009) identified 
three retarding factors for penetrating cementitious grouts, the major one being the ratio of the 
maximum grain size of the cement grains and the aperture of the fractures. An additional very 
important parameter for practitioners is the impact of grout pressure on the aperture and 
interconnectivity of fractures to be sealed (Pusch, 1994; Mohammed et al., 2015).  
 
5.5 Scope 

The study comprised testing of candidate grouts for sealing and stabilization of fractured rock 
surrounding boreholes to be sealed with dense clay and concrete. They were composed according 
to modern packing theories for obtaining low porosity and minimum amount of cement paste. 
Talc was used as an inorganic superplasticizer instead of commonly used organic additives, which 
can dissolve readily and carry released radionuclides. For one of the grout types Portland cement 
was used in order to get quick hardening, whilst the other contained low-pH cement for 
providing high strength with time, both at low concentrations for maximizing the density and for 
minimizing the impact of pH on contacting clay seals. Palygorskite (attapulgite) was added for 
early stiffening by its thixotropic properties and for providing a filtering effect. Once injected into 
the fractures the granular composition gives the grouts a filtering function so that the risk of losing 
fines from the grouts to contacting concrete is minimized in the construction period when the 
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hydraulic gradients may still be high. The use of finely crushed aggregate of quartzite was a 
prerequisite for making the grouts chemically compatible with concrete cast in the holes and for 
providing a large chemically active specific surface area, and also for giving the grout a high 
internal friction angle. 
 
The study also included determination of the rheological properties and experiments of grout 
flow. The experiments included injection of grout  into artificial fractures with different apertures 

(100, 250 and 500 m), and the results were compared with predicted flow of the candidate 
cement grout materials behaving as Bingham fluids under static pressure and as Newton liquids 
under oscillatory pressure. The predictions were made according to a new theoretical model that 
gave well-fitting results of the penetration, (Mohammed et al., 2014c; Papers V and VI). 
 
5.6 Characterization 

Safe disposal of HLW requires that there is nearly no dissemination of possibly released 
radionuclides in at least 100,000 years as stipulated by a number of licensing authorities. This 
requires that boreholes prepared in conjunction with site selection investigations or made for 
direct placement of canisters, must be sealed, for which engineered barriers consisting of dense clay 
and concrete are required (Pusch et al., 2012b; 2013d). The problem is that groundwater 
percolating fracture zones that are intersected by the holes can wash out the cement content of the 
concrete cast there and make it permeable enough to let particles from the clay seals migrate 
through it and be lost in the rock. Tightening of the zones by grouting is therefore desired or 
required and suitable materials for this purpose are discussed and proposed. 
 
Ideally, grout should be low-viscous when injected and very stiff immediately after injection, 
preferably with an extra hydration potential for eliminating shrinkage. In the fully matured state, it 
should have substantial shear strength and be less permeable than the rock. The focus of the 
present study was on the grouting of fracture zones intersected by up to 800 mm wide waste 
deposition holes (VDH), by injection of cementitious grout from packer-isolated sections of the 
holes. The principles are also applicable to slim boreholes of any length and orientation. The 
sealing role of the grout is very important and makes it one of the engineered barriers, (Mohammed 
et al., 2013a). 
 
5.7 Investigated Properties of New Grouts 

The following properties were investigated: 
 
5.7.1 Microstructural Analysis 

Development of microstructural models for optimally performing grouts requires the use of 
packing theory. The packing degree was evaluated by use of the 4C-Packing software, (Danish 
Technological Institute), and conceptual microstructural analyses, please refer to (Paper V) for more 
details. 

53 
 



New Cement Grout for Sealing Fractured Rock 
 

5.7.2 Properties of Grouts in Fresh States  

5.7.2.1 Consistency 

Fundamentally, the liquid limit is the moisture content at which soil passes from plastic to liquid 
states and is a measure of the potential of clayey material to bind water. It was used for 
characterizing the grouts in the present study. (Paper V). 
 
5.7.2.2 Fluidity and Rheological Properties 

Cement-based grout materials behave as Bingham or Newtonian fluids (Fransson, 2008). Addition 
of talc, which is hydrophobic, enhances Newtonian behavior, whilst the use of the strongly 
thixotropic palygorskite makes the grout more Bingham-like. The matter is of fundamental 
importance for the fluidity in the grout injection phase and determination of the viscosity is 
therefore of special importance (Westerholm, 2006). A further requirement for sealing fractured 
rock is that the grain size must be such that a significant fraction of the grout particles can enter 
the fractures in the rocks with a certain minimum geometric aperture, taken here as 100 
micrometres. The same grout must be also suitable for sealing wider fractures (Paper V). 
 
For bringing grouts into narrow fractures, defined as those with 50-100 m aperture, experience 
and theory reveal that the (kinematic) viscosity must be as low as 0.05 Pas and the injection 
pressure as high as possible, still keeping the risk of creating uncontrolled permanent widening of 
the fractures in mind (Pusch, 1994). For deep penetration into fractures with apertures larger than a 
few millimetres, the fluidity can be significantly lower, i.e. 1 to 50 Pas. In the present study the 
viscosity was determined and investigated by using many different methods, i.e. conventional 
viscometry, a newly invented ‘capillary flow test’ based on Poiseuille flow theory, Marsh Funnel 
and mini-slump cone tests as well as evaluated from slot injection tests, (Mohammed et al., 2014c, 
Papers V and VI). 
 
a) Viscometer Test 

Viscometer testing of un-vibrated and vibrated samples was taken as a reference in the study that 
included other methods as well. Fig. 5-3 shows the device used, a Visco Star-L rheometer with a 
coaxial immersion cylinder manufactured by JP Selecta S.A., Spain.  
 
The resistance of the fluid to the movement as measured in the test gives the viscosity. The flow 
properties of the grout materials were measured by use of this rheometer both under static 
conditions and exposed to vibrations for simulating the impact of oscillations using a ‘MS1 mini-
shaker device’ (Paper VI, Mohammed et al., 2014c). 
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Fig. 5-3: Rotary Viscometer device, Left: un-vibrated, Right: vibrated.   
 
b) Capillary Flow Test 

Glass tubes with inner diameters 2.3, 3.3 and 5.8 mm and oriented vertically were filled with 
grout to one metre height with the valves closed (Fig. 5-4). 
 
For the flow measurements, the valves were opened and the grout allowed to flow out by 10 cm 
whilst measuring the time. The flow rate is the cross section area of the tubes multiplied by the 
flow length 10 cm, divided by the flow time, which gives the viscosity by utilizing Poiseuille’s law 
(Papers V, VI and Mohammed et al., 2014c).  
 

 
 

Fig. 5-4: Principle of grout capillary test. The pipettes are filled with grout, and the time recorded for 10 cm 
grout flow (subsidence of meniscus). 

 

2.3 mm 3.3 mm 5.8 mm

Valve Valve Valve

Fill the pipettes with grout,  Record the time for 100  mm drop of meniscus,  
Calculate the viscosity using Poiseuille’s law.

1000 mm

e

100 mm
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c) Marsh Funnel Test 

Two plastic conical Marsh funnels were used in this study, with brass orifices, provided by 
Form+Test GmbH, Germany (Fig. 5-5), (Aitcin, 1994). This test is a method to determine the 
time required for a fixed volume of grout to pass through the funnel. For the tests performed in 
this study, nozzle openings (‘orifice’) of 4.76 and 10 mm were used. Calibration by use of distilled 
water at 20.6 °C has given through-flow in 26 seconds for small funnel (Pitt, 2000) and 5.6 sec for 
the one with 10 mm opening. Documents EN 445 and ASTM 939 94a describe the test 
procedure.  
 

 
 

Fig. 5-5: Marsh funnel, left: small one (4.76 mm orifice), right: the big one (10 mm orifice) 
 
Two test procedures were followed in this study:  
 
 The first one was, filling of the Marsh funnels with a 4.76 and 10 mm nozzle diameter with 

grout respectively. The time for outflow of a volume of 0.95 liter was measured.  
 Whilst the second procedure was to fill each funnel with 0.8 liter volume of grout, then the 

time for passing 0.4 liter grout volume was measured, (Mohammed et al., 2014c). 
 
d) Slumping Test 

This method makes use of a cone that is filled with grout and momentarily lifted for letting the 
grout flow out on a horizontally oriented glass plate (Fig. 5-6). The diameter of the grout pile is 
measured for characterizing the fluidity. The technique is not very accurate but gives information 
on the relative fluidity for quick calibration in the field for the dosage of superplasticizer, 
(Mohammed et al., 2014c).
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Fig. 5-6: Left figure shows the mini slump cone and right figure shows the final spread of a grout in the mini 
slump test. 

 
e) Grout Penetration Test (Slot Device) 

A flow model used in the penetration test, fitting the actually recorded rates at static injection, has 
the form of Eq. 13 using the software Minitab 16 (Minitab) for statistical treatment and regression 
analysis. This expression gives the viscosity as a function of the independent variables aperture, 
penetration depth, and time after start, Paper VI.   
 = 0.687 + 2419 2.79 + 6.9 10   (13) 
 
where: m: is viscosity (Pas); d: aperture (m); R: radius of moving grout front (m); t: injection time 
(sec). 
 
5.7.2.3 Influence of Time 

The increase in viscosity of cement grouts after preparation is important and may require agitation 
before injecting them into rock fractures (Börgesson, 1992; Sio-Keong, 2005). The ‘time effect’ i.e. 
the impact of the time of rest i.e. the time between preparation and injection (15, 30, 45, 60 and 
120 min) on the shear resistance of candidate grouts has been studied (Paper VI).  
 
5.7.3 Physical Properties 

The shear resistance of grout, is essential in the injection phase since it determines how deeply into 
fractures it can reach. After maturation, the strength of hardened grout determines the ability of 
the grout to resist shear stresses and hydraulic gradients. The compressive strength of the 
investigated grouts, depends on: 
 
 Chemical reactions between the cement and the mineral constituents causing formation of 

cementation bonds. The reaction products are soluble whilst the quartz grains are practically 
inert.  

57 
 



New Cement Grout for Sealing Fractured Rock 
 

 Intergranular friction after breakage of the cementation bonds. It is determined by the density 
and hence by the packing degree, (Paper V).  

 
5.8 Grout Flow into Artificial Fractures 

Experiments for investigating the flow properties in fractures were made on a laboratory scale for 
testing the applicability of the flow model and for documentation of the performance of the 
presently proposed grouts under constant pressure conditions and with oscillatory vibrations 
superimposed on the pressure. The impact of the real nature of fractures with their typical aperture 
variations and mineral coatings was therefore not considered (Paper VI). 

 
5.8.1 Radial Flow in Parallel Plane Fracture 

The test equipment consisted of two stiff plexiglass discs with 500 mm diameter (Fig. 5-7, left), 
bolted together so that a space between them of 100, 250 and 500 μm was created, (Fig. 5-7, 
right). The arrangement was designed for a grout pressure of up to 10 MPa, the actual pressure 
being lower than about a 1.5 MPa (Paper VI). 
 

  
 

Fig. 5-7: Test arrangement. Left: Outline of the artificial fracture device standing cylindrical supports. Right: 
The thin grey line shows the slot between the two plates. 

 
5.8.2 Setup of Grout Injection System  

Fig. 5-8 shows the grout injection system used under the frame of this study. The grout materials 
were mixed and filled in the ‘Grout container’. The injection system provides two different types 
of pressures, static and dynamic. The static pressure supplied by the ‘Bottle’ could be up to 500 
kPa, whilst the dynamic pressure provided by the ‘Haskel’ pump could reach 1.5 MPa, (Paper VI).    
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Fig. 5-8: Grouting system setup with all components. 
 
5.8.3 Theoretical Flow Model 

The present study included recording of the penetration of cement-based grout in plane-parallel 
slots, simulating discrete rock fractures, under static and dynamic pressure conditions. In practice, 
discrete fractures with apertures smaller than 100-200 m cannot be effectively sealed by injecting 
grouts under constant pressure but superposition of oscillatory vibrations in the form of dynamic 
pressure pulses is known to improve the penetrability, (Pusch, 1994). The experimental part of the 
present study included both conditions. 
 
In practice, grout penetration into a fracture can be in channel form or, as in the tests, axially 
symmetric, from the injection point represented by an intersecting borehole with a small diameter 
(Börgesson et al., 1992). Fig. 5-9 shows the geometry of the ‘slot’ device and the grout flow 
movement (Paper VI). 
  

 
 

Fig. 5-9: ‘Slot’ device geometry.  59 
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5.9 Investigated Properties of Grouts – Results and Discussion 

5.9.1 Microstructural Analysis 

The microstructural constitution was given by the packing degree that was directly derived from 
the experimentally determined density and porosity data applying the 4C program. The 
parameters were: the ‘eigen- packing’, the density and the particle size distribution of each 
mixture component.  
 
The packing degree results, dropped slightly from a maximum value for grouts with Merit 5000 
cement and low palygorskite content (15.8%) to an intermediate value for the same cement type 
and 20% of palygorskite and further to a minimum value with 27.2% content of palygorskite 
(Paper V).  
 
5.9.2 Consistency  

The results of liquid limits are collected in Paper V. The data demonstrates that the grouts with 
palygorskite absorbed twice as much water than those with talc. Thus, for reaching the same 
fluidity, twice as much water has to be used in preparing grouts with palygorskite than when talc 
is used. 
 
5.9.3 Rheology  

5.9.3.1 Capillary Flow  

The viscosities evaluated according to Poiseuille’s law do not deviate much from those evaluated 
from the viscometer measurements. The tube technique is therefore recommended as a quick way 
of checking the fluidity of grouts in field-testing (Papers V, VI and Mohammed et al., 2014c). 
 
5.9.3.2 Marsh Funnel and Slumping Tests 

These ways of determining fluidity suffer from time-dependent physic/chemical processes that 
take place in the grout samples being tested. Thus, extreme thixotropy and very early cement 
hydration tend to give too high viscosity data in Marsh funnel testing, especially for small funnels. 
However, averaging the two, Marsh data gives fair agreement with the viscometer and pipette 
data. It is obvious that the diameter of the ‘slump cone’ drops with increasing viscosity of the 
grout, (Mohammed et al., 2014c).   
 
5.9.3.3 Slot Device 

The experiments show that there was an increase in actual viscosity of the cement-grout that 
passed the artificial fractures by 2.8 to 38.7 %, but that the viscosities were of the same order of 
magnitude as those evaluated from the viscometer and capillary flow tests for the thick grout. For 
the more fluid one, the viscosities derived from the capillary flow tests, result were higher than 
those derived from the slot injection tests, which were, in turn, higher than those obtained by 
using the viscometer (Mohammed et al., 2014c). 60 
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5.9.4 Influence of Time 

The results show that none of the grouts was significantly sensitive to the time of rest as long as it 
was less than 1-2 hours. The maximum time for using easy-flowing grout in the experiments was 
therefore set at 1 hour after mixing. The very obvious drop in viscosity of the grouts by increased 
agitation is in accordance with the previously known softening effect of vibration. It is expected 
that in the course of penetration of grout into fractures the front part is successively becoming less 
agitated and more viscous (Börgesson et al., 1992; Sio-Keong, 2005; Paper VI). 
 
5.9.5 Strength 

The strength of the Merit grout samples in series I, (Paper V) was low and the materials exhibited 
ductile behaviour with increasing diameter and no fracturing in the course of the compression. 
The strength rose from 2.5 to 6.4 kPa in 30 hours, and from 7.0 to 10.6 kPa in 72 hours 
respectively, when the content of palygorskite was increased from 15.8% to 27.2% of the total 
solid mass, indicating that thixotropic stiffening was more important for the compressive strength 
than the formation of cementation bonds. The strength of the grouts prepared with Portland 
cement and talc in series II was higher after 6, 30 and 72 hours (22, 184 and 307 kPa) than for any 
other combination of components. This grout is therefore already providing physical stability 
within a few hours (Paper V). 
 
5.9.6 Grout Flow Study  

5.9.6.1 Static Injection 

Several injections into the artificial fractures were made under static pressure showing relatively 
uniform movement of the grout. The static injection made for recipes (R1 and R2) under 300 
kPa for 30 sec gave the outflow from the central injection tube shown in Fig. 5-10, (Paper VI). 
 

  
 

Fig. 5-10: Axisymmetric flow patterns of grouts R1 and R2 at injection under static pressure conditions. Left: 
Grout R1 with the grout front moved by about 12 cm in 30 seconds. Right: Grout R2 having moved to fully 

occupy the slot in seconds. 
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The following pressures, slot widths, representing fracture apertures and viscosities were used for 
calculating the penetration depth as a function of time: Static pressure: 300 kPa, fracture aperture: 
100, 250 and 500 μm, viscosity: 0.92 and 0.31 Pas. Both theoretical and actual penetration results 
as a function of time are described in Paper VI. One finds that the theoretical model gave 
somewhat slower grout flow than the actual results. In principle, however, there was good 
agreement between the theoretical calculations based on the flow model and the actual values 
especially for the more fluid grout, (Paper VI). 
 
5.9.6.2  Dynamic Injection 

Dynamic injection tests were made on candidate grouts using a frequency of 10-50 Hz generated 
by the ‘Haskel’ pump. The pressure was recorded by using a pressure transducer giving graphs 
presented in Paper VI. The grouts penetrated deeper and faster under dynamic pressure conditions 
than under static pressure. The flow patterns were largely axisymmetric as shown by Fig. 5-11. 
 

  
 

Fig. 5-11: Outflow of grout R1 from the central tube into the 100 μm slot under dynamic pressure conditions 
(left) and under static pressure (right). 

 
The actual penetration depth under static and dynamic conditions as a function of time are 
compared in Fig. 5-12, which confirms the experience from a large number of practical grouting 
projects that an injection time of longer than a few minutes is of no value. One finds that the 
dynamic injection gave somewhat faster grout flow than the static pressure tests for the wider slots 
but not for the narrow ones after 35 sec, (Paper VI). 
 
5.9.6.3 Properties of Grouts After Injection 

After completing the respective injection tests, samples were taken randomly of the injected grout 
for determination of the water content and density. The results are collected in Table 5-1, (Paper 
VI). 
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Fig. 5-12: Actual grout penetration depth under dynamic and static pressure conditions in the 100, 250 and 
500 μm slots as a function of time.  

Table 5-1: Water contents and density results of penetrated grouts into the fractures compared with the original 
values. 

Test Grouts  
R1 R2 

Water content,  
(%) 

Original value 50.4 59.9 
Grout penetrated into 100 μm fracture 45.8 53.3 
Grout penetrated into 250 μm fracture 47.3 55.1 
Grout penetrated into 500 μm fracture 47.7 59.6 

Density,  
(kg/m3) 

Original value 1665 1650 
Grout penetrated into 100 μm fracture 1614 1582 
Grout penetrated into 250 μm fracture 1631 1600 
Grout penetrated into 500 μm fracture 1635 1647 

 
One found that the water content after injection had dropped by 9-11 % for the 100 m slot, by 

6-8 % for the 250 m slot and by 0.5-5 % for the 500 m slot, compared to the original values. 
This is probably due to instant drying of the very thin cement grout layer when the slot was 
opened at the termination of the tests. The loss in density of the grouts, i.e. 3-4 % for the 100 m 
slot, 2-3 % for the 250 μm slot and 0.18-1.8 % for the one with 500 μm aperture was probably 
related to practical difficulties of investigating the very small quantities obtained from the slots. 
The grout materials were found to be homogenous i.e. without visible pores and obvious 
variations in density (Paper VI).  
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CHAPTER SIX 

SUMMARY AND MAIN CONCLUSIONS 

 
6.1 Concrete 

The study concerned new types of concrete for sealing deep boreholes using crushed and milled 
quartzite with very fine quartz-rich material such as aggregate material, and Merit 5000 cement 
with talc as the superplasticizer. The cement content was lower than 6 percent for most of the 
samples, in order to limit the growth in void size that results from dissolution and loss of this 
component, and also for minimizing the impact of high pH on the chemical stability of contacting 
clay seals in the boreholes.  
 
In the following, the addressed research questions (RQ1 to RQ5) stated in section 1.4 are 
answered, then some major conclusions from the study based on Papers I, II, III and IV are 
highlighted: 
 
RQ1 and RQ2:  
It has been shown that talc as superplasticizer and conditioner of the concrete can make the 

concrete sufficiently fluid for constructing seals at depth in boreholes, and react with 
cement to provide high strength with some delay. pH is much lower in Merit than in 
Portland concrete, which causes less impact on adjacent clay seals. Portland concrete has 
five times higher strength than Merit concrete after a week but three times lower strength 
after 28 days. Merit concrete showed more tough and ductile behaviour than Portland 
concrete as indicated by tensile stressing, specially early in the maturation process, but it 
later became stiffer and more brittle. This may be advantageous for use as grout injected 
into soil masses like clayey earth dam cores where slow creep takes place and some ductility 
of grouts would be ideal. 

 
RQ3:  
Theoretical modelling, as well as experimental results, confirm that concrete mixtures get high 

packing degrees and bulk densities if the gradation is suitable. The experiments highlight 
the role of the fine fraction for making the mixture dense on all scales. It is obvious that the 
packing is a function of the particle shape and the size distribution. Finally, it can be 
concluded that the packing concept makes the designer able to reach optimal aggregate 
selection. 

 
RQ4:  
Hydrothermal treatment at 75 and 150oC shows this concrete to be particularly suitable for this 

purpose as it gains significant strength and tightness in terms of hydraulic conductivity, with 
a decrease in the flow of water equivalent to one order of magnitude. Such properties are 
considered ideal for preventing the inflow of corroding fluids into the hole, that are 65 
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expected to be present at the intersection with zones of fracture within the host rock. 
Chemically, the lowest amount of leached Na, K, Ca and perhaps Mg was recorded at the 
highest temperature of 150°C, indicating this concrete was thermally the most stable.  

 
RQ5:  
Uniaxial compression tests showed an average increase in unconfined compressive strength of the 

clay from the lowest value, representing room temperature to a 50% higher value for the 
100oC sample and to a 100% higher value for the 150oC sample. X-ray diffraction and 
electron microscopy analysis of the materials revealed an increased reduction of the cation 
exchange capacity for higher temperatures in the cement, with Ca replacing Na in the 
interlayer sites of smectite layers. Dissolution of illite/smectite is also evident occurring at 
enhanced temperatures, with a decrease K, Mg and Fe contents for more comprehensive 
alteration. 

 
Major Conclusions Highlighted Below: 
 
 The density of the concrete is believed to be sufficiently high to make the concrete perform 

acceptably for very long periods of time even after complete loss of the cement. 

 Hydrothermal treatment of talc-concrete at 75 and 150oC show this concrete to be particularly 
suitable for preparing seals in very deep and hot boreholes since it gains significant strength and 
tightness.  

 It is concluded that repositories can be successfully sealed by the combined clay-concrete 
approach so that radionuclides are unlikely to reach the biosphere in the stipulated life span of 
the repository. 

 Merit concrete with properly composed quartz-rich aggregate and with talc as superplasticizer 
fulfills the criteria set in the study. Full-scale placeability has not yet been demonstrated. 

 

6.2 Grout 

The most important properties of practically useful grouts are the fluidity at injection, and the 
strength and rate of strengthening thereafter. The different properties of the investigated grout 
types suggest that selection should be made with respect to the practical need.  
 
In the following, the addressed research questions (RQ6 to RQ8) stated in section 1.4 are 
answered, then some major conclusions from the study based on Papers V and VI are highlighted: 
 
RQ6:  
According to the experiments (viscosity, mechanical strength and rate of strengthening) carried 

out, most of the investigated grouts are injectable in fractures with apertures down to 100 
μm. Grouts with Portland cement and talc gain strength quicker than those based on talc 
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after 72 hours whilst grouts with Merit 5000 low pH cement and talc stiffen more slowly in 
the first 30 hours but later behave in a similar way to the Portland cement grouts.  

 
RQ7:  
The rheological properties of the fresh grout control the ability of grout to penetrate fractures and 

they can be determined by Marsh funnel tests, mini-slump cone tests and rheometer tests. A 
simple and quick method was developed for estimating the viscosity on the construction 
site for adapting the grout recipe to the injectability of the rock.  

 
RQ8:  
It has been shown that effective penetration of grouts into fractures with smaller apertures than 

100 μm requires that the viscosity is lower than 0.05 Pas. Injection under static, constant 
pressure is preferable. Effective penetration of grouts into fractures with an aperture of 100-
500 μm can be achieved for a viscosity of 0.05-1.0 Pas. Injection under dynamic pressure 
conditions is best especially in the early stage of grout injection.  

