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Final Report on the Rock Sealing Project:
Sealing Properties of Cement-Based Grout Materials

SUMMARY

On the assumption that lowly permeable seals may be needed in the design
and construction of repositories for heat-generating radioactive waste, the
Task Force on Sealing Materials and Techniques of Phase 3 of the Stripa
Project recommended that work should be undertaken to confirm and
understand the sealing properties of cement-based materials. Specifically,
work on a new class of cement-based grouts (high performance grouts) with
an ability to penetrate and seal fine fractures in granite was carried out.
Fundamental physical and chemical properties (such as particle size and
chemical composition) of the materials were evaluated. The Theological
properties of freshly mixed grouts, which control the workability of the
grouts, were determined together with the properties of hardened materials,
which largely control the long-term performance (longevity) of the materials
in repository settings. This report presents the results of these laboratory
studies of material properties. The laboratory tests were associated with and
carried out in parallel to investigations of the in situ performance of the
materials (Borgesson et al, 1992a, 1992b) and with developments of
geochemical, theoretical models for cement-grout longevity (Alcom et al,
1992). From the perspective of repository design, the results presented in this
report should not be interpreted in isolation from those of the work described
in these other documents. The purpose of this report is to make the results of
the laboratory testing programmes available for evaluation and use by the
member countries of the Stripa Project.

A number of different high performance grouts were investigated. The
laboratory studies focussed on mixtures of sulphate resistant portland cement,
silica fume, superplasticizer (see Onofrei et al, 1991) and water. Specially
developed industrial products from Germany, Japan and Sweden were also
studied. In ail cases, the materials were selected for their small mean
particle size and the ability to be made fluid by the superplasticizer at low
water to cement ratio (W/CM). At low W/CM, the selected materials were
sh iwn to remain gel-like during the setting period and, thus, without
separation into liquid and solid phases, the grouts may be expected to remain
largely homogenous during and after injection into the rock.

The freshly mixed pastes at low W/CM (0.4 to 0.7) were found to behave
pseudo-plastically. The rheological behaviour was modified to Newtonian
when the materials were vibrated. Both the frequency and amplitude of
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vibrations influence the rheological properties of the grouts. Thus, it was
concluded that, like the addition of superplasticizer, vibrations could be used
to decrease the W/CM at which the grout could be injected into the rock at
Stripa. This confirmed assumptions about the behaviour of the grout and
assisted the development of a special pump that was used to inject the grout
into the rock at Stiipa (Brgesson et al, 1991). The grout mixtures injected in
situ were selected on the basis of the laboratory studies to match,
ideologically, the performance envelopes of the grout pump.

The short-term hydraulic and strength properties of the hardened grout were
determined. These properties were determined for the grouts both in-bulk
and as thin-films. Laboratory injection tests into thin slots (20 pm or less)
confirmed the results of in situ studies by showing some separation of the
liquid and solid phases of the grout. The properties of non-homogenous thin
films may be expected to differ from those of the homogenous bulk material.

The hydraulic conductivities of the bulk, hardened material were found to be
less than 10"14 m/s. This is several orders of magnitude less than the
hydraulic conductivity of the intact Stripa granite and reflects the very small
sizes of pores in the grouts which, generally, contained pores with diameters
of less than 0.1 mm. In bulk, the unconfmed and confined compressive
strengths and the elastic properties of the hardened grouts were found to
approach those of the Stripa granite. In common with conventional
cementitious materials, the high-performance grouts were found to shrink, if
dried. Submersion in water caused the dried materials to swell back beyond
their original volume. Moreover, maintained continuously under water, the
materials swelled beyond their original volume.

The hydraulic conductivities of thin films were found to be less than 1 0 "
m/s (the measurement limit) and were presumably similar to those of bulk
grouts. Broken, the hydraulic conductivity of the thin films could be
increased to 107 m/s. However, with time, water flowing through the
material caused the hydraulic conductivity of the fractured films to decrease.
The rates of decrease were accelerated by an increase in temperature. The
ability of the thin films to self seal was confirmed and attributed to deposition
of the products of reaction between the grout and the water in the fractures in
the grout.

The surface reactions were studied through an extensive series of tests in
which specimens of hardened grouts were leached under open and closed
conditions with waters of different chemical composition (representing the
range of groundwaters found in granitic rock masses), and at temperatures
ranging from 10 to 150°C. The leach rates were found to vary with grout
and water composition and with temperature. This reflected changes in the
leaching mechanisms. SEM/EDAX examination of leached specimens
revealed that leaching/dissolution of the grouts was accompanied by the
formation of reaction layers which include the precipitation and growth of an
assemblage of secondary cement phases which include brucite (Mg(OH)2),
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calcite (CaCO3) and portlandite (Ca(OH)2). The presence of these new
phases was predicted by the geochemical models. These phases not only
affect the ability of fractured grouts to self-seal but also influence the ratis at
which leaching and dissolution processes proceed at the grout/water
interface. The long-term performance properties of the bulk grout may be
strongly influenced by the stability of the reaction products on the solid
surfaces. In view of the very low hydraulic conductivity of the bulk grouts,
surface reaction processes and factors that influence the rate of these
processes are likely to control the long-term performance properties of the
materials. Examination of the leached grout specimens revealed a trend for
the pore sizes to decrease with time. This further supports the observation
that the grouts should tend to become less permeable with time.

The propensity for fractured grouts to self seal was also observed in tests in
which the hydraulic conductivity of recompacted, mechanically disrupted,
granulated grouts was determined. These tests, which were carried out to
provide a relationship between porosity and hydraulic conductivity for use
with the geochemical longevity model (Alcorn et al, 1992), showed that the
hydraulic conductivity decreased rapidly with time. The decreases were
associated with decreases in mean pore size. Similar trends were observed in
materials prepared at high W/CM (0.9 to 1.2) to achieve high initial porosity.
Brucite, calcite, portlandite, ettringite and tobermorite-like crystals were
observed in the larger pores of the materials after the hydraulic conductivity
tests were completed.

In view of the very low hydraulic conductivity it is likely that surface
leaching at the grout/groundwater interface will be the major process by
which bulk high-performance grouts may degrade. Due to the higher
porosities observed in the thin grout films observed from specimens
recovered from the in situ tests, the properties of these films may change
with time due to dissolution in and reaction with the pore water.

With the completion of the laboratory, in situ and modelling studies it
appears that high-performance cement based grouts can be considered as
viable materials for some repository sealing applications. Some of the
uncertainties that remain are identified in this report. Future developments
in the in situ application of the materials and increased understanding of the
leaching processes and grout/groundwater reactions should further enhance
the confidence established trough these studies in the long-term performance
of high-performance grouts.
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INTROPUCTION

Materials used and structures formed for any engineered system must possess
longevity, i.e., they must be able throughout their design life to maintain
performance under the range of physical and chemical conditions to which
they will be subjected. The unique feature in the design of seals for an
underground repository for heat generating radioactive wastes is the design
life, which, depending on the features of the waste form and the repository
concept, can extend into periods of hundreds of thousands of years. Thus,
ensuring the longevity of engineered barriers in a repository can require
predictions of material behaviour and performance for periods longer than
that during which humankind has been building towns, cities and all related
infrastructure. From this viewpoint, longevity can be considered to be the
least tractable factor in assessments of repository performance.

Four methods that can be applied in assessing the longevity of sealing
materials and systems were identified by Mott, Hay and Anderson (1985)
and are shown in Table i-1. The table also presents some limitations to the
application of the methods which can be taken to indicate that, in isolation,
none of the method is entirely satisfactory.

Only three of the methods car. be applied to cement-based sealing materials.
The examination of geological evidence is only passingly relevant to man-
made materials. Moreover, while some archaeological evidence for the

TABLE 1-1

METHODS FOR THE ASSESSMENT OF LONGEVITY

Method of assessment Material types Cautions

Examination of existing
geological evidence

Examination of
archaeological evidence

Laboratory experiments
with accelerated reaction
rates

Application of theoretical
thermodynamics

Naturally occurring

Naturally occurring
and man-made

All types

All types

Provides no information on
synthetic materials

Narrow observable range of
materials and environments:
time-scale less than
3000 years

Can be misleading: reactions
enter non-representative
thermodynamic fields

Problem can be indeterminate
for complex repository
situations



longevity of cement-based materials was provided from studies of Hadrian's
wall in the United Kingdom (Steadman, 1989), this method was not
extensively followed in the Stripa project where focus was placed on the
application of the last two methods shown in Table 1-1.

