
STRBPA PROJECT 91-33
12

Cement Based Grouts —
Longevity Laboratory Studies:
Leaching Behaviour

M. Onofrei
M. Gray
L. Roe

AECL-Reseaich,
Whiteshell Laboratories
Pinawa, Manitoba, Canada

December 1991

TECHNICAL REPORT
An OECD/NEA International project managed by:
SWEDISH NUCLEAR FUEL AND WASTE MANAGEMENT CO
Division of Research and Development

Mailing address:
Box, 5864, S-102 48 Stockholm Telephone: 08-665 28 00



CEMENT BASED GROUTS -
LONGEVITY LABORATORY STUDIES:

LEACHING BEHAVIOUR

Maria Onofrei
Malcolm Gray
Leyton Roe

AECL-Research,
Whiteshell Laboratories,
Pinawa, Manitoba, Canada

December 1991

This report concerns a study which was conducted for the
Stripa Project. The conclusions and viewpoints presented in
the report are those of the authors and do not necessarily
coincide with those of the client.

A list of other reports published in this series is attached
at the end of the report. Information on previous reports is
available through SKB.



(i)

Item

1

2

3

4

4.1

4.2

4.2.1

4.2.2

4.2.3

4.2.4

". 3

. 3.1

i 3.2

' .3.3

5

6

7

CEMENT BASED GROUTS - LONGEVITY

LABORATORY STUDIES: LEACHING BEHAVIOUR

TABLE OF CONTENTS

Title

SUMMARY

INTRODUCTION

DEGRADATION PROCESSES

DEVELOPMENT OF THE REFERENCE
HIGH-PERFORMANCE GROUT

LEACHING STUDIES

MATERIALS

EXPERIMENT DESIGN AND METHODS

Static Leach Tests

Pulsed-Flow Leach Tests

Continuous Flow Leach Tests

Analytical Methods

RESULTS AND ANALYSIS

Static Leach Tests

Pulsed-Leach Tests

Continuous Flow Leach Tests

SUMMARY AND SYNTHESIS

ACKNOWLEDGEMENTS

REFERENCES

Pao;p Number

(ii)

1

7

13

22

22

25

27

27

29

31

32

32

53

63

73

75

76



(ii)

C£J*£NT BASED GROUTS - LONGEVITY

LABORATORY STUDIES: LEACHING BEHAVIOUR

by

Maria Onofrei, Malcolm N. Gray and Leyton Rce

AECL-Research, Whiteshell Laboratories,
Pinawa, Manitoba, Canada.

SUMMARY

'"his report describes a series of laboratory tests carried out

co determine the possible leaching behaviour of cement-based

grouts in repository environments. A reference high-performance

cement-based grout, comprised of Canadian Type 50 (U.S. Type V)

Sulphate Resisting Portland Cerr.ent, silica fume, potable water

and superpiasticizer, and a commercially available cement grout

were subjected to leaching in distilled water and three

simulated groundwaters of different ionic strength. Hardened,

monolithic specimens of the grout were leached in static,

pulsed-flow and continuous flow conditions at temperatures from

10°C to 150°C for periods of up to 56 days. The changes in

concentration of ions in the leachants with time were

determined and the changes in the morphology of the surfaces of

the grout specimens were examined using electron microscopy.

After a review of possible mechanisms of degradation of cemer.t-

based materials, the data from these experiments are presented.

The data show -.hat the grouts will leach when in contact witn

water through -jissolution of more soluble phases. Comparison of

the leaching po.-formance of the two grouts indicates that,

while there are some minor differences, they behaved quite

similarly. The r^te of the leaching processes were found to

tend to decrease with time and to be accompanied by

precipitation and. jr growth of an assemblage of secondary

alteration phases .i.e., CaCO3, Mg(OH)?). The mechanisms of

leaching depended GI the environmental conditions of

temperature, groundw.iter composition and water flow race.

Matrix dissolution occurred. However, in many of the tests

leaching was shown to be limited by the precipitated/reaction

layers which acted ar, ,'rotective surface coatings.



INTRODUCTION

Geologic disposal of nuclear fuel wastes is recognized

internationally as probably the only viable method of ensuring

protection from the hazards presented by these materials to man

and the environment. Nearly all countries that now generate

electricity through the use of nuclear energy have ongoing

programs to develop concepts for waste repositories. The wide

variety of geologic formations proposed a3 appropriate media in

which repositories can be constructed reflects the range of

geologie3 of the countries involved. In all cases, once

repositories are closed and sealed, the most likely mechanism

through which waste can escape to the biosphere is through

dissolution in and movement through the groundwaters. The

sealing materials used mu3t be affordable, emplaceable and

effective in a wide range of environments. Moreover, in view of

the fact that the hazardous materials in nuclear fuel wastes

are very long-lived, the probable performance of the sealing

materials and systems over millenia has to be understood.

In 1986, under the auspices of the OECD/NEA International

Stripa Project a Task Force, comprised of technical

representatives from each of the member countries of the

project (Canada, Finland, Japan, Sweden, Switzerland, the

United Kingdom and the United States of America), was

established to review current knowledge of sealing materials,

recommend candidate materials and methodologies for use in

sealing repositories and identify technical issues requiring

detailed attention. More specifically, the Task Force was

required to focus on materials, nethodologies and performance

issues related to grouting fractured rock. Based on knowledge

of the repository sealing programs in each of the member

countries, the Task Force recommended that studies should focus

on clay and cement-based grouting materials and practices

(Coons et al, 1987). For both of these materials, it was noted

that insufficient information was available to allow for

reasonable analyses of the performance of the sealing materials



and the systems of which they form a part. To provide much of

the needed information, a coordinated series of laboratory, in-

situ and theoretical studies was indicated.

Laboratory studies were designed to assess the performance of

cement-based grouts under the conditions of a repository and to

develop an improved understanding of the potential modes of

degradation of cement based materials. More specifically, the

experimental program was expected to provide information on the

hydraulic conductivity/porosity relationships for the reference

grout, to provide measurements and observations on leaching and

phase transformations in cement-based grouts, the effects of

temperature, grout-water composition, groundwatei flow rate and

the presence of clays and granite on the degradation processes.

Recent advances in cement technology have led to the

development of high-performance grouts designed for their

ability to penetrate fine fissures in rock '.Gray and Keil,

1989; Benmokrane et al, 1988; Onofrei et al, 1988) and, in the

specific instance of nuclear fuel waste disposal, for their

likely acceptable long-term performance characteristics.

Specific features of the design include fine particle size, the

inclusion of pozzolanic material to limit the amount of CH <-'

in the hardened grout and workability at low ratios of water to

cementitious materials {W/CM ). Practical demonstrations cf

the suitability of these high-performance grouts to seal

granite rocks had been carried out by AECL-Research in their

Underground Research Laboratory in Canada and by Clay

Technology AB in the Stripa Mine in Sweden.

At mixing, the low W/CM grouts are fluidified by the use of

superplasticizers. These are long chain aromatic organic

polymers, which are added in small proportions (normally less

than 1.5 per cent by dry mass of cementitious material) to the

grout. The chemical character of commonly used superplasticizers

and details of the studies carried out for the Stripa Project tc

I n c r r r c n t . c h o m i s t . r y t hr f o l l o w i r . q n o n c r . r . i n " , u r o i r, u r . r r i : c



examine the influence ofsuperplasticizers on the microstructure

of cements are given by Onofrei, et al (1991). While logically,

by reducing W/CM superplastici^ers decrease porosity and,

thereby, should decrease hydraulic conductivity and improve grout

longevity ( ^ ' , insufficient direct information existed to support

this hypothesis.

Silica fume is used as the pozzolan '^' in high-performance grout.

The material improves the properties of freshly mixed grout

through i t ' s very fine particle size. In combination with the low

W/CM the fine particle size of the silica fume prevents the grout

from separating (bleeding) during injection and facilitates

penetration of the grout into fine fissures. However, the

inclusion of silica fume could be expected to significantly

modify the morphology of the hardened grouts and thereby

influence both the nature and rates of the chemical reactions

that control longevity. These effects required detailed

definition.

For conventional civil engineering practice, high-performance

cements containing superplasticizer and silica fume can be

manufactured using any one of the five specified commonly

employed portland cement types (ASTM Types I to V;. However,

studies (Hooton and Mukerjee, 1982) had indicated Type V

(Sulphate Resisting Portland Cement - SRPC) was likely to prove

most, desirable from the perspective of long term performance.

Other cement products designed for sulphate resistance, such as

Class H (oil-well) cements and blast furnace slag cements (BFSC),

may prove equally acceptable. Proprietary grouting products based

on these latter two materials are commercially available.

The generic nature of the research program and the general lack

of ability to obtain detailed information on proprietory

L o n g e v i t y h a s b e e n d e f i n e d a s t h e a b i l i t y of a r a t e r i a l t o i r . a i r . t a i n i t s
do s ic , , i p e r f o r m a n c e t h r o u g h t i m e , u n d e r t h e rar.cio of t e r . p e r a t u r e s ,
p r e s s u r e s a n d g e o c h e m i c a l c o n d i t i o n s e n c o u n t e r e d in t h e h o s t
e n v i r o n r c e n t

P o z 7 o ! a n a s a r e s i l l c i o u s m a t e r i a l s w h i c h , t h o u g h n e t cemori t i t i o u s in
t h e r r s e l f , c o n t a i n < -ons t i t u c n t s w h i c h a t c r a i n a r y t e m p e r a t u r e s w i l l
c o m b i n e w i t h iimc. i n p r e s e n c e of Writer t o , o r r c o m p o u n d s w h i c h h a v ri
low s o l u b i l i t y a n d p o s s e s s c e m e n t i n g p r o p e r t i e s



products conspired to lead to che selection of a cement based or.

SRPC. A finely ground and :;ell characterized SRPC was selected.

For completeness a less well characterized proprietory product

based on BFSC was also chosen for examination.

To meet longevity requirements, a cement ir-atrix has to satisfy

durability '̂ ' criteria. This implies that appropriate test

procedures are available to determine durability. The mix design

can be adjusted in the light of durability measurements.

Durability assessments are based on the assumption that the

factors which affect the longevity of a cement matrix are well

known or can be ascertained and that the interaction between the

constituents of the cement matrix and the environmental factors

are understood. The uncertainties arise from the fact that

cementitious materials themselves continue to interact and change

internally a? well as externally in the course of aging. These

interactions could be chemical, physico-chemical and physical,

they are closely interlinked and is not possible to treat them

separately. Thus, durability measurements and test methods need

to be treated with caution. Durability criteria are generally

very conservative.

There are no natural analogues for the long-term durability and

integrity of cement based materials with modern composition. Some

related analogues exist in ancient concretes which have similar

principal components. Examination of ancient mortars and plasters

dating back to Hellenistic age (35C to 400 BC) provided direct

information on the response of various cementitious materials to

exposure to atmosphere, saturated and unsaturated soils, and to

dissolved species in solutions, under various climatic

conditions. Observations suggest that the durability of these

materials is the result of a combination of both chemical and

microstructural factors (Roy and Langton, 1983; Atkinson and

Hearne, 1°84) . The studies led to the conclusion that the

D u r a b i l i t y i s d i s t i n c t , f r o r 1 o n q o v i t y . D u r a b i l i t y i r . L h r r r s i r . t a r . c i . ' o r
a c T o n t r r a t r i x t n d o ' . o t e r i o u r . a r t n n s a r i s i n q f r o p i r ' . o r r M l , r x t r r r . a l ,
r : h " T U c . r i l , p p . y r . i c a 1 . a n d p h y s i r f - - ::••- i ' - i i f r . : < - , > : ; . D u r a b i l i t y f i r . r c r , : < • : :•
' : . A - f ) « - n i ' j r . t i r ' n a r . r i t f.'- t r ä t r - r i - s ' . r::"-.' y : ' " r r w i t h i n • . ; < • . ; f i f - i
•,•,17 - \ r c r i i~ i i ~ i *- 3 .



durability of ancient materials, like contemporary cementitious

construction materials, is affected by initial composition and

design, by the quality of the starting materials and, the

manufacturing processes. Detailed analyses of the chemical,

mineralogical, microstructural, and microscopic characteristics

of ancient cements has shown that the binding phases in the

hydrated cements have amorphous or subcrystalline structure,

these phases appear to be have been changed little under their

exposure conditions for at least 3 000 years. Thus, modern

cement-based materials of similar composition may not be expected

to be less durable under analogous conditions. Modern concretes

have not been in use for much more than a century. There are many

examples of excellent performance for periods from several

decades to up to 100 years (Gebouer and Karnik 1985).

Despite the reassuring observations on ancient cements and

concretes, it is known that some phases of the cement matrix

change with time. Also, it is known that environmental factors

such as the local geochemistry and stress conditions can induce

degradation (Coons et all., 1987, Atkinson and Hearne, 1984).

Thus, the cement longevity research program for the Stripa

Project was directed to serve a number of major functions.