 
Major Conclusions as Follows: 
 
 Grouts with Portland cement and talc can be optimal for sealing fracture zones with few but 

wide fractures. Where long-term performance is required, chemically more stable grouts based 
on low-pH Merit 5000 cement can be best. 

 The tube technique is recommended as a quick way of checking the fluidity of grouts under 
field conditions. 

 It is concluded that grout fluidity is positively affected by superplasticizers and negatively by 
thixotropic action and early cement hydration. 

 The viscosity of the investigated grouts makes all of them injectable in fractures with hydraulic 
apertures of 100 μm and more. 

 A simple theoretical model for predicting grout penetration gives fair agreement with 
laboratory data. 
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Suggested Future Work 
 

CHAPTER SEVEN 

SUGGESTED FUTURE WORK 

 
The work performed in this thesis has shown that the investigated new cementitious materials 
with properly composed aggregate and additives fulfill the criteria set for their performance. An 
extension of the work presented would suitably comprise: 
 
i. investigation of the placebility of the investigated concretes for use as seals in deep boreholes, 

and for constructing bulkheads in underground repositories and drifts in mines,  
 
ii. conducting of full-scale grout injection tests in fine- and coarse-fractured rock,  
 

iii. further development of grouts with somewhat delayed thixotropic function but still based on 
Merit 5000 cement, talc and quartz aggregate.  
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Talc-Based Concrete for Sealing Borehole Optimized by 

Using Particle Packing Theory 

Mohammed Hatem Mohammed1, 2, Roland Pusch1, Nadhir Al-Ansari1, Sven Knutsson1, Mats Emborg1, Martin 
Nilsson1 and Alireza Pourbakhtiar1

1. Department of Civil, Mining and Natural Resources Engineering, Lulea University of Technology, Lulea 97187, Sweden 

2. Department of Civil Engineering, College of Engineering, Mosul University, Mosul 41002, Iraq 

Abstract: The paper describes assessment of the performance of cement-poor concretes on the basis of packing theory. The 
concretes are intended for sealing segments of deep boreholes and have a small amount of cement for minimizing the mutual 
chemical impact on the contacting clay seals. The composition is examined by application of packing theory with respect to the 
cement/aggregate ratio and the gradation of the aggregate material which is crushed quartzite for providing high internal friction after 
maturation, as well as to talc added for fluidity and to the small amount of cement. Low porosity and micro-structural stability must 
be guaranteed for very long periods of time. The study exemplifies how packing theory assist designers in selecting optimal 
proportions of the various components. Optimum particle packing implies minimizing the porosity and thereby reducing the amount
of cement paste needed to fill the voids between the aggregate particles. The use of talc as inorganic super-plasticizer since ordinary 
organic additives for reaching high fluidity at casting are undesirable, and since talc reacts with cement and provides high strength in 
along-term perspective. 

Key words: Packing theory, concrete, strength, talc mineral, micro-structural modeling. 

1. Introduction

A proposed technique of sealing deep boreholes by 
installing clay plugs where the rock is poor in 
fractures, and casting concrete where the boreholes 
intersect fracture zones was initially developed for 
deep exploration boreholes but is applicable to a 
number of other cases [1]. The role of the concrete is 
to support the clay plugs throughout the borehole and 
at either end and to serve as filter for preventing clay 
particles to migrate through it out into the fracture 
zone and further out into the rock. Fig. 1 shows a 
schematic profile of a sealed borehole. 

In order to provide stable conditions in the borehole 
throughout the installation of the various seals fracture 
zones need to be secured. The techniques and methods 
have been considered by various organizations and the 
proposed technique is to make selective stabilization 
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by reaming, from 76 mm to 98 mm diameter for 
typical boreholes, followed by casting concrete 
between packers for achieving a stable “concrete 
tube” after re-drilling [2]. The principle is shown in 
Fig. 2.  

Fig. 1  Borehole profile, grout is used for reducing the 
inflow of water into the hole from fracture zones and for 
stabilizing it. 
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Fig. 2  Technique for stabilizing boreholes: (a) borehole 
intersecting fracture zone; (b) reamed hole filled with 
concrete between packers; (c) re-boring giving a stabilized 
hole. 

2. Principles of Sealing Deep Boreholes 

The clay is proposed to be smectite-rich and to have 
a high density since this gives it a hydraulic 
conductivity that is much lower than that of the rock 
matrix and an expandability that is sufficient to create 
high wall friction and to eliminate the risk of water 
flow along the contact with the rock [3]. The clay 
seals consist of highly compacted smectite clay 
(“bentonite”) fitted in perforated copper tubes (Fig. 3) 
placed on concrete seals cast where fracture zones are 
intersected. Clay swells out through the perforation 
and forms a tight skin between the tubes and the rock 
in less than a day and completely closes and seals off 
the borehole. The technique has been tested and 
applied in several large-scale projects [4].

The concrete should contain very little cement for 
minimizing the clay-degrading impact of pH in the 
groundwater caused by cement. It therefore does not 
generate significant adhesion to the rock or significant 
wall friction. The concrete presently intended for 
borehole sealing matures slowly depending on the 
types of cement and super-plasticizer and may not 
harden until after one week. Before this it performs as 
a viscous-plastic substance with substantial internal 
friction. Assuming that there is direct contact between 
concrete and clay a swelling pressure of a few MPa 
will ultimately be exerted by the clay seals on the 
contacting concrete. 

The proposed silica-rich concrete with cement that  

Fig. 3  Perforated copper tube with highly compacted 
smectite clay, tubes are jointed to form long segments that 
are inserted in the holes (drawing by Sweco Int. Co.). 

can be of Portland types or of low-pH type and 
contain ordinary super-plasticizer type Glenium 52, or 
talc for making it sufficiently fluid. It will be cast 
under water using closed containers as demonstrated 
in full scale [3]. This type of concrete is largely inert 
with respect to chemical interaction with smectite clay 
and can be allowed to lose the cement component 
without jeopardizing its function as fill by utilizing a 
size distribution of the aggregate grains that prevents 
the large majority of the clay particles to migrate into 
the rock fractures. This risk is largely eliminated by 
stabilizing the intersected fracture zones as described 
in Fig. 1 and preceding grouting. Stabilization and 
subsequent clearing and cleaning of borehole walls are 
necessary prerequisites for successful plugging, which 
comprises segment-wise placement of clay plugs and 
casting of concrete. The upper end of boreholes 
extending from the ground surface needs an upper 
“mechanical” seal for which copper metal and 
concrete work can be employed [3]. 

3. Composition and Constitution of 
Proposed Concrete Seals 

3.1 Principles 

The concrete seals to be cast in boreholes should 
have a small amount of cement for minimizing the 

(a) (b) (c)
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mutual chemical impact on the contacting clay seals. 
This can be achieved by keeping the cement/aggregate 
ratio very low and by using aggregate material with 
high internal friction after maturation, and also by 
using low-pH cement. The properties of main 
constituent particulate composite materials, concrete 
for instance will determine of their behavior and 
properties. Aggregate are the main constituent of 
concrete, which represent about 75% of the total 
volume mixture. The performance of concrete in both 
fresh and hardened states affected by the texture, 
shape and grading of aggregate. High aggregate 
packing density has smaller void volume which needs 
low amounts of paste to fill these voids and this will 
lead to decreasing the cost and less the problems 
caused by paste like creep, drying shrinkage and high 
hydration [5]. One of the most important techniques 
controls the performance of concrete is the particle 
packing theory, which in role influencing by the 
particle size distribution of aggregate. Packing density 
can optimize concrete by combining available 
aggregate and make it as dense as possible with 
keeping the workability of concrete in acceptable level. 
A recommended principle in composing concrete for 
sealing boreholes, followed also in the present project, 
is therefore to reduce the cement content by 
application of packing theory to an absolute minimum 
since even total loss would have a very small impact 
on the porosity and hydraulic conductivity. The ideal 
concrete recipe means: (1) increased compressive 
strength with time; (2) good workability and fluidity; 
(3) minimum cement gives low cost; (4) minimum 
cement and ideal granular composition brings about 
low compressibility and hydraulic conductivity. 

This article presents the results of an experimental 
study on the fresh and hardened of concrete and their 
relation with mixture packing density. Casting of 
concrete with high packing density requires addition 
of super-plasticizers, which are commonly of organic 
type. Since they can release organic colloids with a 
potential to transport radionuclides up to the biosphere 

attempts are made to find chemically compatible, 
inorganic additives and a candidate material, 
fine-grained talc has been used in pilot testing of 
concrete for use in boreholes. For obtaining optimal 
packing density of aggregates it had been used of 
validated model provides a general basis for 
alternative aggregate combinations. This implying that 
can give the designers a wide range for selecting the 
best of several possible aggregate size spectra and 
hence to a cheaper concrete with improved quality 
without comprehensive testing. Validated models will 
reduce the high number of experiments required for 
verification the recipe in practice. High pH of concrete 
provided by ordinary portland cement, which can 
degrade contacting clay seals by cation exchange and 
substitution reactions [6]. Suitable binder can be 
low-pH cement, the present study included 
investigation based on packing concept of the 
properties of talc-concretes with similar aggregate 
compositions, based on Portland and low-pH cement 
of type Merit 5000, respectively.

3.2 Micro-structural Co-ordination 

A suitable concrete recipe shall be worked out with 
respect to (1) the need of keeping pH as low as 
possible; (2) making the aggregate component as 
dense as possible; and (3) selecting very quartz-rich 
aggregate material. Such search is ongoing but at 
present it seems that aggregate of crushed quartzite is 
best and that a minimum amount of cement is the 
second most important principle. Organic plasticizers 
will not be allowed for use in repositories for highly 
radioactive waste and mineral talc is considered and 
assumed to serve acceptably. Modeling for calculating 
important micro-structural parameters has been made 
following the principle illustrated in Fig. 4 [7]. 

3.2.1 Application of Packing Theories 
Concrete behavior is affected by the packing degree 

of the concrete components, making it necessary for 
engineers to consider, in detail, particle packing 
concepts and their influenceon concrete behavior for  
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Fig. 4  Schematic view of REV (representative elementary 
volume) of talc concrete in 2D, it represents aggregate 
pattern with cement grains (grey spheres) and talc particles 
(thick red lines), the section is taken to be 400 m thick and 
hosts aggregate grains representing the size fractions 0.8-1 
mm, 0.4-0.8 mm and 0-0.4 mm, the cement grains are 
assumed to be 20 m in diameter, the talc particles are 
assumed to cover the whole side surface of the indicated 
aggregate grains and be 100 m thick in average.  

selecting suitable fine-aggregate material. The aim of 
optimizing concrete mixing is to prepare concrete with 
best possible packing. The amount of binder 
(primarily cement) for filling the aggregate voids can 
be minimized, still keeping the freshly mixed concrete 
sufficiently fluid. A minimum amount of binder is 
beneficial not only from economical points of view 
but also for reducing shrinkage and creep and thereby 
for obtaining a product that is durable and strong. The 
W/C ratio is a strength-controlling parameter that is 
affected by the packing concept. Particle packing 
models give a basis for mix designs not only for 
traditional concrete but also for selecting mix 
proportions for special concrete like high performance, 
self-compacting and high strength concrete [8]. 

(1) Concepts 
The degree of packing is expressed in terms of the 

amount of solid aggregate minerals per unit volume 
(Fig. 5). The mathematical expression is simply “unity 
minus porosity” [9], the degree of packing being a 
function of the grading curve and the shape of the 
particles. 

The packing density is determined by the following 
parameters for any mixture represented as [10]: 

Fig. 5  Illustration of packing definition. 

Vt (total volume) = Vs (volume of solid particles) + 
Vv (volume of voids). 

Porosity = Vv / Vt
 (packing density) = Vs / Vt = 1-porosity; 

(2) Packing-controlling factors 
Particle packing models aim at selecting suitable 

sizes and proportions of small particles to fill larger 
voids. The small particles in turn contain smaller 
voids which shall be filled with smaller particles, etc.. 
The main factors affecting the applicability of packing 
theories are: (a) particle size distribution; (b) methods of 
compaction; (c) shape and size of particles; (d) wall 
effects; and (e) loosening effects. 

“Wall effects” are exemplified by the function of a 
coarse particle located in a matrix of fine particles. 
This disturbs the packing of small particles along the 
surface of larger particles and affects the results from 
experimental studies using ordinary cylindrical 
containers and can be avoided by using containers 
with 10 times the diameter of the larger particle [8], as 
shown in Fig. 6. 

“Loosening effects” are illustrated by considering 
the role of (“Class 2”) grain located in the pores of a 
coarse-grain packing but not able to fit in a void, 
thereby decreasing the volume of (“Class 1”) grains. It 
will disturb the packing density of coarse particles [9], 
as shown in Fig. 6; 

(3) Impact on concrete properties by applying 
packing theories 

Mixture proportioning of cement-based materials 
(such as paste  composed  of  cement  and water) and 

2,000 um

2,000 um 
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Fig. 6  Illustration of wall and loosening effects, modified 
from Ref. [9]. 

concrete can be described as a process of minimizing 
the volume of the voids in aggregate mixtures for 
obtaining the desired properties of freshly prepared 
and hardened material. Estimation of the packing 
density and the void ratio of concretes using particle 
packing models provide tools for optimizing their 
performance by reducing the content of free water and 
cement and maximizing the amount of solids [10]. 

Concrete performance is strongly affected by the 
particle packing degree since it determines the 
distribution of the cementitious component and the 
interaction of all mineral particles. Optimal particle 
packing implies minimizing the porosity and thereby 
reducing the amount of cement paste needed to fill the 
voids between the aggregate particles, taking also the 
rheology of the concrete into consideration. For 
reaching good fluidity super-plasticizers are required. 

3.2.2 Practical Application of Micro-structural 
Modeling 

(1) Theoretical evaluation of packing degree 
Micro-structural parameters can be defined though 

statistical treatment application [11]. For the 
talc-concrete considered here as reference material for 
borehole sealing, the solid matrix consist of four 
major components: (a) aggregate particles; (b) cement 
grains; (c) talc particles; and (d) water. The aim is to 
define the granulometric size distribution of these 
components and then the packing degree for the 
mixture, for which the sieve curves were utilized. For 
the micro-structural modeling the largest grains were 

assumed to have an equivalent “diameter” of 1 mm 
and all aggregate grains to be tetrahedrons motivated 
by the angular shape caused by the crushing. Each 
grain had an edge length representing the “equivalent 
diameter” and a volume that is its base area multiplied 
by the height and divided by three. Its weight is the 
volume multiplied by 2,700 kg/m3, which makes it 
possible to calculate the number of grains belonging 
to the respective size fractions and the get the packing 
degree by dividing the total solid volume to the total 
unit volume, for which the equivalent diameter was 
taken to be 0-0.8 mm (Fraction 1), 0.4-0.8 mm 
(Fraction 2) and 0-0.4 mm (Fraction 3). All particles 
in the respective fraction were assumed to have the 
same size and the number of them was calculated 
from the weights given by the sieve curve. The size of 
the quadratic REV in 2D was defined as 2,000 × 2,000 

m2. The thickness of it was taken to be 400 m for 
giving fair representation of larger particles and for 
making it possible to include complete aggregate 
grains of the 0-0.4 mm fraction, i.e., the most 
important population. The distribution of tetrahedrons, 
representing aggregate grains of crushed quartzite, 
was made randomly as indicated in Fig. 4 previously. 
This picture is schematic and does not give the right 
ratios between small, medium-sized and small 
aggregate grains, nor the ratio between cement, 
aggregate or talc, but these have to be determined 
using packing theory, of which there are several 
versions; 

(2) 4C-Software  
4C-Packing is a model that can be used for 

calculating the packing of any combination of solid 
constituents in concrete respecting aggregate, cement, 
fly ash, etc. [12]. It is a linear packing model 
developed by employing the principles of packing of 
binary mixtures, extended to deal also with 
multi-component mixtures according to Ref. [13]. 
Combination of empirical model data and this packing 
program makes it possible to optimize the concrete 
composition, and at the same time, to minimize the 
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cement content and thereby the cost. This software is 
available at the concrete center of the Danish 
Technological Institute [14] and has been used as a 
tool for comparing results from other theoretical 
models and from practical tests of the packing degree 
[15]; 

(3) Toufar’s model 
The model proposed by Ref. [16] based on the 

Toufar’s model, has been validated by comparing 
around 800 test results from multiple sources. The 
basic and modified Toufar models are based on a 
number of assumptions, especially concerning the 
shape (perfect spheres), size variations (mono sized) 
and that fine and coarse aggregates are of different 
size [5]. They are corrected by introducing a 
characteristic diameter for the aggregate particles and 
by using the measured “Eigen-packing” (loose filling) 
degrees for the aggregates according to Ref. [16]. 
Moreover, the void diameter is a key parameter for the 
particle distribution and should be the basis for 
ascribing characteristic diameters to the aggregate 
particles [17]. 

4. Practical Example  

4.1 General  

The criterion that the amount of cement should be 
at minimum but still providing a high concrete 
strength can be fulfilled by keeping the 
cement/aggregate ratio very low and using aggregate 
material with high internal friction. A recommended 
principle in composing concrete for sealing boreholes, 
followed also in the present project, is therefore to 
reduce the cement content by application of packing 
theory to an absolute minimum since even total loss 
would have a very small impact on the porosity and 
hydraulic conductivity. In addition to place ability, 
acceptable performance of the concrete to be cast in 
boreholes requires that its bearing capacity is 
sufficient to carry the load of clay plugs and additional 
concrete seals. Therefore, a sufficiently high 
compressive strength is needed both in the 

construction phase and in a very long time perspective. 
The ideal concrete recipe gives: 

increased compressive strength with time;  
good workability and fluidity; 
minimum cement and hence low cost; 
minimum cement and ideal granular composition 

give low compressibility and hydraulic conductivity. 

4.2 Casting of Concrete in Borehole 

Casting concrete under water to form a 
homogeneous body in a deep borehole involves filling 
the hole of a suitable concrete through a drill rod into 
a borehole segment confined between packers. The 
drill rods above the lower packer are filled with 
concrete. A technique used by the American oil 
company Chevron-Texas [18] is shown in Fig. 7. It 
makes use of an expandable lower packer that is lost 
when re-drilling the hole. 

4.3 Experimental Program  

4.3.1 Major Issues  
The scope of the described study was to develop an 

optimal concrete recipe with respect to application of 
packing theory based on the properties included 
fluidity for casting in deep boreholes, and with 
appropriate compressive strength. Pilot testing had 
shown that talc can serve as super-plasticizer.  

4.3.2 Concrete Components 
The concrete seals to be made in boreholes should 

have a minimum amount of cement (high packing 

Fig. 7  The Para Bow method for cement grouting of 
boreholes. After re-boring that gives the hole the desired 
diameter, plugging is made by casting concrete or installing 
a clay plug (after Chevron-Texas), modified from Ref. [18]. 
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density) for reducing the mutual chemical impact on 
the contacting clay seals. The use of talc was firstly 
for decreasing the viscosity of the mixture at 
preparation, secondly for finding out if it can 
contribute to the mechanical strength of the concrete 
by chemical interaction with the cement component, 
and finally to see how it affects to the whole mixture 
packing density. 

The high mixture density which contains of low 
void volume needs very low content of cement and 
this will make the concrete sensitive to chemical and 
physical disturbances and the expected ultimate loss 
of binder will reduce the strength of the concretes. 
Only the aggregate grains will remain by then and for 
maintaining as much strength as possible, the 
aggregate should have a high internal friction and low 
void system between the particles, which was 
achieved by using freshly crushed quartzite as a main 
aggregate component. For obtaining a suitable overall 
grain size distribution of fuller type, adequate finer 

material was added in the form of fine quartz-rich sand. 
(1) Materials 
(a) Cement: OPC (ordinary Portland cement) and 

low pH cement (Merit 5000); 
(b) Talc as a super plasticizer: very fine powder 

material with white color and the chemical formula for 
the mineral are 3MgO.4SiO2.H2O. This material has 
no negative environmental impact. It is also 
chemically stable in ordinary groundwater [11]. It is 
low-viscous, hydrophobic and does not form gels. The 
grain size analysis of Talc is shown in Fig. 8; 

(c) Aggregate: For the tests crushed and ground 
quartzite was used. Crushed quartzite and ground, 
crushed quartzite with a specific density of 2,700 
kg/m3 made up the majority of the aggregate (Fig. 9). 
The grain size distribution of the mixture of 70% 
“coarse” and 30% “fine” quartzite, which is more 
suitable than the 50/50 mixture was used it in all the 
experiments [11]. Its grain size analysis is shown in 
Fig. 10;    

Fig. 8  Grain size analysis of talc [11]. 

Fig. 9  Crushed quartzite.  
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Fig. 10  Grain size analysis of aggregate mixture. 

(d) Water: local water; 
(2) Mixture proportions 
Three concretes mixtures, one with Portland cement 

and two with low-pH Merit 5000 cement, were 
prepared by using a laboratory mixer, all with the 
70/30 aggregate mixture. The recipes are specified in 
Table 1, the intention being that the ratio of aggregate 
weight and water should be the same, and also the 
fluidity. Two or three concretes of each type were 
made and tested.  

4.3.3 Evaluation of the Packing Degree 
(1) Techniques 
The 4C-program and Toufar’s packing models were 

used for the evaluation of the packing degree. The 
“Eigen-packing” mode is one of the basic parameters 
and it is determined by pouring the aggregate mix into 
a container, evening out the surface and measuring the 
net weight of the material for determining the density 
(Fig. 11). For fulfilling the criterion for avoiding wall 
effects and variation in packing degree the diameter of 
cylinder (50 mm) the maximum aggregate grain size 
was 1 mm. The tested materials were dried for 
minimizing cohesive bonds between the     
particles. 

The packing degree, termed  was determined 
according to Eq. (1).   

Table 1  Mixture proportions of talc-concrete. 

Cement
W/C ratio Water 

content (%) 
Talc 
(g)

Crushed
quartzite (g) 

Ground crushed 
quartzite (g) 

Water 
(g)

Cement
/aggregate ratio 

Talc/aggregate 
ratio Type Weight (g) 

Portland 100 4.5 23.34 220 1,120 480 450 0.062 0.137 
Merit 1 125 3.6 23.62 180 1,120 480 450 0.078 0.113 
Merit 2 250 1.8 22.17 180 1,120 480 450 0.156 0.113 

Fig. 11  Schematic shows the procedure of the test which conducted as following modified from Ref. [17]: (a) pouring of the 
material into the bucket and removal of the excessive; (b) weighing the material. 

0.001        0.01        0.1         1          10         100 
Particle size (mm)

(a) (b)



Talc-Based Concrete for Sealing Borehole Optimized by Using Particle Packing Theory 448

containerparticleAgg

sample

xV
m

.

   (1) 

where, 
msample: the weight of compacted material; 

Agg.particle: particle density; 
Vcontainer: volume of the test container. 

The “Eigen-packing” and the packing values for 
different aggregate mixes were measured 2 and 3 
times depending on the variance of the results. The 
applied method was made by using a cylinder bucket 
with dimensions: H = 97 mm, D = 50 mm, V = 190.45 
cm3 and net weight = 2.470 kg;  

(2) Experimental results 
The packing degree evaluated for the concrete 

(Portland and Merit), mixes are shown in Table 2.  
One finds that the packing degree, which is ideally 

unity for mixtures without empty pores, is nearly the 
same for the Portland and Merit 1 concretes, which 
also have almost the same cement contents. The Merit 
2 concrete, with twice the cement content logically 
has a slightly lower packing degree;  

(3) Results from micro-structural modeling  
Using the calculated number of grains of each 

fraction and the numbers of talc and cement clusters 
belonging to the size fractions in the “pseudo 3D 
element” with 400 m thick elements and 2,000 m
edge lengths using the densities talc = 2,750 kg/m3,

quartzite = 2,650 kg/m3, cement = 2,900 kg /m3, one can 
calculate the total solid volume in the unit. After 
finding its solid volume, one can divide it by the total 

volume to get the packing degree ( ) for the mixture. 
Packing degrees evaluated in this way are given by 
Table 3. 

One concludes from this that the theoretically 
predicted packing degree calculated on the basis of the 
grain size distribution of the aggregate and the various 
mass ratios is close to the packing degree obtained in 
the experiments. This is of great importance for 
practical application of the models used. 