The successful combined application of the methods necessitates an
understanding of the physical and chemical conditions and forces to which
sealing materials will be subjected in a repository. These factors will be
specific to the repository site, the design of the repository, the location and
design of the sealing system within the repository and the required function
of the seal. Reflecting these considerations, it was not possible within the
Stripa project to explore all the interests of all of the member counties. The
studies were restricted to issues of general interest and those for which
resolution was considered possible within the schedule and budget of the
project.

The studies were focused on the very long term behaviour and performance
of the materials. It was considered that this may be considerably affected by
the properties of the sealing material as placed, which could differ from
those of laboratory prepared specimens. Moreover, the environmental forces
that impinge on the materials from the instant they they are incorporated in
the repository structure needed to be considered.

The methods used to study the reactions between sealing materials, the rock
and groundwater for a repository located under the water table in saturated
granite, such as that represented by the Stripa site, for periods after a
repository is closed needed to differ from those used to study material
performance factors while a repository is open. The significance of
differences in hydraulic gradients, temperatures and other environmental
factors acting during the two repository eras needed to be quantified. In this
latter respect, experience had shown that the physical condition of cement
grouts injected into rock depended on the grout material properties, the in
situ rock conditions, the method used for injection and the complex geometry
of emplacement system, including pumps, connectors and tubing. As far as
possible, the investigations were required to assess the effects of these
variables on grout longevity.

A "State-of-the-Art" review (Coons et al. 1987) showed that it was
commonly held that the hydraulic performance of cement-based materials
used to seal a repository would change by water passing through the pores in
the material. In a saturated repository, cement would dissolve, be flushed
away and, with time, porosity and hydraulic conductivity would increase.
The rates of change would be influenced by spontaneous changes in the
microstructure of the material and physico-chemical forces internally and
externally on the grout. Knowledge of the rates at which these processes
proceeded was, it best uncertain for sealing materials, based on
conventional cementitious products. Moreover, the work of the Stripa
project focussed on a modern class of cement-based materials, known as



high-performance grouts. Few data were available on the relationships
between porosity, hydraulic conductivity and strength of these materials. To
provide the necessary information, the Stripa Task Force on Sealing
Materials and Techniques directed the studies on cement longevity to follow
two parallel and interconnected paths.

In accordance with Table 1-1 and conventional wisdom with regard to the
dissolution processes acting in cement-based materials, theoretical,
geochemical modelling techniques were used to predict the changes in
porosity of cement-based grouts with time. The effects of these changes on
the hydraulic conductivity of cement grouts were calculated using empirical
relationships between porosity and hydraulic conductivity. The results of
these studies are reported by Alcorn et al. (1991).

The validity of the results of the geochemical modelling activities depended
on appropriate assumptions of processes occurring in the grouts (e.g.,
thermodynamic constants and dissolution processes), the correctness of
assumptions for relationships between material properties (such as that
between porosity and hydraulic conductivity) and the material properties
immediately after grout is injected into the rock (e.g., initial porosity). Data
on the latter factor were obtained through observations made during the
in situ experiments at Stripa (Börgesson et al. 1992). Moreover, all three
factors were examined through a series of laboratory studies which were
undertaken to clarify processes occurring in both unset and hardened cement
grouts. The rates at which these processes occurred and physical and
chemical factors influencing the processes were studied. Attempts were
made to establish basic relationships between the properties of high-
performance grouts both for comparison with those used in the performance
models and for development of understanding of the new high-performance
materials. This report is, principally, a summary of the results of these
laboratory studies.

OBJECTIVES and SCOPE

Prior to Phase 3 of the Stripa Project high-performance cement-based grouts
were being developed through a bilateral agreement between Canada and the
USA. Mixtures of portland cement, finely divided siliceous materials, water
and an organic additive were being studied. The siliceous materials and the
organic additive are both added to enhance the performance characteristics
and the prospect of longevity for the grouts. The Phase 3 Stripa
investigations extended the work of the bilateral investigations. For
completeness, Chapter 3 of this report describes the rationale leading to the
choice of these materials for investigation. Recognizing international trends
and practicality, other cement-based products were investigated. These
developments are also described in Chapter 3 along with the details of the
materials used for the in siiu investigations at Stripa. Studies undertaken for
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the Stripa Project into the properties cf the organic additive and it's possible
influence on repository performance are described elsewhere (Onofrei et al.
1991).

Cement grouts are injected into the rock as a freshly mixed fluid after which
they harden into a rock-like mass. The properties of the freshly mixed grout
determine the depth to which the grouts will penetrate and seal the rock, the
final hardened condition of the grout and, to some extent, the longevity of
the materials. Pertinent properties of freshly mixed high-performance grouts
were studied. The results of these studies are presented in Chapter 4 of this
report. In particular, the results of tests to determine the influence of mix
proportions on the rheological properties of the grout are discussed. These
were particularly significant to the development of appropriate grouting
methods and equipment within the Stripa Project.

The physical properties (hydraulic conductivity, strength, pore size
distribution) of hardened high-performance cement-based grouts are
discussed in Chapter 5. These properties were determined with the materials
both in-bulk and as thin-films. Grouts can be expected to exist in both forms
within a grouted rock mass and performance may be expected to differ due to
variations in the microstructural properties of the materials. Possible
differences are discussed. The microstructural features of thin films
recovered from the in situ experiments at the Stripa Mine described by
Börgesson et al. (1992) are included for completeness and to provide an
example of some initial conditions that could be assumed for the purposes of
modelling the longevity of cement-based grout.

Tests were carried out in which specimens of hardened cement grout and
chemical replicates were leached with water based solutions of different
chemical composition ranging from distilled deionized water to highly saline
groundwater solution. The tests were carried out with and without solution
exchange. The results of these tests, which provide a basis for an
examination of the basic assumptions used in the geochemical model for
grout longevity, are given in Chapter 6. The effects of grout composition,
leachant type and physical factors, such as temperature and water flow rate,
on the pore size distributions of the grout and the reactions between the water
and the grout are described along with the results of investigations of the
microstructural properties of the leached grout specimens.

The results of the hydraulic conductivity tests on bulk grout described in
Chapter 5 and the leaching tests described in Chapter 6 led to a possible
revision of the model for the longevity of high-performance cement grouts in
a repository. The assumption of a deterministic porosity-hydraulic
conductivity relationship did not appear to hold. To aid further interpretation
of the modelling work hydraulic conductivity tests were undertaken on
artificially porous grouts. The results of this work are included in Chapter 6
along with an assessment of the ability of grouts, that may become fractured
in a repository setting, to self seal. Assessments of the rates of reactions
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effecting these and other processes, such as dissolution and leaching, are also
presented in Chapter 6.

An attempt is made in Chapter 7 to synthesize the contents of this volume.
The interpretations of material behaviour and performance made through the
report are collected and effort is made to relate the findings of the laboratory
studies to the ultimate purpose of »he work, which was to assess the longevity
of cement-based grouts in a repository for heat generating radioactive waste.
These interpretations are limited since the primary purpose of the report is to
provide information from the studies such that each of the member countries
of the Stripa project can conduct an unbiased analysis of the work for
incorporation into their own assessments of repository performance.
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3 MATERIALS. MIXING AND SAMPLE PREPARATION

3.1 Reference Grouts

Cement-based grouts are fabricated by mixing water with Portland cement
and often with additives to produce materials with desired properties.
Portland cements consist of a 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 of
hydration and resistance to sulphates). These different type of cements are
produced with quite minor modifications in composition. All of the cement
compounds are hydrophyllic, that is they have a chemical affinity for water,
and tend to react, 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 mass. Hardening
is associated with the formation of a rigid interlocking matrix of hydration
products, especially hydrated calcium silicates (CSH)1 , which gradually
consume and replace the water between the cement grains to finally bind the
composite cement mass together. In a cement paste under normal conditions
the hydration reaction does not usually go to completion. The microstructure
of historic concretes (Mallison and Davies, 1987) typically show 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, and the degree
to which the CSH phases efficiently fill space. These factors will 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-cracking, which in part, results from thermo-
mechanical strain induced during curing. Typically for a grout, to meet the
physical and chemical requirements for a particular application, 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. Thus, to make the studies described here practicable it
was necessary to design and select reference materials for investigation.