Through the laboratory tests carried out by AECL Research in

Canada the conceptual model for the morphology and long term

performance parameters of high-performance grout comprised of

reground SRPC, silica fume, superplasticizer and water would be

developed alongside those for a proprietory BFPC product. Tests

would be conducted to determine the effects of superplasticizer

on the long term properties of the grouts. Specifically, the

hydraulic conductivity/porosity relationships for the material

would be determined to improve understanding of the material and

to provide input to the numerical model. Leaching tests would he

carried out to provide details of solid/water reaction processes

to improve conceptual models of the material characteristics and

for comparison with the predictions from the numerical models.

Using data available at the outset of the investigations, a

numerical model combining geochemical and permeability



modelling wouid be developed by RE/SFEC Inc in the U.S.A. ani

errployed to determine long term grout performance.

This report describes the laboratory investigations ir.to the

leaching properties of the grouts. Prior to presenting the

methods userf and the results of the studies, a brief overview of

the expected mechanisms of change of cements and ceraentitious

materials used for sealing a repository is given.



DEGRADATION' PROCESSES

Deterioration of cement-based materials, under ar.y

conditions, is not due to any single cause, but arises from the

combined action of a number of dsetructive factors. The following

factors which can effect possible long term changes in cement

material properties have been identified (Atkinson and Hearne,

1984):

* Continved internal microstructural changes and phase

transformations: the cement will tend toward its most

staole state, amorphous material may crystallize, reactions

with aggregate may occur, and hydration reactions will ter.d

towards coir.pletion.

* Reactions with ground-water: these include

dissolution/leaching or reaction with ionic species such as

SO4
2~, Cl~, HCO3" that enhance dissolution or promote growth

of expansive phases that, if unrestrained, will cause

fracturing of a cement matrix.

* If present, corrosion of metal reinforcements: oxidation cf

metallic inclusions, such as reinforcment, is generally

accompanied by an increase in solid volume. Deleterious

swelling forces can result.

* Action of the microorganisms.

* Radiation effects.

These factors a discussed briefly below.

Hydrated cement paste is composed largely of phases which are

thermo^ynamically metastable. Therefore, initial properties of

the hardened cement are subject to change with time as the

metastable phases that corr.pri3e the grout revert toward a a phase

assemblage that wiJl reflect thermodynamic equilibrium. This

latter condition is a minimum free energy state; changes leadina



to it can cccur spontaneously without any driving force oeir.g

supplied. If cha.iges cccur, the volumes occupied by the new

solids may not necessarily be the same as those occupied by the

original solids. These solid volume changes may give rise to

increased internal stresses and change porosity. Increase in

pGrosity will result when the solid products occupy less volume

than the original solids reactants. Evidence from ancient cements

indicates that these metastable phases (i.e., CSH) can persist in

this metastable state for very long periods of time (longer than

3000 years). Furthermore, observations on the occurrence of CSH

in geological formations suggests that the gel may remain

uncrystailized over geological timescales ( McConnel, 1955 ) . In

contrast, in their studies of the Roman concrete samples Roy ar.i

Lar.gter. (1962,1983) found no evidence of crystalline CSH

compounds; very little CSH gel remained and most of the original

CSH and the Ca(OH). had been converted to calcium carbonate

(CcZO.) and SiO-. These products cf total carbonation appeared to

be durable with good mechanical strength.

Unhydrated cement particles are kncwr. to exist in hardener!

cements and in an aqueous environment hydraticn may continue ever

a long period cf time. Continuing hydration -reactions are

reflected in the increase in the strength and decrease in

permeability of cement based materials with time. Compressive

strength has beer, found to double from I month to 30 years

(Whithoy 1961). Permeability has been shown to decrease ana

frarturoi materials have boen ohowr. to self-seal (Chir et ai,

1973; Cr.ofrei et al, 1991; Ai-Man^seer et al, 1991).

Cement-based materials in contact with water can undergo

deterioration by d;ssoluticn of the more soluble constituents

(ie., C-i(ZH)-). The free CA (OH)-. is first removed first. The:., Ca

will r ••• j-referor.t ial iy lost from t ho C3fi gel anJ other Ca-

cc r." air.;:.". fh-ip.-̂ r. lut rit a i.-wor rate because of tr.o lower

cq:; i 1 ihri U.T. (Ar.kir.50r, -in-J Hcarno, ij-^-i). The calcium may be

removed from the hardened cement either by diffusion or by the

tirr. of w.i'.er through cement. Th<_- loss in Ca can result ir.



the loss of strength and structural collapse. Such a collapse has

been reported for a reservoir lining from which 57% of the total

Ca content of the cement was removed over a period of 25 years

(Lea 1970) . However, such cases of complete deterioration are

rare because, usually, the water becomes sufficiently

concentrated with the dissolved species sc _nat a dissolution

equilibrium is reached or the material is ot" sufficient high

quality that the rate of leaching is very slow and confined to

the surface.

The interaction between the cement-based materials and

groundwaters containing dissolved C02 and sulphate can lead to the

decomposition of cement constituents, disruption of the

microstructure and loss of strength. Sodium and potassium

sulphates react with calcium hydroxide to produce gypsum

(CaSO,,.2H2O) . Gypsum will react with calcium aluminates to produce

calcium sulphoaluminates (3CaO.AL2O3 .CaSO,, .12H2O) or ettringite

(3CaO.Al2O3.3CaSO4.32H2O) (i.e., Equations 2.1 and 2.2).

C3AH6 + CaSO,. + 6H = C3A.CaSO,,.H12 (2.1)

(monosulphate)

CjA.CaSO,. .H12 + 2CaSO4 + 20(H) = C3A.3CaSO4.32H (2.2)

(ettringite)

The crystallization of ettringite is an expansive reaction and

may cause the disruption of the microstructure of the cement. The

presence of gypsum is necessary for the completion of the

reactions. Sodium and potassium sulphate are sources of salphate,

however, their reaction with C3AH does not produce monosulphate

and ettringite (Collepardi et al 1978) . In cement, the required

Ca for the reactions is supplied by Ca(OH)2. Most of the

groundwaters contain or are saturated with respect to gypsum and

the sulphate attack on the hydrated aluminates is very high. The

mechanisms of these reactions and the resulting disruption of

the microstructure are not well understood. Mehta (1983)

observed that ettringite formation occurred most rapidly during

the first 3 days of exposure, but the highest rate of expansion
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(up to 2.1% total volume increase) occurred between days 7 and

10. This was attributed to the fact that expansion is actually

being cause by a subsequent change in the ettringite once it has

formed due to an ion exchange reaction or water absorption

(Mehta, 1983) .

In practice the above reactions can result in the disintegration

of cement structure by expansion and cracking. One method to

limit the sulphate attack is to use cements with low C3A content,

such as Portland Type II «6% C3A) and Type V (<4% C3A). Use of

appropiate pozzolan admixtures, low W/CM ratio (leading to a low

permeability material) can also provide or enhance sulphate

resistance.

The accessibility of CO2 to the interior of the cement matrix is

controlled by either CO2 from atmosphere as a gas or via

dissolution in the fluid in the pores: transfer across a fluid

interface greatly facilitates reaction. The penetration of CO2 to

the uncarbonated phases will by totally controlled by the

porosity. All the porosity parameters (i.e, total porosity, pore

size distribution, tortuosity and connectivity) contribute to tfte

accessibility of CO2. The attack of groundwaters containing

dissolved CO2 on cements can either result in enhanced dissolution

of Ca as calcium bicarbonate Ca(HCO3)2 or precipitation of CaCO3

depending on the pH of the solution. Equations 2.3 and 2.4

describe these reactions.

Ca(HCO3)2 + Ca(OH)2 = 2CaCO3 + 2H2O (2.3)

CaCO3 + CO2 +H2O = Ca(HCO3)2 (2.4)

Excess of CO2 in aggressive waters may attack portlandite in

cements, the calcium carbonate produced precipitates in the pores

of the cement paste. Consequently, carbonation by carbonic

waters may have beneficial effects on for the longevity of

cement: provided no leaching of calcium bicarbonate occurs and

attack stops by a densification effect near to the surface of the

cement. In this context, degradation of cement in media
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containing SO,]2" is decreased by carbonation with CO3
2~ and HCO3

ions as a result f̂ binding the Ca2+ in CaCO3 rather than CaSO4.

In reinforced and prestressed concrete structures, the concrete

cover is intended to provide the steel with long-term protection

against corrosion. The protective effect is both chemical and

physical in nature; the cover provides chemical protection by

forming a thin protective passivating film of Y-Fe2O3 on the steel

surface and provides a physical barrier to the ingress of

moisture and aggressive media. The protective y-Fe2O3 film can be

disrupted either by a lowering of pH of the water phase in

concrete or by penetration of corrosive ions such as chloride to

the steel surface. It is well established that even very small

concentrations of chloride ions are able to destroy the

passivating film. The presence of chloride ions raises the pH

required to stabilize the passive film to values which may exceed

that of saturated calcium hydroxide solution in hardened

concrete, therefore the chloride ions may stimulate corrosion.

Once the passivating film is disrupted in high chloride

environments, the electrical resistivity of the concrete and the

availability of oxygen at steel surfaces will be the main

controlling factors to further steel corrosion (Gjorv, 1972). In

the case of concrete continuously submerged in the oceans, steel

corrosion has been found to be negligible due to the dlow rate of

transfer of dissolved oxygen through saturated concrete. In

contrast, reinforcement corrosion is the most significant factor

controlling the durability of concrete at tidal levels (GJ0rv,

1972; Atkinson and Hearne 1985) .

The chemical reactions between cement and sea water are

considered to control durability in deep ocean structures

(Atkinson and Hearne, 1985). "Poor quality" concrete (containing

less cement than about 350 kg m"J) is readily attacked by

magnesium and sulphate ions. "Good quality" concrete (

containing more cement than 350 kg rrf3) were found to be very

durable in sea water because a protective surface layer of

calcium carbonate, which acts as a barrier to the passage of

ions, is formed (Atkinson and Hearne, 1985) . However, the deep



12

ocean water is undersaturated with respect to calcium carbonate

and therefore degradation of 3uch a concrete will eventually be

controlled by the rate of dissolution of the CaCO3 protective

layer. The rate of degradation was estimated to be between 0.025

and 0.25 mm per year (Atkinson and Hearne, 1985). These rates

have been used to estimate the "lifetime" of a sea disposal

package with PFA (pulverized fuel ash) grout shield. The package

is expected to survive for approximately 1000 years before the

shield is substantially degraded.

Sulphate producing bacteria, such as Thiobacillus Thio-oxidants,

are capable of oxidizing minerals of sulphur and sulphides (i.e.,

iron sulphate, pyrite) to sulphuric acid in a relatively short

period under aerobic conditions. This process can acidify the

groundwater which can deteriorate concrete by an acid reaction as

well as by sulphate attack. Some bacteria can attack concrete by

transforming ammonia into nitrates or by producing lactic acid.

It is the acid so produced that attacks the concrete by

dissolving Ca(OH)2 and CSH gel from cement (Biczok 1967). Since

such bacteria require oxygen they are unlikely to cause any

problems once the repository is sealed and anaerobic conditions

prevail.

Another factor potentially capable of causing damage to cement

and concrete structure is radiation. The data available on

radiation damage in concrete indicate that a dose of greater than

1010 rad is recniired to cause significant damage (Atkinson and

Hearne, 1984). It was concluded that the effects of radiation are

negligible since the isotopes which are mainly responsible for

the young activity have half lives of approximately 30 years.
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DEVELOPMENT OF THE REFERENCE KIGiH-PERFCRMANCE GRS'JT

Cements are commonly used in civil engineering practice as the

principal component of concretes, mortars and grouts. While a

wide variety of cement types are available, each being tailored

to particular applications, the most commonly used materials are

termed Portland cements. These are anhydrous calcium silicates

and aluminates produced by grinding the clinkers formed when

mixtures of clay and limestone or chalk are fired at higher

temperatures.

Cement-based grouts are fabricated by mixing water with Portland

cement and often with additives to produce cement grouts with

desired properties. Portland cements consist of mixtures of

calcium silicates, aluminates, aluminoferrites, lime and calcium

sulphate (gypsum) phases. A number of variations in the type of

cement have been developed to meet specific requirements (such as

rapid hardening, low rate of evolution of heat and resistance to

sulphates), these differences reflect relatively minor

modifications in composition (Table 3-1).

Table 3-1. Chemical Composition of Portland Cement.

ASTM
Type

I

II

III

IV

V

General description

General purpose

General purpose with
moderate heat of
hydration

high early strength

low heat of
hydration

sulphate resistant

C3S,
% mass

45-55

40-50

50-65

20-25

40-50

c2s,
% mass

20-30

25-35

15-25

45-55

25-35

C3A,
% mass

8-12

5-7

8-14

4-6

0-4

C2AF,
% mass

6-10

6-10

6-10

10-14

10-20

All of the cement compounds, are hydrophyllic, that is they have a
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chemical affinity for water, and tend tu react with, absorb and

retain the water. Specifically, addition of water to cement

causes exothermic reactions and leads to the formation of a

plastic paste that sets and eventually hardens to a hard, rock-

like inass. The most important reactions occurring in cement

involve hydration of the two calcium silicate phases. Both C3S an..