4.3.4 Optimum Composition of Concrete Seals in 
Boreholes 

Optimal proportions of concrete based on cement 
(Portland and Merit), talc and aggregate, were 
determined by using 4C-program and Toufar’s model 
as well as by the described micro-structural modeling. 
These models can be used for calculating the packing 
density of any combination of solid constituent’s in 
concrete (aggregate, cement, etc.). Combination of 
empirical data and these packing models make it 
possible to optimize concrete composition for getting 
desired properties, and at the same time to minimize 
the cement content and consequently the price. Table 
4 shows the mix proportions (actual and suggested) 
and maximum packing degree suggested by 
theoretical models for concrete based on Portland 
cement.    

Tables 5 and 6 give corresponding data for the 
mixtures with Merit 5000 cement. One finds that the 
models suggest almost the same ratios for size 
fractions for obtaining a minimum void ratio.  

Table 2  The results of actual packing degree for concrete mixture.  

 Mix proportions (%) 
Packing degree ( ) actual value Concrete type Cement Talc Crushed quartzite Ground crushed quartzite 

Portland 5.21 11.46 58.33 25 0.510 
Merit 1 6.56 9.45 58.8 25.2 0.515 
Merit 2 12.3 8.87 55.17 23.65 0.495 

Table 3  Actual packing degree and theoretical based on micro-structural modeling.  

Concrete mixture Actual packing Theoretical packing degree based on micro-structural modeling 
Concrete (Portland) 0.510 0.529 
Concrete (Merit 1) 0.515 0.531 
Concrete (Merit 2) 0.495 0.527 
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Table 4  Theoretical and optimum packing degree for concrete (Portland cement).  

Concrete ingredients  
Packing degree ( )

Mix proportions 
suggested (%) 

Packing degree ( )

Actual
Theoretical Optimum 

4C Toufar Microstructure 4C Toufar 
Portland cement 

0.510 0.592 0.532 0.529 

6

0.601 0.549 
Talc 8
Crushed quartzite 60.2 
Ground crushed quartzite 25.8 

Table 5  Theoretical and optimum packing degree for concrete (Merit cement 1).  

Concrete ingredients  
Packing degree ( )

Mix proportions 
suggested (%) 

Packing degree ( )

Actual
Theoretical Optimum 

4C Toufar Microstructure 4C Toufar 
Merit cement (1) 

0.515 0.594 0.533 0.531 

5

0.601 0.545 
Talc 9
Crushed quartzite 60.2 
Ground crushed quartzite 25.8 

Table 6  Theoretical and optimum packing degree for concrete (Merit cement 2).  

Concrete ingredients  
Packing degree ( )

Mix proportions suggested (%) 
Packing degree ( )

Actual
Theoretical Optimum 

4C Toufar Microstructure 4C Toufar 
Merit 2 cement 

0.495 0.455 0.510 0.527 

5

0.601 0.545 
Talc 9 
Crushed quartzite 60.2 
Ground crushed 
quartzite 25.8 

The theoretical packing model 4C gives the highest 
packing degree while the results based on Toufar’s 
model are in better agreement with the test results 
(Tables 4-6). Talc powder appears to behave like 
cement when estimating the maximum packing 
density for a given content of aggregate.  

5. The Impact of the Packing Degree on the 
Compressive Strength  

5.1 Scope of Study 

The packing degree is a measure of the interaction 
of particles representing the various concrete 
components. High packing degrees imply a low 
porosity and good fitting of the various grains and 
should therefore give a high strength. The 
compressive and tensile strengths of the concretes 
were determined experimentally and compared with 
the evaluated packing degrees. 

5.2 Determination of the Compressive Strength 

A uniaxial strength compression device was used 
for determining the unconfined compressive strength 
after 7 and 28 days. The standard procedure was 
followed, implying compression of the samples at a 
rate of 1.5% of the length per minute until failure 
happens. Failure of hardened concrete was interpreted 
as the appearance of cracks. For soft concrete with no 
obvious breakage, failure was taken to be the time to 
reach a deformation of 10% (strain) of the total length 
of sample. Table 7 summarizes the results from all the 
experiments. 

One concludes that the Merit concrete gave lower 
compressive strength after 7 days, i.e., about 1/5 of 
that of the Portland concrete, while it was three times 
higher after 28 days [11]. This was because of 
chemical reactions related to dissolution of the talc 
material and neoformation of silicious cementing  
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Table 7  Summary of compression tests results (MPa).  

Type of mixture Cement content (g) 
Average compressive 

strength (MPa) Actual packing degree
Theoretical packing degree 

7 days 28 days 4C Toufar Micro structural model
Concrete (Portland) 100 0.66 0.82 0.510 0.592 0.532 0.529 
Concrete (Merit 1) 125 0.11 2.63 0.515 0.594 0.533 0.531 
Concrete (Merit 2) 250 0.335 2.22 0.495 0.455 0.510 0.527 

compounds, which in fact means that the talc should 
be considered as a potential cementitious material. 

5.3 Relation Between Packing Degree and 
Compressive Strength 

Table 8 shows that the Portland and Merit 1 
concrete have similar packing degrees that were 
somewhat lower than those of the models. The Merit 2 
concrete with doubled cement content gave a slightly 
lower packing degree in Fig. 12. The best agreement 
was found between the actual packing degree and the 
degree given by the micro-structural model. The 
Toufar’s model is concluded to be best of the 
theoretical models. The 4C model gives data that are 
in general agreement with experiments but overrates 

the evolution of the packing degree. This was also 
noticed by Ref. [15]. This might be attributed to the 
fact that this model is more sensitive to the content of 
fines when compared with other models and that the 
impact of the shape and size distribution of aggregate 
grains is greater. The sensitivity of one of the input 
parameters used in 4C program is “ -value” which 
represents the maximum size ratio between the two 
particles sizes where no interaction takes place [12] 
might be another reason. The packing density of 
coarse particles will be disturbed in case of small 
particles located within the pores of a coarse-grain but 
can not fit in voids between larger ones. This is 
referred to as “loosening-effect” and had been 
quantified by this parameter [15].   

Table 8  Tensile strength results from Brazilian tests (MPa). 

Type of mixture Tensile strength average Actual packing degree 
Theoretical packing degree 

4C Toufar Microstructure
Concrete (Portland) 0.045 0.510 0.592 0.532 0.529 
Concrete (Merit 1) 0.105 0.515 0.594 0.533 0.531 
Concrete (Merit 2) 0.465 0.495 0.455 0.510 0.527 
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5.4 Determination of the Tensile Strength  

The Brazilian test type was used and the results 
interpreted as shown in Fig. 13. A disc sample is 
subjected to compressive loads at the disc periphery 
(P). The disc has radius R and thickness L and 
following the standard method of ISRM (International 
Society for Rock Mechanics), the tensile strength, t is 
calculated from Eq. (2) [11].  

RL
P

t
      (2) 

The results of the tests made after 30 days of 
maturation are given in Table 8. The major conclusion 
is that the Merit concrete was significantly stronger 
than Portland concrete and that the ratio of 
compressive and tensile strength was higher for 
Portland concrete than for Merit concrete [11]. The 
Merit concrete showed toughness and ductility after 
seven days but stiffer behavior after four weeks.  

5.5 Relation Between Packing Degree and Tensile 
Strength 

Fig. 14 shows an obvious relationship between the 

tensile strength of the three concretes and the packing 
degree according to the 4C model, while the other 
models do not exhibit this correlation. As for the 
compressive strength, the reason for the impact of the 
packing degree maybe that this model is more 
sensitive to the content of fines than the other models 
as noted previously. 

A general trend is that the degree of packing 
increases with increasing cement content until a peak 
value of the packing degree is reached. Beyond this 
value the packing degree decreases rapidly when the 
quantity of cement increases. The reason may be that 
the “excess” cement does not establish bonds between 
aggregate grains but merely fills voids. 

6. Role of Talc, Cement and Aggregate 
Contents on the Packing Degree 

6.1 Talc 

In principle the talc component lowers the packing 
degree as demonstrated by the diagrams in Fig. 15. 
However, it increases slightly as the ratio of talc  

Fig. 13  Brazilian test arrangement with typical tensile fracturing [11]. 

Fig. 14  Tensile strength and packing degree. 
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Fig. 15  Degree of packing versus content of talc in percent of the total dry weight of the concrete mixtures. 

increases until a peak value is reached while it drops 
when the quantity of talc increases beyond this value. 
The graphs indicate that the optimum amount of talc 
ranges between 5%-10% of the total solid mixture 
content. The performance as super-plasticizer of   
the talc component is naturally the opposite, more  
talc increases the fluidity at the preparation       
and an optimum content is believed to be around 
10 %.

6.2 Aggregate 

Fig. 16 shows that the aggregate content controls 
the degree of packing for the concrete mixtures. The 
almost identical behavior of the Portland and Merit 

5000 concretes at high densities, i.e., high packing 
degrees is explained by the very low and similar 
cement contents. 

6.3 Cement 

Fig. 17 shows the impact of the cement content on 
the packing degree as evaluated by the 4C, Toufar and 
microstructural models. One finds that increasing the 
cement content beyond a certain value causes 
reduction of the packing degree and thereby the bulk 
density. This is interpreted as overfilling of small 
voids with cement, best described by the 4C model. 
The ideal cement content for reaching a high density 
would be 5%-10%. 
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7. Discussion 

Composing the aggregate so that a sufficient 
amount of suitably graded fines was incorporated 
(70% coarse and 30% fine) gave effective packing and 
high density fulfilling the desired state of smaller 
particles filling the space between larger ones. The 
very fine-grained components, cement and talc have 
very small voids that need to be occupied by particles 
of these types representing the fine-tail of their 
gradation curves. Low packing degrees of the concrete 
mixes are caused by the “loosening effect”, i.e., low 
degree of filling of fine voids because of oversized 
fine particles. This phenomenon is well known from 
grouting for which fine-grinding of cement to less 
than 5 m is desired, the problem being that moisture 

in the air initiates hydration and aggregation of the 
particles. Talc powder gives lower packing degrees 
than cement, which may be due to unsuitable 
gradation of the powder and too large talc particles. 

The principle of making smaller particles occupying 
the void between larger ones can be followed by 
balancing the contents of coarse and fine particles, 
especially for the aggregate. This can be achieved by 
keeping the amount of finer material relatively low but 
its granulometry ideal. An important finding is that 
Merit cement gives higher concrete unit weight than 
Portland cement. The different types of cement have 
small impact on the packing degree. Talc powder 
behavior like cement with respect to the maximum 
packing degree for a given aggregate content. The best 
amount of talc additive to give high packing density 
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(denser mixture) ranges between 5%-10% of total 
solid mixture content. Results based on 
micro-structural modeling and Toufar’s model is in 
better agreement with experiments. The 4C model 
gave similar but a little overrated result concerning the 
evolution of packing. This implies that the 4C model 
highlights the function of the various components 
where the content of fine materials and the aggregate 
size distributions as well as the shapes are sensitive.

8. Conclusions 

Theoretical modeling as well as experimental 
results confirms that concrete mixtures get high 
packing degrees and bulk densities if the gradation is 
suitable. The experiments highlight the role of the fine 
fraction content for making the mixture dense on all 
scales and lead to the following conclusions: 

Fine material gives low packing degrees by 
overfilling of voids because of unsuitable particle size 
and size distribution; 

Talc powder gives lower packing degrees than 
cement, probably because of poor grading. The weight 
percentage of talc is estimated to be 10% for reaching 
a reasonably high packing degree and fluidity; 

Assessment of the applicability of theoretical 
models indicates that Toufar’s model and 
micro-structural modeling give results that are in more 
agreement with average experimental results, while 
the 4C program gave overrates of results even though 
the Eigen-packing values in the software were taken 
from the same experiments. This implies that the 4C 
model is highly sensitive to the content of fine 
materials and aggregate size distribution and it 
highlights the function of the various components and 
shapes. It can also be concluded from the results that 
the packing is a function of the particles shapes and 
the grading curve;

Merit concrete gave lower compressive strength 
than Portland concrete early after preparation but 
much higher strength after a few weeks, indicating 
that the cement successively interacted with the talc 

causing dissolution of the first mentioned and 
formation of new cementing agents. This would 
suggest that both the cement and talc components 
should be increased somewhat for providing high 
strength of matured concrete. The role of the 
distribution of cement and talc particles may well be 
clarified by extended micro-structural modeling; 

Merit concrete showed more tough and ductile 
behaviour than Portland concrete, especially early in 
the maturation process, but later became stiffer and 
more brittle. This may be advantageous for use as 
grout injected in soil masses like clayey earth dam 
cores where slow creep takes place and some ductility 
of grouts would be ideal.  
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PERFORMANCE OF CEMENT-POOR CONCRETE WITH DIFFERENT 
SUPERPLASTICIZERS   

Mohammed Hatem Mohammed1 & 2, Roland Pusch1, Sven Knutsson1 & Jan-Erik Jonasson1

1Dept. of Civil, Environmental and Natural Resources Engineering,Luleå University of Technology, 
Luleå 97187, Sweden 

2Dept. of Civil Engineering, University of Mosul, Mosul 41002, Iraq 

ABSTRACT 
Concrete can be used for casting plugs in deep boreholes where fracture zones are intersected. They will be exposed 
to flowing groundwater and be in contact with very tight seals of smectite clay installed where the surrounding rock 
is tight. The cast concrete must be able to carry the clay segments placed over it after a few days. Its bearing 
capacity does not have to be very high after that since the clay soon adheres to the rock and carries itself. The 
concrete must be poor in cement for minimizing the risk of creation of voids caused by dissolution of the cement 
and it should have “inert” aggregate of quartz-rich material. Inorganic superplasticizers instead of conventional 
organic ones should be used for eliminating the risk of degradation and loss by formation of colloids that can carry 
radionuclides to the biosphere from holes bored in repository rock. The two concrete types discussed in the present 
study had Portland and Merit 5000 low pH cement as binders and crushed quartzite as aggregate. Talc mineral 
powder and ordinary organic Glenium 51 were used as superplasticizers for comparing their impact on the physical 
properties. The matrix of the cement-poor talc concrete gave ductile behaviour during initial hardening. The very 
dense matrix of either of the concretes would not lead to compression of the system even after complete loss of 
cement, which will happen over a longer period of time. The overall conclusion was that talc as superplasticizer and 
conditioner of the concrete can make the concrete sufficiently fluid for constructing seals at depth in boreholes, and 
react with cement to provide high strength with some delay. pH is much lower in Merit than in Portland concrete, 
which causes less impact on the clay seals. Portland concrete has five times higher strength than Merit concrete after 
a week but three times lower strength after 28 days. 

Keywords:Concrete, Borehole sealing, Compressive strength, Cement, Superplasticizers, pH, Quartzite. 

1. INTRODUCTION
Sealing of borehole is an important issue for hindering axial transport of Carbone dioxide from deep gas storages to 
the ground and migration of radioactively contaminated groundwater in deep repositories to the biosphere. In recent 
time it has become of special interest in conjunction with reconsideration of disposal of HLW waste packages in 
very deep boreholes (VDH), [1].  Concrete is one of the main materials for sealing and grouting of boreholes by 
construction of plugs and stabilization of intersected fracture zones (Figure 1), for which the properties in both short 
and long time perspectives and the technique for placement must be suitable. The role of concrete seals where a 
VDH intersects fracture zones requires examination of the impact of groundwater erosion and of the chemical 
interaction with adjacent clay seals. The strong degrading effect on the latter by ordinary concrete with Portland 
cement as a binder, for which pH of the porewater is 12, suggests use of low-pH cement [1]. Superplasticizers are 
essential for making concrete fluid, but the conventional organic ones can degrade and cause voids and give off 
organic colloids that can transport radionuclides. Inorganic material like talc should be considered as discussed in 
the present paper [2]. 
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Figure 1. Upper: Principle of borehole sealing. Lower: Detail of concrete cast where the borehole intersects a fracture zone. 

1.1. Boreholes 
Radionuclides can be moved to the biosphere by water flow in deep boreholes extending from the ground surface to 
the repository level driven by pressure differences unless they are effectively sealed. Fracture zone system can be 
short-circuited by the boreholes [3]. Proper construction of the seals requires that they shall perform acceptably for 
very long periods of time, which, for HLW repositories are on the order of tens to hundreds of thousands of years. 
This requires that all physical and chemical processes that can endanger their longevity must be considered [4]. 

1.2. Sealing of ordinary deep boreholes 
Borehole sealing can follow the same principles as backfilling of repositories, shafts and tunnels. A fundamental 
strategy is to tightly seal fracture-poor, rock with highly expandable smectite clay, and to fill the parts that intersect 
permeable fracture zones with physically stable concrete that does not need to be very tight but be strong enough for 
supporting the clay segments [3]. Thermally induced stresses, seismic shocks and tectonic strain will generate shear 
displacements along fracture zones in the repository rock and percolate borehole seals located in them. In these 
positions clay is not suitable because of the risk of erosion and dispersion [5] and here concrete is proposed as 
sealing material. It shall have a high density and a low content of cement for minimizing the risk of loosing the 
bearing capacity that can result from dissolution of this component. 

Clay seals consist of highly compacted smectite clay (“bentonite”) fitted in perforated copper tubes. After 
installation the strongly expansive clay migrates through the perforation and forms a dense and tight skin between 
the tubes and the rock by which the boreholes become effectively sealed [5-7]. Groundwater will hence not flow 
through the sealed holes but in the rock around them [2, 5]. Portland cement in the concrete is deemed less stable 
than low-pH cements, which speaks in favour of the latter. 
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Before clay and concrete seals can be installed the holes must be stabilized so that the risk of failure caused by 
falling debris from the borehole walls in the construction phase is eliminated. An extra stabilizing act can be to keep 
the not yet sealed parts of the boreholes filled with smectitic bore mud. Concrete is cast by pumping through tubes 
reaching down to the desired level in the holes that are initially filled with freshwater or bore mud. The up to 24 m 
long jointed tubes with clay are moved down through the mud to establish contact with the concrete [3]. After about 
one day, the expanded clay produces enough wall friction to make each clay segment carry itself [2, 8]. In one week, 
the concrete gets sufficient bearing capacity to carry subsequently placed clay seals. Both the clay and concrete have 
an ultimate hydraulic conductivity of less than E-10 m/s and for the clay seals it can be lower than E-11 m/s. 
Dissolution and loss of the concrete cement component do not change its bearing capacity but the hydraulic 
conductivity will increase to become as low as for moraine [1]. Sealing of boreholes has been successfully applied in 
practice of limited length (500 m) but for longer holes full-scale testing and some development are required [7, 9]. 
 
1.3. Sealing of VDH 
The very high salt content of deep groundwater makes it almost stagnant, which is the main argument for disposal in 
deep boreholes: possibly contaminated groundwater at more than 2 km depth will not reach higher up than by a 
hundred meters by convection. Another favourable condition is that the very high rock stresses, 50-110 MPa at 2-4 
km depth, that fractures and joints are closed and make the rock tight [10]. A further advantage compared to 
shallower disposal is that the risk of illegal capturing of the waste is insignificant repository [11]. As to 
constructability it is obvious that techniques have been developed for boring several thousand meter deep holes. In 
principle, the concept is hence feasible [1]. 
 
1.3.1. Concrete seals  
Axial support to the clay seals provided by the concrete requires that it remains as mechanical buffer and does not 
become eroded, a criterion that requires high density and a minimum of cement. A further criterion is that it must 
not significally degrade the contacting clay seals by chemical interaction. Such impact is caused by concrete 
containing Portland cement according to earlier field investigations showing that soft parts of the clay coagulated, 
leading to increased void size and hydraulic conductivity by ion exchange from Na to Ca [12]. They also 
demonstrated the impact of high pH cement water on the smectite clay, i.e. dissolution and transformation of 
smectite to non-expanding clay minerals and amorphous silicious compounds, associated with loss in strength of the 
concrete within a distance of a few centimetres from the clay/concrete contact. The main findings from the about 3 
year long borehole plug tests were, 1) the smectite clay had strongly increased calcium content by Ca migration 
from the concrete, 2) the clay had 2 interlamellar hydrate layers up to 10 mm distance from the concrete and 1 
hydrate layer at larger distance, gypsum was found in all parts of the clay, 3) gypsum appeared in all parts of the 
clay, 4) the concrete was depleted of calcium and the cement phases had undergone significant dissolution. 
 
1.4. Criteria  
A number of criteria have been defined concerning concrete seals, in particular with respect to the granular 
composition and the cement content [13]. They are different for ordinary boreholes and for the concept VDH 
because of the high temperatures prevailing in its lower part: 
 

 Concrete fluidity at casting has to be sufficient, 
 

 Concrete bearing capacity has to be sufficient and the compressibility sufficiently low for maintaining 
constant volume conditions under the load of the whole overlying series of supercontainers, 
 

 The concrete must not undergo phase separation when being cast, and it must be physically stable after 
hardening, 
 

 The hydraulic conductivity of the hardened concrete should be lower than that of the surrounding fracture 
zone, 

 
2. SCOPE OF STUDY 
Clay and concrete seals in boreholes in rock hosting highly radioactive waste shall have high enough physical 
stability and sufficiently low hydraulic conductivity for at least 100 000 years  according to the Swedish Nuclear 
Fuel and Waste Handling Co (SKB) [11]. The concrete must have a very low content of cement for minimizing the 
mutual chemical impact on the contacting clay seals and at least 2100 kg/m3 density to fulfil the requirements 
respecting tightness. Cement represents about 5-8 weight present of the solids in presently proposed candidate 
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concretes and it is preferably of low-pH type and very fine-grained. Inorganic substances should be used as 
supeplasticizers and talc, a hydrophobic easy-slipping mineral, turns out to be a promising candidate material. 
Chemical interaction of this mineral and certain cement components give considerable strength despite the very low 
cement content [14]. Silica-rich aggregate material is being proposed for chemical integrity represented by crushed 
quartzite with some fine silica silt/sand for obtaining a low porosity and a high internal friction.In this paper 
comparison is made of the performance of concretes based on two brands of cement (Portland and Merit 5000), two 
types of superplasticizers (organic Glenium 51, and talc) and two different types of fine materials (FN) added to 
crushed and ground quartzite. The flow chart in figure 2 illustrates the investigated concrete mixes. 
 

 
 
 

Figure 2. Plot shows the scope of this study 
 

3. EXPERIMENTAL 

3.1. Materials 
3.1.1. Cement 
Portland cement delivered by Cementa AB, Heidelberg cement group, Sweden, and Merit 5000 low-pH cement 
delivered by the SSAB Merox AB, Oxelösund , were used in the study.Table 1 shows the physical and chemical 
characteristics of the cements. 
 
3.1.2. Aggregate  
Two aggregate components were used, both being quartz-rich for high chemical integrity. A coarse part consisted of 
crushed quartzite with 2.70 g/cm3 specific density, and a fine part was represented by milled crushed quartzite with 
100 μm maximum aggregate size, to which an extra-fine fine component of very fine quartz particles (75.6 %) 
manufactured by Forshammar AB mixed with (14%) Na/Ca feldspars was added. The specific density was 2.60 
g/cm3 and pH around 9.6 at water saturation [14]. The grain size distributions of all the aggregate components are 
shown in figures 3, 4 and 5. The grain size distribution of the aggregate mixture of 70% “coarse” and 30% “fine” 
quartzite, which shown more suitable than the 50/50 % mixture was used in the experiments. 
 
3.1.3. Superplasticizers 
Two types of superplasticizers have been used in the study, one being an organic, brownish liquid termed Glenium 
51. This type has been banned by certain organizations responsible for constructing HLW repositories like SKB 
(Swedish Nuclear Fuel and Waste Managing AB) because of environmental considerations [14]. The second type is 
the mineral talc in the form of a soft and very fine white mineral powder with the chemical formula 
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3MgO.4SiO2.H2O, manufactured by the VWR International Company UK. It is hydrophobic and low-viscous and 
does not form gels and has no impact on the environment. It is chemically stable in ordinary groundwater, the grain 
size analysis of Talc as drawn, figure 6. 
 