One purpose of grouting the rock which hosts a repository is to seal for long
time periods (perhaps tens of thousands of years) fractures that might
contribute to the dispersal of the dissolved nuclear waste to the environment.

In cement chemistry the following nomenclature is used: C = CaO, S = SiO2, A = AI2O,, F =
Fe,O,. H = H,O.
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To accomplish this objective the grout must be shown to have the following
properties:

* acceptable hydraulic conductivity (e.g., < 10"10 m/s)

* an ability to penetrate very fine fissures within the host rock,

* 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 significantly alter the groundwater
chemistry.

With these objectives and the practical requirements of emplacement in mind
cement grout reference formulations were selected for the laboratory and in
situ investigations.

Prior to the investigations in Phase 3 of the Stripa Project, extensive research
and laboratory testing had been undertaken by AECL Research and the
US/DOE to investigate the detailed properties of alternative cement-based
grout materials and mix proportions. The research program was associated
with in situ experiments being carried out in AECL Research's
Underground Research Laboratory (URL). The general objective was to
select a reference grout that would best meet the requirements and objectives
for sealing a repository in granite and difine the properties and beha iour of
both the unset and hardened grouts. This work provided the foundation for
the selection of th« reference cement grouts used in Phase 3 of the Stripa
Project. In view of us significance, major findings are briefly reviewed
here.

Three types of cement were considered in the AECL and the US/DOE
investigations; Sulphate Resistant Portland Cement (SRPC, Canadian Type-
50 US Type V), expansive cement (Canadian Type K) and ALOFIX-MC
(MC-500) a commercially available slag cement with extremely fine particle
size distribution (Gray and Keil, 1989). Table 3.1 shows the chemical
compositions of the cements investigated. These compositions were
determined by the Cement Canada Lafarge. The Type 50 and Type K
materials were supplied by Cement Canada Lafarge, Montreal, Quebec,
Canad?. The ALOFIX-MC was supplied by Onoda, Tokyo, Japan.
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Table 3.1 Chemical Composition of Cements Studied.

Type of
cement

Chemical
Compound

SiO2

A12O3

TiO2

P205

Fe2O3

CaO

SrO

MgO

Na2O

K20

S03

Loss on
ignition

TOTAL

Microfine
MC - 500

•ass Z

30.0

12.2

0.6

0.2

1.3

47.2

0.1

5.4

0.2

0.4

3.0

0.5

99.9

Type K

•ass Z

18.5

5.0

0.3

0.1

2.9

59.7

0.1

4.2

0.2

1.1

5.7

2.8

100.7

Type 50

mass Z

21.6

3.1

0.2

0.1

4.0

61.4

0.0

4.4

0.4

0.5

2.1

1.3

9 .2

Type 50 was considered as being appropriate for use in granitic rock where
some groundwaters contain sufficient quantities of sulphates to be considered
aggressive. While Portland cement grouts injected into saturated fracture
zones should not significantly shrink during setting and hardening, the use of
expanding cements (Canadian Type K) could be advantageous in sealing
applications. They may improve the contact at the grout-rock interface and
thereby limit flow.

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. The MC-500 cement is extremely fine and no regrinding was
necessary. Figure 3.1 shows the particle size distributions of the cement
investigated.
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Figure 3.1 Particle size distribution of cements studied.

The three cement types were tested alone and with silica fume incorporated.
The chemical and physical properties of this silica fume are shown in Table
3.2. Silica fume (a pozzolanic2 material) was used to minimize the amount
of readily soluble residual lime (CH) in the hardened products. The CH is
converted to less leachable CSH.
While the supposed prime benefit of this pozzolanic reaction is enhanced
durability, the studies showed that grouts with silica fume additive also
exhibited less bleeding and segregation (Al-Manaseer et al. 1990). Silica
fume was obtained from SKW Canada, Becancour, Quebec, Canada.

Pozzolanas are silicious matenals which, though not cementitious in themself, contain constituents
which at ordinary temperatures will combine with lime in presence of water to form compounds
which have a low solubility and possess cementing properties
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Table 3.2 Chemical composition and physical properties of silica fume.

Chemical Compound

Silicon dioxide

Aluminium oxide

Iron oxide

Calcium oxide

Magnesium oxide

Sulphur

Carbon

Sodium oxide

Potassium oxide

Loss on ignition

Physical

Specific surface area

Specific gravity

Fineness (mean diameter)

7. passing 45/ira sieve

Particle shape

Form

(SiO2)

(A12O3)

(Pe203)

(CaO)

(MgO)

(S)

(C)

(Na20)

(K20)

Z (by mass) in
composition

94.00

0.80

0.30

0.30

0.40

0.20

1.00

0.20

0.80

2.80

characteristics

(mVkg)

(tim)

18,000 to 20,000

2.22

0.1 to 0.2

95 to 100

spherical

amorphous

Superplasticizer was incorporated into all mixes to reduce the W/CM of the
grout while achieving a viscosity that is low enough to permit injection into
the rock (Aitcin et al, 1989). The superplasticizer used was a proprietary
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 3.2 and properties are
extensively discussed by Aitcin et al, 1989 and Onofrei et al, 1991. The use
of low W/CM ratio in a grout will tend to maximize density and consequently
minimize porosity.
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CH

n

Figure 3.2 Chemical formula of sodium salt of sulphonated naphthalene
formaldehyde condensate superplasticizer

The laboratory studies showed that low viscosity, non-segregating grouts
could be prepared using any of the three cement types investigated. The
amount of superplasticizer could 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 widely available material with its
engineering properties well documented in the open literature and, thereby,
met the requirements of a generic research program.

Thus, the reference grout mixture adopted for further used in field trials in
Canada 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% silica fume (by mass),
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* 1% superplasticizer (sodium salt of sulphonated naphthalene
formaldehyde condensate), by the total mass of cement plus silica fume
and

* water (W/CM between 0.4 and 0.6 by mass).

The Stripa Project, Phase 3 built on this data and experience and selected the
above mix composition as the basis of its laboratory and in situ
investigations. Recognizing the possible benefits of the fine particle size of
ALOFIX-MC and silica fume mixtures, these materials were also
investigated.

3.2 Pure cement compounds

Cementitious materials are complex mixtures of materials based on Portland
cement. Portland cement itself is a multiphase material. In general Portland
cement is considered to consist of four major constituents which are:
tricalcium silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate
(C3A), and tetracalcium aluminoferrite (C4AF). The various grades of
Portland cement that are used in common engineering practice contain
varying amounts of these phases (Table 3.3) which some addition of gypsum
to control the otherwise rapid hydration.

Table 3.3 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

Lov heat of
hydration

Sulphate resistant

C3S
Z mass

45-55

40-50

50-65

20-25

40-50

C2S
Z mass

20-30

25-35

15-25

45-55

25-35

C3A
Z mass

8-12

5-7

8-14

4-6

0-4

C4AF
Z mass

6-10

6-10

6-10

10-14

10-20

Measurements and observations on the leaching and transformations of pure
cement phases were required to provide the data necessary for conducting
and quantifing the theoretical predictions of cement longeviy and developing
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an improved understanding of the potentia! modes of degradation of cement -
based grouts.

To evaluate complexities introduced by trace elements and phases, laboratory
studies of cement leaching processes were carried out not only on the
industrial grade cements but also on mixtures of the following pure cement
compounds: C3S, C3A, CjS, and C4AF. The pure compounds were obtained
from Construction Technology Laboratories Inc. Skokie, Illinois.

The pure cement compounds were dry mixed to the mean proportions in
which they are found in Type SO portland cement and at water to
cementitious material (W/CM) ratios of 0.35 and O.S. Mixtures contained 0
and 10% silica fume and 1 % and 3% supeiplasticizer ( Na-SNFC).

3.3 Materials used in field trials

3.3.1 In Situ pilot tests

Stage 1 - surface tests

In preparation of the Pilot Field Test in the Time Scale area at Stripa,
a pre-test was conducted in Öved, Sweden. The test was conducted to
provide practical information to aid in planning and execution of larger
field experiments. The grout used in these tests consisted of:

* 90% by mass, sulphate, resistant Portland cement (Canadian
Type-50), reground to a Blaine fineness of - 6 0 0 mz/kg,

* 10% silica fume, by mass,

* 1.1% (dry mass) superplasticizer, based on the total dry mass of
SRPC plus silica fume,

* W/CM = 0.43.