C2S produce an amorphous, calcium silicate hydrate (CSH), gel like

material, which is principally responsible for binding the cement

together, and crystalline calcium hydroxide. The hydration of

cement powder is a time dependent reaction and can be described

by the following reactions:

2(3CaO.SiO2) + 6H2O = 3Ca(OH)2 + 3CaO.2SiO2.3H2O (3.1)

2(2CaO.SiO2) + 4H2O = Ca(OH)2 + 3CaO.2SiO2.3H2O (1.2)

Hardening is associated with the formation of a rigid

interlocking matrix of hydration products, especially hydrated

calcium silicates (CSH), which gradually replace the water

between the cement grains and finally bind the composite rement

mass together. In a cement paste under normal conditions the

hydration reaction does not usually go to completion. The

microstructure of historic concretes typically show (Mallison and

Davies, 19G7) residual grains of unreacted cement embedded in a

matrix composed mainly of calcium-silicate-hydrate gel. The

reason for this state is that during hydration the reaction

products form coatings around the cement grains, and the coatings

progressively inhibit the access of water to the anhydrous

material. The physical characteristics of the developed hardened

cement product, such as permeability and strength depend in part

on the degree of hydration, temperatures reached during hydration

reactions ana the degree to which the CSH phases efficiently fill

space. These factors also affect the chemical stability of the

hardened product and the permeability of the hardened material,

which is a function of material's macro/micro porosity and the

degree of macro-cracJcing/thermal strain induced during curing.

Meeting the physical and chemical requirements is achieved

through a process of mix design in which, typically for a grout,
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the mix is optimized through examination of the effects of

variations in type of cement, water to cement {W/CM ) ratio and

the type and quantity of additives on material properties. A

single adjustment tends to affect more than one performance

property. Thu3, to make the studies described here practicable it

was necessary to select a reference material for investigation.

The purpose of the cement-based grout for a repository is to seal

for long time periods fractures that might contribute to the

dispersal of the dissolved nuclear waste to the environment. To

accomplish this objective the grout must be shown to have the

following properties:

a) acceptable low hydraulic conductivity (k) (e.g. k<10"10 m/s)

b) an ability to penetrate very fine fissures within the hoot

rock,

c) a physical and chemical compatibility with the host

environment

Other desirable characteristics are that the grout should form an

effective bond with the host rock (to minimize flow at the

rock/grout interface), possess an ability to self seal internal

or interfacial fractures that could arise from physical

disturbances (e.g., movement and stresses of the rock, drying and

shrinkage), resist leaching, and not signi'''cantly alter the

groundwater chemistry.

With these objectives and the practical requirement of

emplacement in mind a cement grout reference formulation, was

developed as part of the research program associated with in-

situ experiments in AECL Research's Underground Research

Laboratory (URL). Full details of the testing program leading to

the selection of the reference grout are provided elsewhere (Al-

Manaseer and Keil, 1990; Gray and Keil, 1989; Ballivy et al,

1988). Three types of cement were included in this

investigation; sulphate resistant Portland cement (Canadian Type-

50), expansive cement (Canadian Type K) and ALOFIX-MC (MC-500) a

commercially available slag cement with extremely fine particle
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size distribution. Since the penetration of very fine fractures

was of interest, both the Type-50 and Type K cements were

investigated at their normal fineness and after regrinding.

Silica fuiue war incorporated in ail mixes. The use of silica fume

as pozzolanic material minimizes the amount of readily soluble

residual lime and the CH liberated during cement hydration and

converts it to less leachable CSH. While the prime benefit is

enhanced durability, grouts with silica fume additive also

exhibit less bleeding and segregation (Figure 3.1).

0.4 0.6 0.4 0.6 0.8

w/cm

0.8 1

Figure 3.1 Final bleed observed for various grout mixes.

Superplasticizer was also incorporated into all mixes to reduce

the W/CM of the grout while achieving a viscosity that is low

enough to perrr.it emplacement (Figure 3.2). The use of low W/CM

ratio in a grout will maximize density and consequently minimize

porosity. Low W/CM ratio may also favor autogeneous sealing.

The laboratory screening studies showed that low viscosity non-

segregating grouts could be prepared using any of the three basic

cement types investigated. The amount of superplasticizer could
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be varied to achieve the desired viscosity, without significant

impacts on the setting time. The reground Type 50 cement with 10%

silica fume appeared to require slightly less water than either

the Type K with 10% silica fume, or the MC-500, for the

equivalent viscosity. Moreover, Type 50 cement is a widely

available material with its engineering properties well

docui7.ented in the open literature and, thereby, met the

requirements of a generic research program. Thus, the reference

grout mixture adopted for further use in field trials and in the

laboratory for the longevity studies consisted of the following:

90% by mass, sulphate, resistant Portland cement (Canadian Type-

50), reground to a Blaine fineness of 600 m2/kg, 10^ by mass,

silica fume, and 1% superplasticizer (sodium salt of sulphonated

naphthalene formaldehyde condensate), by the total mass of cement

plus silica fume, mixed at W/CM between 0.4 and 0.6.

a

O

0.20

0.15

£• 0.10

0.05

0.00

0.75% SP
W/(C+SF) = 0.4
SF = 10%

SP

0 200 400 600 800 1000 1200

-i
shear rate (seconds " )

Figure 3.2 Viscosity versus shear rate for grout containing

101 silica fume.

The chemical composition of the Type 50 cement is given in Table



3-2. This Type 50 cement was obtained from Cement Canada

Lafarge Ltd., Montreal, Quebec, Canada. The silica fume was

obtained from SKW Canada, Becancour, Quebec, Canada. The

chemical and physical properties of this silica fume are shown in

Table 3-3. The superplasticizer used was a proprietory sodium

salt of sulphonated naphthalene formaldehyde condensate (Na-SNFC)

supplied by Handy Chemicals Ltd., La Prairie, Quebec, Canada. The

chemical formula of the Na-SNFC is shown in Figure 3-3. Table 3-4

shows the composition and selected properties of the reference

high performance grout investigated for the nuclear fuel-waste

disposal program in Canada.

Table 3-2. Chemical Composition of Type 50 Reground Cement.

Chemical Compound

Silicon dioxide (SiO?)

Aluminium oxide (A12O3)

Iron oxide (Fe2O3)

Calcium oxide (CaO)

Magnesium oxide (MgO)

Sulphur trioxide (SO3)

Loss on ignition

Alkalies (Na2O + K20)

Cement phases

Tricalcium silicate (C3S)

Dicalcium silicate (C?S)

Tricalcium alurninate (C3A)

Tetracalcium aluminoferrite (C^AF)

% in composition

20.90

3.00

4.40

59.70

4 .10

3.96

3.20

0.55

% in composition

46.80

27.50

0.66

13.40
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Table 3-3 Chemical Composition and Physical Properties of
Silica Fume.

Chemical Compound

Silicon dioxide

Aluminium oxide

Iron oxide

Calcium oxide

Magnesium oxide

Sulphur

Carbon

Loss on ignition

Sodium oxide

Potassium oxide

(SiO2)

(A12O3)

(Fe,O3)

(CaO)

(MgO)

(S)

(C)

(Na2O)

(K20)

%(by mass) in
composition

94.00

0.80

0.30

0.30

0.40

0.20

1.00

2.80

0.20

0.80

Physical characteriscics

Specific surface area

Specific gravity

Bulk density

Fineness (mean diameter

% passing 45nm sieve

Particle shape

Form

Blaine fineness

(m2/kg)

(kg/m3)

(|im)

(m2/kg)

18,000 to 20,000

2.22

250 to 300

0.1 to 0.2

95 to 100

spherical

amorphous

600
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Table 3-4 Composition and Selected Froperties of the
Reference Cement Grout.

Mix

Cement :

W/CM :

Superplasticizer :

Selected propert ips

Viscosity :

Setting time :

Hydraulic :

conductivity

Unconfined :

corr.pressive strength

90% Type 50, 10% Silica Fume to be

mixed by dry mass. Cement reground

to Blaine Fineness of 600 m2/kg.

0.4 to 0.6

Disal, Na-sulphonated naphthalene

formaldehyde condensate (< 1.5 %)

As desired with W/CM and Disal

content.

Initial 10 to 16 h (varies with T>.

Final 12 to 30 h (varies with T ) .

< 10~15 m/s

20 to 60 MPa at 28 days (varies

with W/CM, time and T ) .

In summary, the reference high-performance grout contains

Canadian Type-50 cement, SRPC. Alumina in this materials is bound

in an iron complex and is thus not free to form ettringite. The

cured cement is dominantly hydrateo calcium silicate (C.rK) which

has less susceptibility to complexat ion and dissolution by SC,;'~.

Also, the reference high performance grout includes silica fume

as an additive. At the hign pH's imposed by cement hydration,

silica fume provides a reactive material that generates silicate.

Silicate reacts readily with available lime and/or portlandite
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(CH) and forms CSH phases. CH is the most soluble of all the

cement hydration products. By removing the CH, silica fume

addition creates a hardened grout with improved leach resistance.

Moreover, an excess of residual silica in the hardened grout will

not impair and may improve the long-term leach resistance of the

grout. This arises from the fact that groundwater associated with

granitic rock is expected to be silica saturated. pH and

saturation with respect to silica (SiO2) fixes the chemical

activity of silica in the groundwater. However, the pH of the

groundwater will be buffered by the large volume ot rock. Thus,

there is no chemical potential for dissolving additional silica

from the grout. It is anticipated that the calcium content of the

groundwater will be chemically controlled to a certain extent

also by portlandite (Ca(OH)2) or calcite (CaCO3). In grouted

natural rock fissures CaCO3 is likely to be the predominant

mineral. In either case, the activity of calcium complexes are

likely to be fixed, and the potential for dissolution of CSH is

expected to be small. Hence, by design, the reference high

performance grout is intended to resist leaching. The degree of

success to which this has been achieved has bean measured through

laboratory studies.

w
SO Na

3

CH

n

Figure 3.3 Chemical formula cf Na-NSFC.
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LEACHING STUDIES

It is to be expected that sometime during the design life of a

repository the cementitious materials will come into contact with

the local groundwaters. It is therefore important to study the

interactions between the cementitious materials being considered

and the groundwater.

Leaching by water involves the penetration of concrete by water

or aqueous solutions, the dissolution of soluble constituents of

the hydrated cement paste, and transportation of the dissolved

species to the surrounding water. The depth of penetration of

groundwater into cement matrix will be largely controlled by the

permeability of the hardened cement matrix and the hydraulic

pressures. At a constant temperature, the extent of leaching will

depend on the chemistry of the water and the amount of soluble

constituents in the nardened cement paste, the concentration

gradient in the respective fluids, and the mobility of the

groundwater. If the flow of the groundwater is low or stagnant

than it is likely that the concentration of the dissolved

constituents will come in equilibrium with the cerr.ent and the

leaching/dissolution processes will be limited. Under the

conditions when the groundwater flows, the dissolution

equilibrium may not be attained and leaching can then be a

continuing process. The transport of the dissolved species in the

hardened cement paste will depend on their migration through the

pore system and the flow rate of the groundwater.

4 .1 MATERIALS

The cement-based grouts evaluated in this study wore ti'ie

reference high performance grout (Table 3-4) and ALGFIX-MC (MC-

500), a microfine cement product from Japan (Table 4-1). Tt...

leachants used in thi?: study included distilled deionize'i water

(DDW) and three synthetic granitic groundwaters: Granitic

Groundwaters (GG) , Whiteshell N-l Groundwat.er (Wri-li ar-i

Standard Canadian Shield Saline Solution (SCSSS). Table 4-2
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shows the composition, ionic strength (I) and pH of these

groundwaters. They represent the range of groundwater

compositions e: r>ected to be encountered to the depth of 1000 m in

the Canadian Shield. The two clays used in this study were

Avonseal Na-bentonite (Gray et al, 1985) and illitic clay.

Properties and mineralogy of the clays are summarized in Table 4-

3 and Tablfi 4-4.

Table 4-1 Chemical Composition of Microfine ALOFIX-MC.

Chemical Compound

Silicon dioxide

Aluminium oxide

Iron oxide

Calcium oxide

Magnesium oxide

Sulphur trioxide

Loss on ignition

Alkalies

Physical

Specific gravity

Apparent bulk density

Blaine fineness

50 % particle size

(SiO2)

<A12O3)

(Fe2O2)

(CaO)

(MgO)

(SO3)

(Na2O + K2O)

properties

(kg/L)

(m2/kg)

(Hm)

% in composition

30.00

11.20

1.30

47.20

5.40

3.00

0.50

0.60

3.00

1.00

8C0

4.00
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Table 4-2 Nominal Composition of Groundwaters.

Concentration (mg/L)

Ion

Na
K
Mg
Ca
Sr
Fe
Si
Cl
SO
NO
F
HCO3

pH

I* (mol/L)

GG

8.3
3.5
3.9

13.0
-
-
-
5.0
8.6
0.6
0.2
—

6.5+/-0.5

0.0015

WN-1

1910
14
51

2130
24
0.56
-

646C
1040
33
-
68

7.0+/-0.5

0.26

scsss

5050
50
200

15000
20
-
15

34260
790
50
-
10

7.0+/-0.5

1.37

* Ionic strength

Table 4-3 Properties and mineralogy of Avonseal Clay.