Table 1. Chemical and Physical characteristics of cements 
 

Analysis 
Merit 5000 cement, 

according to 
SS-EN 196-1, 2 and 3 

Portland cement, 
according to 
SS-EN 197-1 

MgO 16.6 2.3-2.7 
LOI – 1.23  

LOI compensated for S-2 oxidation 1.43  

SO3 0.085 3.1-3.7 
Sulfide 1.33  

cl- <0.01 0.03-0.07 

Glass content % 99  

Density g/cm3 2.9 3.08 

Specific surface area (m2/kg) 470 460 

Moisture content 0.09  

Initial setting 
Water content (%) 27.0  

Setting time (min) 210 160 

Compressive strength 
(MPa) 

7 days 23.3 44 
28 days 50.4 56 

 
 

Figure 3. Grain size analysis of crushed quartzite 
 

Figure 4. Grain size analysis of fine aggregate component 
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Figure 5. Grain size analysis of ground crushed quartzite Figure 6. Grain size analysis of Talc 
 

3.2. Sample preparation and mix proportions  
The solid components cement, aggregates, additives and water were mixed and agitated using a mixer to reach 
homogeneity, left in figure 7. Plastic tubes (L=100 mm, D=50 mm) were used as moulds for casting the semi-fluid 
concrete pastes, which were densified by use of a vibrator, right in figure 7. An aquarium was used for storing the 
tubes in freshwater until testing took place. Portland and Merit 5000 concrete recipes were as shown in tables 2 and 
3. The concrete unit weight was evaluated as reported in tables 2&3.The amount of water was selected so as to make 
them semifluid. 

 

 
 

Figure 7. Left: Concrete mixture preparation demonstrating fluidity, Right: Molded samples 
 

Table 2. Investigated Portland concrete recipes; the amounts of the components are expressed in weight percent of the total 
weight. 

 
Concrete 1 PO/Gl. 1 PO/Gl. 2 PO/T. 1 PO/T. 2 

Component 
(%) 

Portland cement, (PO) 3.50 4.75 4.22 4.35 
Glenium 51, (Gl) 0.14 0.15 - - 
Talc, (T) - - 9.3 9.56 
Crushed quartzite, (Q) 53.0 71.3 47.25 65.22 
Ground Q, (GQ) 32.1 - 20.25 - 
Fine material, (FN) - 14.26 - 4.35 
Water, (W) 11.2 9.5 19.0 16.52 

Density, 
kg/m3 

 2255 2222 2140 2116 

Component 
ratios 

W/PO cement 3.2 2.0 4.5 3.8 
PO cement/ Total agg. 0.041 0.055 0.062 0.062 
GL/Total agg. 1.65E-3 1.75E-3 - - 
T/Total agg. - - 0.137 0.137 
Fine agg./Total agg. 0.377 0.166 0.3 0.0625 
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Table 3. Investigated Merit 5000 low-pH concrete recipes; the amounts of the components are expressed in weight percent of the 
total weight. 

 
Concrete 2 M/Gl M/T. 1 M/T. 2 

Component 
(%) 

Merit 5000 cement, 
(M) 

5.68 5.3 10 

Glenium 51, (Gl) 0.136 - - 
Talc, (T) - 7.6 7.25 
Crushed quartzite, (Q) 51.0 47.5 45.1 
Ground Q, (GQ) 30.9 20.4 19.3 
Water, (W) 12.28 19.1 18.14 

Density, kg/m3  2154 2125 2160 

Component 
ratios 

W/M cement 2.16 3.6 1.8 
M cement/Total agg. 0.069 0.078 0.156 
Gl/Total agg. 1.6E-3 - - 
T/Total agg. - 0.112 0.112 
Fine agg./Total agg 0.377 0.3 0.3 

 
One can see that the concrete with ground crushed quartzite gave a higher density (2255 and 2222) than the one 
based on fine materials (2140 and 2116) (Table 2). This might be due to an increasing of solid mixture density when 
using finer and with sharp edges particles. Glenium gave higher density than talc for the same fluidity (tables 2 and 
3). 

 
4. RESULTS AND DISCUSSION 

4.1. Compressive strength 
Determination of the unconfined compressive strength after 2, 7 and 28 days was made by means of a hydraulic 
compression machine, figure 8. The rate of compression was 1.5% per minute until failure took place as manifested 
by the appearance of fractures in hardened brittle concrete and by 10 % compression in ductile concrete. Tables 4 
and 5 summarize the results from all the experiments. 
 

 
 

Figure 8. Uniaxial compression test 
 

Table 4. Compressive strength, pH and fluidity of Portland concrete with different superplasticizers according to table 2 
 

Concrete 1 Age of sample (days) PO/Gl. 1 PO/Gl. 2 PO/T. 1 PO/T. 2 

Compressive strength (MPa) 
2 1.57 1.26 0.54 0.27 
7 2.88 2.25 0.66 0.99 
28 5.11 5.39 0.82 0.9 

pH 11 12 13 13 
Slump (mm) 35 45 20 35 

 



IJRRAS 18 (2) ● February 2014 Mohammed & al. ● Performance of Cement-Poor Concrete 
 

 

170 
 

Table 5. Compressive strength, pH and fluidity of Merit 5000 concrete with different superplasticizer according to table 3 
 

Concrete 2 Age of sample  (days) M/Gl M/T. 1 M/T. 2 

Compressive strength (MPa) 
2 - 0.017 0.015 
7 - 0.11 0.335 
28 0.057 2.63 2.22 

pH 9 10 10 
Slump (mm) 35 30 30 

 
The Portland concrete gave quick strengthening increasing insignificantly after a week, while the Merit concrete 
gave initially slow but steadily increased strength. This is explained by neoformation of silicious cementing 
compounds in chemical reactions between this type of cement and the talc material [15].  
 
4.2. pH 
Litmus strip papers were used for determining the pH of the all freshly prepared concretes recipes since glass 
electrodes, also tried, gave varying data. Tables 4 and 5 show that Merit concrete gave lower pH results than 
Portland concrete at repeated testing. However, for Portland cement one finds that the Glenium concrete had pH-
values of 11 and 12 while talc gave pH 13 for different fine aggregate brands. In contrast, Merit 5000 cement with 
talc had pH 10 (cf. table 5) [2, 14]. For sealing of boreholes and stabilization of tunnel backfills in repositories for 
radioactive waste where they are intersected by fracture zones concrete with Merit 5000 cement is preferable. 
 
4.3. Workability 
For determining the fluidity of the differently composed concretes slump tests were made immediately after 
preparation. The results shown in tables 4 and 5 demonstrate that Glenium gave higher fluidity than talc but that the 
difference is not significant [13]. 
 
4.4. Impact of concrete components on the mechanical strength 
4.4.1. Effect of fine aggregate 
Figure 9 shows the impact of two fine aggregate types on the compressive strength for the same type of cement and 
superplasticizer. For Glenium-Portland concrete, use of ground crushed quartzite as fine aggregate gave the highest 
strength early after casting (2 and 7 days) but lower strength after 28 days than when FN was used. This is in 
contrast with the behaviour of Talc-Portland cement and FN, which had higher strength after 7 and 28 days (figure 
9, right). This can be explained by the higher surface area of FN than of ground crushed quartzite (cf. figures 4 and 
5) as indicated by the higher water content needed for complete hydration. 
 

Figure 9. Compressive strengths of concretes based on Portland cement and different fine aggregate types with superplasisizer, 
Left: Glenium, Right: Talc 

 
4.4.2. Effect of superplastisizer 
Figure 10 summarizes the effect of different superplasticizers on the compressive strength. Portland concrete with 
Glenium showed higher strength than with talc for all aggregate types. In contrast, low-pH, Merit 5000 cement with 
talc gave the highest compressive strength (figure 11), indicating that the chemical reactions of cement and talc were 
particularly important for the strengthening. 
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Figure 10. Compressive strengths of Portland concrete with different superplastisizers and fine aggregate, Left: Ground 
quartzite, Right: FN 

 

 
Figure 11. Comparison between compressive strengths of concrete with Merit cement and different superplasticizers 

 
4.4.3. Effect of cement type 
The left histogram in figure 12 demonstrates that Merit 5000 concrete with talc gave higher compressive strength 
than Portland concrete after 28 days of maturation. This can be explained by a delayed chemical interacting between 
talc and Merit cement causing dissolution of the first mentioned and formation of new cementing agents [15]. Such 
interaction between cement and superplasticizer did not take place in Merit 5000 concrete with Glenium as shown 
by the right histogram in figure 12. 
 

Figure 12. Comparison between compressive strengths of concrete based on different types of cement and superplasticizer, Left: 
Talc, Right: Glenium 
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5. CONCLUSSIONS 
Concretes with crushed quartzite as coarse aggregate, and milled crushed quartzite or FN consisting of very fine 
quartz particles and Na/Ca feldspars as fine aggregate material, and with talc as superplasticizer were prepared and 
investigated in this study for possible use in sealing deep boreholes. The cement content was lower than 10 percent 
by weight and less than 6 percent for most of the samples. The major conclusions from the study were: 
 
Concrete with Portland cement gave quick strengthening but very little additional strength after a week, while the 
“Merit concrete” gave slow but steady increase in strength that was ultimately higher than for Portland concrete, 
 
pH was lower for Merit concrete than for Portland concrete. For the firstmentioned it was around 10, 
 
The density of concrete with crushed and ground was higher than when fine materials in the aggregate, 
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1. Introduction 

Very deep hole (VDH) concepts envisage placement of high-level radioactive waste in the 

lower part of 3-5 km bore holes with effective sealing of the upper section (Figure 1), [1,2]. In 

this plan, several holes will be bored in slightly different directions from a chamber below the 

ground surface, whereby the distance between the waste-bearing parts is sufficiently large to 

avoid interference and superposition of the elevated thermal fields. A recently developed 

approach, discussed in this paper is to use a constant hole-diameter of 0.8 m from below a few 

hundred meters to 4 km depth whereby the lower 2 km is used for HLW disposal and the 

upper part for sealing purposes. Using sufficiently dense drilling mud, such broad boreholes 

can be drilled with and without casings. Where the borehole intersects water-bearing fracture 

zones, concrete can be cast for stabilizing the fractured rock [3,4].  

Figure 1  

Effective sealing of the borehole in areas of stable rock requires the use of compacted, dense 

smectite clay that forms an effective barrier against water flow [3,4]. The study of natural 

analogues has verified that under normal ground water conditions, such seals can remain 

effective over very long, geological periods of time [5]. The basic requirement of a repository 

borehole seal is that it must be less permeable than the surrounding rock and stay ductile 

during the entire operational time, which has been set at 100,000 years in the case of Sweden 

and Finland. For the VDH concept two clay components with different densities are been 

considered, one in the form of dense mud, and the other as compacted clay blocks of 

significantly higher density.  

The concrete intended for filling the holes where they intersect fracture zones must fulfil a 

range of criteria: i) to serve as a filter for preventing clay particles in adjacent clay seals from 



migrating through the concrete and into the permeable fracture zones, ii) to quickly harden to 

a sufficient strength that can hold the above clay seals in position without failing, and iii) to 

be chemically compatible with the surrounding mud and dense clay. A new concrete type 

with a low content of cement and lower pH than conventional Portland cement has proposed 

for constructing such plugs for the VDH concept. The ground blast furnace slag (GBFS) 

based cement uses talc as a fluidizer and can be mixed at varying concentration with silica-

rich aggregate to produce an organic-free concrete [4]. The objective of this study was to 

experimentally investigate the impact of hydrothermal conditions on the mechanical 

performance and chemical stability of clay and concrete sealant system and to discuss 

implications for the long-term safety of the VDH concept.   

2. Function of clay and concrete seals at increased temperature 

2.1 Placement of mud and waste packages  

The waste consists of highly radioactive waste in processed form or as spent fuel rods and is 

proposed to be confined in cages, termed supercontainers, that consist of perforated tubes of 

copper or navy bronze with an outer diameter of about 700 mm and a length of 7000 to 8000 

mm. They are filled with highly compacted clay blocks surrounding HLW canisters with 500 

mm diameter and about 5000 mm length. Installation is made by drill rigs with high lifting 

capacity used also for filling the holes with smectite-rich clay mud that becomes integrated 

with the clay that expands out from the tubes [3]. Its initial density is about 1600 kg/m3 (dry 

density 950 kg/m3) that ultimately increases to 2000 kg/m3 in the upper, sealed part of the 

holes, while it is somewhat lower in the deployment zone. Here, the role of the clay is to 

support the supercontainers rather than providing them with a low-permeable embedment. For 

easy installation of them in the relatively dense mud propelled activators can be used 

immediately before the supercontainers or set of containers are moved down. Once on site the 

thixotropic mud stiffens and becomes consolidated by the dense clay that migrates out 



through the perforation of the containers. After about 24 hours they carry themselves by wall 

friction. Concrete to be cast where fracture zones are intersected is prevented from penetrating 

the clay because of the stiffness that it gains in this time.  

2.2 Function of mud and dense clay 

In all parts of a VDH the initially dry clay blocks quickly become saturated with water that is 

brackish in composition in the sealed part of the hole and becomes notably salty and Ca-rich 

in the deployment zone. The ultimate density of the clay will be about 2000 kg/m3, which 

results in a hydraulic conductivity of no more than E-11 m/s and a swelling pressure of at 

least 1 MPa [5]. A large part of the space around the supercontainers will be sealed  with 

dense mud  in the range of 1600 kg/m3 (dry density 1270 kg/m3) to 1900 kg/m3 (dry density 

1430 kg/m3). The physical properties of the mud at depth are, however, expected to change 

with an increase in hydraulic conductivity and a drop in swelling pressure compared to room 

temperature conditions [5].  The dense clay will be used to seal the hole down to 2 km depth 

and to be significantly less permeable than the surrounding rock. The effective sealing 

potential of the upper part of the hole will prevent upward axial flow of any contaminated 

water that forms at the level of the deep repository. A further isolating capacity of the VDH 

concept is the high density of groundwater in the deployment zone that is not expected to 

move upwards into the lower density waters that characterize the upper levels of the hole 

[1,2]. 

2.3 Casting and maturation of concrete seals  

The under-water casting of concrete using pipes that pump the slurry down for displacing 

mud is a well-practiced procedure and is not expected to cause problems since there are no 

significant hydraulic gradient at depth that would cause piping and softening of the fresh 

concrete. The local mixing of mud and concrete will be acceptable during such an operation. 

Hydration and hardening of concrete with 5-10 % low-pH GBFS cement (Merit 5000 or 



equivalent), aggregate granulometry of moraine type with quartz as sole constituent, and 7-10 

% talc as fluidizer, is considered sufficient for supporting supercontainers with clay or 

clay/waste after a period of 2-3 days [4].    

3. Long-term performance of smectite clay 

3.1 General 

The role of temperature on the stability of clay is of critical importance in terms of the long-

term sealing efficiency, particularly at the contact with the hot canisters and elsewhere in the 

deep holes during the first hundred years after deployment, and in the following 1000 years at 

successively reduced temperature [3]. For the considered clay-based muds the initial smectite 

content dominates the material with 70-90 %, whereas accessory minerals are minor with 

generally quartz (5 %), feldspars (5 %), carbonates (5 %), S-bearing minerals and chlorides (5 

%). The factor that controls the chemical evolution of the clay mineral based seal is the 

concentration of K, which can result in the formation of high layer charged smectites or non-

swelling illites. The empirically derived reaction described by Eq.1 represents a generalized 

case for all the smectite group minerals, including montmorillonite, saponite and mixed-layer 

smectite/illite, all of which are candidate materials [3,5]:  

    (1) 

where S denotes smectite, Fk K-feldspars, Mi micas, Q quartz , and Chl chlorite. 

The rate equation based on the reaction models Pytte/Reynold’s [6] and Grindrod/Takase’s 

[7], has the following form:  

   (2) 

where:

S = Mole fraction of smectite in I/S assemblages 

U= Activation energy for converting smectite 



R = Universal gas constant 

T = Absolute temperature 

t = Time 

m, n =coefficients 

3.2 Modelling  

The model of mineralogical changes in montmorillonite proposed by Grindrod and Takase 

[7], considers the dissolution and precipitation of phyllosilicates by taking O10(OH)2 as a 

basic unit  and defines a general formula for smectite (S) and illite (I) as: 

 (3) 

where X is the interlamellar absorbed cation (Na) for Na montmorillonite. According to the 

model the rate of the reaction r can be expressed as:  

    (4) 

where A=coefficient, Ea=activation energy for the conversion of montmorillonite to illite (S/I),  

R=universal gas constant, T=absolute temperature, K+=potassium concentration in the pore-water, and  

S=specific surface area for reaction.                                                                         

3.3 A basic reference case for the evolution of smectite clay  

Taking the commonly assumed activation energy for converting smectite to illite as 27 

kcal/mole, the theoretical models imply that heating to 50oC causes insignificant loss of 

smectite in E6 years, while about 100 % of the original smectite reacts to form illite over the 

same time period at 100oC. Several natural analogies, among which the Ordovician 

Kinnekulle bentonite that underwent heating under VDH-like conditions (heating to 140oC in 

the first 100 years followed by a temperature drop to 90oC in the next 900 years) provides 

evidence for the long-term stability of a substantial part of the Na-montmorillonite deposit 

(Figure 2 [8]).  

Figure 2  



Eq.1 implies that formation of quartz, representing also cristobalite and amorphous silica, is 

one of the reaction products in the heat-generated evolution of smectite clay and this has been 

demonstrated in several laboratory studies [5]. The phenomenon also took place in the 

Kinnekulle bentonites as demonstrated by the rheological performance (creep) of undisturbed 

samples in shear box testing (Figure 3).  

Figure 3  

3.4 Long-term performance of the clay in VDH  

3.4.1Conditions 

In the upper, sealed part of the VDH the temperature will range from about 15oC to 60oC that 

should cause no heat-induced changes and provide total tightness early after installation as 

concluded from extensive practical testing, theoretical modelling and natural evidence [5].  

The chemical evolution of the clay depends very much on the temperature and salt 

concentration in the groundwater as well as on the interaction with the canisters, 

supercontainers and casing materials. Some minor exchange of the initially sorbed Na ions by 

Cu ions will take place. Exchange with Ca, being the dominant cation in the strongly brackish 

groundwater in the upper part of a VDH and in the very salt groundwater (>10 g/l) in the 

deeper parts of a VDH, will control the microstructural constitution and thereby the physical 

properties of the dense mud [5]. 

In the deployment zone, where temperatures of 150oC may be reached in lowest part of the 

hole, mineralogical changes and reduced permeabilities are expected because of partial loss of 

the sealing component montmorillonite and conversion to (non-expansive) illite via mixed-

layer smectite/illite minerals [5]. Cementation is caused by precipitation of neoformed quartz, 

cristobalite and illite.  

Application of Grindrod’s and Takase’s model to the lower part of VDH logically predicts 

much higher rates of illitization and stiffening than for the colder section of the hole. Thus, 



using Eq.4 an increase in clay temperature from 100 to 150oC significantly increases the rate 

of reaction and converts half the entire original content of montmorillonite to illite 100 times 

faster, assuming the activation energy to be 27 kcal/mole and all other factors to be the same. 

This significant loss of effective sealing will take place in about 100 years but the practical 

importance is not very significant since the isolating ability of the remaining clay is still 

considerable. Thus, for pure illite with a density of 1600 kg/m3 the hydraulic conductivity is 

lower than E-8 m/s [9]. The total conversion to non-expandable illite in a dominant part of the 

dense clay in the supercontainers would in fact take significantly longer time (100,000 years) 

because the controlling mechanism is diffusive transport of K from the surrounding rock [8].  

3.4.2 Reference experiment 

The results are considered from 1 year-long hydrothermal tests performed by SKB (Swedish 

Nuclear Fuel and Waste Management Co) in cooperation with its French equivalent ANDRA 

as representative of the chemical, mineralogical and physical changes of VDH clay at 

different temperatures [9]. The test arrangement shown in Figure 4 consisted of cylindrical 70 

mm long MX-80 samples with a dry density of 1650 kg/m3 placed in confined in cells with an 

iron plate at the heated end (130oC) and a water saturated filter at the opposite end (90oC). 

Weakly brackish water with Na as dominant cation and low potassium content (<10 ppm) was 

pressurized to 1.5 MPa in the filter. In one of the tests a gamma radiation dose of about 3E7 

Gy acted on the iron plate, the adsorbed radiation dose being 3972 Gy/h at the hot plate 

contact, around 700 Gy/h at half length of the sample, and 456 Gy/h at the coldest end. The 

investigation of the samples comprised XRD analysis (Figure 5), electron microscopy with 

EDX, chemical analysis, infrared spectrometry IR, and determination of CEC determination. 

Figure 4  

The results (Table 1, Figure 5) indicate that chemical and mineralogical changes occurred in 

in accordance with Eq(1). There was nearly no difference between the sample exposed to 



gamma radiation and the one that was not irradiated except that Fe migrated from the iron 

plate into the clay somewhat quicker but still no further than a few mm under the influence of 

the radiation. Comparison with virgin MX-80 clay showed that hydrothermal treatment with 

and without radiation produced insignificant chemical changes, which was also supported by 

CEC data. They showed that untreated MX-80 had a CEC value of 99 meq/100 g while the 

most strongly heated and radiated clay had a CEC value of 93 meq/100 g. However, creep 

testing at room temperature of samples from various distances from the hottest end showed 

significant stiffening at higher temperatures (Figure 6), [9]. Thus, the shear strain of the 

sample exposed to 130oC was about 3 times lower than of the one heated to 90oC. This 

stiffening is attributed to the precipitation of silica and neoformed illite [3,5]. 

Table 1 

Figure 5 

Figure 6 

4. Long-term performance of concrete in VDH 

4.1 General   

Theoretical modelling of the changes in composition by dissolution and formation of 

cementing agents in concrete has been undertaken by several investigators and the principal 

reactions that specify the formation of components with Na, Mg and Si that provide 

compressive, tensile and shear strength are well known for concrete with Portland cement. 

For concrete with a small content of lower pH, for example GBFS cement, the knowledge of 

the strengthening processes is not known in detail. The dominant strength-determining factor 

appears to be the geometrical co-ordination and distribution of the various concrete 

components as given by application of packing theories [4]. The results of heating 

experiments using the new type of concrete under hydrothermal conditions are here further 

considered in order to develop a conceptual model for predicting the long-term performance 



of the concrete in the VDH concept. At rest, canisters will probably lie at least 10 m from the 

concrete material the temperature of which will not exceed 100-120°C.  

The chemical stability of concrete is expected to depend largely on the solubility of the 

cement. For Portland cement the long-term stability is judged to be low because of its high 

solubility and loss of the calcium hydroxide component [4]. The hardening of the concrete 

that is proposed to be used in a VDH, i.e. the aforementioned type with quartz-rich aggregate, 

low-pH, GBFS-based cement and talc as superplasticizer, is slower than of traditional 

concrete with similar amount of Portland cement under room temperature conditions but the 

low-pH concrete become stronger after a few weeks [4]. Its pH of 10 means that it less likely 

to alter contacting clay as much as concrete with Portland cement. The important matter here 

is how the proposed concrete behaves under the hydrothermal, hot conditions that will be 

encountered in a VDH. 

4.2  Experimental  

4.2.1 Materials 

The aggregate consisted of a mixture of crushed quartzite with fine silica powder added and 

the low-pH GBFS cement of type Merit 5000 manufactured by SSAB Merox AB, Oxelösund, 

Sweden. Organic superplasticizers can form radionuclide-bearing colloids so talc, 

manufactured by VWR International Company, UK, was used as an alternative [4]. It is a 

very fine white hydrophobic mineral powder with the chemical formula 3MgO.4SiO2.H2O. 

The grain size distribution of the aggregate in two different brands was: 100% finer than 

4mm, 70-76% finer than 1 mm, 32-50% finer than 0.1 mm, and 20% finer than 0.25 mm. For 

the talc component the size distribution was: 100% finer than 80 μm, 75% finer than 30 μm, 

and 20% finer than 10 μm. The concrete recipe is shown in Table 2. 

Table 2 

4.2.2 Test arrangement 



The procedure was to mix the solid materials (cement, mineral additives and aggregate) for 

one minute and then add distilled water followed by mixing the concrete for a few minutes 

and casting it in steel cells for 28 days’ curing.  The copper base of the cells was heated to the 

respective temperature and the top lid of steel cooled to 40-60oC for maintaining a constant 

temperature gradient (Figure 7). Figure 8 shows the concrete samples after the treatment. 

Figure 7 

Figure 8 

4.2.3 Load testing  

The strength of the concrete, being the most important physical property of the concrete in the 

present context, was determined by performing unconfined compression tests at a constant 

compression rate of 1.5 % per minute. Table 3 gives the strength values. Failure took place in 

the form of fracturing parallel to the loading direction. The heat treatment increased the 

compressive strength of the room temperature sample by 100 %. The strength of the 75 and 

150oC samples was almost the same, which indicates that the strengthening processes were 

complete already at 75oC.  