Stage J - underground test

The Canadian Portland cement was found to have pack set (during
shipment) that produced hard and large agglomerates. Therefore, the
reground Canadian Portland cement (Type 50) used in the pilot test
was replaced with an equivalent Swedish cement, a fine grained
sulphate resistant portland cement with a specific surface area of ~
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600 m2/kg and a C3A content of less than 3% (by mass). The cement
was supplied by Cementa Cement, Danderyd, Sweden.

The grout adopted for the field trials in SAC Time Scale area at Stripa
was as follows:

* 90%, Swedish, fine grained Portland cement,

* 10% silica fume,

* 1% superplasticizer,

* water (W/CM) = 0.36

3.3.2 In Situ Test 2 - Grouting of the zone disturbed by blasting

The intention was to use the above grout in this in situ experiment, which is
described by Borgesson et al, 1992. Analysis of the grain size of the
Swedish cement revealed a higher percentage of coarser particles than in the
Canadian cement. Since penetration of very fine fissures was of interest, the
MC-500 cement was used, instead of either Canadian or Swedish cements,
for in situ Test 2. The available silica fume was found to be much coarser
than the silica fume used in the Pilot test at Stripa and in the Canadian
studies. Due to the variation in particle size distribution from batch to batch
of silica fume it was decided not to incorporate silica fume in the mixes. To
obtain the same fluidity of the unset grout paste prepared with the Canadian
cement (Type 50), W/CM - 0.35, 1% superplasticizer and 10% silica fume,
the high specific surface area of the microfine cement required higher
superplasticizer content and W/CM ratio to be used in Alofix - MC mixes.
Thus, the grout mixture adopted for the field trials was as follows:

* ALOFIX-MC cement,

* 1.4% Mighty 100 superplasticizer (a sodium salt of sulphonated
naphthalene formaldehyde condensate) which is a proprietary Na-SNFC
product similar in composition and effect to the Canadian product.

* water (W/CM = 0.45)

Control measurements in a test square in the floor of the room to be used for
the experiment indicated that the shallow rock could be disturbed by the use
of dynamic pulsed grout injection techniques. Other, static injection
techniques were tried for grouting the walls, floor and the roof. This
required some changes in the grout composition from the above mixture
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(Table 3.4). However the viscosity of the unset grout paste in the static
injection was similar to the viscosity of the unset grout paste used for the
dynamic injection of the floor.

Table 3.4 Grouting materials: Test 2, Stripa Trials

Location

Floor

E-vall

W-wall

Roof

Technique

Dynamic

Static

Static

Static

Superplasticizer

(Z)

1.4

3.0

1.5

1.5

W/CM

0.46

0.50

0.70

0.6

3.3.3 In Situ test 4 - Grouting of natural fracture zone

It was intended to use the same grout composition used in the Test 2 which
was carried out in two phases (see Pusch et al, 1991).

Phase 1

The mix used consisted in ALOFIX-MC cement, 1.4 % Mighty 100
superplasticizer and W/CM - 0.40. The only deviation from the original
mix composition was that the W/CM ratio was reduced from 0.45 to 0.40.
The adjustment was made to obtain a rnix with the same flow properties as
the mix selected from the laboratory investigations.

Phase 2

As in the first series, the ALOFIX-MC cement was used in the preparation of
the grout. Injection into the boreholes was achieved using dynamic injection
device. The results of the field mixing revealed different flow properties
from those of the grout used in the first phase grouting series. The variations
arose from batch variability of the ALOFIX-MC cement. The W/CM of the
mix had to be adjusted during the trials to 0.45, as in the original mixture, to
achieve the desired viscosity.

In all the in situ tests, mixing of the grout was performed in the following
deliberate sequence. A measured amount of water and superplasticizer were
introduced to the colloidal mixer and mixed for about 10 minutes. The
solution was circulated continuously while the powdered cement was added
in the mixer and mixed for 10 minutes. The grouts mixed easily in the
colloidal mixer and retained their fluidity for ~ 1 hour after mixing
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3.4 Summary

Table 3.5 Materials Used in Laboratory Tests and in Field Tests

MATERIALS

Cement Type1

Content2, X
Supplier

Pozzolan
Content2. X
Supplier

Water Reducer
Trade Name
Type3

Content4, X
Supplier

V / CM5

LABORATORY STUDIES

SRPC/50/V/R
100 - 90

Cement Canada
Lafarge

Silica Fume
0 -10
Becancour,
PQ, Canada

Superplast.
DI SAL

Na - SNFC
0 - 3

Randy Chemicals
PQ, Canada

0.4 - 0.7

ALOFIX/MC-500
100 - 90
Onoda Corp.
Japan

Silica Fume
0 - 1 0

Becancour,
PQ, Canada

Superplast.
DI SAL

Na - SNFC
0 - 3

Handy Chemicals
PQ, Canada

0.7

IN SITU TESTS

PILOT TEST

Stage 1

SRPC/50/V/R
90

Cement Canada
Lafarge

Silica Fume
10

Becancour,
PQ, Canada

Superplast.
DI SAL

Na - SNFC
1.1

Handy Chem.
PQ, Canada

0.425

Stage 2

SRPC/50/V/R
90

Cementa
Sweden

Silica Fume
10

Sweden

Superplast.
DI SAL

Na - SNFC
1

Handy Chem.
PQ, Canada

0.36

Test 1

ALOFIX
100

Onoda Corp.
Japan

0
N/A

Superplast.
Mighty 100
Na - SNFC

1.4
Onoda Corp.

Japan

0.45

Test 4

ALOPIX
100

Onoda Corp.
Japan

0
N/A

Superplast.
Mighty 100
Na - SNPC

1.4
Onoda Corp.

Japan

0.4 - 0.45

1. Canadian Type 50 = US Type V / R =« reground to 600 m2/kg.
2. Based on total mass of cement + silica fume.
3. Na-SNFC = sodium salt of sulphonated naphthalene formaldehyde condensate.
4. Mass of solid water reducer/(total mass of cement plus pozzolana) expresed as a percentage.
5. Mass of water to total mass of cement plus silica fume.
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3.5 Sample preparation

For the laboratory tests, ingredients 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. At
a later stage in the experiments a specially designed laboratory scale colloidal
mixer was used. 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.

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 50 mm cubes and 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 periods. 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
corundum powder immediately prior to the placing in the leaching cells.

For the pure cement compounds, the mixtures were batched by weight with
Na-SNFC content expressed as ratio of the weight of the solid Na-SNFC to
the weight of cement + silica fume. The mixes were prepared in a high
speed industrial blender. The mixtures were cured in sealed containers for
seven days at 10°C. Monolithic hardened grout specimens used in leaching
experiments were cut with a diamond saw and surfaces were lapped using
sand paper (600 grit) before the specimens were placed in the leaching cells.
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CEMENT PASTES (UNSET)

4.1 Rationale

As discussed in Section 3, the main purpose of the cement-based grout
materials is to seal for perhaps tens of thousands of years fractures in the
rock that might contribute to the dispersal of the dissolved nuclear waste to
the environment. To perform this function, materials are required to have a
series of properties ( see section 3) including workability.3 The effort
required to place a cement mixture is determined largely by the overall work
needed to initiate and maintain flow, which depends on the Theological
properties of the cement paste. Like durability, workability is not a
fundamental property of grout. To be meaningful it must be related to the
type of application and the methods of placing. Thus, to be workable the
material specifications will vary according to the methodology used for
placing the material. In applications such as those studied for the Stripa
Project, the criteria for workability will also vary with the location in the
sealing system (i.e., shaft seals, fracture zone seals or borehole seals) where
the material is to be used. Workability is a composite property. At least two
main components can be identified. These are: a) consistency, which
describes the ease of flow, and b) cohesiveness, which describes the
tendency for mixtures to segregate or bleed. The dependence of workability
on the application, the methods of placing and finishing, dictates that no
single test method can be designed to measure workability.