Property

Silt content (2nm to 0.06mm)
Clay content (< 2nm)

Liquid limit
Plasticity index
Specific gravity
Specific surfance area

Predominant clay mineral
Cation exchange capacity
Predominant absorbed cation

%
%

%

m ?/g

meq/l00g

Value

39
60

250
200
2.70
650

montmorillonite
82
Na +
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Froperties and mineralogy of Illitic Clay.

Property

Silt content (2nm to 0.06mm) %
Clay content (< 2pm) %

Liquid limit %
Plasticity index
Specific gravity
Specific surfance area m2/g

Predominant clay mineral
Cation exchange capacity meq/100g
Predominant absorbed cation

Value

50
32

30
20
2.70
20

illite
15
Na+

Mixtures containing no silica fume and 10% silica fume and 1%

Na-SNFC with W/CM ranging from 0.4 to 0.7 were investigated.

The materials were mixed in a temperature controlled room with

an ambient temperature of about 20°C. Mixes were prepared in a

20 L paddle mixer followed by mixing in a high speed industrial

blender. The mixing procedures are summarized as follows:

1) The masses of cement, silica fume, and liquid

superplasticizer were weighed and the volume (mass) of tap

water measured.

2) The water and superplasticizer were first added to the

paddle mixer.

3) The silica fume followed by the cement were then added to

the water-superplasticizer mixture and mixed for 2 min.

4) The grout was then transferred to the blender where it was

mixed for a further 5 minutes to ensure homogeneity.

After mixing, the grouts were cast in cylindrical moulds with

diameters and lengths of approximately 50 mm and 100 mm,

respectively. The specimens were struck from the moulds after

final setting had occurred and the large specimens were cured by

immersion in saturated lime (Ca(OH)2) solution for appropriate

pe-iods. The small cubical specimens used in the leaching

experiments were sawn from the centre of the larger specimens

using a diamond blade and surfaces were lapped using corrundum
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4.2

powder immediately prior to the placing in the leaching cells.

EXPERIMENT DESIGN AND METHODS

In simulating repository conditions for laboratory durability

evaluations the leachant compositions and temperature are fairly

well defined. One of the most important variables to be explored

over a broad range of values is the rate of leachant flow.

Test methods useful in establishing long-term behaviour and

mechanisms of cement-based grouts durability have to fulfill

several criteria. These include the eliruination of artifacts of

the laboratory environment and an appropriate chice of ranges of

water flow rates and surface to volume ratios to reflect

repository conditions. Flow rate and dilution are determinants of

long-term dissolution rates and mechanisms. Static, continuous

and pulsed-flow leaching tests (in which an exchange of a small

fraction of the volume of the leachant occurs at fixed intervals)

each provide a different measure for the characterization of

durability. Thus, all of these different types of test methods

were applied in this i>tudy of the cement-based grout materials

(Table 4-5).

Table 4-5 Test parameters and methods

Test method

Static

Pulsed-flow

Cont ir.uous
slow flow
rate

Continuous
high flow
rate

Leachant

DDW, WN-1,
SCSSS

GG, WN-1,
SCSSS

DDW, WN-1

DDW, WN-1

Temperature

10

25

25

25

to

to

to

to

100

150

85

100

Flow-ra^e

0

15 mL at
fixed
intervals

12 mL/d

240 mL/d

Duration
(days)

1 to 32

56

1 to 28

1 to 28
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4.2.1 Stat -i r Leach Tests

The static leach tests were conducted in sextuplet in PFA Teflon

jars (Figure 4.1) (5) . The grout specimens, hardened for 90 days

in water, were placed on Teflon g ids near the centre of the

jars. The leachar.ts were DDW, WN-1 and SCSSS (Table 4-2).

Leachant was added to yield a sample surface-area to solution-

volume ratio of 0.1 cm"1 (based on the dimensions of the specimen

at the start of the test) and the sealed jars were gently shaken

in water bath at 10, 25, 50, 85 and 100 °C. Leach times of 1, 2,

3, 4, 8, 16, and 32 d were used. The grout samples were removed

from the jars at their predetermined leaching times.

Solution J-evel
—parker!

PFATeflpn Jar

Plastic Mesh
Sample Holder

Sample

Figure 4.1 The static leach test vessel arrangement.

4.2.2 Pul.sftri-Flow Lsach Tests

In a repository, the groundwater ionic strength, temperature and

the cation exchange capacity of clay with which the grout may be

in contact cover a wide range of potential values. As a result, a

statistical approach to the experimental design for the pulsed-

Cor;>.,
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flow leach testing was used. The fractional factorial statisticaJ

design of Box-Behnken for three variables in three levels was

selected (Box-Behnken 1960). Using this method, y, the dependent

variable, e.g., the release of Ca to solution (the observation)

can be represented by a second-degree graduating polynomial of

the following form:

k k k

y = b° +

where x^ = ith independent variable; Xj = jth independent

variable; and b0, bif b ^ -= constants.

The constants in Equation (4.1) can then be calculated from the

experiment data, y, using the following equations:

b 0 = yc (4.2)

- y - ( 4- 3 )

k=l

u
2yu -^ £ X x

u=l 3-1 u=l

u=l

where yc is the mean values of the experimental data from three

repeated tests and n, N and S are constants. The values of the

three independent variables, temperature, ionic strength of the

groundwater and the CEC of the clay, used in the leach tests are

given in Table 4-6.
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Table 4-6 Values of Independent Variables Used in the Leach
Test3.

Independent

variable

xi

X2

X3

Leach Test

variable

Ionic

strength

temperature

CEC of clay

Dimension

mol

°C

tneq/kg

Value of

-

0.0015

25

no clay

coded variable

0

0.26

85

160

+

1-37

150

800

The leach tests at 25 and 85 °C were conducted in PFA Teflon jars;

at 150 CC, titanium autoclaves were used. The tests were conducted

by immersing grout specimens, hardened for 56 days, in

groundwater and slurries of groundwater and clay in which the

weight of the cement specimen equalled the weight of the clay.

The grout specimen surface area to solution volume ratio was

maintained constant at 0.1 cm-1 in all tests. Aliquots were

removed for analysis at 1, 2, 3, 7, 14, 21, 28, 35, 42, 49, and

56 days. At each sampling, the leach vessel was recharged with

the original groundwater used.

4.2.3 Continuous-Flow Leaching Tests

Leach tests under continuous flow conditions were carried out in

attempt to understand the role of saturation effects in cement

dissolution. In static leach tests, at both low and high

temperatures, the leachate can become saturated with leaching

constituents. Thus, the measured leach rates can be tend to be

lower than those measured in leach tests in which the leachant is

regularly changes. The chemical potential difference driving the
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leaching processes decreases as leached constituents accumulate

in static solution. This static condition could conceivably exist

in a repository system. For cement leaching/dissolution studies,

the saturation of the solution with Ca2+ is particularly important

since the matrix leaching plays an important role in cement

leaching/dissolution. When cement is exposed to water, Ca(OH)2 is

leached from cement phases. The free Ca(OH)2 is first removed and

then Ca2+ is preferentially lost from the CSH and other calcium

containing phases; the latter occurs at lower rate because of the

lower aqueous Ca2+ concentration with which these phases are in

equilibrium. The groundwaters could be unsaturated in calcium

relative to cement. As a consequence, any leaching tests which

allows the leachate concentration of Ca2t to reach the saturation

limit (i.e., in water saturated with Ca(OH)2, [Ca
2'] =0.013 mol"1)

could result in lower leach rates than those that may be present

in a repository. Therefore, a study cement leaching in non-static

conditions simulating a range of groundwater flow rates was

undertaken.

Hign Pi

To Wcilt or

< 'o Low Preijure
S.<3« of Pump for
R«Circ^!oiion

Pre Hur t

r«»ur. ! r~~HlgrlPrmurtGc»

LJZ

Figure 4.2 Single pass continuous flow leaching test concept
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The effect of flow rates end temperature on the leaching

performance of cement grouts were investigated in specially

designed continuous-flow leachirg tests systems. Figure 4.2

illustrates the experimental setup of a single-pass continuous

flow test used to carry out tests under high flow rate

conditions. DDW or WN-1 groundwater is passed from a large

reservoir via a peristaltic pump through a titanium pressure

vessel (leaching cell) containing the grout specimen and finally

into a polyethylene collection container. Low flow rate leaching

tests were carried out using a simpler test arrangement. DDW

equilibrated with the atmosphere at room temperature was passed

from a reservoir via a syringe pump through a polytetra-fluoro-

ethylene cell containing the grout sample inside a temperature

controlled chamber (an oven or refridgerator) . The flowing

leachant, controlled by pumps, constantly swept leached

constituents out of the leach cell. Leaching times of 1, 2, 3, 4,

5, 7, 14, 21 and 28 days were used. The leaching tests under high

flow rate (240 ml/d) reported here were conducted in WN-1

groundwater and DDW at 25, 50 and 100°C; the leach tests under low

flow rate (12 ml/d) were carried out in DDW at 25, 50 and 85°C.

4.2.4 Analytical Methods

Solution analyses were performed at the termination of each test.

The leachates were quantitatively analyzed for cations by atomic

absorption spectroscopy and inductively coupled plasma

spectroscopy.

The pH of the leach solutions was measured with the Beckman 170

pH meter at the beginning and end of each experiment and

corrected to a temperature of 25GC.

Surface analyses of the samples of leached grouts were performed

by scanning electron microscopy (SEM) with energy dispersive x-

ray analysis (EDAX) and by X-Ray Diffraction (XRD) at the

termination of each tests.
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4.3 RESULTS AND ANALYSIS

4.3.1 Static Leach Tests

4.3.1.1 Static Leach Tests in Deionized Distilled Water

The results of the static leach tests in DDW at various

temperatures for 28 days are presented in Figure 4.3 to Figure

4.10. The leaching performance of grouts was determined by

monitoring the release of Ca2+ and Si4* to solutions. The releases

of Ca2+ to solution with time are shown in Figures 4.3 to 4.5,

which present, respectively, the Ca2+ concentrations in solution

with time for the referecnce grout at W/CM = 0.4 and 0.6 and for

MC-500 at W/CM =0.7. For both the reference grout (based on Type

50 cement) and the MC-500 (based on slag cement) the Ca2 +

concentration in solution increased between 1 and 14 days. At

later times, the increase in release of Ca2 + to solution is less,

i.e. the rate of release of Ca2+ to solution decreases with time.

The MC-500 grout releases approximately half the total quantity

of Ca + released by the reference grout.

The reference grout mixed at 0.6 W/CM (Figure 4.4) released more

Ca2* than when it was mixed at 0.4 W/CM (Figure 4.3) . It may be

suggested that this result reflects an -.icrease in quantity of

free Ca(OH)2 in grout with increasing W/CM arising from an

increased degree of cement hydration. Furthermore, the W/CM is an

important factor in controlling porosity of the hydrated cement

paste and thus the permeability. As the W/CM is increased the

porosity of the hardened grout is increased leading to the

development of a more open pore network. This will increase the

penetration of grout by aqueous solutions and the rate of

transport of dissolved species to the surrounding solution.

The concentrations of calcium in solution show a strong

temperature and "lime dependency. Initially, the slopes of the

concentration-time curves are steeper than at later times (after

14 days). With exceptions at 150°C, the concentration of Ca2*

increases in solution as the temperature increases. The observed

decrease in calcium concentration as temperature was increased



33

10.0

8.0

o

K>
I
O

X

o

6.0

LJJ

O

O
O

O
_J
<

4.0 j

0.0
o 12 18

TIME (day)

24 30

Figure 4.3 Calcium concentration vs. leaching time in DDW

under static conditions for the reference grout

mixed at W/CM = 0 . 4 .



10.0

34

8.0

o
E

K)
I
O

X

z:
o
t—
<
Cd

O
-z.
o
o

o

o

6.0

/ •

4.0

2.0

J

TEMPERATURE

10 C
25°C
50°C

100°C
150°C

0.0 l

0 5 10 15 20

TIME (day)

25 30

Figure 4.4 Calcium concentration vs. leaching time in DDW

under static conditions for the reference grout

mixed at W/CM =0.6.
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Figure 4.5 Calcium concentration vs. leaching time in DDW

under static conditions for the MC-500 grout mixed

at »/CM - 0.7.
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(a)

(b)

Figure 4.6 SEM micrographs showing the nature of '.he surface

of the (a) reference grout mixed at »/CM = 0.4 and

(b) MC-500 grout mixed at W/CM =0.7 after 32 days

in DDW at 150°C. A = CaCO,
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fronr. 100 to 150°C is a consequence of the precipitation of calcite

(CaCO3). The thermodynamic stabilicy of calcite increases with

increasing temperature. SEM/EDX examination of the leached grout

samples confirmed precipitation uf the calcite on the surface of

leached specimens at higher temperatures. Figure 4.6 presents

electron micrographs which show the morphology of the CaCO3 formed

on the leached surfaces of reference grout and MC-500 grout after

32 days in DDW at 150°C.

The time required for the calcium concentration to achieve a

constant value in solution tends to decrease as the temperature

increases. The system can be assumed to be at steady-state when

the concentrations become constant with time. The steady-state

concentrations as well as the time required to achieve the

constant value varied between the cement types. About 28 days are

required to reach the steaay-state for the reference grout.