Table 3  

4.2.4 Permeability testing  

The second most important physical property is the hydraulic conductivity of the 

hydrothermally treated concrete. It was measured by using distilled water as percolate under a 

hydraulic gradient of 110 m/m. For avoiding leakage along the cell/concrete contacts the 

samples were first extruded from the hydrothermal cells, coated with smectite-rich clay paste 

and then pushed in again. The paste has a hydraulic conductivity of less than E-11 m/s.  

The hydraulic conductivity data are shown in Table 4. The high value for the sample matured 

at room temperature indicates the presence of large interconnected voids. The reduction to 

1/10 of this value for the sample exposed to 75oC in the hydrothermal treatment suggests that 



these voids were partly filled with gels formed by the chemical interaction of cement and talc. 

The highest temperature in the hydrothermal treatment, 150oC, gave further reduction of the 

conductivity by 5 times, indicating that the gel formation had continued and that further 

blocking of voids and channels had taken place.  

Table 4 

4.2.5 Chemical and mineralogical investigations  

The study included atomic absorption spectroscopy analysis of the water circulated at the cold 

ends of the hydrothermal cells. This was made by emptying the loop with water once per 

week and immediately filling it with new distilled water (Figure 7). The concentration of 

main cement cations (Na, K, Ca and Mg) were measured over a 4 week period (Figure 9). The 

concentration of leached Na decreased over the period of sampling at all of the 3 temperatures 

tested. The most rapid rate of Na decrease was seen in the 75°C sample and the slowest in the 

20°C sample. A similar trend was observed for K, except that at 20°C, after 3 weeks, an 

increase in K content, which may reflect the transition from cement precipitation to cement 

leaching as the dominant process. This mechanism is also evident by the significant increase 

of Ca observed at 20°C during the 4 week period that can be taken to indicate dissolution of 

Ca hydroxide cement phases. Enhanced rates of dissolution and leaching of these cations 

during the experiment was not observed at 75°C and 150°C. Here, crystallization processes 

were more favourable. The lowest amount of leached Na, K, Ca and perhaps Mg was 

recorded at the highest temperature of 150°C, indicating this concrete was thermally the most 

stable. The small differences in Mg concentration observed between the different thermal 

conditions are not considered to be significant. 

Figure 9 

In order to examine the mineralogy and crystalline state of the hydrothermally treated 

concrete, samples from the loading tests were investigated with respect to the mineralogy by 



SEM using a Zeiss field emission Auriga SEM housed at the University of Greifswald. The 

chemical composition of the cement phases was measured by energy dispersive X-ray 

analysis (EDX) using an extra sensitive 80mm2 CCD detector. In order to determine the 

complete composition, including elemental carbon, no coating of the samples was made and a 

low kV setting of 6 made to reduce charging at the sample surface. The compositional results 

given in Table 5 are, however, to be treated as semi-quantitative estimates of the elemental 

content due to the problem that some contamination of the signals occurred from underlying 

minerals when the cement films were particularly thin. 

Figure 10 

Cement phases in the form of thin grain coating are abundant in the 25°C treated sample 

(Figure 10a). Such coatings occur on all types of grains in the sample, including the platy talc 

particles. The cement phases form a notably fine, interconnecting network, which shows 

occasional coarsening. However, pore-filling cement phases are notably absent. In contrast, 

the 75°C treated sample has noticeably coarse cement coating that partly fill void spaces 

(Figure 10b). The coarsest type of cement with thick clusters and pore fillings was observed 

in the concrete subjected to 150°C, whereby the precipitation of crystals as large as 2 μm was 

observed. These observations confirm that the enhanced thermal conditions led to more 

extensive precipitation of cement phases that provides both strength and lower hydraulic 

conductivity. 

Table 5 

The elemental composition of the cement phases partly confirms the leaching trends observed 

in the water analyses. The highest concentration of Na2O was recorded in the 150°C 

experiment where the least leaching of this element occurred. The CaO also has clearly higher 

concentrations in the cement phase with increasing temperature conditions, which confirms 

the predominance of thermally-enhanced cement crystallization over dissolution and leaching 



mechanisms. The MgO content shows no clear trend, probably reflecting its lower solubility. 

Similarly, the concentration of K2O in these cements was too low to be detected and thus 

cannot be considered. An interesting feature is the occurrence of abundant C in the cement 

phases, which is attributed mainly to the precipitation of CaCO3 mineral phases that were 

observed in some of the cement samples. 

5. Discussion and conclusions  

As a result of the considered theoretical, natural, and experimental aspects presented, we 

consider that the combined use of smectite-rich mud and GBFS-based concrete poses an 

efficient and potentially stable way of sealing VDH structures that can be used for radioactive 

waste disposal. Particularly of importance is the use of the low-pH, slag-based cement that 

uses talc as fluidizer, which is chemically less aggressive to altering adjacent clay mineral 

phases and furthermore, shows improved performance in terms of both strength and hydraulic 

conductively when subjected to hydrothermal conditions ranging from 75-150°C. Our 

experimental constraints indicate that under the deeper conditions of the VDH concept, such 

cements are expected to undergo moderate chemical changes and thus should hinder any 

radioactively contaminated water from reaching the biosphere over the desired period of 

100,000 years.  At the higher levels of the VDH, the smectite-rich clay used as the drilling 

mud for boring the hole can be transformed into a dense clay components for sealing the 

upper 2 km part of the 4 km deep holes. Compacted clay mud is also considered adequate for 

embedment of the HLW canisters in the lower 2 km part, where the temperature can be as 

high as 150oC. The alteration of smectite to illite and quartz is believed to occur but is 

expected to be limited by the availability of K. The rate of alteration here is not expected to 

pose a significant safety issue as long as the integrity of the sealant material is maintained. 

The new type of low pH concrete tested here is intended for construction of seals where the 

holes intersect water-bearing fracture zones. Hydrothermal treatment at 75 and 150oC show 



this concrete to be particularly suitable for this purpose as it gains significant strength and 

tightness in terms of hydraulic conductivity, with a decrease in the flow of water equivalent to 

one order of magnitude. Such properties are considered ideal for preventing the inflow of 

corroding fluids into the hole that are expected to be present at the intersection with zones of 

fracture within the host rock. This suggests that this type of concrete has a considerable 

potential for being used for constructing seals in VDH, considering that the groundwater is 

rich in dissolved silica and other salts, while the experiments we made used more chemically 

aggressive distilled water. A fact in favour of the long-term performance of this type of low-

cement (ca. 6%) concrete is that even in the case of total loss of the cement phases there 

would not be any significant change the bearing capacity of the concrete and that its tightness 

will still be sufficiently higher than of the fracture zones that are intersected by the concrete-

sealed parts of the holes. 

While the performances of the clay and concrete are deemed satisfactory per se for the 

purpose of VDH sealing, it remains to be demonstrated that the mutual chemical interaction 

does not create a reaction zone with unacceptable sealing properties.  
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Figure 1. Schematic view of a VDH with HLW in the lower part and clay seals above [3,4].

Figure 2. The Kinnekulle stratigraphy. The right part describes the geotechnical/mineralogical 

data evaluated from analysis of 10 m cores taken from the present ground surface. wL denotes 

the Atterberg liquid limit, which is a measure of the smectite content (“S”) that is 20-30 % of 

the mineral mass in the thick bentonite bed [8]. 

Figure 3. Creep behaviour of Kinnekulle bentonite. The stepped strain for 95 kPa shear stress 

under 300 kPa normal stress is concluded to indicate breakage of larger cemented aggregates 

[3]. 

Figure 4. Test arrangement in the SKB/ANDRA hydrothermal test of smectite-rich clay [9]. 

Figure 5. Schematic diffractograms of a montmorillonite-rich reference (MX-80) sample 

(20oC) and of the most heated part of a hydrothermally tested sample (130oC). Feldspars, 

amphibole, some of the quartz and smectite disappeared in the hot part [9]. 

Figure 6. Shear strain of a specimen of hydrothermally treated smectite clay at 130oC for 1 

year without radiation. Shear box testing under 6 MPa normal effective pressure [9]. 

Figure 7. Test arrangement with the cold end kept at 40-60oC by circulating distilled water 

through the upper filter, keeping the hot end of the copper base at fixed temperatures (20, 75 

and 150oC) for 10 weeks. 

Figure 8. Concrete samples after hydrothermal treatment completely filling up the cells. The 

coloured parts had been in contact with the copper plate and caused some corrosion. 

Figure 9. Elemental concentration of Na, K, Ca and Mg measured in the percolate solutions 

extracted during the hydrothermal experiments. 

Figure 10. Typical SEM micrographs of the hydrothermally treated concrete samples imaged 

with a secondary electron detector. a) 20oC, b) 75oC, c) 150oC. 



Table 1. Changes in one year long hydrothermal tests of MX-80. M=Montmorillonite, 

F=Feldspars, G=Gypsum, Q=Quartz, K=Kaolinite, Chl=Chlorite, I=Illite. +++ means strong 

increase, ++ significant increase, + slight increase, --- strong loss, -- significant loss, - slight 

loss. 0 means no change [9]. 

Table 2. Concrete recipe. 

Table 3. Uniaxial compressive strength of samples hydrothermally treated for 10 weeks. 

Table 4. Hydraulic conductivity of heat-treated concrete.

Table 5. Elemental composition of the cement phases after hydrothermal treatment (percent 

units). 



Treatment 125-130oC 115-120oC 105-110oC 90-95oC

Hydrothermal 

without radiation

M -

F ---

Chl+ 

G ++

K ++

Q +

I  +

M –

F --

Chl +

G +++

K +

Q +

I  0

M 0

F -

Chl 0

G +

K 0

Q 0 

I 0

M 0

F -

Chl 0

G+

K -

Q 0

I 0

Table



Proportions, % Water/cement 

ratio

Packing 

degree, Ф

Aggregate/cement 

ratio

Density, 

kg/m3

pH

Merit 

Cement

Talc Aggregate

6.5 9.5 84.0 3.6 0.515 12.8 2070 10

Table



Sample of talc-concrete treated at Compressive strength (MPa)

Room temperature 20 oC 4.52

Heating at 75 oC 9.16

Heating at 150 oC 9.00

Table



Talc-concrete sample for  a month at Hydraulic conductivity, m/sec

Room temp. (20oC) 1.77685E-08

Heating (75oC) 2.44813E-09

Heating (150oC) 5.56185E-10

Table



Temperature, oC CO2 Na2O MgO Al2O3 SiO2 CaO TiO2 FeO

20 28.6 0.1 9.8 3.8 60.4 0.9 0.5 3.4

75 21.7 0.1 19.0 2.3 54.0 1.2 0.2 5.3

150 23.5 0.3 10.5 7.5 56.7 1.5 - -

Table
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Abstract 10 

A concept for the disposal of highly radioactive waste at depth in the Earths crust termed 11 

VDH (Very Deep bore-Holes) requires that the upper two kilometers of the 800 mm diameter 12 

steeply bored holes be effectively sealed. This can be achieved by using dense smectitic clay 13 

where the rock is weakly fractured and strengthening with concrete when fracture zones are 14 

encountered. Earlier investigations have shown that chemical reactions between the concrete 15 

and clay can be expected both in the upper part where the temperature is lower than 90oC and 16 

in the deeper part where the temperature reaches up to 150oC. To study further this 17 

interaction, hydrothermal experiments were conducted with clay and concrete in contact 18 

under isothermal conditions at 21°C, 100oC and 150oC for a period of 8 weeks. The sample 19 

sets, which consisted of two clay discs separated by concrete cast on the lower clay disc, were 20 

extracted in undisturbed form and exposed to uniaxial pressure for measuring the compressive 21 

strength at successively increasing pressures. Compression tests indicate enhanced thermal 22 

conditions leads to strengthening of both the concrete and clay. X-ray diffraction and electron 23 

microscopy analysis of the material reveals an increased decrease of cation exchange occurs 24 
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with at higher temperatures in the cement, with Ca replacing Na in the interlayer sites of 1 

smectite layers. Dissolution of illite/smectite is also evident occurring at enhanced 2 

temperatures, with a decrease K, Mg and Fe content with advanced alteration. The enhanced 3 

strength of clay may be partly attributed to the precipitation of secondary cement phases from 4 

circulating fluids, including the secondary precipitation of gypsum. 5 

 6 

Keywords: low-pH cement, clay, chemical analysis, mineralogical analysis, stress/strain, 7 

hydrothermal treatment, 8 

 9 

1. Introduction 10 

The concept of the very deep borehole (VDH) disposal of highly radioactive waste at crustal 11 

depth requires that the upper two kilometers of the 800 mm diameter steep bored holes are 12 

sealed with dense expandable smectitic clay, Fig. 1. Perforated “supercontainers” can be 13 

installed in parts of the holes where the surrounding rock has few fractures. Concrete can be 14 

cast where fracture zones are intersected, which range in length from a few m’s to up to 100 15 

m. In such zones, physical and chemical interaction of the concrete and clay is to be expected.  16 



3 
 

 1 

Fig. 1. Schematic picture of very deep borehole (VDH) concept. Grouting is used for reducing 2 

the inflow of water into the hole from fracture zones and for stabilizing them. 3 

 4 

The same principle can also be applied to the deeper 2 km section where each 5 

“supercontainer” contains a radioactive canister that is sealed by an overlying 6 

montmorillonite-bearing clay block and surrounding smectitic mud, (cf. Fig. 1). 7 

 8 

1.1 Chemical/mineralogical processes 9 

Concrete with ordinary Portland cement gives very high pH (Huertas et al., 2009), caused by 10 

dissolution of Ca(OH)2 (portlandite) in the pore water of the cement matrix, which can attack 11 

smectite crystal lattices in neighbouring clay seals (Liu et al., 2014). In this concrete, the pH 12 
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buffering is controlled by local equilibrium reactions, which work as the concrete matrix is 1 

being leached by dilute groundwaters, (van Eijk and Brouwers, 2000). Released Ca, K and 2 

Mg in the pore water of the cement can migrate into the clay and affect its physical behaviour 3 

(Pusch, 1982). The initially generated hydroxides in the porewater of clay seals in boreholes 4 

caused by casting ordinary concrete on them is generally very high (>13) and has high 5 

contents of Na, K, and Ca ions (Vigil et al., 2001; Ramı´rez et al., 2002, 2005; Neretnieks, 6 

2014). This is followed by a period in which pH is dominated by equilibrium with portlandite, 7 

Ca(OH)2, leading to the value pH = 12.4, in turn followed by a final stage with the system 8 

being in equilibrium with the CSH-type minerals formed in the cement matrix, giving a pH of 9 

about 10, (Berner, 1992; Ferna´ndez, et al 2006; Bartier et al., 2013; ). These various stages of 10 

alkalinity can be modified by using "lower pH cement" that reduces the destabilizing impact 11 

on the smectite clay (Gaucher and Blanc, 2006). This principle was adopted in the presently 12 

described study of the mutual impact on contacting clay and concrete under conditions 13 

relevant to deep disposal (Pusch et al., 2013).  14 

 15 

1.2 Previous study 16 

1.2.1 Laboratory experiments 17 

According to comprehensive international studies, zeolites are formed in batch tests of 18 

montmorillonite in KOH/NaOH/Ca(OH)2 solutions in a few months at 90oC and mixed-layer 19 

smectite/illite in potassium-rich solutions, leading also to saponite by uptake of magnesium 20 

(Pusch, 2008; Huertas, 2000). The main conclusions from such studies were, (Pusch et al., 21 

2003): (1) High-alkali cement (Portland-type) degrades quicker than low-alkali cement, (2) 22 

Released elements and water migrate from the cement matrix to the clay very early, (3) The 23 

cement paste dehydrates and its voids widen; the solidified cement matrix fissures, (4) 24 

pH=12.6 is a critical value for significant alteration of the clay, (5) Ca migrates from the 25 
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cement to the clay causing ion exchange Na-to-Ca and coagulation of the softer parts of the 1 

clay, (6) Mixed-layer smectite/illite/muscovite clay with 25 % expandables in contact with 2 

low-pH cement does not cause significant alteration of either of the components. 3 

 4 

1.2.2 Field experiments 5 

A field experiment over 3 years with clay contacting concrete was performed in a 5 m deep 6 

borehole with 80 mm diameter in granite with brackish groundwater. The clay was a smectite-7 

rich (70-80 %) MX-80 bentonite with dry density 1710 kg/m3 and the chemical composition 8 

given in Table 1, which is compared with the Holmehus mixed-layer clay used in the present 9 

study. The concrete used, was based on Portland cement, silica-rich aggregate and Glenium 10 

51 superplasticizer. The density of the concrete was 2300 kg/m3. The concrete plug was cast 11 

directly on the clay plug 8 hours following clay placement to allow it to mature sufficiently 12 

which prevented the low-viscous concrete from penetrating downwards. The test performed at 13 

200 m depth under ambient temperature conditions. Samples across the clay-concrete 14 

boundary were investigated for their geotechnical and chemical/mineralogical properties, the 15 

results of which are summarized in the following section, (Pusch and Ramqvist, 2006; 2011; 16 

Warr and Grathoff, 2010; Nickel, 2012). 17 

 18 

Table 1. Chemical (weight percent) and mineralogical constitution of smectite-rich MX-80 19 

and mixed-layer Holmehus clays, 20 

Element SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O Minerals  +++ rich, ++ 

intermediate, + traces 

MX-80 63.6 19.8 5.0 3.2 3.1 2.8 1.0 M +++, Q+ , F+, C+ 

Holmehus 58.6 15.3 6.5 2.2 <1 0.5 4.0 MX+++, M+, Q+ 

(Q=Quartz, F=Feldspars, M=Montmorillonite, MX=Illite-smectite mixed layer phases, 21 

C=Carbonates, 22 
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Results 1 

The physical properties of the concrete had undergone some minor change to a distance of 2 

about 20 mm from the contact with clay and chemical/mineralogical alteration observed in 3 

this part. In addition to the leaching of Ca and K from the cement matrix, neocrystallization of 4 

a fibrous Ca-Si phase occurred along with the formation of some amorphous components. 5 

Comparison of XRD reflections of the altered and unaltered concrete samples showed that a 6 

number of reflections in the unaltered sample were smaller or absent in the altered sample. 7 

These reflections are attributed to cement phases that either did not crystallize in the altered 8 

concrete or have been removed by dissolution. Portlandite and possibly belite were 9 

recognized and the occurrence of a small amorphous reflection indicated new alteration 10 

products in the matrix of the altered concrete sample, (Gaucher and Blanc, 2006; Dauzeres et 11 

al., 2010).   12 

As to the clay there was no obvious difference in hydraulic conductivity between samples at 13 

distant from the clay/concrete contact and the one in contact with concrete, despite minor 14 

differences in density (highest 1980 kg/m3). The swelling pressure and hydraulic conductivity 15 

of the latter were in fair agreement with data for clay saturated with distilled water, while for 16 

the sample extending 20-30 mm from the concrete the data fit better with those for clay 17 

saturated with 3.5 % CaCl2 solution. This indicates that the clay near the concrete contact had 18 

undergone cation exchange and sorption from the percolating Na and Ca-bearing cement 19 

solutions, (de Windt et al., 2004). The hydraulic conductivity of juxtaposing clay therefore 20 

increased while the expandability dropped. The concrete was notably depleted of Ca near the 21 

clay and the cement phases had undergone significant dissolution. Gypsum was also found in 22 

the clay and concrete in the contact region. The clay aggregates had a characteristic irregular 23 

topography probably resulting from flocculation in the presence of strong salt solutions. A 24 

shift towards larger interlamellar space was observed close to the concrete, reflecting the 25 
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occurrence of more water layers in the interlayer sites of the montmorillonite due to the 1 

exchange of monovalent cations by bivalent ones (e.g. Na+ exchanged by Ca2+). The 2 

occurrence of multiple XRD peaks of the air-dried smectite of varying intensities within 10 3 

mm from the concrete contact indicates that the montmorillonite interlayers contained 4 

heterogeneous mixtures of both bivalent and monovalent cations caused by varying degrees of 5 

substitution. These features indicate that the cation exchange process extending into the clay 6 

material was extremely slow.  7 

 8 

2.  Considered case  9 

2.1 Design and construction 10 

VDH is one of the recently discussed and proposed concepts for the long-hole disposal of 11 

highly radioactive waste (Pusch et al., 2013a) confined in canisters of copper, navy Bronze or 12 

titanium. It involves direct contact of very dense smectitic clay and talc-based concrete at 13 

temperatures up to 150oC.  The chemical stability and the mutual impact of the two materials 14 

are key issues that were investigated in pilot study described here. The constellation of 15 

interacting clay and concrete in a VDH as illustrated in Fig. 1.  16 

 17 

2.2 Study plan 18 

Based on the reported results, it is evident that dissolution of both the smectite clay and the 19 

cement matrix of contacting concrete can be significant when Portland cement is used and 20 

that low-pH cement can be expected to cause significantly less damage. Since the temperature 21 

conditions in the lower part of VDH is up to 150oC, degrading processes can be expected to 22 

be faster and probably more comprehensive than in most of the experiments referred to. 23 

Therefore knowledge of the mutual impact of concrete and smectitic clay at higher 24 

temperatures is a critical requirement. This present study therefore reports on the reactions 25 
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that occur between a low-pH, talc-bearing cement (concrete) and relatively stable 1 

montmorillonite-rich mixed-layer clay known as Holmehus clay (cf. Table 1).   2 

 3 

3. Experimental 4 

3.1 Scope 5 

The present document focuses on the performance of clay and concrete seals in very deep 6 

holes for deposition of HLW according to the VDH concept. The study is experimental and 7 

involves determination of the physical and mineralogical properties of seals that had 8 

undergone hydrothermal treatment similar to the thermal and fluid conditions expected in 9 

deep holes. The main purpose of the project was to investigate in pilot tests the effect of 10 

heating contacting clay and concrete seals at temperatures relevant to the VDH concept. The 11 

experiments were performed at the Luleå University of Technology, Sweden, and the 12 

chemical and mineralogical analyses at the University Greifswald, Germany. 13 

 14 

3.2 Materials 15 

3.2.1 Concrete 16 

Merit 5000 cement manufactured by SSAB Merox AB, Oxelösund was used in the study. The 17 

aggregate was crushed and ground quartzite to which quartz powder was added. Talc was 18 

added as a superplasticiser for eliminating the risk of microbial growth when using organic 19 

materials, which can also give off organic colloids that can transport radionuclides to the 20 

biosphere via groundwater. Talc has the chemical formula 3MgO.4SiO2.H2O. It was 21 

manufactured by VWR Int. Co., UK. The composition of the concrete is shown in Table 2. 22 

 23 

 24 

 25 
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Table 2. Concrete recipe, 1 

Proportions, % Water/cement 

ratio 

Aggregate/cement 

ratio 

Density, 

kg/m3 

pH 

Merit 5000 

Cement 

Talc Aggregate 

6.5 9.5 84.0 3.6 12.8 2070 10 

 2 

Since the concrete must perform acceptably for long-term performance (Svemar, 2005; Pusch 3 

et al., 2011), the aggregate and the very low cement content were chosen for minimizing the 4 

change in physical performance of the concrete when the cement being ultimately dissolved 5 

and lost (Mohammed et al, 2013). The aggregate components must still provide support for 6 

the neighbouring segments of clay seal and be sufficiently tight and erosion resistant. They 7 

must therefore be very densely packed and have a low porosity, (Mohammed et al., 2013). 8 

The very low compressibility and a pore size distribution would make concrete’s behaviour as 9 

bottom moraine. Moreover, and based on the numerous natural analogues, the quartz-rich 10 

aggregate used will stay largely intact for very long periods of time. Also, the products from 11 

talc/cement interaction are expected to be very strong and long-lived. 12 

 13 

3.2.2 Clay  14 

A Danish Tertiary mixed-layer I/S clay "Holmehus clay" sedimented under marine to 15 

brackish conditions and composed of smectite, glauconite, quartz, feldspars, calcite, glass, 16 

kaolinite, Ti oxide and pyrite was used in the study (Kasbohm). The smectite makes up 60% 17 

of the I/S phase. The clay is similar to the German Friedland clay that is widely used for 18 

isolating hazardous waste in landfills. The raw material was dried at 60oC, crushed and sieved 19 

to a maximum grain size of 2 mm. The chemical composition is given in Table 1 from which 20 

one concludes that the Holmehus clay has less Si and Al in the crystal lattice than MX-80 and 21 

somewhat less Mg. The Na content is considerably lower and the K content significantly 22 
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higher than in MX-80. The high K content of Holmehus clay can be explained by uptake and 1 

fixation of potassium in conjunction with conversion of montmorillonite to mixed-layer illite-2 

smectite many millions of years ago.  3 

 4 

3.3 Test arrangement  5 

3.3.1 Preparation of samples 6 

The samples were arranged as in Fig. 2.  7 

 8 

 9 

 10 

 11 

 12 
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Fig. 2. Upper: Sets of clay/concrete for hydrothermal treatment under isothermal conditions, 1 

the diameter of the cells was 50 mm. Lower left: compressed, water-saturated clay. Lower 2 

right: freshly cast concrete over the lower clay sample. 3 

 4 

The sample sets is consisted of two 1.5 cm thick clay discs separated by 3 cm concrete cast on 5 

the lower clay disc, (cf. Fig. 2). Ceramic filters were used for confining the sets in the cells 6 

with 1 mm layers of very fine quartz powder separating them from the clay samples, which 7 

were completely water saturated by mixing the clay granules with “dry water” (Bomhard , 8 