The process of grouting involves the injection of cement paste into the rock,
with limits control of flow direction and travel distances. In the rock the
grout will encounter a wide variety of pathways, with possibly wide range of
hydraulic conductivities. While a cement paste should have low-viscosity to
be injected into fine fissures and also to increase the distance of penetration
into fractures a high-viscosity cement paste will be preferred to fill wider
fractures. Thus, the grout to be used must, be selected on the basis of
"best" engineering judgement. Other factors included in this judjment
include the requirement for the cement paste once injected not to segregate
or sediment. Thus, the development of a "stable" cohesive cement paste is
required to limit the amount of bleed or sedimentation. Failure to limit the
bleed may result in uncontrolled open channels within the grouted fracture.
This, will compromise the overall hydraulic efficiency and quality of the
grouted rock mass.

In addition to the above factors, the time required for the cement paste to
achieve its initial set and to finally harden is important relative to its practical
use in the field. A quick setting time may be desired when grout is injected

Workability of cement and concrete is defined (A3TM C 125) as the property determining the
effort required to manipulate a freshly mixed quantity of cement or concrete with minimum loss of
homogeneity.
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into fractures containing flowing water. However, setting times are needed
to be long enough to allow for effective injection of a given batch before
hardening.

In view of the above, a series of laboratory tests were undertaken to
determine viscosity, setting time and bleed properties of cement-based
grouts. The injection and erosion properties were also studied.

4.2 Laboratory tests

The laboratory program was undertaken at AECL Research in Canada and
Clay Technology AB in Sweden. The results were used to select the specific
mix proportions to be used in the underground field tests and to confirm the
grout mixing and handling properties.

The properties of unset grouts for each of the following four types of
cements were investigated in laboratory:

1) Sulphate-resistant portland cement (Canadian Type 50)

2) Swedish finely ground port land cement (Cementa
injection cement)

3) Microdur (Dyckerhof AG, Wiesbade)

4) ALOFIX-MC-500 (Onoda Corporation, Tokyo)

The effects of adding dry, powdered condensed silica fume to the cement
mixes were investigated in anticipation that this pozzolan would react with
the lime liberated during cement hydration and convert it to less leachable
CSH. While the prime benefit is enhanced longevity, grouts with silica fume
additive may better penetrate fine fissures because of the fine particle size
distribution of silica fume (mean particle size in the range 0.1 to 0.2 /xm) and
exhibit less bleeding or segregation. Mixes with no silica fume and 10%
silica fume were investigated.

Superplasticizer was also incorporated into all mixes to reduce the W/CM
ratio of the grout, yet retain a low viscosity in the mix. The use of low
W/CM ratios in the grout mixes should enhance durability (Onofrei and Gray
1989) and reduce hydraulic conductivity. Mixes with superplasticizer
content up to 5% by mass of solids were investigated.

Properties of mixes with W/CM ratio between 0.2 and 1, with or without
silica fume and superplasticizer, were evaluated.
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4.2.1 Rheology

The rheological properties of fresh grout pastes were studied for various
mixes containing silica fume and superplasticizer.

The effect of additives on rheological properties of unset grouts were
evaluated under static and vibration conditions.

Viscosity

Viscosity of a fluid is the property that allows fluids to resist relative motion
and shear deformation during flow. The more viscous the fluid, the greater
the shear stress at any given velocity gradient. According to Newton's law
of viscosity,

' - < • - & • < • • » >

where r is the shear stress, dv/dy the velocity gradient, and n the viscosity,
more specifically the dynamic viscosity.

Relative viscosities of freshly mixed grouts were measured immediately after
being mixed in industrial blenders or in full-scale field equipment, using the
following viscosimeters;

* Bohlin Visco-88BV
* Brookfield RVTD
* Bohlin VOR
* Marsh Cone

The Bohlin and Brookfield viscosimeters are used to measure the resistance
of grout paste under a range of shear rates. The Marsh cone "efflux"
viscosimeter is a simple field devices for measuring the time necessary for 1
L of a grout to pass a 5-mm diameter orifice located at the bottom of a
standard 30° cone.

Static Tests

The Marsh cone results of viscosity for various reference grouts containing
different amounts of silica fume and superplasticizer are shown in Figure
4.1.
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Figure 4.1 The effect of superplasticizer contents on the Marsh cone
times.

The data show that the addition of silica fume increases the viscosity of the
mix, however this effect can be offset by increased superplasticizer content.
The limiting Marsh cone time for a mix with W/CM = 0.4 and 1 %
superplasticizer is approximately 60 s. The use of additional superplasticizer
would not appear to have any additional effect on reducing the viscosity and
if more fluid groui mixes are required, an increase in W/CM ratio would be
needed. Results from mixes with W/CM = 0.6 have shown to exhibit Marsh
cone times in the 40-s range (Table 4.1). There is a considerable effect of
water content on the Theological properties of the unset grouts. The increase
in water cement ratios in mixes with the same superplasticizer content leads
to further decreases in viscosity.
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Table4.1 A comparison of the Marsh cone for mixes performed in
laboratory industrial blender and full-scale high shear colloidal
mixer.

W/CM

0.6

0.4

SP*

<*>

1.25

1.00

1.50

1.25

1.15

1.00

0.75

Harsh cone (s)

Laboratory
industrial
blender

42

47

68

84

132

200

no flow

High shear
colloidal
•ixer

38

42

65

73

73

73

150

* SP = superplasticizer content (by mass solids)

Figure 4.2, 4.3 and 4.4 show the Bohlin viscosimeter results for various
unset grout mixes. The results for the reference grout mixed at W/CM = 0.4
with 10% silica fume and a range of superplasticizer contents (Figure 4.2)
show that the mix exhibits thixotropic properties for superplasticizer contents
less than 1.0%. This trend to exhibit thixotropic characteristics was evident
for most of mixes with higher silica fume and lower superplasticizer
contents. Increasing the superplasticizer content above 1 % did not appear to
have a significant effect in further reducing the viscosity. These results are
consistent with those from the Marsh cone tests and confirm that an increase
in W/CM will be necessary if mixes with lower viscosity than those tested are
required.

Tests to determine the effect of shear rate (7) on the shear resistance of the
unset grouts (Figure 4.3) indicated a log-log-linear relationship of the form:

bHn (4.2)

where: r = shear stress (Pa)
7 = shear rate (1/s)
7O= normalized shear rate ( = 1.0, 1/s)
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m = coefficient (Pa)
n = coefficient

The coefficient, n, is the slope of the line and thus a measure of the rate
dependence of the shear resistance. The coefficient, m, is a measure of the
gel stiffness and gel strength. If n = 1 the material is Newtonian and the ratio
m/7o will be equal to the true viscosity.

Figure 4.4 provides a comparison of the shear stress - W/CM properties for
cements with various particle size distributions. The data show a significant
increase in the shear stress of the grout paste with increaes in the specific
surface area of the cement. The Canadian Type 50 portland cement with the
lowest specific surface area (~ 650 mVkg) exhibited lower shear resistance
than ALOFIX-MC (MC-500) with a specific surface area of - 8 5 0 m2/kg.
Data indicate that for a given grout paste fluidity, the W/CM ratio for grout
pastes with finer cement ( i . e . , higher specific surface area) must be higher
than for grout pastes with coarser material (i.e., lower specific surface area).
Although the data indicate a direct correlation between water content and the
specific surface area for a given viscosity (equi-viscous behaviour), the
interpretation is complicated probably by the different chemical and phase
compositions of the cements studied.

to
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1.50% SP

0 200 400 600 800 1000 1200

shear rate (seconds "*)

Figure 4.2 The effect of shear rate on the viscosity of reference grout
mixed at W/CM = 0.4 with 10% silica fume and various
superplasticizer contents.
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The effects of temperature on the fluidity of grout mixture containing
Swedish finely ground portland cement, 10 % silica fume, 3%
superplastitizer and W/CM = 0.25 are shown in Figure 4.5. The data
indicate that viscosities tend to increase with increasing temperature. The
changes in viscosity due to increase in temperature were attnbuted to the
increase in the rate of the hydration reactions and consequently the formation
of increasing amounts of hydrated products. Figure 4.6 provides a
comparison of the shear resistance - temperature properties for grout mixes
with and without superplasticizer. The results show that the effect of
temperature can be offset by addition of superplasticizer. Data, also, indicate
that the superplasticizer may act as a retarder (delay setting). The
superplasticizer decreases the initial rate of hydration reactions for reasons
described by Onofrei and Gray (1989), Onofrei et al, (1991) and Pusch and
Fredrikson (1990).
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Figure 4.6 Effect of temperature on the shear stress for mix with W/CM
= 0.6 with 10% silica fume and no superplasticizer and for
mix w\thW/CM = 0.4 with 10% silica fume and 1%
superplasticizer.