Longer times appeared to be needed for the MC-500 grout. However,

the measured values show that the leaching process slows down

with time. The bulk of the hardened grout paste consists of two

major phases; Ca(OH)2 and CSH. The liquid phase in equilibrium

with Ca(OH)2 and CSH has been found (Atknison and Hearne, 1985) to

have a calcium solubility limit of approximately 0.02 mol IT1 at

25°C. The experimental data indicate that the concentration level

of Ca2* in leachant is significantly below its solubility limits.

The precipitation of the calcite may drive the leaching processes

by decreasing the Ca2 + concentration in solution.

The concentrations of Si4* with time are plotted in Figure 4.7 and

Figure 4.8 for reference grout mixed at low (0.4) and high (0.6)

»/CM , respectively. Silica concentrations for MC-500 grout are

plotted in Figure 4.9. All three materials exhibited a similar

pattern of Si15* release to solution. At temperatures above 25°C

for the reference grout and 50°C for the MC-500, after a virtually

instantaneous release of Si"5* to solution, the Si'" concentrations

are characterized by an initial rapid decrease between 1 and 7

days. At later times, the decrease in concentration in solution

is much slower with Si44 concentrations tending towards a

constant, steady-state value. At the lower temperatures, Si''*
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concentrations first exhibited a progressive increase with time.

For the reference grout a maximum was reached within the time

frame of the experiment and Si4* concentrations tended to decrease

to a constant value. This condition was not attained by the MC-

500. In all tests, the MC-500 released approximately 4 times as

much Si4+ as the reference grout. The release of silicon to

solution is much lower than the release of calcium. The results

show an incongruent dissolution process. More than one phase is

leaching and the individual releases are not 3imply chemically

equivalent. The results suggest that the release of silica in

solution was not controlled by the hydration reaction products:

the release appears to be mainly due to dissolution of unreacted

silica material.

Figure 4.10 SEM micrograph showing the nature of the surface

of the reference grout mixed at W/CM = 0.6, 32 days

in DDW at 150°C. A = calcium silicate hydrate

(CSH).

The decrease in the Si4* concentration in solution was attributed

to precipitation of insoluble calcium silicate phases. The

precipitation and redeposition on the leached surfaces of the

calcium silicate phases was confirmed by SEM/EDX examination of
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the leached grout samples. A surface layer of calcium silicate

hydrate (CSH) on a specimen of reference grout mixed at 0.6 W/CM,

leached at 150°C for 32 days is shown in Figure 4.10. The amount

of silica removed from solution was found to depend on the

calcium concentrations in solution and temperature. The results

show that the amount of silica dissolved in solution are

diminished appreciably by the presence of Ca2+ in solution,

released from cement. The presence of Ca2* ions supresses silica

concentrations in solution by a33isting the formation of

relatively insoluble calcium silicate hydrates.

Under the condition of these tests, Ca concentrations results

indicate that matrix dissolution controls the static leaching

process in DDW, leachates concentrations predominantly tend to

steadily rise with time tending to approach constant levels.

These final solution concentrations depend on grout composition

and temperature.

4.3.1.2 Static leach tests in synthetic groundwaters

The changes in concentrations of Ca2+ in solution with time for

grouts were leached in synthetic groundwaters are summarized in

Figure 4.11 to Figures 4.13 for WN-1 groundwater and Figures 4.14

to Figure 4.16 for SCSSS groundwater. The changes in concentrations

of calcium in solution were calculated by subtracting 4.85 xlO"2

mol/L or 3.5 xlO"1 mol/L (the initial concentrations of calcium in

original WN-1 and SCSSS groundwaters, respectively) from the

measured concentration of Ca2+ in solution . The values of the data

points represent the average of. 6 replicants.

The variation in Ca2+ concentration in solution with time when the

reference grout mixed at low W/CM (0.4) was leached in WN-1

synthetic groundwater (Figure 4.11) differed considerably from

variations that occured when the leaching in DDW (Figure 4.3).

In WN-1 water, Ca2+ concentrations initially decreased sharply

and, with the exception of systems at 50°C, then increased

towards a presumed steady-state value. Similar trends were found

for the MC-500 grout (Figure 4.13), with the 50°C data again
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proving to be an exception. The time to achieve the steady state

appears to increase as temperature increases. The initial

decrease in calcium concentrations are attributed to

precipitation of phases with which the groundwater is

supersaturated (i.e.,CaCO3, CaSO4, Ca(OH)2).

The groundwaters from hard-rock formations contain significant

levels of dissolved calcium, silicon and other ions (Table 4-2).

Calculations using the computer program SOLMNQ (Goodwin and

Munday, 1983) have shown the groundwaters to be supersaturated

with respect to several minerals such as calcite, portlandite,

gypsum, brucite and clays such as sepiolite and illite. Cement

undergoing leaching contains significant quantitites of pore

fluid. Immediately, after the hardened cement is immersed in

water, the surrounding solution becomes strongly alkaline (pH >

11.5). The increase in alkalinity may result from dissolution of

alkalis (Na, K) present in the raw materials of cement

manufacture and from Ca(OH)? liberated during hydration. The high

pH of aqueous phase will act as a dissolution agent for some ions

(e.g., Si4+) and as a precipitating agent for other ions (e.g.,

M2+, M3+) for the phases with which the water is saturated.

The electron micrographs of the leached surfaces of the

reference grout mixed at 0.4 W/CM and MC-500 grout after 32 days

in WN-1 groundwater showed clearly the precipitation of a

crystalline surface-layer (Figure 4.17). The platy crystals were

identified by EDX and XRD as brucite, Mg(OH)?. This layer which

can act as a diffusion barrier, may be partially responsible for

the observed limited release of calcium to solution.

Figure 4.12 illustrates release of Câ "* to WN-1 groundwater from

the reference grout mixed at high (0.6) W/CM. In contrast with

the findings for MC-500 and the reference grout at W/CM = 0.4,

for the reference grout mixed at high (0.6) W/CM the

concentration of Ca7* in solution initially increased with time to

reach a constant value after about 8 days of leaching at a

temperature of 50°C and below. At 85°C, the constant value was not

attained in the test period. The reference grout mixed at 0.6
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W/CM exibited relatively higher releases of Ca2* than the

reference grout mixed at 0.4 W/CM (Figure 4.11). These higher

releases are considerd to reflect the increase in quantity of

free Ca(OH)2 and the increase in porosity of the hardened grout.

However, leaching the grout in WN-1 results in a lower steady-

state release concentration than does leaching in DDW (Figure

4.4). The SEM/EDX analysis of the leached specimen at W/CM »0.6

(Figure 4.18) revealed the presence of a precipitate layer which,

in contrast with the precipitate layer observed to form on the

leached samples of reference grout mixed at low (0.4) W/CM,

consisted mainly of elongated crystals identified by EDX and XRD

as calcite (CaCO3). The presence of this phase can be taken to

suggest that, unlike the MC-500 and low W/CM specimens where the

nature of the surface layer was controlled by the solution

composition, the high W/CM grout controlled the composition of

the phases formed on the leached surface. The presence of a more

open structure in the hardened grout allowed for faster and

higher release of calcium to solution: high concentration of

calcium at the interface led to the calcite production.

Figures 4.14 to Figure 4.16 illustrate the effects of SCSSS

groundwater on the release of Ca2 + from the grouts. In nearly all

cases, an initial rapid increase in Ca2+ concentration is followed

by a gradual decrease towards a steady state. The decrease in the

concentration of calcium could be related to the formation of a

surface layer acting as a diffusion barrier. The SEM/EDX

analysis of the leached samples confirmed the formation of a

precipitate layer, which regardless of grout composition

consisted only of brucite (Mg(OH)2) (Figure 4.19). The absence of

calcite in the reaction layer on the leached samples of the

reference grout mixed at high W/CM (0.6) and leached with WN-1

may lead to the suggestion that in the case of groundwater with

high ionic strength, the composition of the precipitate layer is

controlled by the chemical composition of the groundwater.

Figure 4.20 shows the release of Si1** from reference grout mixed

at 0.4 W/CM into SCSSS groundwater. The concentration data for

Si*1* release from all the grouts under investigation exibited
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(a)

(b)

Figure 4,17 SEM micrographs showing the nature of the

surface of the (a) reference grout mixed at W/CM = 0 . 4 and (b)

MC-500 grout mixed at W/CM = 0.7 after 32 days in WN-1 at 85°C. A

= Mg(OH)2.
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3imilar trends. There was an initial rapid decrease in

concentrations followed by a gradual increase towards a steady-

state. At the steady states the Si4+ concentrations in the

leachants were less than the initial values. This can be related

to the formation of the Mg(OH)2 surface layer acting as a

diffusion barrier to subsequent silica dissolution.

Figure 4.18 SEM micrograph of the reference grout mixed at

W/CM =0.6 after 32 days in WN-1 at 85°C. A =

CaCO3.

Towards the stady states, the grouts released approximately half

as much Ca2+ into WN-1, which contains 4.85 xlO"2 mol/L calcium,

than into DDW. Conversely, approximately twice as much Ca2+ was

released into SCSSS groundwater ([Ca2+] =3.5 xlO"1 mol/L)). Thus,

the findings from these short-term static leach tests can be said

to show that the release of calcium in solution is attenuated by

WN-1 groundwater and accelerated by SCSSS. The ionic strength of

the groundwater significantly influences the leaching processes.

The ionic strength of the groundwaters is derived principally

from Na + , Ca2t, Cl" and SO4
2". The ionic strength of the SCSSS
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groundwater (-1.37) is about 5 times higher than the ionic

strength of WN-1 groundwater (-0.26). Both WN-1 and SCSSS

groundwater are supersaturated with respect to calcium, however,

there appears to be a residual driving force for the leaching of

soluble constituents (i.e., Ca(OH)2). The leaching of calcium

continues in the brine leachants due to precipitation of CaCO3 and

Ca(OH)2. Both these phases were found not only on the cement

specimens but also as precipitates from solution as deposits on

the bottom of the leach cell3.

Figure 4.19 SEM of the precipitate layer developed on the

surface of the leached grout specimens in SCSSS.

4.3.2 Pulsed-Leach Teats

Analyses of the pulsed-leach tests have concentrated on the

effects of temperature and groundwater ionic strength on the

cumulative fraction of release (CFR) of Ca and Si. The CFR data

presented here were calculated for a leaching time of 56 days.

The CFR of both Ca and Si were calculated according to the

equation:
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CFRi#n = (SA.fi)-1
n-1

<Ci,r,-Vn

k=0

(4.6)

where C± n is the measured concentration of element i in the nth

sample (kg/m3), SA is the surface area of the grout sample (m2),

f± is the atomic fraction of element i in the grout, and Vn is

the volume of solution given by:

Vn = Vo + (l-n)Vs (4.7)

where Vo is the starting volume (m
3) and Vs is the sampling volume

(m3). The summation term in Eq. (4.6) accounts for the amount of

element i removed by sampling. The surface area of the grout

sample is assumed to be constant. The results have been corrected

by subtracting the initial leaching solution composition from the

final leachate composition. The leaching performance was

determined by measuring the leach rates of Ca2+ and Si15*. Figures

4.21 to 4.24 presents typical results from these leach tests.

Figure 4.21 presents the CFR of Ca2* from MC-500 and the reference

grout at low (0.4 and 0.5) and high (0.6 and 0.7) W/CM ratio in

tests carried out with illitic clay (CEC = 160 meq/kg) in the

leachant. Over the investigated range of W/CM, for the reference

grout, the cumulative fractional release (CFR) of Ca2 + is

virtually constant, tending to marginally increase with

temperature and groundwater salinity. For MC-500 the CFR for Ca2>

exhibits a marked increase with increasing temperature. This is

particularly pronounced when the grout is leached with highly

saline groundwater (SCSSS). In the most extreme conditions of the

high temperature (150oC) and groundwater with high salinity

(SCSSS), the MC-500 releases Ca2* at approximately six times the

rate of reference grout.

The CFR data from leach tests in groundwat'-c with lower salinity
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and ionic concentration (WN-1) (Figure 4.22) revealed again

that for MC-500 the CFR's for Ca2 + were consistently higher and

characterized by greater temperature dependencies than those

for the reference grout.

The difference between the releases of Ca2+ from MC-500 grout

and for the reference grout cannot be attributed to the silica

fume in the the reference grout. Results from Type 50 cement

grout without silica fume (Figure 4.23) indicate that the

released Ca2+ quantities are similar in magnitude and

functional dependence to those of the reference grout.

SEM/EDAX examination of the leached cement samples showed the

build-up of a multiphase layer on the surfaces of both cement

grouts. Figure 4.25 shows electron micrographs of the leached

surfaces of MC-500 and reference grout after 56 days in WN-1,

at 150°C. The reaction layer consisted of two distinct phases.

The elongated crystals (area a in Figure 4.25) were identified

by EDX as a Ca2+-phase and the rhombohedral morphology is

characteristic of calcite (CaCO3) . The second phase was found

to be a fibrous Mg-Ca-Si phase (area b in Figure 4.25). For MC-

500 grout, the CaCO3 crystals are larger and more abundant.