2011) droplets and compressing them to a dry density of 1500 kg/m3. The lower clay sample 9 

was compressed in the cell and concrete cast upon it while the upper clay sample was 10 

prepared in a separate cell and moved to reach contact with the concrete under a pressure of a 11 

few hundred kPa. It had a fine hole for letting air out when fitting it in the cell two days after 12 

casting the concrete. The filters were connected to vessels with the respective solutions and 13 

the cells then placed in ovens for heating. The preparation procedure as illustrated by Fig. 2. 14 

 15 

3.3.2 Hydrothermal treatment  16 

Three cells with 50 mm diameter and 70 mm height with clay/concrete samples each 17 

connected to vessels with distilled water and 3.5 % CaCl2 salt solution and heated for 2 18 

months at 21oC, 100oC and 150oC, respectively. The fluid pressure was up to 400 kPa for 19 

avoiding boiling.   20 

 21 

4. Results and discussion 22 

4.1 Analysis from determination of compressive strength   23 

Uniaxial compression of each of the components removed from the cells would not have been 24 

possible without damaging them and the whole sets were instead used based on the 25 
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assumption that failure of them would be consecutive with the weakest component failing 1 

first. The process was recognized by examining photographs taken in the course of the 2 

compaction. A hydraulic loading machine was used for the purpose and controlled so that the 3 

respective pressure steps were kept constant until the compression for each step had become 4 

insignificant (less than 1 % per minute). The pressure at the start was 40 kPa, and doubled for 5 

each subsequent step until the compression had become 30 mm (about 38 % total compressive 6 

strain). The load was then increased to give complete failure.  7 

 8 

Fig. 3 shows the successive breakdown of the sample set stored at 21oC temperature. The 9 

upper clay saturated with distilled water failed before the concrete. The compressive strength 10 

being reached when the pressure was 519 kPa, corresponding to a shear strength of about 250 11 

kPa assuming Mohr/Coulomb behaviour. The lower saltwater-saturated clay was stronger but 12 

more brittle. The average compression modulus of the clays, being the ratio of axial stress 13 

before failure, can be estimated at 10 MPa. The concrete remained intact until the pressure 14 

had reached about 700 kPa when the total compressive strain had become about 35 %. Further 15 

compression led to complete brittle failure of all the components (cf. Fig. 4).  16 

 17 

 18 
 19 
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 1 

Fig. 3. Compression stages at room temperature. Initial failure took place in the upper clay 2 

sample at 519 kPa pressure.  3 

 4 

 5 

Fig. 4. Stress/strain diagram for the room temperature sample set.  6 

 7 

Fig. 5 shows the successive breakdown of the sample set hydrothermally treated at 100oC. 8 

The behaviour was similar to that of the room temperature set, with the clay saturated with 9 

distilled water being the first to fail. The compressive strength was reached at a pressure of 10 

around 900 kPa, corresponding to a shear strength of about 450 kPa of the clay saturated with 11 
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distilled water (cf. Fig. 6). The lower saltwater-saturated clay was slightly stronger. The 1 

average compression modulus of the clays was similar to that of the room temperature clays. 2 

The concrete remained intact until the pressure had reached about 1500 kPa when the total 3 

compressive strain had become about 40 %. Further compression led to complete brittle 4 

failure of all the components.     5 

 6 

 7 

 8 

Fig. 5. Compression stages of the samples kept at 100oC temperature. Initial failure took place 9 

in the upper clay sample at 900 kPa pressure.  10 

 11 
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 1 

Fig. 6. Stress/strain diagram, T=100oC 2 

 3 

Fig. 7 shows the successive breakdown of the sample set kept at 150oC temperature. As in the 4 

other tests the upper clay saturated with distilled water failed first and the concrete being 5 

strongest.  The compressive strength of the clays was reached when the total strain was about 6 

1.5 % and the pressure about 1100 kPa, corresponding to a shear strength of about 550 kPa, 7 

(Fig. 8). The compression modulus of the clays can be estimated at 25 MPa showing that they 8 

were significantly stiffer than the less heated ones. The concrete remained intact until the 9 

pressure was 3300 kPa and the total compressive strain had become about 40 %. 10 

 11 
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 1 

 2 

Fig. 7. Compression stages of the samples heated at 150oC temperature. Initial failure took 3 

place in the upper clay sample at 1300 kPa pressure.  4 

 5 

 6 

Fig. 8. Stress/strain diagram for the 150oC sample set. 7 
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On comparing the results for the concrete with earlier investigations with no clay present in 1 

the hydrothermal cells it is evident that the compressive strength was nearly 3 times higher for 2 

the concrete without contacting clay (Mohammed et al., 2014). It had a compressive strength 3 

of 4.5 MPa of unheated concrete and 9 MPa for concrete exposed to 75oC and 150oC. This 4 

agrees with the results from the field experiments with smectite-rich clay in contact with 5 

concrete based on Portland cement and hence supports the conclusion from the latter study 6 

that the chemical interaction of the two materials causes weakening.  7 

 8 

4.2 Mineralogical and chemical analyses 9 

4.2.1 X-ray diffraction 10 

A set of samples were selected (3 clay and 3 concrete) from across the lower contact of the 11 

clay and concrete interface from the 21, 100 and 150°C experiments. The 6 samples were 12 

crushed using a McCrone micronizer and dried using ethanol to form a consistent powder, 13 

which was measured using a Bruker D8 Advance instrument. The results of the random 14 

powder diffractograms for the clay samples showing the characteristic clay mineral reflections 15 

at low-angle of diffraction (5-16° 2 theta) are shown in Fig. 9. The main dominant reflection 16 

is that of illite (10 Å), which is most intense in the 21°C sample and decreases at higher 17 

temperatures. This decrease is considered not to reflect decreasing illite abundance, but is 18 

caused by the shift of a broad overlapping illite/smectite (I/S) reflection from ca. 11.3 Å in the 19 

21°C sample to ca. 14.4 Å in the 100 and 150°C treated clay. The cause of this peak shift is 20 

attributed to the exchange of Na by Ca in the interlayered smectite, and the incorporation of 2 21 

water-layers into the I-S structure (as opposed to 1 water-layer for Na), which is responsible 22 

the increase in the measured thickness of I-S structure. Another recognizable change is the 23 

occurrence of gypsum which appears to be most abundant in the 21°C samples, also occurs in 24 

the 100°C clay but is not detected after 150°C treatment. This trend may reflect the instability 25 
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and breakdown of gypsum at temperatures above 100°C, however due to the occurrence of 1 

gypsum in the 150°C concrete (see below) it is more likely to reflect the heterogeneous 2 

distribution of gypsum in all samples. Minor amounts of kaolinite and chlorite are present in 3 

all samples, with no major changes occurring in relation to hydrothermal treatment. 4 

 5 

 6 

Fig. 9. X-ray diffraction analysis of the Holmhus clay sample showing the clay minerals 7 

present. Red = 21°C, blue = 100°C and green = 150°C. d-values given are in Å units. The 8 

background trace has been subtracted. Lin = Linear (counts). 9 

 10 

As the XRD patterns of the concrete showed very little difference between the samples due to 11 

the very low cement content of these samples, the results are not shown here. The following 12 

features were, however, noted. Minor contamination of the concrete by I/S, chlorite and 13 

kaolinite is evident and gypsum also occurs in the 100 and 150°C samples but not in the 21°C 14 

concrete.  15 

 16 
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4.2.2 Electron microscopy 1 

The 6 study samples were investigated by scanning electron microscopy and combined with 2 

energy dispersive X-ray (EDX) analyses of the clay and cement portions across the contact 3 

between the two materials. Analyses were undertaken using an Auriga Zeiss FIB-SEM 4 

equipped with an 80mm2 CCD detector. The analytical methods used have been previously 5 

described (Warr and Grathoff, 2011). Secondary electron imaging reveals a variety of 6 

microstructures in both the clay and cement phases at the different experimental temperatures. 7 

At 21°C the clay displays typically thin illite/smectite particles with irregular shaped edges 8 

that are frequently crenulated (Fig. 10A). The contacting cement in the adjacent concrete is 9 

well developed, forming thin coatings of most grains and showing a network type structure of 10 

interconnecting cement grains (Fig. 10B).  11 

The clay subjected to 100°C does not vary significantly in appearance from that of the 21°C 12 

sample, with similar crenulated edges of the illite/smectite particles (Fig. 10C). A notable 13 

difference is the occurrence of irregular patches of cement that coats many of the clays grains, 14 

which appears to have precipitated from the interaction of the fluids derived from the cement 15 

and the saline CaCl2 solution. These neocrystallized cements precipitations, which probably 16 

include gypsum, are probably responsible for the apparent hardening of the clay beneath the 17 

concrete layer and indicate that cement-derived fluids penetrated significant parts of the 18 

underlying clay layer during hydrothermal treatment. The nature of the cement in the concrete 19 

at 100°C is also well developed and coats most aggregate grains with the exception of some 20 

talc crystals (Fig. 10D). The cement is, however, slightly coarser in its network texture and 21 

thicker than that developed in the 21°C sample, suggestive of enhanced dissolution and 22 

precipitation reactions. 23 

 24 
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 1 

Fig. 10. Secondary electron images of A) 21°C treated clay, B) 21°C treated concrete, C) 2 

100°C treated clay, D) 100°C treated concrete, E) 150°C treated clay and F) 150°C treated 3 

concrete. I/S = illite-smectite, T = Talc, C = cement. 4 

 5 

The clay of the 150°C shows illite/smectite particles with notably smoother edges than 6 

developed in the lower temperature samples, which can be attributed to enhanced dissolution 7 
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of the clay (Fig. 10E). Localized patches of Ca-cement precipitates are also found in the 1 

within the clay, as developed in the 100°C sample. The cement phases in the concrete are 2 

similarly coarse in texture and thicker than those developed at lower temperatures (Fig. 10F), 3 

indicating similarly enhanced dissolution and precipitation reactions with penetration of 4 

cement-influenced fluids into the underlying clay layer. 5 

 6 

4.2.3 EDX analysis 7 

The composition of the illite/smectite particles determined by EDX analyses (Table 3), shows 8 

some changes in composition occurs with the increasing temperature of hydrothermal 9 

treatment. Mg, Fe and K show slightly decreases indicating possible dissolution of illitic and 10 

or smectitic layers, whereas the Ca content increases by exchange of interlayer cations. 11 

However, as the clay particles are commonly coated by nanometer-sized neocrystallized 12 

cement grains (e.g. gypsum), which are increasing evident at higher temperatures in the 13 

cement, this chemical trends also reflects the increasing degree of cement contamination (Ca-14 

phases). The main constituents of Si and Al show no recognition changes. At normal 15 

temperature, however, the clay in contact with concrete had become significantly richer in 16 

both SiO2 and Al2O3 compared with “virgin” Holmehus clay (cf. Table 1). 17 

 18 

Table 3. EDX compositions (weight of oxides, n = 30) of illite/smectite and cement phases 19 

across the contact at 21°, 100°C and 150°C. 20 

Smectite clay particles 

Temperature Na2O MgO Al2O3 SiO2 K2O CaO TiO2 FeO sum 

21°C 1.3 2.9 19.2 63.1 3.8 0.6 1.6 7.5 100 

100°C 0.8 2.6 21.2 63.6 3.4 1.7 0.9 5.8 100 

150°C 2.2 2.4 19.4 59.7 3.1 6.6 0.9 5.7 100 
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Cement phases 

Temperature Na2O MgO Al2O3 SiO2 K2O CaO TiO2 FeO sum 

21°C 0.4 28.7 2.4 65.7 0.1 1.1 0 1.4 100 

100°C 0.6 11.1 8.3 43.7 0.2 31.1 3.7 1.1 100 

150°C 0.5 10.6 2,8 46.7 0.3 31.1 3.4 4.3 100 

 1 

Attempts at measuring the cement compositions were somewhat hampered by interference of 2 

the EDX signals by the minerals underlying the cement coatings. The results presented in 3 

Table 3 should therefore be considered as rough estimates of the true composition. Despite 4 

these problems, similar trends of decreasing Mg are observed as seen in the clay minerals 5 

analyses together with a notable increase in Ca with increasing temperature. The similarities 6 

in trend between the estimated cement compositions and those observed for the illite/smectite 7 

particles, confirms that the dominant factor influencing the increasing hardness of both the 8 

cement and clay with enhanced hydrothermal treatment is the quantity and composition of the 9 

cement phases formed. 10 

 11 

5. Conclusions 12 

The investigation of short-term hydrothermal treatment up to 150oC on concrete made with 13 

low-pH cement, quartzite aggregate and talc as a fluidizer, in contact with smectitic clay of 14 

mixed-layer montmorillonite/illite gave the following results:  15 

 smectitic clay and low-pH concrete kept in contact for 2 months at room temperature 16 

gave insignificant changes in uniaxial compressive strength compared to earlier 17 

separately prepared and tested materials, 18 
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 the compressive strength of both clay and contacting concrete increased by 25-60 % 1 

by hydrothermal treatment at 100oC compared to the strength of samples kept at room 2 

temperature, 3 

 the average increase in unconfined compressive strength of the clay is observed 4 

attributable largely to dehydration with a 50% higher value for the 100oC sample and a 5 

100% higher value for the 150oC sample when compared with the material at 21°C,  6 

 the compressive strength of clay saturated with distilled water and being in contact 7 

with concrete was lower than for samples saturated with salt Ca-rich water. The latter 8 

were also stiffer,   9 

 the clay and concrete retained their coherence at heating to 100 and 150oC and gained 10 

significant strength. The compressive strength of the concrete was, however, nearly 2-11 

3 times higher for the concrete without contacting clay. This agrees with the results 12 

from the field experiments, 13 

 the mineralogical and chemical changes caused by the hydrothermal treatment were 14 

similar for both 100oC and 150oC. There are indications of enhanced dissolution of the 15 

illite/smectite phased during hydrothermal treatment and Ca exchange of Na occurs in 16 

interlayer sites. More extensive invasion of the clay by cement fluids and precipitation 17 

of cement phases can explain much of the strengthening and increase in stiffness of 18 

the clay, 19 

 chemical interaction between contacting smectite-rich clay and talc concrete with low-20 

pH cement in boreholes is more stable and hence recommended for practical use 21 

without significantly altering the isolating properties in any time perspective, 22 

 23 

 24 

 25 
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ABSTRACT 
Fractured, very permeable rock hosting repositories for radioactive waste will require grouting. New grout types of pos-
sible use where long-term performance is needed should have a small amount of cement for minimizing the increase in 
porosity that will follow from the ultimate dissolution and erosion of this component. They have to be low-viscous and 
gain strength early after injection and packing theory can assist designers in selecting suitable proportions of various 
grout components. Optimum particle packing means that the porosity is at minimum and that the amount of cement 
paste needed to fill the voids between aggregate particles is very small. Low porosity and microstructural stability must 
be guaranteed for long periods of time. Organic additives for reaching high fluidity cannot be used since they can give 
off colloids that carry released radionuclides and talc can be an alternative superplasticizer. Low-pH cement reacts with 
talc to give high strength with time while Portland cement gives early but limited strengthening. The clay mineral paly-
gorskite can be used for early gelation because of its thixotropic properties. Once forced into the rock fractures or 
channels in soil it stiffens and serves as a filter that prevents fine particles to migrate through it be lost. However, its 
hydrophilic potential is too high to give the grout a high density and high strength. According to the experiments carried 
out, most of the investigated grouts are injectable in fractures with apertures down to 100 m. 
 
Keywords: Cement; Grout; Packing models; Palygorskite; Strength; Superplasticizer; Talc; Viscosity 

1. Introduction 
Sealing of rock is required for making tunnel and shaft 
construction possible and grouting by injecting cement- 
based materials for this purpose which is common in all 
parts of the world [1-3]. In practice, the grout does not have 
to be intact for more than a century but for certain cases, 
like repositories for hazardous waste, it must be perform 
for a much longer time and this requires special composi- 
tion of grouts. A number of important features of cement- 
based grouts have been described in the literature but re- 
latively sparse on the use of low-pH cement and almost 
nothing has been reported on the use of inorganic super- 
plasticizers [4-6]. These matters are in focus in the pre- 
sent paper, which also describes new method for deter- 
mining the viscosity of grouts and for selecting suitable 
aggregate/cement/water ratios by applying packing con- 
cepts [7]. It deals, in particular, with the injectability, rate 
of maturation, erosion resistance, and long-term chemical 
stability of grouts intended for sealing fracture zones that 

intersect rock in which highly radioactive waste (HLW) 
from nuclear reactors is stored. Injection is made from 
boreholes penetrating the zones to be sealed. Deep slim 
holes bored in the site selection process or larger ones which 
intend to place radioactive waste in them1 pass through 
several fracture zones that should be sealed by grouting 
from packed-off parts of the holes [8,9]. Clay seals are in- 
stalled where the rock is tight and concrete is cast, and 
the holes pass through grouted fracture zones. The objec- 
tive of the project described here is to indicate the avail- 
ability of suitable materials for grouting relatively fine 
fractured rock intersected by deep boreholes, tunnels and 
shafts. The properties of special importance are the viscos- 
ity, mechanical strength, pH and rate of strengthening. 

2. Scope 
The project comprised testing of two candidate grouts for 

1The concept is termed VDH (Very Deep Boreholes). 
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sealing and stabilization of fractured rock surrounding 
boreholes to be sealed with dense clay and concrete. 
They were composed according to modern packing theo- 
ries for obtaining low porosity and minimum amount of 
cement paste. Talc was used as inorganic superplasticizer 
instead of commonly used organic additives, which can 
give off colloids that carry possibly released radionu- 
clides. For one of the grout types Portland cement was 
used in order to get quick hardening, while the other con- 
tained low-pH cement for providing high strength with 
time [9]. Once injected into the fractures the granular 
composition gives the grouts a filtering function so that 
the risk of losing fines in the grouts and in contacting 
cast concrete is minimized in the construction period 
when the hydraulic gradients may still be high [10]. 

2.1. Basic 
Cement recipes can be customized for specific tasks in 
the construction of an underground repository like pre- 
grouting of fractured rock where a shaft, drift or tunnel is 
planned to be made, or for postgrouting of fracture zones 
in rock around bored holes, which is considered in the 
present study. The grout to be pumped into the zones 
must be fine-grained and have sufficient fluidity. In the 
first mentioned case excavation of grouted rock gives 
high hydraulic gradients and need for quick strengthen- 
ing, while grouting of steep water-filled boreholes is 
made under low gradients permitting slow growth of 
strength. A low w/c ratio and fineness of the cement save 
the grout from undergoing separation of its constituents 
(“bleeding”) during injection. Penetration into narrow 
fractures is aided by a suitable fluidizer [11]. 

A comprehensive research program of the longevity of 
cement materials for grouting and serving as binder in 
concrete for use in underground repositories was con0 
ducted by the Atomic Energy of Canada Ltd, and the US 
Department of Energy in the late eighties [8]. This work 
highlighted the possibilities and limitations of using 
grout based on Portland cement and showed that it will 
largely lose its sealing potential in 100 years. Search for 
long-lived grout types and techniques for effective injec- 
tion into rock fractures was initiated and the presently 
described project shows examples of modern types de- 
veloped, in particular, for being chemically compatible 
with clay seals in boreholes and to serve for long periods 
of time. The hardened grouts should be less permeable 
than the surrounding rock matrix and to have a granular 
composition that makes them erosion-resistant and serve 
as filters for minimizing migration and loss of fines es- 
pecially where high hydraulic gradients prevail [9]. 

2.2. Sealing of Boreholes 
2.2.1. Principles and Criteria 
Figure 1 illustrates a deep hole bored in rock as part of 
the site investigation for location and construction of an 
underground repository for disposal of highly radioactive 
waste (HLW), It must ultimately be effectively sealed for 
avoiding transport of possibly released radionuclides to 
the biosphere [9,10,12]. This is achieved by installing 
dense, expandable clay seals where the rock is poor in 
fractures, providing axial tightness, and casting concrete 
where the rock is rich in fractures since clay seals placed 
here would be eroded and dispersed. The concrete also

 

    

0.5 km

1.5 km

2.0 km
Bottom at 4 km depth

Sets of HLW canisters separated by
blocks of highly compacted
smectite rich clay

Sets of blocks of highly
compacted smectite rich clay

Upper seal of concrete under metal
plug

0.8 m

 
Figure 1. Borehole sealing by installing clay seals where the rock is tight and casting concrete where fracture zones are 
intersected. Left: Detail of concrete cast where the fracture zone has been sealed by grouting [12]. Right: VDH with clay seal 
rom 0.5 to 2 km depth and with high-level radioactive waste canisters separated by clay from 2 to 4 km depth [9]. f 
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serves to support the clay seals. It will loose cement to 
the fractured rock by erosion and dissolution, which can 
be minimized by pregrouting the fracture zone. The pos- 
sibility to find suitable grout recipes is the main objective 
of this document, which concerns slim holes as well as 
large-diameter holes for placing canisters with HLW in 
their deepest parts, i.e. VDH [“Medium-deep or very 
deep” etc.]. 

Planning and performance of grouting from boreholes 
require characterization of the rock including the follow- 
ing activities [13]: 

Examination for selecting parts of the boreholes that 
require grouting. The basis is provided by logging 
data of the fracture frequency and hydraulic conduc- 
tivity; 
Selection of suitable grout; 
Quality assurance of materials and grouting tech- 
nique; 
Planning of detailed scheme of grouting; 
Risk analysis.  

2.2.2. Characterization 
1) Rock 
Safe disposal of HLW requires that there is nearly no 

dissemination of possibly released radionuclides in at 
least 100 000 years as stipulated by a number of licens- 
ing authorities [14]. This requires that boreholes prepared 
in conjunction with site selection investigations or made 
for direct placement of canisters, must be sealed for 
which engineered barriers consisting of dense clay and 
concrete are required [15]. The problem is that ground- 
water percolating fracture zones that are intersected by 
the holes can wash out the cement content of the concrete 
cast there and make it enough permeable to let particles 
from the clay seals migrate through it and be lost in the 
rock. Tightening of the zones by grouting is therefore 
required and suitable materials for this purpose are dis- 
cussed and proposed here. 

2) Grout 
Ideally, grout should be low-viscous when injected 

and very stiff immediately after injection, preferably with 
an extra hydration potential for eliminating shrinkage. In 
the fully matured state, it should have substantial shear 
strength and be less permeable than the rock. In the pre- 
sent project Portland and low-pH cement were used as 
binders, both at low concentrations for maximizing the 
density and for minimizing the impact of pH on contact- 
ing clay seals. Talc was used for providing fluidity and 
for raising the strength by reacting with the cements. 
Palygorskite (attapulgite) was added for early stiffening 
by its thixotropic properties and for providing a filtering 
effect.  

Focus will be here on grouting of fracture zones inter-
sected by up to 800 mm wide VDHs, by injection of ce-

mentitious grout from packer-isolated sections of the 
holes but the principles are applicable also to slim bore- 
holes of any length and orientation. The sealing role of 
the grout is very important and makes it one of the engi- 
neered barriers. 

3. Grout Candidates 
3.1. General 
The principle followed was to select candidate grouts 
with given ratios of cement, water, and with aggregate of 
ground quartzite for chemical integrity. A pilot investiga- 
tion, termed Series I, was followed by an extended study, 
Series II. The former focused on low-pH cement and the 
clay mineral palygorskite as additive, while the latter was 
conducted for comparing the impact of Portland, low-pH 
cement and talc on the strength, viscosity and pH. 