Vibration tests

The Theological properties of colloidal suspensions change when they are
vibrated. In general, fresh grout pastes tend to fluidify in response to
vibration.

It was proposed to attempt to take advantage of this phenomenon during
injection of the grouts in Stripa mine. A grouting pump including vibration
was developed ( Pusch et al, 1991). To optimise pump design and grouting
procedures, knowledge of the responses of grout mixes to vibrations over a
range of amplitudes, frequencies and at different pressures were required.
Tests were accordingly conducted.

Figure 4.7 show the viscosity curves of cement paste with 10% silica fume,
0.75% superplasticizer and W/CM = 0.35 under vibrations with a frequency



-28-

of f = 40 Hz and amplitudes (7.) between 0 and 0.5. The results show that
the non-Newtonian paste become Newtonian when vibrated. The data also
indicate that the viscosity of the grout pastes decreases with increasing
amplitude of vibration (Figure 4.8). The higher the shear strain amplitude,
7 t , the lower the shear resistance. Increased fluidities are attributed to an
increase in particle dispersions resulting from increase in amplitude of
vibrations.

Figure 4.9 shows the effects of oscillating shear strain amplitude (7.) on the
coefficient, m, (Eq 4.2, which is a measure of the stiffness and strength of
the cement paste) at different applied frequencies. The data indicate a log-
log linear relationship of following form:

m = a(7./7? )b (4.3)

where: 7, = oscillating shear strain amplitude
7ao= normalized 7, (=1.0)
a = coefficient (Pa)
b = coefficient ( m at 7, = 1.0)

The shear resistance of grout pastes was found to decrease faster with the
increase in frequency of the vibration than with the increase in amplitude of
the vibration. However, to reach the same decrease in the viscosity of the
grout paste more power is required if the frequency is increased. The
required power was found to be direct proportional to 7å

2. The imposed
frequency of the dynamic injection pump developed for the Stripa Project
was set at about 40 Hz for this reason.
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4.2.2 Setting and bleeding properties

The reactions between cement and water are the primary cause of the setting4

of cement. The phenomena of stiffening5 , setting and hardening are
physical manifestations of the progressive hydration reactions of cement.
The beginning of the solidification called the initial set and, marks the point
in time when the pastes become unworkable. Accordingly, the injection and
placement of paste beyond this stage will impossible. Also, the initial and
final setting times of cement are the points, defined arbitrarily by the method
of test, which determine the onset of solidification in a fresh cement paste.
The initial and the final setting time, do not mark a specific change in the
physical-chemical characteristics of the cement paste; they are functional
points that define the limit of handling and the later defines the beginning of
the development of mechanical strength. The principal factors controlling
the setting times are W/CM ratio, temperature, and superplasticizer content
and cement type.

4 The term setting implies solidification of the plastic cement paste.

5 Stiffening is the loss of consistency (fluidity) by the plastic cement paste
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The time required for the grout to achieve its initial set and to finally harden
is important in relation to its practical use in the field. For example, a very
quick setting time may be desired when grout is injected into fractures
containing flowing water, although the material must remain fluid during
mixing and injection.

Setting times of the grout mixes were determined using Vicat needle test as
described in ASTMC-191.

The initial setting times were measured for grout pastes containing both silica
fume and superplasticizer. The initial setting times was determined at 10°C.
This represents the temperature expected at depth of 500 to 1000 m in the
Canadian Shield and similar rock masses.

The data in Figure 4.10 confirme that the superplasticizer tends to retard the
setting of cement paste and that the extent of retardation increases with
increased dosage of superplasticizer. However, the setting time for mixes
with superplasticizer contents as high as 1.5% is still within the range of
acceptable values for most field applications. Also, the data show that the
mixes with low superplasticizer content (i.e., 0.75% and 1.0%) have setting
times in the same range ( — 20 and 30 h) as mixtures without the additive or
the other additive, silica fume at W/CM's of 1 and 2. The retarding effect of
the low temperature (10°C) on the setting time is significant. It is generally
accepted that there is little cement hydration and strength gain if the cement
paste is kept at low temperatures ( i .e . ,< -10°C). The rate of hydration
reactions are enhanced by increasing temperature.

For all the mixes studied, final set was achieved in 3 to 5 h after the initial
setting, regardless of the amount of silica fume or superplasticizer content.
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Figure 4.10 The effects of silica fume and superplasticizer on the setting
time of cement (typy 50)-based grout mixed at W/CM = 4

Bleeding6 is a form of segregation and is characteristic of wet cement
mixtures. In test, bleeding results from the inability of the constituent
materials to hold all the mixing water in a dispersed state as the relatively
heavy solids settle. In situ it can be caused by filter packing and
consolidation of the material.

Superplasticized grout mixes with silica fume less bleed than plain cement
grouts; some grouts containing silica fume have been shown to have no
measurable bleed (Al-Manaseer and Keil, 1990). Decreased bleeding is
associated with decreased W/CM ratio and the addition of silica fume. Silica
fume powder consists of particles with an average diameter of 0.1 fim and a
surface areas in the range 20 to 25 m2/g. The addition of silica fume to the
cement mixes increases the surface area of the system and consequently
decreasing the amount of free water in the system. Moreover, the small

Bleeding is defined as the phenomenon whose external manifestation is the appearance of free
water on the surface of unset grout as the solids tend to move downward under the force of
gravity.
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p size of the silica :~ume results in a slower rate of settement of the
lispersev.' so'ici;.

The measurement of rate of bleeding and the total bleeding capacity of
freshly mixed grouts was determined as described in ASTM C-940.
According to the standard a sample of freshly mixed grout was poured into
1000 mL glass graduated cylinders and the height of the free water
accumulated on the surface after sedimentation was complete was measured.
Bleeding is expressed in term of the amount of accumulated water as the
percentage of net mixing water in the sample.

Figure 4.11 shows the effects of silica fume and superplasticizer on the
bleeding properties of various mixes investigated. The data indicate that the
addition of superplasticizer to the mixes without silica fume increases the
bleeding of the mixes. This is consistent with the current understanding of
the mechanistic function of the superplasticizer, it retards the setting of the
cement paste by delaying the hydratior. reaction to take place (Figure 4.11),
therefore, allowing for longer time the water to be free in the system. The
results show th:.1 the addition of silica fume to these mixes minimizes or
eliminates bleci.ng. Silica fume is an important ingredient in grout mixes
containing superplasticizer if the bleeding is to be controlled.
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Figure 4.11 The effects of silica fume and superplasticizer on the bleeding
properties of various fresh grout mixes

4.2.3 Penetration (Slot Injection Tests), piping and erosion properties

A series of laboratory tests have been performed to evaluate the injectability
and actual penetration of unset grout pastes in fractures with small aperture.
The tests were performed in a specially developed device consisting of two
perfectly plane steel plates with an aperture of 100 /xm. The full description
of the experiment design and method has been given elsewhere (Pusch et al,
1988). Table 4.2 summarizes the compositions of the various mixes used in
the tests. The grout mixes consisted in the finely ground Swedish cement
used in the pilot tests, mixed at various W/CM with 10% silica fume and
different percentages of superplasticizer. The mixing was performed in
colloidal mixer. Table 4.3 summarizes the injection tests conditions.
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Table 4.2 Grout Mix Proportion: Slot Injection Tests.

Test No.

1

2

3

A

5

6

Cement

Cement

Cement

Materials

+ 10Z SF* H

+ 10Z SF +

n

ii

it

+ 10Z SF +

• OZ SP**

0.42ZSP

1.1Z SP

W/CM

0.50

0.37

0.A2

n

n

0.A2

* SF : s i l ica fume (by mass)
** SP : superplasticizer (by mass solids)

Table A.3 Injection Pressures Used in the Slot Injection Tests.