This suggests a strong reaction between the MC-500 and the

groundwater, as well as the presence of a large quantity of

free Ca(OH)2 in this grout. The presence of large quantities of

Ca(OH)2 on the surface of MC-500 grout is attributed to a

relatively fast removal of Ca2* from the calcium silicate

hydrate system by reaction with the groundwater constituents

and/or the presence of initially large quantities of Ca(OH>2

that have not been involved in the pozzolanic reactions. The

precipitation of CaCO3 may drive the leaching processes by

decreasing the Ca2* concentration in solution. It has been

suggested that the porosity derived from hydration of blended

cements has a different distribution than that in hydrated non-

blended cements and that the permeability of the former might

be lower than that of the later (Feldman, 1981; Hooton, 1985) .

Thus, the addition of silica fume may reduce both the porosity

and the Ca(OH)2 content of the cement. The two factors are
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f

(a)

(b)

Figure 4.25 SEM micrographs of (a) MC-500 and (b) reference

grout leached in WN-1 groundwater at 150°C for 59

day3.
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interrelated, but Ca(OH)2 content appears to be more critical.

These factors, may explain the faster leaching of the MC-500

grout relative to that of the reference grout. However, the

results in static leach testi (under approaching saturation

conditions) performed in synthetic groundwaters showed that for

MC-500 the Ca2+ concentrations in solution were similar to

those for the reference grout.

The different behaviour of the MC-500 grout in pulsed-flow

leach than in the static leach tests can be partially, but not

entirely attributed to the changes in the groundwater

composition due to periodic exchange of a fraction of the

leachant and the consequences to solution concentrations.

Effects of contact with clay, possibly arising from clay

dissolution and ion exchange reactions between the mineral and

groundwater components may also have influenced the leaching

processes. Definitive explanations of the phenomena cannot be

deduced from the available data.

While the results have shown that temperature and leachant

salinity can significantly influence the CFR for Ca2+, it was

noted that the CEC of the clay (i.e.,illite, bentonite) does

not significantly influence Ca2+ releases for either of the

grouting materials investigated (Figure 4.22).

Figure 4.24 presents the CFR data for Si4+ from MC-500 and the

reference grout mixed at low H/CM (0.4 and 0.5) from tests

carried out in WN-1 groundwater (Figure 4.24a) and with illitic

clay in the groundwater (Figure 4.24b). In the leach test in

presence of illitic clay (Figure 4.24b), the CFR for Si4+ from

each of the cements are similar and increase with groundwater

ionic strength. When leached with WN-1 groundwater, the CFR for

Si4+ for the MC-500 is virtually independent of temperature,

whereas the reference grout exhibits an increase in Si"3*

release with increasing temperature. The increase is

particularly pronounced in experiments carried out with

smectite in groundwater. The relatively high releases of Si4+

from the reference grout can be attributed to the silica fume
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added to this grout. However, the Si4+ release values are much

lower than Ca2+ release values, which suggests that Si4+ release

was not controlled by the hydration reaction and is mainly due

to dissolution of unreacted material from the silica fume.

In accordance with the findings from the static leach tests,

the pulsed-leach tests show that the grouts under investigation

undergo incongruent dissolution. This is supported by the

observations that the cement elements are released to solution

at varying discordant rates.

4.3.3 Continuous Flow Leach Tests

The experiments under dynamic tests were carried out at volume

flow rates of 12 mL/d and 240 mL/d. The Ca2+ data from the two

sets of dynamic leach tests are given in Figures 4.26 to Figure

4.31. The results show the evolution of Ca2+ concentrations

with time at various temperatures for the reference grout mixed

at 0.4 and 0.6 W/CM ratios.

The results from tests performed at both W/CM values with DDW

as the leachant (Figures 4.26, 4.27, 4.29 and 4.30) show that

under the dynamic conditions the concentration of the Ca2+ in

solutions were similar or lower than those observed in static

leach tests and tended to a steady state with time. (Figures

4.4 and 4.5). The time to achieve the constant value decreased

with increasing flow rate and temperature. The steady-state is

approached differently at low temperature (25°C) than at higher

temperatures (50°C and above). The low temperature data are

consistent with a leaching mechanism that is controlled by

diffusion through a surface reaction layer: leachate

concentrations initially rise with time and then decrease as a

protective layer builds up, slowing down the leaching

processes. SEM/EDX examination of the leached surfaces revealed

the formation of a relatively dense precipitate layer

consisting of CaCO3. At the higher temperatures (50°C, 85°C)

leaching results indicate that matrix dissolution controls the

leachni<~.g processes: Ca?< leachant concentrations steadily rise
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with time to approach steady levels. The stabilized

concentrations were found to decrease with increasing flow

rate, indicating that the release of Ca + in solutions is

largely independent of flow rates. SEM/EDX examinations of the

leached samples reveled also the formation of a precipitate

layer consisting of CaCO3.

Figure 4.28 and Figure 4.31 show the results from the tests

performed in WN-1 groundwater under a relatively high flow of

240 mL/d. The Ca2+ concentration in the leachant follows the

same trends with time as those found in static leach test

(Figure 4.11 and Figure 4.12). Both the static and dynamic

leach tests results indicate that diffusion across a surface

layer controls the leaching processes: the leachate

concentrations decrease with time as a surface layer is formed

and thickens on the surface of the leached specimens. The

thickening of the reaction layer of Mg(OH)2 or CaCO3 formed on

the surface of the leached specimens decreases the driving

forces (i.e., chemical concentration gradients) which causes

the leaching reactions to proceed at progressively slower

rates. However small, the gradients will persist and leaching

reactions will continue until the concentration gradient

through the grout/solution interface is reduced to

insignificance. In view of the complexities of the processes,

it is not clear that concentration gradient must be zero for

the reaction processes to cease.

Silica concentrations in solutions (Figure 4.32 and Figure

4.33) follow similar trends as in static leach tests. Both the

static and dynamic test results indicate that diffusion through

a surface layer controls the Si1** concentrations in solution.

After an initial rise, the Si1"'* concentrations decrease with

time as a surface layer is formed, tending to a steady-state.

The Si1*1' concentrations are much lower than the solubility of

amorphous silica in neutral environments, which is 113 mL/L

(Morey et al, 1964; Alexander et al, 1954). This further

supports the suggestion that the release of Si1"'* to solution is
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controlled by the reaction layer on the surface of the leached

grout.

SUMMARY AND SYNTHESIS

A large number of processes and mechanisms are involved in the

interaction between cement-based grouts and aqueous solutions.

They include matrix dissolution, saturation, diffusion through

the original cement matrix and surface reaction layers,

alteration and re-precipitations. The controlling mechanism

depends on many factors, including the composition of the

grout, the chemical composition of the leachant, temperature

and the contact time between the grout and the leachant. To

provide insight into the manner in which these variables affect

grout leaching, a series of experiments have been performed in

which solution and surface analyses have been combined with

microscopic observations.

The analytical studies have centered around static and dynamic

leach tests in which hardened monolithic grout specimens have

been exposed to DDW and synthetic groundwaters (WN-1, SCSSS) at

temperatures ranging from 10°C to 150°C.

The results from static leach tests in DDW are consistent with

matrix dissolution as the controlling mechanism of grout

leaching processes. Under dynamic conditions, the results

indicate that the controlling mechanisms for leaching depend on

temperature: diffusion through a growing surface layer appears

to be the controlling mechanism at low temperature (25°C); at

higher temperatures the controlling mechanism appears to be

matrix dissolution.

In both static and dynamic conditions leaching in groundwater

becomes characterized by the formation of a surface layer

which, upon the estabilishment of steady-state conditions,

controls the concentrations of leached species in solution. The

grout surface acts as a preferential site for the formation of

a surface reaction layer consisting of brucite (Mg(OH)?) or
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calcite (CaCO3). These phases are produced by precipitation of

some of the initial groundwater constituents, as the result of

the increase in pH of the groundwater as soon as it is in

contact with the grout. The pH increases from ~7.0 to -11.9. By

limiting leaching and leaching rates, the surface layer can be

considered to be "protective".

The extent of leaching was found to decrease as the flow rate

was increased in dynamic leaching tests. The reduced leaching

rate was explained in terms of a protective surface layer.

Although surface layers were found on most of the specimens,

the layer appears to be more protective in high-flow-rate

conditions. The improved effectiveness is attributed to more

passivating species (i.e.,Mg2+) being supplied at the

interface. These species form a tight, continuous and

adherent layer on the leached surface. In the absence of the

"passivating" layer, such as occured in leachants with no

passivating species (i.e., DDW), the leaching processes where

found to be controlled mainly by matrix dissolution processes.

Overall, the results show that the grouts will leach when in

contact with water through dissolution of its most soluble

phases (i.e., Ca(OH>2, unreacted silica fume). Comparison of

the leaching performance of the two grouts (the reference grout

and MC-500) indicates that, while there are some minor

differences, they behaved quite similarly. The rate of the

leaching processes were found to tend to decrease with time and

to be accompanied by precipitation and/or growth of an

assemblage of secondary alteration phases (i.e., CaCO3,

Mg(OH)2).
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Condensed Silica Fû ie in Concrete, Report BML 82.610,

Institute for Bygningsmateriallaere, Norway, 19-50.

Whithey M.O. 1961. J. Amer. Concrete Inst., vol 58, pp. 695.



Stripa Project - Previously Published Reports

1980
TR 81-01
"Summary of defined programs"
L Carlsson and T Olsson
Geological Survey of Sweden. Uppsala
I Neretnieks
Royal Institute of Technology. Stockholm
Ft Pusch
University of Luleå
Sweden November 1980

1981
TR 81-02
"Annual Report 1980"
Swedish Nuclear Fuel Supply Co/Division KBS
Stockholm, Sweden 1981

IR 81-03
"Migration in a single fracture
Preliminary experiments in Stripa"
Harald Abelin, Ivars Neretnieks
Royal Institute of Technology
Stockholm. Sweden April 1981

IR 82-02
"Buffer Mass Test - Data Acquisition and
Data Processing Systems"
B Hagvall
University of Luleå. Sweden August 1982

IR 82-03
"Buffer Mass Test - Software for the Data
Acquisition System"
B Hagvall
University of Luleå. Sweden August 1982

IR 82-04
"Core-logs of the Subhorizontal
Boreholes N1 and E V
L Carlsson, V Stejskal
Geological Survey of Sweden, Uppsala
T Olsson
K-Konsult, Engineers and Architects, Stockholm
Sweden August 1982

IR 81-04
"Equipment for hydraulic testing"
Lars Jacobsson, Henrik Norlander
Ställbergs Grufve AB
Stripa, Sweden July 1981

IR81-05
Part I "Core-loss of borehole VI
down to 505 m"
L Carlsson. V Stejskai
Geological Survey of Sweden, Uppsala
T Olsson
K-Konsult, Stockholm

Part II "Measurement of Triaxial rock
stresses in borehole VI"
L Strindell, M Andersson
Swedish State Power Board. Stockholm
Sweden July 1981

1982
TR 82-01
"Annual Report 1981"
Swedish Nuclear Fuel Supply Co'Division KBS
Stockholm. Sweden February 1982

IR 82-05
"Core-logs of the Vertical Borehole V2"
L Carlsson, T Eggert. B Westlund
Geological Survey of Sweden, Uppsala
T Olsson
K-Konsult. Engineers and Architects, Stockholm
Sweden August 1982

IR 82-06
"Buffer Mass Test - Buffer Materials"
R Pusch. LBorgesson
University of I uleå
J Nilsson
AB Jacobson & Widmark, Luleå
Sweden August 1982

IR 82-07
"Buffer Mass Test - Rock Drilling and
Civil Engineering"
R Pusch
Universi'y of Luleå
J Nilsson
AB Jacobson & Widmark Luleå
Sweden September 1982



IR 82-08
"Buffer Mass Test - Predictions of the
behaviour of the bentonite-based buffer
materials"
L Borgesson
University of Luleå
Sweden August 1982

1983
IR 83-01
"Geochemical and isotope characteriza-
tion of the Stripa groundwaters -
Progress report"
Leif Carlsson,
Swedish Geologital, Göteborg
Tommy Olsson,
Geological Survey of Sweden, Uppsala
John Andrews,
University of Bath, UK
Jean-Charles Fontes.
Université, Paris-Sud, Pans. France
Jean L Michelot,
Université, Paris-Sud, Paris. France
Kirk Nordstrom,
United states Geological Survey, Menlo Park
California, USA
February 1983

TR 83-02
"Annual Report 1982"
Swedish Nuclear Fuel Supply Co/ Division KBS
Stockholm, Sweden April 1983

IR 83-03
"Buffer Mass Test - Thermal calculations
for the high temperature test"
Sven Knutsson
University of Luleå
Sweden May 1983

IR83-04
"Buffer Mass Test - Site Documentation"

Roland Pusch
Univeristy of Luleå and Swedish State Power Board
Jan Nilsson
AB Jacobson & Widmark, Luleå.
Sweden October 1983

IR 83-05
"Buffer Mass Test - Improved Models for
Water Uptake and Redistribution in the
Heater Holes and Tunnel Backfill"
R Pusch
Swedish State Power Board
L Borgesson, S Knutsson
University of Luleå
Sweden. October 1983

IR 83-06
"Crosshole Investigations — The Use of
Borehole Radar for the Detection of Frac-
ture Zones in Crystalline Rock"
Olle Olsson
Erik Sandberg
Swedish Geological
Bruno Nilsson
Boliden Mineral AB. Sweden
October 1983