3.2. Fluidity 
Cement-based grout materials behave as Bingham or 
Newtonian fluids [16]. Addition of talc, which is hydro- 
phobic, enhances Newtonian behavior while the use of 
palygorskite would make the grout more Bingham-like. 
The matter is of fundamental importance for the fluidity 
in the grout injection phase and determination of the vis- 
cosity was therefore of special importance in the project 
[17].  

A further requirement for sealing fractured rock is that 
the grain size must be such that a significant fraction of 
the grout particles can enter the fractures in the rocks 
with a certain minimum geometric aperture, taken here as 
100 micrometers. The same grout must be suitable also 
for sealing wider fractures [18]. 

3.3. Components 
The bearing principle of the project was to work out a 
recipe for grout with low pH and high density but enough 
fluidity for injection into fractures. The use of finely 
crushed aggregate of quartzite was a prerequisite for 
making the grouts chemically compatible with the con- 
crete cast in the VDH (cf. Figure 1), and for providing a 
large chemically active specific surface area, and also for 
giving the grout a high internal friction angle. The 
rheological properties strongly depend on the W/C ratio, 
and high fluidity is, in principle, not favoured by a high 
packing density. In practice, superplasticizers therefore 
have to be added for which the hydrophobic mineral talc 
was used [12,18]. Palygorskite was used for early streng- 
thening of the grouts in certain tests. 

3.3.1. Aggregate 
The maximum grain size of the milled quartzite aggre- 
gate material was 100 μm. The grain size distribution of 
the aggregate is shown in Figure 2. 
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3.3.2. Talc 
Very finely powdered mineral talc is white-coloured and 
has the chemical formula 3MgO·4SiO2·H2O. It has a very 
low angle of internal friction and is chemically stable in 
ordinary groundwater with no capacity to form gels [18]. 
The grain size analysis is shown in Figure 3. Manufac- 
turer was VWR International Company, UK. 

3.3.3. Cement 
Two different cement brands were used: Merit 5000 low- 
pH cement manufactured by SSAB Merox AB, Ox- 
elösund, and Portland cement from the Cementa AB, 
Heidelberg cement group, Sweden. 

3.3.4. Palygorskite 
Palygorskite is strongly thixotropic and commonly used 
in drilling muds [19]. The chemical formula is (Mg, Al) 
2Si4O10(OH)4(H2O). Once forced into fractures it stiffens 
and has a filtering function by blocking the fractures 
from intrusion and migration of fine particles by the 
arching effect of the needle-shaped particles. The mineral 
particles have a length of up to 2 μm and appear as in the 
electron scanning micrograph in Figure 4. The material 
was delivered by the Greek enterprise Geohellas Co, 
Athens. 

3.4. Microstructural Constitution 
3.4.1. Conceptual 
The microstructural constitution of cementitious grout is 
defined here by applying the criterion that the largest 
grains shall have an equivalent “diameter” of 100 μm 
and that all aggregate grains are tetrahedrons, motivated 

by the angular shape caused by the crushing. Calculation 
of their weight, being the volume multiplied by the den- 
sity 2500 kg/m3, gives the number of grains belonging to 
the respective size fractions [18]. The size of the quad- 
ratic REV in 2D was taken here to be 2000 × 2000 μm2 
and its thickness as 400 μm in order to give fair repre- 
sentation of all aggregate grains. The distribution of the 
tetrahedrons was evaluated from several randomly se- 
lected grain arrangements exemplified by Figure 5. It is 
schematic while the true ratios between large, medium- 
sized and small aggregate grains, cement, and additives 
were determined by using packing models. 

3.4.2. Use of Packing Theories 
Development of microstructural models for optimally 
performing grouts requires use of packing theory. The 
amount of binders for filling the voids in the solid mix- 
ture can thereby be minimized, which is beneficial not 
only from an economical viewpoint but also for reducing 
the loss of strength when it is ultimately dissolved [20- 
22]. The degree of packing is expressed in general as the 
amount of solid aggregate minerals per unit volume, the 
mathematical expression for packing being “unity minus 
porosity” [23]. The granulometry and shape of the parti- 
cles are factors of particular importance in determining 
the packing degree [22]. 

4. Microstructural Analysis 
4.1. Microstructural Parameters 
Following Pourbakhtiar [18] the microstructural model- 
ing was based on the criterion that the largest grains have 
an equivalent “diameter” of 100 μm and that all aggre- 

 

 
Figure 2. Grain size distribution of ground crushed and ground quartzite. 

 

 
Figure 3. Grain size analysis of talc [18]. 
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Figure 4. Palygorskite morphology. Some montmorillonite 
is also present [19], (Microscopy by Zander, Greifswald Uni- 
versity). 
 

 
Figure 5. Schematic view of REV of palygorskite/talc grout 
in 2D. It represents fine aggregate grains (blue) with cement 
particles (green spheres), and packets of palygorskite or talc 
particles appearing as thick yellow lines in the drawing. 3D 
equivalents were 400 m thick. 
 
gate grains are tetrahedrons, motivated by the angular 
shape caused by the crushing. Calculation of their weight, 
being the volume multiplied by an assumed density of 
2500 kg/m3, gave the number of grains belonging to the 
respective size fractions. The packing degree was ob- 
tained by dividing the total solid volume by the total unit 
volume. All particles in the respective fraction were as- 
sumed to have the same size, and their number was cal- 
culated from the weights given by the sieve curve. The 
size of the quadratic REV in 2D was defined as 2000 × 
2000 μm2 and its thickness as 400 μm to give fair repre- 
sentation of all aggregate grains of the 0 - 100 μm frac- 
tion. The distribution of tetrahedrons, representing ag- 

gregate grains of crushed quartzite, was made randomly 
using a number of grain arrangements exemplified by 
Figure 5. This picture is schematic and does not give the 
right ratios between large, medium-sized and small ag- 
gregate grains, nor the ratio between cement, aggregate 
or talc and palygorskite. They have to be determined by 
using packing models, of which several versions are 
available. 

4.2. Application of Packing Theory 
4.2.1. Experimental Packing Degree and 

“Eigen-Packing” 
The packing degree was evaluated by use of a theoretical 
model termed 4C-Packing with commercially available 
software [24], and conceptual microstructural analyses 
described in the preceding text. A basic parameter that 
we will use here is the “eigen-packing”, which represents 
the physical state reached by pouring the aggregate mix 
into a container, evening out the surface and measuring 
the net weight of the material for determining the density 
[20]. 

4.2.2. Software 
The 4C-Packing software [24] can be used for calculate- 
ing the packing degree of any combination of solid con- 
stituents like concrete and grout containing aggregate, 
talc, cement, etc., [25] and for designing concrete mix- 
ture. A linear packing model is the key component of the 
4C-Packing software, developed on the basis of princi- 
ples of packing of binary mixtures, extended to deal also 
with multicomponent mixtures [25,26]. It has been found 
to work well in predicting optimal proportions of cemen- 
titious materials [21,26] consisting of mixtures with up to 
six components [26]. Combination of empirical model 
data and this packing theory makes it possible to opti- 
mize the mixture composition. It will be used here for 
comparison with experimental results derived from mi- 
crostructural models [27]. 

5. Experimental 
5.1. Composition of Grouts 
The grout experiments comprised two series. Series I 
concerned the impact of the clay mineral palygorskite on 
the properties of the grout with Merit 5000 cement, while 
Series II gave the basis for formulation of four different 
recipes for comparing the effect of palygorskite and talc, 
and for comparing the impact of Portland cement and 
Merit cement on the performance of the grouts. 

1) Series I 
Three grouts termed A, B, and C were prepared with 

Merit 5000 low-pH cement and the compositions shown 
in Table 1. The content of palygorskite was varied re- 
quiring variation also of the water content in order to get 
the same fluidity. The densities of the grouts ranged from 
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1314 kg/m3 to 1394 kg/m3 (Table 1). 
2) Series II 

Four grouts were prepared for comparing the effect of 
palygorskite (PA) and talc (T) on the properties of grout 
with Portland cement (PO) and Merit 5000 low pH ce- 
ment (M), respectively. The recipes are given in Table 2. 
The densities of the grouts ranged from 1391 kg/m3 for 
the Portland/palygorskite grout to 1711 kg/m3 for the one 
with talc and low-pH cement. The detailed recipes are 
given in Table 2. 
 
Table 1. Grout components in weight percentages of total 
weight and mix proportions for Series I with Merit 5000 
cement (M), palygorskite (PA), quartzite aggregate (Q), and 
water (W). 

Merit cement with palygorskite 
Grout 

 A B C 

M 4.83 4.38 3.5 

PA 7.2 8.77 10.5 

Q 33.81 30.7 24.47 
Component (%) 

W 54.1 56.1 61.53 

Density, kg/m3 1394 1370 1314 

Experimental packing degree 0.390 0.373 0.361 

M/Q 0.142 0.142 0.142 

M/W 0.089 0.078 0.056 Component ratios 

PA/Q 0.214 0.285 0.428 

 
Table 2. Grout components of investigated grouts (Series II). 
Merit 5000 (M) cement, Portland cement (PO), Aggregate 
of crushed quartzite (Q), Talc (T), Palygorskite (PA), Water 
(W). The components are expressed in weight percent of the 
total mixture weight. 

Grout  M/PA M/T PO/PA PO/T

M PO 4.3 6.16 4 5.65 

PA 12.9 - 12 - 

T - 18.49 - 16.97

Q 30.2 43.07 28 39.56

Component (%) 

W 52.6 32.28 56 37.82

Density, kg/m3 1391 1711 1384 1634

Experimental packing degree 0.361 0.339 0.361 0.339

M/Q PO/Q 0.143 0.143 0.142 0.142

M/W PO/W 0.081 0.191 0.071 0.149

PA/Q 0.429 - 0.428 - 

Component 
ratios 

T/Q - 0.429 - 0.428

5.2. Preparation of Grouts 
Air-dry palygorskite and talc powders were mixed with 
quartzite and cement, adding water for reaching a fluid 
state (Figure 6). The grout samples were cast in plastic 
tubes and left to mature for 6, 30 and 72 hours before 
testing. The argument for the 6 hour time of maturation 
was that, in practice, stiffening must be quickly gained. 
The longest maturation time was decided on the practical 
experience that packers in grouted boreholes can seldom 
be left on site for more than 72 hours after injection. 

5.3. Evaluation of Tests 
5.3.1. Investigated Properties 
The following properties were determined: 

Microstructural constitution; 
Compressive strength; 
Fluidity; 
pH. 

1) Microstructure  
The microstructural constitution was given by the 

packing degree that was directly derived from the ex- 
perimen tally determined density and porosity data ap- 
plying the 4C program. The parameters were: the “eigen- 
packing”, the density and the particle size distribution of 
each mixture component. The packing degrees of Series I 
and II, are given in Tables 3 and 4. 
 

 
Figure 6. Preparation of grout. Notice the fluidity. 

 
Table 3. Theoretical and experimental packing degree  for 
series I. 

Merit cement with palygorskite Grout-Series 
I  A B C 

Experimental 0.390 0.373 0.361

Microstructural concept 0.348 0.348 0.340Packing degree 
( )  

4C-software 0.393 0.386 0.374
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Table 4. Theoretical and experimental packing degree  for 
series II. 

Grout-Series II M/PA M/T PO/PA PO/T

Experimental 0.361 0.339 0.361 0.339Packing  
degree ( ) 4C-software 0.373 0.405 0.374 0.406

 
The packing degree dropped slightly from a maximum 

value for the A-series, which comprised grouts with 
Merit 5000 cement and low palygorskite content (15.8%) 
to an intermediate value for Series B with the same ce- 
ment type and 20% of palygorskite and further to a 
minimum value for Series C with 27.2% content of pa- 
lygorkite. 

One concludes that the theoretically predicted packing 
degrees calculated on the basis of microstructural analy- 
ses are similar to the experimental ones and to those ob- 
tained by use of the 4C software with the exception of 
the two Series II recipes based on talc. The packing de- 
gree, which would ideally be unity for the mixtures, is 
the same for the Portland and Merit grouts with similar 
cement contents. 

2) Compressive Strength 
The shear resistance of grout, which is a direct func- 

tion of the compressive strength, is essential in the injec- 
tion phase since it determines how deeply into fractures it 
can reach. After maturation, the strength determines the 
ability of the grout to resist shear stresses and hydraulic 
gradients. The compressive strength of the investigated 
grouts, summarized in Table 5, depends on: 

Chemical reactions between the cement and the min- 
eral constituents causing formation of cementation 
bonds. The reaction products are soluble while the 
quartz grains are stable, 
Intergranular friction after breakage of cementation 
bonds. It is determined by the density and hence by 
the packing degree. 

The strength of the Merit grout samples in Series I was 
low and the materials exhibited ductile behavior with 
increasing diameter but no fracturing in the course of the 
compression. The strength rose from 2.5 to 6.4 kPa, and 
from 7.0 to 10.6 kPa, respectively, when the content of 
palygorskite was increased from 15.8% to 27.2% of the 
total solid mass, indicating that thixotropic stiffening was 
more important for the compressive strength than the 
formation of cementation bonds. The strength of the 
grouts prepared with Portland cement and talc in Series II 
was higher after 6, 30 and 72 hours (22, 184 and 307 kPa) 
than for any other combination of components. This 
grout is hence providing physical stability already in a 
few hours. 

3) Consistency (Liquid Limit) 
The results of liquid limits based on Equation (1) are 

collected in Table 6. 

%LW Mxw N             (1) 

where M and N are obtained from standard tables, w is 
the water content, and WL is the liquid limit [18]. 

The data demonstrate that the grouts with palygorskite 
sorbed twice as much water than those with talc. Thus, 
for reaching the same fluidity, twice as much water has 
to be used in preparing grouts with palygorskite than 
when talc is used (cf. Tables 1 and 2). 

4) Capillary Flow Test 
Glass tubes with inner diameters 2.3, 3.3 and 5.8 mm 

were filled with grout to one meter height with the valves 
closed (Figure 7). For the flow measurements, the valves 
were opened and the grout allowed to flow down by 10 
cm while measuring the time. The flow rate is the cross 
section area of the tubes multiplied by the flow length 10 
cm, divided by the flow time, which gives the viscosity 
by utilizing Poiseuille’s law (Equation (2)), [18]: 

x
i w

i
r g

q
S L

H
             (2) 

 

2.3 mm 3.3 mm 5.8 mm

Valve Valve Valve

Fill the pipettes with grout, Record the time for 100 mm drop of meniscus,
Calculate the viscosity using Poiseuille’s law.

1000 mm

100 mm

 
Figure 7. Principle of grout capillary test. The pipettes are 
filled with grout, and the time recorded for 10 cm grout 
flow (subsidence of meniscus). 
 
Table 5. Compressive strength of grouts in Series I and II. 

Grout-compressive strength (kPa) 

Age of test (hours) 6 30 72 

A 1.8 2.5 7.02 

B 0.7 4.4 8.5 Series I

C 1.5 6.4 10.57 

M/PA 10 12 56.07 

M/T 12 13 189.73 

PO/PA 7 14 63.36 
Series II

PO/T 22 148 307 
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where: r = mean pore radius (cm), q =flow rate, w = 
density of the grout (g/cm3), g = acceleration due to 
gravity (cm/s2), H = pressure head difference along the 
flow path (cm), S = shape factor,  = viscosity (P), L = 
length of flow path (cm). The shape factor S and the ex- 
ponent x are dimensionless parameters. For cylindrical 
tubes of constant diameter as in the tests, S = 8 and x = 4. 
The viscosities evaluated according to this law are listed 
in Table 7, from which one finds that the diameter of the 
flow tubes was not of major importance except for the 
“C-grout” in Series I and the grout with Portland cement 
and talc. The overall conclusion, based on experience, is 
that the viscosity of the investigated grouts makes all of 
them injectable in fractures with hydraulic apertures of 
100 m and more. The fluidity was found to be particu- 
larly high for the grouts with Portland cement and paly- 
gorskite, which, in combination with the strengthening 
and filtering role of this clay mineral makes it a particu- 
larly interesting candidate. This is in principal agreement 
with the liquid limit data in Table 6. 

6. Discussion 
Table 8 summarizes the results obtained. The most im- 
portant properties of practically useful grouts are the flu- 
idity at injection, and the strength and rate of strengthen- 
ing thereafter. As concerns fluidity the following is 
claimed: 

Grouts with Portland cement and palygorskite have 
superior flow properties; 

 
Table 6. Liquid limit of Series II grouts. 

Grout Liquid limit, % 

Palygorskite/Portland cement 115 

Palygorskite/Merit cement 111 

Talc/Portland cement 54 

Talc/Merit cement 43 

 
Table 7. Viscosity (Pa·s) of grouts (Series I and II) obtained 
according to the capillary flow test (CFT). 

Grout Viscosity (Pa s) 

Pipette diameter (mm) 5.8 3.3 2.37 

A 0.963 0.944 0.879 

B 1.059 1.015 0.827 Series I 

C 4.099 1.875 1.15 

PO/PA 0.0735 0.0304 0.0684 
Series II 

PO/T 0.90827 0.4511 0.3142 

Table 8. Grout components and compressive strength of 
investigated grouts. Merit 5000 (M) is low-pH cement; Port- 
land (PO); Aggregate of crushed quartzite (Q); Talc (T); 
Palygorskite (PA); Water (W). The components are ex- 
pressed in weight percent of the total weight. 

Grout M/PA M/T PO/PA PO/T 

M PO 4.3 6.16 4 5.65 

PA 12.9 - 12 - 

T - 18.49 - 16.97

Q 30.2 43.07 28 39.56

Component 
(%) 

W 52.6 32.28 56 37.82

Density, kg/m3 1391 1711 1384 1634 

Experimental packing degree 0.361 0.339 0.361 0.339 

M/Q PO/Q 0.143 0.143 0.142 0.142

M/W PO/W 0.081 0.191 0.071 0.149

PA/Q 0.429 - 0.428 - 

Component 
ratios 

T/Q - 0.429 - 0.428

6 10 12 7 22 

30 12 13 14 148 
Compressive 

strength 
(kPa) 

Time 
(hours)

72 56.07 189.73 63.36 307 

 
Talc gives higher strength than palygorskite but lower 
fluidity. This is because the density of talc grouts is 
significantly higher than for palygorskite for the same 
fluidity; 
Grouts with Portland cement and talc gain strength 
quicker than the others (Series II): 22 kPa efter 6 
hours, 184 kPa after 30 hours, and 307 kPa after 72 
hours. Grouts with Merit 5000 low pH cement and the 
same fluidity stiffen slower in the first 30 hours but 
then behave in a similar way as the Portland cement 
grouts. 

The different properties of the investigated grout types 
suggest that selection should be made with respect to the 
practical need. Grouts based on Portland cement and pa- 
lygorskite are particularly fluid and will penetrate deeper 
into fractures than when talc replaces palygorskite. The 
firstmentioned can therefore be suitable for sealing richly 
fine-fractured rock where quick strengthening is not re- 
quired, i.e. for grouting rock around boreholes where 
concrete is going to be cast. For fracture zones with 
fewer but wider fractures grouts with Portland cement 
and talc can be optimal and where long-term perform- 
ance is required chemically more stable grouts based on 
low-pH Merit 5000 cement can be the best. By selecting 
palygorskite as an additive to this type of grout one 
would gain from the filtering function for preventing 
migration of cement residue and clay particles through its 
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filtering function. 

7. Conclusion 
The results suggest that selection should be made with 
respect to the practical need. Grouts based on Portland 
cement and palygorskite are particularly fluid and will 
penetrate deeper into fractures than when talc replaces 
palygorskite. The first mentioned can therefore be suit- 
able for sealing richly fine-fractured rock where quick 
strengthening is not required. For fracture zones with 
fewer but wider fractures grouts with Portland cement 
and talc can be optimal and where long-term perform- 
ance is required chemically more stable grouts based on 
low-pH Merit 5000 cement can be the best. 
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a b s t r a c t

Grouting of the rock surrounding high-level waste (HLW) can serve to minimize groundwater flow
around it and thereby to retard erosion of waste-embedding clay (buffer) and transport of possibly
released radionuclides. Earlier attempts have shown the efficiency of superimposing the injection
pressure with oscillations for bringing cement-rich grouts into narrow fractures using organic superplast-
icizers. However, these are short-lived and can produce radionuclide-bearing organic colloids, and should
be replaced by inorganic agents. Portland cement in grouts is not long lived and low-pH cements are
preferable as is also reduction of the cement content to an absolute minimum. The present study
describes the composition and performance of candidate grouts in laboratory experiments with injection
into plane-parallel slots with different aperture. The study included development of a simple and
quick method for estimating the viscosity on the construction site for adapting the grout recipe to the
injectability of the rock. A simple theoretical model for predicting grout penetration gives fair agreement
with laboratory data. The longevity of the grout under various conditions is believed to be sufficient for
use in HLW repositories implying waste placement in very deep holes.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Cement grouting is required for stabilizing fracture zones
through which holes for disposal of highly radioactive waste
(HLW) will be bored. Such a concept is ‘‘VDH’’ according to which
0.8 m diameter holes are bored to 4000 m depth. The upper
2000 m parts of the holes are sealed by use of highly compacted
smectite-rich clay while the lower parts contain canisters with
HLW surrounded and separated by dense clay (Fujita et al., 2012;
Pusch et al., 1988). For both parts the principle is to cast concrete
where fracture zones are intersected. Here, groundwater flow can
degrade the concrete by dissolving its cement component and
cause dispersion and softening of adjacent clay seals. For minimiz-
ing this risk grouting is suitable as indicated in Fig. 1, either from
prebored slim pilot holes or from the large holes using large pack-
ers, (Mohammed et al., 2013a). The concrete seals in the boreholes
shall provide axial support to the clay seals, which requires that
they remain physically intact also after seismically induced

shearing of the fracture zones. This criterion implies that the con-
crete and injected grout have a high density and only little cement.
A further demand is that neither of them are allowed to signifi-
cantly degrade the contacting clay seals (Pusch et al., 2013a). The
present study describes the composition and performance of suit-
able grouts in laboratory experiments. It also shows a simple and
quick method for estimating the viscosity on the construction site
for adapting the grout recipe to the structural constitution and
injectability of the rock, and applicability of a simple theoretical
model for predicting grout penetration in fractures. The grouts
and concretes can be used in steep or flat-lying slim or large-
diameter holes.

1.1. Background

The matter of longevity of cement materials for grouting and as
binder in concrete was investigated in a comprehensive research
program conducted or supported by the atomic energy company
AECL in Canada and the federal department DOE in the US in the
late eighties (Alcorn et al., 1992). The conclusion was that grout
with Portland cement is expected loose most of its sealing poten-
tial in 100 years and that other cement types should be considered
for reducing the hydraulic conductivity of fractured rock that is

http://dx.doi.org/10.1016/j.tust.2014.08.003
0886-7798/� 2014 Elsevier Ltd. All rights reserved.
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present in HLW repositories. The hydraulic conductivity of the
hardened grout does not have to be very low but the erodability
should be low and the strength and chemical stability high
(Pusch et al., 2011).

Some of the earlier studies that formed the basis of the pres-
ent investigation were an attempt to develop a grouting tech-
nique by Pusch et al. (1988), that could bring cement and clay
grouts into fractures with a ‘‘hydraulic’’ aperture of 100 lm or
somewhat smaller by using ‘‘dynamic injection technique’’,
implying superposition of static pressure and superimposed
oscillations.

A grout penetration theory for fractured rock was developed by
(Hässler, 1991; Hässler et al., 1988) treating the grout as a Bingham
fluid. Eriksson and Stille (2000, 2003) modified this model by con-
sidering also clogging of fractures by penetrating grout. This and a
similar, complex model worked out by Gustafson and Stille (1996,
2005) for predicting grout penetration in real rock, was examined
by Fujita et al. (2012) considering 1D conditions. The latter also
reviewed various other grout penetration models developed and
used in Japan and elsewhere. Yang et al. (2011), investigated the
rheological properties of cement grouts with different water
cement ratios, and their flow in fractures. Börgesson et al. (1992),
determined the rheological properties of grouts based on smectite
clay and cement with and without superplasticizers, and with dif-
ferentw/c ratios. They also derived a model for calculating the pen-
etration of grout into fractures under static and dynamic pressure
conditions. According to Draganović and Stille (2011), many factors
such as the grain-size curve of the cement, hydration and floccula-
tion, pressure, grout density, and the geometry of constriction
affect the complex processes of penetration and filtration of the
injected grout. They found that the best penetrability is achieved
by using cement of medium grain size rather than coarse or very
fine-grained. Eriksson (2002) concluded that aperture size, vari-
ability in aperture and other geometrical measures are the most
important rock features that affect the penetrability. Axelsson
et al. (2009) identified three retarding conditions for penetrating
cementitious grouts, the major one being the ratio of the
maximum grain size of the cement grains and the aperture of the
fractures. An additional very important parameter for practitioners

is the impact of grout pressure on the aperture and interconnectiv-
ity of fractures to be sealed (Pusch, 1994), The present study deals
with some of these issues and describes and discusses theoretical
grout flow models for predicting flow into plane-parallel fractures
of candidate cement grout materials that behave as Bingham fluids
under static pressure and as Newton liquids under oscillatory
pressure.