Test

A

Static pressure
(MPa)

2 - 3

Dynamic
amplitude

(MPa)

3 - 7

Frequency
(Hz)

A0

The results of the tests are summarized in Table 4.4. The penetration
distance increased with increases in W/CM and superplasticizer content. The
increase in penetration distance reflected the decrease in the viscosity of the
mixture resulting from the increases in superplasticizer content and W/CM
ratio. The penetration distance increased from 55 cm under static pressure to
120 cm under dynamic pressure. This could be attributed to an increase in
fluidity of cement paste by an increase in particle dispersion under dynamic
pressure conditions. Visual examination of grout after the injection in the
slot revealed the absence of visible pores and no variation in the density.
These results confirmed the expectations from the viscosity and bleed studies
and indicate that vibrations and superplasticizer can be effectively used to
enhance the injection of a coherent, grout with low W/CM into fractures of
small aperture.
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Table 4.4 Summary Results of the Slot Injection Tests.

Mix
Composition

Swedish cement mixed at
W/CM = 0.5
with 10Z SP and 0Z SP.

Swedish cement mixed at
W/CM =0.37
with 10Z SP and 0.42Z SP.

Swedish cement mixed at
W/CM =0.42
with 10Z SF and 0.42Z SP.

Swedish cement mixed at
W/CM =0.42
with 10Z SP and 0.42Z SP.

Swedish cement mixed at
W/CM =0.42
with 10Z SP and 1.1Z SP.

Time*
(minutes)

9

9

11

20

20

Penetration Distance
(cm)

45

125

55"

120

210

* Time between mixing and the injection

** Only s ta t ic injection pressure

Grout pastes are expected to be exposed to hydraulic gradients of various
magnitudes directly after their injection into rock fractures. These gradients
may cause piping or erosion of the unset grout pastes.

The resistance to piping and erosion of unset cement paste was determined in
specially designed cells. The full description of the experiment design and
method has been given elsewhere ( Onofrei et al, 1989, Pusch et al, 1988).
The critical value of flow that caused erosion of unset grout paste was
determined in slots with widths ranging from 50 to 150 pm. Using a
polarizing light microscope linked to a video camera, the dynamic
microscopic degradation of the grout paste front and piping phenomena were
examined. The particle sizes of the material eroding from the grout were
measured and attempts were made to identify the mineralogy of eroded
material. Table 4.5 summarizes the results from piping and erosion tests on
Canadian Type 50 cement with Blaine fineness of 600 m2/kg mixed at W/CM
= 0.41 with 10% silica fume and 1.5% superplasticizer.
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Table 4.5 Investigation of the Physical Stability of Po r t l and Cement
Pastes.

Time
(min)

1

3

5

10

20

Aperture
(Mm)

150

150

150

150

150

Critical
Piping
Pressure
(kPa)

<1.0

2.7

5.6

12.6

8̂0

Erodability

5

5

3

1

Particle
Size
<*un)

5-100

5-100

5-20

5-20

5-10

Critical
Flow

Velocity
(m/s)

10-5

10-5

3 x 10-5

5 x 10-5

10-«

The critical flow velocity needed to initiate erosion and the average eroded
particle size range are included, the erodability of the cement paste was
graded from 1 to 5, with the lowest number referring to the cement paste
with a strong resistance to erosion. The erosion of the cement paste front
was extensive up to 5 min after injection. Thereafter, erosion decreased
rapidly and within 20 minutes was very limited. The critical flow velocity
was found to be between 10'5 and 5 x 10'5 m/s for times of 1 to 10 minutes
after mixing and placing in the cell. Twenty minutes after mixing, a flow
rate greater than 10̂ * m/s was needed to cause erosion. At times up to 3
minutes after mixing, particles ranging from 5 to 100 ^m in size were eroded
from the cement paste. Thereafter, only very small particles, 5 and 15 /xm
in size, were eroded.

Observations showed that, as early hydration process proceeded, larger
hydrated aggregates were formed, whereas after 20 min, only discrete, very
small particles ( < 5 ^m) were eroded from the grout.

The piping pressure was found to increase with time, as the hydration
reaction proceeded, to a value as high a 80 kPa after 20 min (equivalent
hydraulic gradient > 800). It should be noted that initial setting time for the
grouts can exceed 5 h (section 4.2.2). Thus, the erosion data indicate that,
whilst hardening, the grouts should have excellent erosion and piping
resistance very shortly after injection into fractures with fine apertures.
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4.2.4 Summary

Laboratory investigations focussed on superplasticized grouts containing
silica fume mixed at low W/CM ratio. Alternative cements, both normally
ground and finely reground, were studied. Mixing trials were performed in
both industrial blenders for mixing small batches and in a full-scale high-
shear colloidal mixer.

The laboratory studies showed that low viscosity non-segregating grouts
could be prepared using any of the cement types studied. The amount of
superplasticizer could be varied within the range of 0.75 to 1.5% to achieve
the desired viscosity that may suit many field applications, without
significant impacts on setting time. Superplasticizer acts as a retarder,
delaying the setting time of the cement pates. However, the addition of
silica fume can offset this effect to a certain degree.

The grouts containing silica fume are thixotropic - yet retaining a low
viscosity if continuously agitated or vibrated. Very vigorous stirring
enhanced fluidity and delayed setting of the mixes. The grouts mixed easily
and thoroughly in high-shear colloidal mixer and retained their fluidity for
one hour after mixing. The data also indicated that the high-shear colloidal
mixer was more efficient than the laboratory blenders allowing a reduction in
the superplasticizer content. Specifically, industrial blender mixed grout
with 0.75% superplasticizer was too thick or viscous to flow through the
Marsh Cone. However the same mix made in the high-shear colloidal mixer
had a cone time of 150 sec (Table 4.1).

Results indicate that grouts should have excellent erosion and piping
resistance very shortly after injection into fractures with fine apertures. In
fractures with large apertures, careful control of pressures on the grout over
the first few hours after injection are likely to be required to ensure that
piping and erosion of the grout does not occur.

4.3 Field tests

The laboratory studies showed that low viscosity non-segregating grouts
could be obtained using any of the cement types studied. With exception of
the unset mixture prepared with Microdur, all the other cement mixes tested
produced similar results in the viscosity tests. Microdur cement mixes were
more sensitive to vibrations and exhibited slightly higher fluidity. Studies
indicate that Microdur cement required more water than reground Canadian
cement and ALOFIX-MC, for equivalent viscosity (Figure 4.4). Particle
size distribution analyses indicated that ALOFIX-MC is much finer than the
Canadian cement and no regrinding was necessary. Logically, decreasing the
grain size of the cement and decreasing the viscosity of the cement paste
should provide penetration into fractures with very small apertures (i.e,
> 100 ^m) and improve the penetration depth. Thus, superplasticized,
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ALOFIX-MC cement was selected for field trials at Stnpa mine. The
composition of the grouts adopted for the field trials at the Stripa mine were
described in Section 3.3.

The results from field trials of superplasticized grout at Stripa confirmed
some of the findings in the fields trials at AECL Research's Underground
Research Laboratory in Canada (Gray and Keil, 1989). Specifically, no
problems were encountered in the field trials in mixing, handling or pumping
of the grout. The injected grout produced only a very limited geochemical
signature in the groundwater. This indicates that the injected grout exhibited
no segregation or bleeding after the injection. Setting times for the grout
mixes used in the field trials agreed well with those observed in the
laboratory. However, variations on flow properties of the mixes from batch
to batch of cement occurred. These variations in viscosities were attributed
to the variation in the degree of agglomeration of the cement due to hydration
reaction during shipment and storage of the cement batches. Adjustments in
the W/CM or superplasticizer content were needed to obtain mixes with the
same flow properties.

Examination of the cores drilled in the grouted zone at Stripa, where
fractures between 2 and 3.2 m from the tunnel wall were grouted, indicated
grout penetration into the fractures which was largely in agreement with
penetrations obtained in the laboratory using the artificial fracture. The field
trials indicated that the penetration depth and the degree of filling depended
on the fracture configuration and presence and the amount of infiling
minerals. Microscopic examination of the grouted rock samples to determine
the degree of penetration of the grout into fine fissures revealed that grout
penetrated fractures with apertures as small as 10/im (Pusch et al. 1991).
This confirmed the findings in the field trials at the URL in Canada ( Gray
and Keil, 1989; Onofrei et al, 1989).

4.4 Discussion

The work focussed on low water/cement ratio superplasticized cement
grouts, containing silica fume. Admixtures such as silica fume and
superplasticizer were incorporated in grout mixtures to produce desired
changes in the physical properties of the material. Specifically, the
admixtures were used to alter the viscosity of the fresh cement product and
enhance workability, to modify the setting time and to improve the stability
of the fresh paste to satisfy placement requirements.