1984
TR 84-01
"Annual Report 1983"
Swedish Nuclear Fuel Supply Co/Division KBS
Stockholm, Sweden, May 1984.

IR 84-02
"Buffer Mass Test — Heater Design
and Operation"
Jan Nilsson
Swedish Geological Co
Gunnar Ramqvist
EI-teknoAB
Roland Pusch
Swedish State Power Board
June 1984

IR 84-03
"Hydrogeological and Hydrogeochemical
Investigate -Geophysical Borehole
Measuremen ,"
Olle Olsson
AnteJämtlM
Swedish Geological Co.
August 1984

IR 84-04
"Crosshole Investigations—Preliminary
Design of a New Borehole Radar System"
O. Olsson
E.Sandberg
Swedish Geological Co.
August 1984

IR 84-05
"Crosshole Investigations—Equipment
Design Considerations for Sinusoidal
Pressure Tests"
David C. Holmes
British Geological Survey
September 1984



IR 84-06
"Buffer Mass Test — Instrumentation"
Roland Pusch, Thomas Forsberg
University of Luleå, Sweden
Jan Nilsson
Swedish Geological, Luleå
Gunnar Ramqvist, Sven-Erik Tegelmark
Stripa Mine Service, Stora
September 1984

IR 84-07
"Hydrogeological and Hydrogeochemical"
Investigations in Boreholes — Fluid
Inclusion Studies in the Stripa Granite
Sten Lindblom
Stockholm University, Sweden
October 1984

IR 84-08
"Crosshole investigations — Tomography
and its Application to Crosshole Seismic
Measurements"
Sven Ivansson
National Defence Research Institute,
Sweden
November 1984

1985
IR 85-01
"Borehole and Shaft Sealing — Site
documentation"
Roland Pusch
Jan Nilsson
Swedish Geological Co
Gunnar Ramqvist
ElteknoAB
Sweden
February 1985

IR 85-02
"Migration in a Single Fracture —
Instrumentation and site description"
Harald Abelin
Jard Gidlund
Royal Institute of Technology
Stockholm, Sweden
February 1985

TR 85-03
"Final Report of the Migration in a Single
Fracture — Experimental results and
evaluation"
H. Abelin
I. Neretnieks
S. Tunbrant
L Moreno
Royal Institute of Technology
Stockholm, Sweden
May 1985

IR 85-04
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes —
Compilation of geological data"
Seje Carlsten
Swedish Geological Co
Uppsala. Sweden
June 1985

IR 85-05
"Crosshole Investigations —
Description of the small scale site"
Seje Carlsten
Kurt-Åke Magnusson
Olle Olsson
Swedish Geological Co
Uppsala, Sweden
June 1985

TR 85-06
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes — Final report
of the phase I geochemical investigations
of the Stripa groundwaters"
D.K. Nordstrom, US Geological Survey, USA
J.N.Andrews, University of Bath, United Kingdom
L Carlsson, Swedish Geological Co, Sweden
J-C. Fontes, Universite Faris-Sud, France
P. Fritz, University of Waterloo, Canada
H.Moser. GesellschaftfurStrahlen-und
Umweltforschung, West Germany
T. Olsson, Geosystem AB, Sweden
July 1985

TR 85-07
"Annual Report 1984"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm. July 1985

IR 85-08
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes—Shut-in tests"
L Carlsson
Swedish Geological Co
T. Olsson
Uppsala Geosystem AB
July 1985

IR 85-09
"Hydrogeological and Hydrogeochemical
Investigations in Boreholes—Injection-
recovery tests and interference tests"
L Carlsson
Swedish Geological Co
T Olsson
Uppsala Geosystem AB
July 1985



TR 85-10
Hydrogeological and Hydrogeochemical

Investigations in Boreholes—Final report"
L Carlsson
Swedish Geological Co
T. Olsson
Uppsala Geosystem AB
July 1985

1986
IR 86-01
"Crosshole Investigations—Description
of the large scale site"
Göran Nilsson
Olle Olsson
Swedish Geological Co, Sweden
February 1986

TR 85-11
"Final Report of the Buffer Mass Test-
Volume I: scope, preparative field work,
and test arrangement"
R. Pusch
Swedish Geological Co, Sweden
J.Nilsson
Swedish Geological Co, Sweden
G.Ramqvist
El-tekno Co, Sweden
July 1985

TR 85-12
"Final Report of the Buffer Mass Test-
Volume II: test results"
R.Pusch
Sweciish Geological Co, Sweden
L Börgesson
Swedish Geological Co, Sweden
G. Ramqvist, El-tekno Co, Sweden
August 1985

IR 85-13
"Crosshole Investigations — Compilation
of core log data from F1-F6"
S. Carlsten.
A.Stråhle.
Swedish Geological Co, Sweden
September 1985

TR 85-14
"Final Report of the Buffer Mass Test-
Volume III: Chemical and physical stability
of the buffer materials"
Roland Pusch
Swedish Geological Co.
Sweden
November 1985

IR 86-02
" Hydrogeological Characterization of the
Ventilation Drift (Buffer Mass Test) Area, Stripa,
Sweden"
J.E.Gale
Memorial University, Nfld., Canada
A. Rouleau
Environment Canada, Ottawa, Canada
February 1986

IR 86-03
"Crosshole Investigations—The method,
theory and analysis of crosshole sinusoidal
pressure tests in fissured rock"
John H Black
John A Barker*
David J.Noy
British Geological Survey, Keyworth, Nottingham,
United Kingdom
*Wallingford, Oxon, United Kingdom
June 1986

TR 86-04
"Executive Summary of Phase 1"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm, July 1986

TR 86-05
"Annual Report 1985"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm, August 1986



1987
TR 87-01
"Final Report of the Borehole,
Shaft, and Tunnel Sealing Test —
Volume I: Borehole plugging"
R. Pusch
L. Börgesson
Swedish Geological Co, Sweden
G. Ramqvist
El-Tekno Co, Sweden
January 1987

TR 87-06
"Crosshole Investigations — Results
from Seismic Borehole Tomography"
J.Pihl
M. Hammarström
S. Ivansson
P. Morén
Nationa' Defence Research Institute,
Sweden
December 1986

TR 87-02
"Final Report of the Borehole,
Shaft, and Tunnel Sealing Test —
Volume II: Shaft plugging"
R. Pusch
L. Börgesson
Swedish Geological Co, Sweden
G. Ramqvist
El-Tekno Co, Sweden
January 1987

TR 87-03
"Final Report of the Borehole,
Shaft, and Tunnel Sealing Test —
Volume III: Tunnel plugging"
R. Pusch
L. Börgesson
Swedish Geological Co, Sweden
G. Ramqvist
El-Tekno Co, Sweden
February 1987

TR 87-04
"Crosshole Investigations—Details of
the Construction and Operation of the
Hydraulic Testing System"
D. Holmes
British Geological Survey, United Kingdom
M.Sehlstedt
Swedish Geological Co., Sweden
May 1986

IR 87-05
"Workshop on Sealing Techniques,
tested in the Stripa Project and being of
General Potential use for Rock Sealing"
R. - jsch
Sv. vdish Geological Co , Sweden
February 1987

TR 87-07
"Reflection and Tubewave Analysis
of the Seismic Data from the Stripa
Crosshoie Site"
C. Cosma
Vibrometric OY, Finland
S. Bähler
M. Hammarström
J.Pihl
National Defence Research Institute,
Sweden
December 1986

TR 87-08
"Crosshole Investigations — Short
and Medium Range Seismic
Tomography"
C. Cosma
Vibrometric OY, Finland
February 1987

TR 87-09
"Program for the Stripa Project
Phase 3,1986-1991"
Swedish Nuclear Fuel and Waste Manage-
ment Co. Stockholm, May 1987

TR 87-10
"Crosshole Investigations — Physi-
cal Properties of Core Samples from
Boreholes F1 and F2"
K-Å. Magnusson
S. Carlsten
O.Olsson
Swedish Geological Co, Sweden
June 1987



TR 87-11
"Crosshole Investigations—Results from
Borehole Radar Investigations"
O Olsson, L Falk, O Forslund, L Lundmark,
E Sandberg
Swedish Geological Co. Sweden
May 1987

TR 87-18
"Crosshole Investigations -
Hydrogeological Results and Interpretations"
J. Black
D. Holmes
M. Brightman
British Geological Survey, United Kingdom
December 1987

TR 87-12
"State-of-theArt Report on Potentially
Useful Materials for Sealing Nuclear
Waste Repositories"
Swedish Nuclear Fuel and Waste Management
Co, Stockholm
June 1987

IR 87-13
"Rock Stress Measurements in Borehole V3"
B. Bjarnason
G. Raillard
University of Luleå, Sweden
July 1987

TR 87-14
"Annual Report 1986"
August 1987

TR 87-15
"Hydrogeological Characterization of the
Stripa Site"
J. Gale
R. MacLeod
J. Welhan
Memorial University, Nfld., Canada
C. Cole
L. Vail
Battelle Pacific Northwest Lab.
Richland, Wash., USA
June 1987

TR 87-16
"Crosshole Investigations - Final Report"
O Olsson
Swedish Geological Co, Sweden
J Black
British Geological Survey, United Kingdom
C Cosma
Vibrometric OY, Finland
J.Phil
National Defence Research Institute, Sweden
September 1987

TR 87-17
"Site Characterization and Validation -
Geophysical Single Hole Logging
B. Fridh
Swedish Geological Co, Sweden
December 1987

TR 87-19
"3-D Migration Experiment -
Report 1
Site Preparation and Documentation"
H. Abelin
L Birgersson
Royal Institute of Technology, Sweden
November 1987

TR 87-20
"3-D Migration Experiment-
Report 2
Instrumentation and Tracers"
H. Albelin
L Birgersson
J.Gidlund
Royal Institute of Technology, Sweden
November 1987

TR 87-21
Part I "3-D Migration Experiment
Report 3
Performed Experiments,
Results and Evaluation"
H. Abelin
L Birgersson
J.Gidlund
L Moreno
I. Neretnieks
H. Widen
T. Agren
Royal institute of Technology, Sweden
November 1987

Part II "3-D Migration Experiment
Report 3
Performed Experiments,
Results and Evaluations
Appendices 15,16 and 17"
H Abelin
L Birgersson
J Gidlund
L Moreno
I Neretnieks
H. Widen
T Ågren
Royal Institute of Technology, Sweden
November 1987



TR 87-22
"3-D Migration Experiment —
Report 4
Fracture Network Modelling
of the Stripa 3-D Site"
J. Andersson
B. Dverstorp
Royal Institute of Technology, Sweden
November 1987

7988
TR 88-01
"Crosshole Investigations —
Implementation and Fractional
Dimension Interpretation of
Sinusoidal Tests"
D. Noy
J. Barker
J. Black
D. Holmes
British Geological Survey, United Kingdom
February 1988

IR 88-02
"Site Characterization and Validation —
Monitoring of Head in the Stripa Mine
During 1987"
S. Carlsten
O. Olsson
O. Persson
M. Sehlstedt
Swedish Geological Co., Sweden
April 1988

TR 88-03
"Site Characterization and Validation -
Borehole Rodar Investigations, Stage I"
O. Olsson
J. Eriksson
L. Falk
E. Sandberg
Swedish Geological Co., Sweden
April 1988

TR 88-04
"Rock Sealing - Large Scale Field Test
and Accessory Investigations"
R Pusch
Clay Technology. Sweden
March 1988

TR 88-05
"Hydrogeochemical Assessment of
Crystalline Rock for Radioactive Waste
Disposa The Stripa Experience"
J. Andrews
University of Bath, United Kingdom
J-C. Fontes
Université Paris-Sud, France
P. Fritz
University of Waterloo, Canada
K. Nordstrom
US Geological Survey, USA
August 1988

TR 88-06
"Annual Report 1987"
June 1988

IR 88-07
"Site Characterization and Validation —
Results From Seismic Crosshole
and Reflection Measurements, Stage I"
C. Cosma
R. Korhonen
Vibrometric Oy, Finland
M. Hammarström
P. Morén
J. Pihl
National Defence Research Institute, Sweden
September 1988

IR 88-08
"Stage I Joint Characterization and
Stage II Preliminary Prediction using
Small Core Samples"
G. Vik
N. Barton
Norwegian Geotechnical Institute, Norway
August 1988

IR 88-09
"Site Characterization and Validation -
Hydrochemical Investigations in Stage I"
P. Wikberg
M. Laaksoharju
J Bruno
A. Sandino
Royal Institute of Technology, Sweden
September 1988



IR 88-10
"Site Characterization and Validation —
Drift and Borehole Fracture Data Stage I"
J. Gale
Fracflow Consultants Inc., Nfld., Canada
A. Stråhle
Swedish Geological Co, Uppsala, Sweden
September 1988

TR 88-11
"Rock Sealing - interim Report on the
Rock Sealing Project (Stage I)"
R. Pusch
L. Börgesson
A. Fredrikson
Clay Technology, Sweden
I. Markström
M. Erlström
Swedish Geological Co, Sweden
G. Ramqvist
El-Tekno AB, Sweden
M.Gray
AECL, Canada
W. Coons
IT Corp., USA
September 1988