1.2. Scope

A fundamental requirement for bringing grout deep into rock
fractures is that it must be very finegrained and be effectively
forced into them. For conventional grouting, fine grained Portland
cement is most commonly used, while low-pH cement was in focus
of the present study (Mohammed et al., 2013b), both for providing
suitable pH conditions for preservation of adjacent clay seals in the
VDH and for giving the grout a high strength by reacting with talc,
which is used as superplasticizer and conditioner. It replaces
organic superplasticizers, which are short-lived and can produce
radionuclide-bearing organic colloids. Long-lasting grouts require
chemical integrity, which is provided by using quartzite aggregate,
which has a very high internal friction angle and hence gives a high
residual strength if shearing would take place. The rheological
properties of different cement grouts have been investigated with
respect to their fluidity in order to select the most suitable mixture
and for modeling the flow of grout experimentally into artificial
fractures with different apertures (100, 250 and 500 lm).

2. Laboratory test

2.1. Materials

Merit 5000 low-pH cement was used in the study. It was
delivered by the SSAB Merox AB, Oxelösund, Sweden, and has the
composition listed in Table 1. The aggregate consisted of quartz
powder, Norquartz 45 delivered by the Sibelco Nordic, Lillesand,
Norway. Table 2 presents the chemical compositions and grain size
of the grout components. Finally, milled ‘‘talc’’ manufactured by
VWR International Company UK was added for providing fluidity
and long-term strength. Talc serves as lubricator and reacts with
low-pH cement to provide mechanical strength. This hydrophobic
mineral has the chemical composition 3MgO�4SiO2�H2O and has
been selected as superplasticizer of the concrete intended for use
in borehole plugs (Mohammed et al., 2013a; Pusch et al., 2013b,c).

Fig. 1. Seals in boreholes passing through a fracture zone.

Table 1
Characteristics of Merit 5000 cement according to SS-EN 196-1, 2 and 3.

Analysis Merit 5000 cement

MgO 16.6
LOI �1.23
LOI compensated for S�2 oxidation 1.43
SO3 0.085
Sulfide 1.33
cl� <0.01
Glass content (%) 99
Density (kg/m3) 2912
Specific surface area (m2/kg) 470
Moisture content 0.09

Initial setting
Water content (%) 27.0
Setting time (min) 210

Compressive strength
7 d (MPa) 23.3
28 d (MPa) 50.4

M.H. Mohammed et al. / Tunnelling and Underground Space Technology 45 (2015) 10–19 11



2.2. Grout sample preparation

The grouts were prepared in a Hobart mixer. The mixing
sequences was in the following order: (1) dry mixing of the solid
components, (2) adding water, and (3) intense agitation of the mix-
ture for reaching a fluid state (Fig. 2).

2.3. Grout recipes

Two grouts were prepared for testing equipment and penetra-
bility in artificially prepared fractures. The recipes were termed
R1 and R2 based on Merit 5000 cement and composed as described
by Table 3. The contents of solid materials were the same for the
two recipes, while the water content for the R2 grout was increase
for making it represent sufficiently dilute to enter more narrow
fractures than R1 grout. They will be referred to as grouts R1 and
R2 in this document.

2.4. Rheological properties

The fluidity of grouts depends on the viscosity and determines
its ability to penetrate into fractures. For bringing grouts into

narrow fractures, defined here as those with i.e. 50–100 lm aper-
ture, the (kinematic) viscosity must be as low as 0.05 Pas and the
injection pressure as high as possible keeping the risk of creating
uncontrolled permanent widening of the fractures in mind
(Pusch, 1994). For fractures with apertures larger than a few
millimeters, a significantly lower fluidity can be accepted, meaning
that grouts with viscosities ranging between 1 and 50 Pas, can be
used. In the present study the viscosity was determined by using
two different methods, i.e. conventional viscometry and a newly
invented ‘‘capillary flow test’’ based on Poiseuille flow theory.

2.4.1. Viscometer testing
The equipment was a rotational viscosimeter, manufactured by

JP Selecta S.A., Toledo, Spain. The system (Fig. 3 left) consists of a
motor that rotates a spindle immersed in the sample with different
rotational velocities (0.3–200 rpm). The flow properties of the
grout materials were measured by use of this rheometer both
under ordinary conditions and exposed to vibrations for simulating
the impact of oscillations using a ‘‘MS1 minishaker device’’, (Fig. 3,
right).

2.4.2. Capillary flow testing
Capillary glass tubes were filled with grout to one meter height

with the valves at the outflow ends being closed. For the measure-
ments the valves were opened and the grout allowed to flow down
by 10 cm while measuring the required time. The flow rate is the
cross section area of the tubes multiplied by the flow length
10 cm, divided by the flow time, which gives the viscosity as in
Eq. (1) utilizing Poiseuille’s law, Eq. (1) (Mohammed et al.,
2013a; Pourbakhtiar, 2012).

Qi ¼
prxi
sg

0

 !
x

qwgDH
L

� �
ð1Þ

where r is the mean pore radius (cm); q is the flow rate; qw is the
density of the grout (g/cm3); g is the acceleration due to gravity
(cm/s2); DH is the pressure head difference along the flow path
(cm); S is the shape factor; g

0
is the viscosity (P); L is the length of

flow path (cm); x is the coefficient; S and x are dimensionless
parameters. For cylindrical tubes of constant diameter as in the
tests, S = 8 and x = 4.

2.5. Artificial fracture tests

Experiments for investigating the flow properties of the
presently proposed grouts in artificial fractures were made in this
study. The aim was, as specified, also to test the applicability of
the flow model and document the performance of these grouts
under different pressure conditions. The impact of the real nature
of fractures with their typical aperture variations and mineral
coatings was hence not considered.

2.5.1. Radial flow in parallel plane fracture
The test equipment consisted of two stiff plexiglass discs with

0.5 m diameter (Fig. 4, left). They were bolted together so that a
space between them of 100, 250 and 500 lm was created by using

Table 2
Norquartz 45 characteristics.

Component Average (%)

SiO2 99.6
Al2O3 0.25
Fe2O3 0.02
LOI 0.15
Density (g/cm3) 2.65
pH 6.5

Particle size distribution

Size (lm) Percent finer

<10 38
<20 68
45 99.2

Fig. 2. Preparation of the grout sample.

Table 3
Investigated Merit 5000 low-pH cement grout (MC); Talc (T); Quartzite powder (Q) and Water (W). The amounts of the components are expressed in weight percent of the total
weight.

Grout recipes Proportions (%) W/MC ratio Water content (%) Temp. Density (kg/m3) Description

MC T Q W

R1 6.0 18.2 42.3 33.5 5.6 50.3 20.5–21.0 1665 Semi-fluid
R2 5.7 17.2 40.1 37.0 6.5 59.9 20.5–21.0 1650 Fluid
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thin rings (Fig. 4, right). Calculation of the stress/strain behavior of
the plate system showed very small changes in aperture, compara-
ble to those in field applications. 32 stainless steel bolts (5 mm)
with a spacing of 75 and 100 mm were used for keeping the plates
together. The arrangement was designed so that a maximum
tension stress of up to 10 MPa and a grout pressure of 1.5 MPa
could be sustained without changing the slot width.

2.5.2. Setup of grout injection system
Fig. 5 shows the grout injection system. The grout materials

were mixed and filled in the ‘‘grout container’’. During the injec-
tion, a valve between the grout container and the pressure supplier

was opened and also the one at the top of the container. Pumping
brought grout from the container through a hose attached to the
disc. The injection machine system provides two different types
of pressures, static and dynamic. The static pressure supplied by
the ‘‘Bottle’’ could be up to 500 kPa, while the dynamic pressure
provided by the ‘‘Haskel’’ pump could reach 1.5 MPa.

2.6. Theoretical work

2.6.1. Hypothesis
The present study included recording of the penetration of

cement-based grout in plane-parallel slots, simulating discrete

Fig. 3. Arrangement for viscometer testing, left: unvibrated, right: vibrated.

Fig. 4. Test arrangement. Left: outline of the artificial fracture device standing cylindrical supports. Right: the thin grey line shows the slot between the two plates.

Fig. 5. Grouting system setup with all components.
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rock fractures, under static and dynamic pressure conditions.
In practice, discrete fractures with apertures smaller than
100–200 lm cannot be effectively sealed by injecting grouts under
constant pressure but superposition of an oscillatory vibrations in
the form of dynamic pressure pulses is known to improve the
penetrability (Pusch, 1994). The flow properties under dynamic
pressure conditions can be defined as in Eq. (2):

s ¼ m
dc
dt

co

( )n

ð2Þ

where s is the shear stress (Pa); m is the viscosity (Pas); dc/dt is the
shear rate = du/dy (co: normalized shear rate (1.0 s�1); y is the
coordinate perpendicular to the flow plane); u is the flow velocity
(m/s); n is the coefficient.

2.6.2. Experience
Using Eq. (2) the penetration depth of grouts has been calcu-

lated for injection under static and dynamic pressure conditions.
The following values and parameters were used (Börgesson et al.,
1991): Angular frequency, x = 251 (1/s), f = 40 Hz; pressure ampli-
tude = 2 � 105–4 � 105 (Pa); static pressure = 1.5 � 106 (Pa); n = 1;
and m = variable. When the oscillation shear strain amplitude in
the fracture is below 0.05, the penetration is assumed to stop,
(Börgesson et al., 1991). For a viscosity 0.1 Pas the grout would
penetrate into a 100 lm fracture by about 1.5 m and by about
0.8 m in a 50 lm fracture. For a viscosity of 1 Pas the penetration
depth into such a fracture would be 0.25 m.

2.6.3. Theoretical flow model
The experimental part of the present study included both con-

ditions. In practice, grout penetration into a fracture can be in
channel form or, as in the tests, axially symmetric, from the injec-
tion point represented by an intersecting borehole with small
diameter (Börgesson et al., 1992). Fig. 6 shows the geometry of
the ‘‘slot’’ device and the grout flow movement.

The equations of motion and continuity can be used for deriving
the relation between the radial penetration ‘‘R’’ and the time ‘‘t’’
after start. Eq. (3) described the penetration as a function of time
for the case of axisymmetric flow from a cylindrical hole into a
plane-parallel space with aperture d, (Börgesson et al., 1992):

ln
R
r

� �
¼ t � d2 � Po

6 �m � R2

 !
� r2

2 � R2

� �
þ 1
2

ð3Þ

where d is the aperture (m); Po is the grout pressure (Pa); m is the
viscosity (Pas); R is the grout fill radius (m); r is the Borehole radius
(m); t is the time (s).

3. Rheological properties of grouts

3.1. General

The hardening processes in cement-based grouts start already
in the preparation phase, meaning that the rheological properties
are transient and that quality assurance requires that they should
be determined immediately before the injection. They depend on
the w/c ratio, cement type, temperature, content of superplasticizer
and stirring energy (Börgesson et al., 1992).

Bingham fluids do not flow until a critical yield stress is
exceeded and are characterized by a linear relationship between

Fig. 6. ‘‘Slot’’ device geometry.

Fig. 7. Bingham and Newtonian behavior.
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Fig. 8. The shear resistance of grouts R1 and R2 plotted as a function of the shear
rate immediately after mixing.
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the shear stress and shear rate (Fig. 7). The yield value can be
estimated by plotting the shear-stress/shear-rate data while the
so-called plastic viscosity represents the slope of the curves.
Binghammaterials behave as solids below the yield stress and flow
as viscous liquids after exceeding it (Sio-Keong, 2005). The
proposed grouts behave as Bingham fluids, and the viscosity varies
with the rate of shearing.

3.2. Unvibrated conditions

Fig. 8 shows the typical behavior of unvibrated grouts prepared
according the recipes R1 and R2. The figure, which shows the influ-
ence of the shear rate on the shear resistance of the grouts, demon-
strates that the grout termed (R2) is more fluid than grout R1. The
measured viscosities were 0.92 Pas for R1 and 0.31 Pas for R2.

The relation between shear rate and shear stress in Fig. 8 is
almost linear and can be expressed according to Eq. (4).
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Fig. 9. Shear stresses in viscometer tests as a function of the shear rate for grouts R1
and R2 under vibration.
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Fig. 10. Viscometer testing of grouts at different times after mixing. The upper diagrams are derived from tests on unvibrated grout, while the lower diagrams represent
vibrated grouts.

Fig. 11. Axisymmetric flow patterns of grouts R1 and R2 at injection under static pressure. Left: grout R1 with the grout front moved by about 12 cm in 30 s. Right: grout R2
having moved to fully occupy the slot in seconds.
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s ¼ so þmc ð4Þ
where s is the shear stress (Pa), so is the yield stress (Pa), m is the
viscosity (Pas) and c is the shear rate (1/s).

3.3. Vibrated conditions

Viscometer tests of R1 and R2 grouts performed under
vibrations with the frequency f = 14–17 Hz (cf. Fig. 3, right), at a

shear rate of (2.1–42.5 s�1) corresponding to 10–200 rpm are
shown in Fig. 9. The figure shows that the Bingham materials R1
and R2 turned almost Newtonian under the impact of vibrations.
The reason for this is primarily that the vibrations were strong
enough to break down the structure of the material but porewater
increase leading to reduced effective stress is believed to be a
reason as well. The measured viscosities from this test were 2.4
and 0.96 Pas for grouts R1 and R2, respectively.

3.4. Influence of time

The increase in viscosity of cement grouts after preparation is
important and may require agitation before injecting them into
rock fractures (Börgesson et al., 1992; Sio-Keong, 2005). Fig. 10
shows the ‘‘time effect’’ i.e. the impact of the time of rest, i.e. the
time between preparation and injection (15, 30, 45, 60 and
120 min) on the shear resistance of grouts R1 and R2. The graphs
show that none of the grouts was significantly sensitive to the time
of rest, except when they were left for more than 1–2 h after which
some increase in viscosity took place. The maximum time for using
the grout in the experiments was therefore set at 1 h after mixing.

The very obvious drop in viscosity of the grouts by increased
agitation is in accordance with the softening effect of vibration. It
is expected that in the course of penetration of grout into fractures
the front part is successively becoming less agitated and more vis-
cous (Sio-Keong, 2005).

4. Results

4.1. Grout flow tests

4.1.1. Static injection
Several injections in the artificial fractures were made under

static pressure and they showed relatively uniform movement of
the grout. The rheological behavior of unvibrated grouts could be
described by using of Eq. (4). The static injection of grouts prepared
according recipes (R1 and R2) were made by applying 300 kPa
pressure for 30 s, the very obvious difference in fluidity being
shown by Fig. 11.

The following pressures, slot widths, representing fracture
apertures and viscosities were used for calculating the penetration
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Fig. 12. Actual and theoretically predicted penetration at static injection in the 100,
250 and 500 lm slots as a function of time, upper diagram for grout R1, lower
diagram for grout R2.

Table 4
Actual and theoretical penetration depths for grout 1 at static pressure as a function of time.

Time (s) Radius of separation (m) with differences ratio (%)

100 lm 250 lm 500 lm

Theoretical Actual % Theoretical Actual % Theoretical Actual %

10 0.066 0.113 71 0.134 0.131 �2.2 0.235 0.128 �45.5
20 0.086 0.156 81 0.177 0.189 7.0 0.314 0.187 �40.4
30 0.100 0.186 86 0.209 0.243 16 0.374 0.238 �36.3
40 0.112 0.208 86 0.235 0.290 23 0.423 0.284 �33.0
50 0.122 0.224 84 0.258 0.332 29 0.465 0.326 �30.0

Table 5
Actual and theoretical penetration depths for grout 2 at static pressure as a function of time.

Time (s) Radius of separation (m) with differences ratio (%)

100 lm 250 lm 500 lm

Theoretical Actual % Theoretical Actual % Theoretical Actual %

10 0.100 0.193 93 0.208 0.232 11.5 0.372 0.276 �25.8
20 0.131 0.286 118 0.278 0.321 15.5 0.501 0.418 �16.6
30 0.154 0.323 110 0.329 0.378 14.9 0.598 0.532 �11.0
40 0.173 0.344 99 0.372 0.421 13.2 0.679 0.627 �7.65
50 0.190 0.359 89 0.410 0.455 11.0 0.748 0.709 �5.21
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depth as a function of time: Static pressure: 300 kPa, fracture aper-
ture: 100, 250 and 500 lm, viscosity: 0.92 and 0.31 Pas. Both the-
oretical and actual penetration results as a function of time are
depicted in Fig. 12. The theoretical calculations based on the flow
model (Eq. (3)) obviously agreed fairly well with the actual results
especially for the more fluid grout 2.

The actual and predicted flow rates at static injection are listed
for the first 50 s in Tables 4 and 5.

One finds that the theoretical model gave somewhat slower
grout flow than the actual results. In principle, however, there
was good agreement between the theoretical calculations based
on the flow model and the actual values especially for the more
fluid grout 2.

4.1.2. Dynamic injection
Dynamic injection tests were made on grouts R1 and R2 using a

frequency of 10–50 Hz, generated by the ‘‘Haskel’’ pump, (cf.
Fig. 5). The pressure was recorded by using a pressure transducer
giving graphs like those in Fig. 13.

The grouts penetrated deeper and faster under dynamic
pressure conditions than under static pressure. The flow patterns
were largely axisymmetric as shown by Fig. 14.

The actual penetration depth under static and dynamic condi-
tions as a function of time are compared in Fig. 15, which confirms
the experience from a large number of practical grouting projects
that longer injection time than a fewminutes is of no value. Table 6
shows the penetration in the first 50 s.
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Fig. 13. Pressure pulses generated by the ‘‘Haskel’’ pump and recorded by use of a pressure transducer at the injection of grouts for different slot apertures. The time of
injection is given in the respective graphs.

Fig. 14. Outflow of grout R1 from the central tube into the 100 lm slot under dynamic pressure conditions (left) and under static pressure (right).
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One finds that the dynamic injection gave somewhat faster
grout flow than the static pressure tests for the wider slots but
not for the narrow ones after 35 s.

4.2. Fluidity

4.2.1. Viscosity derived from viscometer and capillary tests
The viscosities evaluated according to the capillary flow tests

are shown in Table 7. They do not deviate very much from those
evaluated from the viscometer measurements. The tube technique
is recommended as a quick way of checking the fluidity of grouts in
field testing. The overall conclusion is that the viscosity of the
investigated grouts is less than 1 Pas and that they are all
injectable in fractures with hydraulic apertures of 100 lm and
more (Mohammed et al., 2013a; Pourbakhtiar, 2012).

4.2.2. Viscosity derived from slot flow tests
A flow model fitting the actually recorded penetration rates at

static injection has the form of Eq. (5) using the software Minitab
16 (Minitab) for statistical treatment and regression analysis. This
expression gives the viscosity as a function of the independent
variables aperture, penetration depth, and time after start.

m ¼ 0:687þ 2419d� 2:79Rþ 6:9 � 10�3t ð5Þ
where m is the viscosity (Pas); d is the aperture (m); R is the radius
of moving grout front (m); t is the injection time (s).

The evaluated viscosity data are collected in Table 7 from which
one finds that the increase in actual viscosity of the cement-grout
that passes through a fracture (or slot) fracture would be

2.8–38.7%. It is obvious that the viscosities were on the same order
of magnitude as evaluated from the viscometer and capillary flow
tests for grout R1 (the thick one). Additionally, the application of
Börgesson et al. (1992), model (cf. Eq. (3)), was in good agreement
to the experimental results obtained in this study, Table 7. For the
more fluid grout R2, the viscosities derived from the capillary flow
tests result were higher than the ones derived from the slot
injection tests, which were, in turn, higher than those obtained
by using the viscosimeter.

4.3. Properties of grouts after injection

After completing the respective injection tests, samples were
taken randomly of the injected grout. Determination of the water
content and density were made and the results are collected in
Table 8. One finds that the water content after injection had
dropped by 9–11% for the 100 lm slot, by 6–8% for the 250 lm slot
and by 0.5–5% for the 500 lm slot, compared to the original values.
This is probably due to instant drying of the very thin cement grout
layer when the slot was opened at the termination of the tests. The
corresponding loss of density of the grouts was 3–4% for the
100 lm slot, 2–3% for the 250 lm slot and 0.18–1.8% for the one
with 500 lm aperture (cf. Table 8). The grout materials were found
to be homogenous i.e. without visible pores and obvious variations
in density.

Fig. 15. Actual grout penetration depth under dynamic and static pressure
conditions in the 100, 250 and 500 lm slots as a function of time.

Table 6
The actual penetration depth under static and dynamic pressure conditions as a function of time.

Time (s) Radial front movement of the grout (m) with differences ratio (%)

100 lm 250 lm 500 lm

Static Dynamic % Static Dynamic % Static Dynamic %

5 0.075 0.117 56 0.109 0.133 22 0.093 0.139 49.4
10 0.113 0.156 38 0.131 0.163 24 0.128 0.168 31.2
15 0.137 0.172 26 0.160 0.185 17 0.159 0.197 24.0
20 0.156 0.181 16 0.189 0.205 8.4 0.187 0.226 21.0
25 0.173 0.188 8.6 0.217 0.224 3.2 0.213 0.253 18.7
30 0.186 0.194 4.3 0.243 0.242 �0.4 0.238 0.279 17.2
35 0.198 0.200 1.0 0.267 0.259 �3.0 0.262 0.304 16.0
40 0.208 0.205 �1.4 0.290 0.276 �4.8 0.284 0.328 15.5
45 0.216 0.211 �2.3 0.312 0.293 �6.0 0.305 0.352 15.4
50 0.224 0.215 �4.0 0.332 0.309 �7.0 0.326 0.375 15.0

Table 7
Viscosities in Pas evaluated from viscometer tests, capillary tests, Eq. (3) and derived
from the slot injection tests.

Grout Viscosity evaluated from

Viscometer
tests

Capillary flow tests Slot injection tests Eq. (3)

R1 0.924 0.91 0.95 0.907
R2 0.310 0.54 0.43 0.323

Table 8
Water contents and density results of penetrated grouts into the fractures compared
with the original values.

Test Grouts

R1 R2

Water content (%) Original value 50.4 59.9
Grout penetrated into 100 lm fracture 45.8 53.3
Grout penetrated into 250 lm fracture 47.3 55.1
Grout penetrated into 500 lm fracture 47.7 59.6

Density (kg/m3) Original value 1665 1650
Grout penetrated into 100 lm fracture 1614 1582
Grout penetrated into 250 lm fracture 1631 1600
Grout penetrated into 500 lm fracture 1635 1647
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5. Conclusions

Penetration of new cement grouts, containing low-pH cement,
powdered quartz and talc has been investigated in laboratory
experiments. The water/cement ratio was high but the density
appreciable. Flow tests demonstrated that the grouts behave as
Bingham fluids. The penetrability into slots simulating rock
fractures with an aperture of 100–500 lm was determined using
static, constant pressure, and superpositioning oscillatory pressure
waves on the injection pressure. The aimwas to test the hypothesis
that ‘‘dynamic’’ injection can increase the penetrability of cement-
based grouts into fractures, and to work out theoretical models for
predicting the penetration.

The following major conclusions were drawn from the study of
the presently considered grout types:

� Effective penetration of grouts into fractures with smaller aper-
ture than 100 lm requires that the viscosity is lower than
0.05 Pas. Injection under static, constant pressure is preferable.

� Effective penetration of grouts in fractures with an aperture of
100–500 lm can be achieved for a viscosity of 0.05–1.0 Pas.
Injection under dynamic pressure conditions is best especially
in the early stage of penetration.

� Two methods were used for measuring the viscosity of freshly
prepared grouts: viscometer tests and capillary flow tests. Both
gave similar results, indicating that the simple capillary flow
test can be used in the field for quick checking of the fluidity.

� Theoretically predicted penetration depths are in fair agree-
ment with laboratory test data.
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