IR 89-04
"Site Characterization and Validation -
Single Borehole Hydraulic Testing"
D. Holmes
British Geological Survey, U.K.
March 1989

TR 89-05
"Annual Report 1988"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm
May 1989

IR 89-06
"Site Characterization and Validation —
Monitoring of Head in the Stripa Mine
During 1988"
O. Persson
Swedish Geological Co., Uppsala, Sweden
O. Olsson
ABEM AB, Uppsala, Sweden
M. Sehlstedt
Swedish Geological Co., Mala, Sweden
April 1989

7989
TR 89-01
"Executive Summary of Phase 2"
Swedish Nuclear Fuel and Waste Management Co.,
Stockholm
February 1989

IR 89-07
"Site Characterization and Validation -
Geophysical Single Hole Logging,
Stage 3"
P. Andersson
Swedish Geological Co., Uppsala, Sweden
May 1989

TR 89-02
"Fracture Flow Code Cross - Verification
Plan"
W. Dershowitz
Golder Associates Inc., USA
A. Herbert
AERE Harwell Laboratory, U. K.
J. Long
Lawrence Berkeley Laboratory, USA
March 1989

TR 89-03
"Site Characterization and Validation
Stage 2 - Prelimiary Predictions"
O Olsson
ABEM AB, Sweden
J Black
Golder Associates, U K
J. Gale
Fracflow Inc., Canada
D. Holmes
British Geological Survey, U K
May 1989

TR 89-08
"Water Row in Single Rock Joints"
E. Hakami
Luleå University of Technology, Luleå, Sweden
May 1989

1990
TR 90-01
"Site Characterization and Validation -
Borehole Radar Investigations, Stage 3"
E. Sandberg
O. Olsson
L Falk
ABEM AB, Uppsala, Sweden
November 1989



IR 90-02
"Site Characterization and Validation -
Drift and Borehole Fracture Data,
Stage 3"
J. Gale
R. MacLeod
Fracflow Consultants Inc., Nfld., Canada
A. Stråhle
S. Carlsten
Swedish Geological Co., Uppsala, Sweden
February 1990

IR 90-03
"High Voltage Microscopy Study of
the Hydration of Cement with Special
Respect to the Influence of Super-
plasticizers"
R. Pusch
A. Fredrikson
Clay Technology AB, Lund, Sweden
February 1990

TR 90-04
"Preliminary Prediction of Inflow into .ne
D-Holes at the Stripa Mine"
J. Long
K. Karasaki
A. Davey
J. Peterson
M. Landsfeld
J. Kemeny
S. Martel
Lawrence Berkeley Laboratory, Berkeley, USA
February 1990

TR 90-05
"Hydrogeochemical investigations within
the Stripa Project"
Reprint from
GEOCHIMICA ET COSMOCHIMICA ACTA
Vol. 53, No. 8
August 1989

TR 90-06
"Prediction of Inflow into the
D-Holes at the Stripa Mine"
J. Geier
W. Dershowitz
G. Sharp
Golder Associates Inc Redmond, USA
April 1990

TR 90-07
"Site Characterization and Validation —
Coupled Stress-Row Testing of
Mineralized Joints of 200 mm and
1400 mm Length in the Laboratory and
In Situ, Stage 3"
A. Makurat
N. Barton
G. Vik
L Tunbridge
NGI, Oslo, Norway
February 1990

TR 90-OP
"Site C - acterization and Validation —
Hyc* >'* jmical Investigations, Stage 3"
tJ.1 ".Ksoharju
r>r yal Institute of Technology, Stockholm, Sweden
ebruary 1990

TP 90-09
"Site Characterization and Validation —
Stress Reid in the SCV Block and
Around the Validation Drift, Stage 3"
S. McKinnon
P. Carr
JAA AB, Luleå, Sweden
April 1990

TR 90-10
"Site Characterization and Validation —
Single Borehole Hydraulic Testing of
"C Boreholes, Simulated Drift and Small
Scale Hydraulic Testing, Stage 3"
D. Holmes
M. Abbott
M.Brightman
BGS, Nottingham, England
April 1990

TR 90-11
"Site Characterization and Validation —
Measurement of Rowrate, Solute
Velocities and Aperture Variation in
Natural Fractures as a Function of
Normal and Shear Stress, Stage 3"
J. Gale
R. MacLeod
Fracflow Consultant? Inc., Nfld., Canada
P. LeMessurier
Memorial University, St. John's, Nfld., Canada
April 1990

TR 90-12
"The Channeling Experiment -
Instrumentation and Site Preparation"
H. Abelin
L Birgersson
T. Ågren
Chemflow AB, Stockholm, Sweden
January 1990



TR 90-13
"Channeling Experiment"
H. Abelin
L Birgersson
H. Widen
T. Agren
Chemflow AB, Stockholm, Sweden
L. Moreno
I. Neretnieks
Department of Chemical Engineering
Royal Institute of Technology, Stockholm, Sweden
July 1990

TR 90-14
"Prediction of Inflow into the
D-Holes at the Stripa Mine"
A. Herbert
B. Splawski
AEA InTec, Harwell Laboratory, Didcot, England
August 1990

TR 90-15
"Analysis of Hydraulic Connections
Between BMT and SCV Areas"
T. Doe
J. Geier
W. Dershowitz
Golder Associates Inc. Redmond, Wash. USA
July 1990

TR 90-16
"Annual Report 1989"
Swedish Nuclear Fuel and Waste Management Co.
Stockholm
May 1990

1991
TR 91-01
"Distinct Element Method Modeling of
Fracture Behavior in Near Field Rock"
H. Hökmark
Clay Technology, Sweden
December 1990

IR 91-02
"Site Characterization and Validation —
Monitoring of Head in the Stripa Mine
During 1989"
S Carlsten
G Nyberg
O. Olsson
M Sehlstedt
P-T. Tammela
Swedish Geological Co., Sweden
November 1990

TR 91-03
"Interpretation of Fracture System
Geometry Using Well Test Data"
T. Doe
J. Geier
Golder Associates Inc. Redmond, Wash. USA
November 1990

TR 91-04
"Application of Computer Aided Design
(CADD) in Data Display and Integration
of Numerical and Field Results —
Stripa Phase 3"
D. Press
S. Halliday
J. Gale
Fractlow Consultants Inc. St. John's, Nfld.,
Canada
December 1990

TR 91-05
"Disturbed Zone Modelling of SVC
Validation Drift Using UDEC-BB,
Models 1 to 8 - Stripa Phase 3"
K. Monsen
A. Makurat
N. Barton
NGI, Oslo, Norway
January 1991

TR 91-06
"Evaporation Measurement in the
Validation Drift - Part 1"
K. Watanabe
Saitama University, Urawa, Saitama, Japan
January 1991

TR 91-07
"Site Characterization and Validation -
Results From Seismic Crosshole and
Reflection Measurements - Stage 3"
C. Cosma
P. Heikkinen
J. Keskinen
R. Korhonen
Vibrometric Oy, Helsinki, Finland
January 1991

TR 91-08
"Site Characterization and Validation -
Stage 4 — Preliminary Assessment and
Detail Predictions"
J. Black
O. Olsson
J. Gale
D. Holmes
December 1990



TR 91-09
"Site Characterization and Validation —
Monitoring of Saline Tracer Transport by
Borehole Radar Measurements
- Phase 1"
O. Olsson
Conterra AB, Uppsala, Sweden
P. Andersson
E. Gustafsson
SGAB, Uppsala, Sweden
February 1991

TR 91-10
"A Comparison of Predictions and
Measurements for the Stripa
Simulated Drift Experiment"
D. Hodgkinson
Intera Sciences, Henley-on-Thames,
United Kingdom
February 1991

TR 91-11
"Annual Report 1990"
Swedish Nuclear Fuel and Waste Management Co
Stockholm
July 1991

IR 91-12
"Site Characterization and Validation —
Monitoring of Head in the Stripa Mine
During 1990"
S. Carlsten
G. Nyberg
P. Tammcla
SGAB, Uppsala, Sweden
O. Olsson
Conterra AB, Uppsala, Sweden
April 1991

TR 91-13
"Improvement of High Resolution
Borehole Seismics
Part I Development of Processing
Methods for VSP Surveys
Part II Piezoelectric Signal Transmitter
for Seismic Measurements"
C. Cosma
P. Heikkinen
S. Pekonen
Vibrometric Oy, Helsinki, Finland
May 1991

TR 91-14
'Tracer Transport in Fractures:
Analysis of Field Data Based on a
Variable - Aperture Channel Model"
OF. Tsang
Y.W. Tsang
F.V. Hale
LBL, University of California, Berkely, USA
June 1991

IR 91-15
"Infow Measurements in the D-Holes at
the Stripa Mine"
J. Danielson
L Ekman
S. Jönsson
SGAB, Uppsala, Sweden
June 1991

TR 91-16
"Discrete Fracture Modelling
For the Stripa Site Characterization and
Validation Drift Inflow Predictions"
W. Dershowitz
P. Wallmann
S. Kindred
Golder Associates Inc. Redmond,
Washington, USA
June 1991

TR 91-17
"Large Scale Cross Hole Testing"
J.K. Ball
J.H. Black
M. Brightman
Golder Associates, Nottingham, UK
T. Doe
Golder Associates, Seattle, USA
May 1991

TR 91-18
"Site Characterization and Validation —
Monitoring of Saline Tracer Transport
by Borehole Radar Measurements,
Final Report"
O. Olsson
Conterra AB, Uppsala, Sweden
R. Andersson
E. Gustafsson
Geosigma AB, Uppsala, Sweden
August, 1991

TR 91-19
"Site Characterization and Validation —
Validation Drift Fracture Data, Stage IV"
G.G. Bursey
J.E. Gale
R. MacLead
Fractlow Consultants Inc., St. John's,
Newfoundland, Canada
A. Stråhle
S. Tiren
Swedish Geological Co., Uppsala, Sweden
August, 1991

TR 91-20
"Site Characterization and Validation -
Excavation Stress Effects Around the
Validation Drift"
J.P. Tinucci
J. Israelsson
Itasca Consulting Group, Inc.,
Minneapolis, Minnesota, USA
August, 1991



TR 91-21
"Superplasticizer Function and Sorption
in High Performance Cement Based
Grouts"
M. Onofrei
M. Gray
LH. Roe
AECL Research, Whiteshell Laboratories
Pinawa, Manitoba. Canada
August 1991

TR 91-22
"Distinct Element Modelling of Joint
Behavior in Near-field Rock"
H. Hökmark
Clay Technology AB, Luna, Sweden
J. Israelsso.i
Itasca Geomekanik AB, Falun, Sweden
September 1991

TR 91-23
"Preliminary - Discrete Fracture Network
Modelling of Tracer Migration Experiment
at the SCV Site"
W.S. Dershowitz
P. Wallmann
J.E. Geier
G. Lee
Golder Associates Inc.
Redmond, Washington, USA
September 1991

TR 91-24
Theoretical Investigations of Grout
Seal Longevity"
S.R Alcorn
WE. Coons
T.L Christian-Frear
M.G.Wallace
RE/SPEC Inc., Albuquerque, NM, USA
September 1991

TR 91-25
"Site Characterization and Validation -
Equipment Design and Techniques Used
in Single Borehole Hydraulic Testing,
Simulated Drift Experiment and Cross-
hole Testing"
DC. Holmes
BGS, Keyworth, Nottinghamshire, UK
M. Sehlstedt
SGAB, Mala, Sweden
October 1991

TR 91-26
"Final Report on Test 4 -
Sealing of Natural Fine-Fracture Zone"
R Pusch
L. Börjesson
O Kärnland
H. Hökmark
Clay Technology AB, Lund, Sweden
October 1991

TR 91-27
"Evaporation Measurement in the
Validation Drift - Part 2"
K Watanabe
M Osada
Saitama University, Urawa, Saitama. Japan
November 1991

TR 91-28
"Analysis of Spatial Correlation of
Hydraulic Conductivity Data from
the Stripa Mine"
A. Winberg
Conterra AB, Göteborg. Sweden
November 1991

TR 91-29
"Cross-Verification Testing of
Fracture Row and Mass Transport
Codes"
F. Schwartz
Columbus. Ohio, USA
G. Lee
Golder Associates Inc.
Redmond, Washington, USA
November 1991

TR 91-30
"Final Report of the Rock Sealing
Project - Sealing Properties and
Longevity of Smectitic Clay Grouts"
R. Pusch
O. Kärnland
H. Hökmark
T. Sanden
L. Börgesson
Clay Technology AB, Lund, Sweden
December 1991

TR 91-31
"NAPSAC Technical Document"
P. Grindrod*
A. Herbert
D. Roberts*
P. Robinson*
AEA Decommissioning & Radwaste,
Harwell Laboratory. Oxon, England
*lntera-Environmental Division
Henley on Thames, Oxon, England
December 1991

IR 91-32
"Site Characterization and Validation -
Monitoring of Head in the Stripa Mine
During 1991"
S Carlsten
G Nyberg
O Olsson*
P-T. Tammela
Geosigma AB, Uppsala. Sweden
'Conterra AB, Uppsala. Sweden
December 1991



ISSN 0.149-56M

CM Tryck AB, Bromma 1992