The laboratory and field trials tests indicated that the addition of
superplasticizer and silica fume produced mixtures with improve consistency
permitting the mix to be handled and pumped into the fractures without
segregation of the components.
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It is known that the properties of the hardened grout depend on the density at
which it is emplaced ( Neville, 1981). In turn, this depends on factors such
as the consistency of the paste and the equipment used for placing it. For
example, a grout used for sealing fine fracture in rocks or sealing boreholes
will require different flow properties and methods of emplacement than a
concrete used for constructing a bulkhead.

Laboratory and the field trial tests, clearly, indicated that matching the
Theological properties of the fresh grout to the method of emplacement will
give the best prospect for the performance of hardened seal. The Theological
behaviour exhibited by the grout paste was found to depend if the cement
paste is injected into the fractures in the rock by applying pressure,
dynamically or statically to the grout paste. Laboratory and field tests
indicated that the decreasing the grain size of the cement and viscosity of the
cement paste increased the depth of penetration into fine fractures, and
improved the effectiveness of the seal produced.

Addition of silica fume and small amounts of superplasticizer not only
reduced viscosity of the paste without increasing W/CM but also improved
workability of the the cement paste and increased the density of grouts.
Reducing the W/CM ratio is an effective means of decreasing permeability
and it is known that the durability of hardened grout is related to
permeability. Therefore, the use of cement paste with low W/CM ratio has
the potential to extend the life of a seal.
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5 HARDENED GROUTS

5.1 Rationale
The laboratory and field tests showed that workable grout could be produced
with low W/CM. Once injected into the rock and hardened, to perform
effectively as components of the sealing system, these grouts are required to
maintain low hydraulic conductivity both intrinsically and at the interface
with rock for very long periods of time. Furthermore, the hardened grouts
must have volumetric stability and structural and mechanical properties that
permit retention of low hydraulic conductivities under expected variations in
the repository environment.

To assess these aspects of performance basic data on the hydraulic,
mechnical, and microstructural properties of the materials are required.
Injected into the rock the grouts could fill fractures with apertures ranging
from 10's /xm to several milimeter». Thus the properties of the materials in
bulk and as thin films are required

5.2 Laboratory tests

Extensive research and laboratory testing were undertaken to investigate the
detailed properties and expected performance of the hardened grouts in both
bulk form and as thin films.

The primary objective of the program was to document the properties of the
selected reference grouts and attempt to assess the effects of some of the
environmental factors on their properties.

5.2.1 bulk grout properties

5.2.1.1 Hydraulic Conductivity Properties
Permeability7 to water in cementitious grouts is an important factor to grout
durability. It is generally known that the durability of hardened cement
exposed to aggressive aqueous environments is related to permeability, and
thereby, to the pore structure of the hardened cement. Permeability is an
indicator of the ease of passage of liquids and gases in grout. Whereas, the
total porosity of hardened cement paste is not uniquely related to
permeability, the maximum continuous pore radius is. The maximum
continuous pore radius is representative of the size of pores in which the
water flows. The permeability coefficient of a liquid flowing through a
porous solid can be expressed by the following form of the Darcy equation:

7 Permeability is defined as the property that governs the rate of flow of a fluid into a porous solid
(Mehta. 1986)
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Q = - kA/M (dP/dx) (5.1)

where Q is the volumetric flow rate (m3/s), A is the total cross sectional area
(m2), and ^ is the viscosity of liquid. P is the component of the pressure
capable of causing flow; k is the permeability coefficient which is
characteristic of the porous medium and independent of the fluid, provided
that the fluid flow is laminar. When considering water flow in cement it is
common to calculate the hydraulic conductivity, K, as given by the equation:

Q = - AK (dh/dx) (5.2)

where dh/dx is the hydraulic gradient across a specimen and is
dimensionless. For clarity it is sometimes expressed as metres of water head
/ meters of distance (m/m). This notation is used here.

Permeability of hardened cement can be reduced by decreasing the porosity,
maximum pore size, and the extent of inter-connectedness of pores.
Reducing W/CM is an effective means of decreasing the permeability.
However, significant decreases in the W/CM can result in difficulties with
placing and consolidation of cement. It was shown in Capter 4 that these
difficulties can be overcome by the use of water reducers (such as
superplasticizers) and the addition of pozzolanic materials. The addition of
pozzolanic material alters the microstructure of the cement that forms on
hydration. Studies by Sellevold et al (1982) and Cheng-Yi and Feldman
(1985) indicate that pozzolans, such as silica fume, do not significantly
influence total porosity. They reduce the volume of capillary pores, while
increasing the hydrated product porosity, and significantly decrease the
volume of inter-connected pores. By producing smaller and more
discontinuous pores, the addition of silica fume to cements markedly
decreases the permeability of cements.

Hydraulic conductivity (K) and permeability of grouts based on the reference
grout were determined at Whiteshell Laboratories of AECL Research,
Pinawa, Manitoba, Canada. The W/CM by mass of the grout was varied
from 0.4 to 0.8. For comparison reasons, a grout of a similar composition
but containing no silica fume was also investigated. Fluid grouts were
prepared as described in Section 3.1. Grout specimens were cast in 75 mm
diameter, 150 mm long plastic cylinders and hardened for 24 hours before
demolding. They were cured at room temperature in saturated lime-water
for 49 d. After curing, the specimens were centrally, axially cored to
produce a hollow cylinder with a 25 mm wall thickness. The cylinder ends
were ground square for mounting in the test cell.
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Tne hydraulic conductivity tests were earned out in a specially constructed
constant-head hydraulic conductivity cells capable of sustaining hydraulic
pressures of up to 10 MPa (Figure 5.1). Water was flowed radially through
the specimens either convergently (with exterior pressure on the specimen
higher than the interior) or divergently. Thus, K was measured with grout
specimens either in circumferential compression (convergent) or
circumferential tension (divergent).

13

i i

1. Center retaining bolt
2. Water Inlet/outlet
3. Air blaad fitting
4. Cell top
5. Canter retaining bolt O-rlrtg
8. Upper and cap
7. Naoprana gasket
8. Specimen chamber
9. Grout specimen

10. Lower end cap
11. Lower end cap O-rlngs
12. Specimen chamber O-ring
13. Water outlet/inlet
14. Cell bottom

10

12

14

Figure 5.1 The hydraulic conductivity test cell.
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The water supply lines to the outer chamber of the cell and the inner core of
the specimen were connected through specially designed oil/water interface
flow measuring systems (Figure 5.2). These allowed for flow into, or out
of, the cell to be measured with a precision of 0.01 mL. The chambers were
kept filled with water throughout the tests.

Figure 5.2 Diagram of flow measuring systems.

In the first series the tests, when specimens were in circumferential
compression (compressive flow), the flow was monitored under cell
pressures of up to 9500 kPa with grout core pressures of up to 200 kPa. In
the second series, when specimens were in circumferential tension (tensile
flow), the flow was monitored with grout core pressures up to 2000 kPa and
cell pressures up to 500 kPa.

Figure 5.3 to Figure 5.4 present the results of the compressive test series and
show the effects of W/CM ratio and silica fume content on the flow under
hydraulic pressure differences of up to 9500 kPa. Figure 5.3 present results
for grouts with no silica fume. For comparison, Figure 5.4 present results
for mixes containing 10% silica fume.
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Figure 5.3 Effect of hydraulic pressure on the time-dependent flow
through grout under compression for the mix with: a)
W/CM=0A and b) W/CM=0.6 with 0% silica fume.
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Figure 5.4 Effect of hydraulic pressure on the time-dependent flow
through grout under compression for the mix with: a)
W/CM=QA and b) W/CM=0.6 with 10% silica fume.
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The results show that all specimens have had the ability to store some water
over the range of time and pressures studied. At hydraulic pressure
differences < 4000 kPa (gradient (i) < 16500 m/m), as indicated by
negative flows, specimens with no silica fume took up water on both their
upstream and downstream faces. Similar behaviour was observed for the
specimen containing silica fume at W/CM = 0.6 (see Figure S.4) at hydraulic
pressures differences < 7600 kPa (i < 31000 m/m). With hydraulic
pressures differences > 4000 kPa (i > 16500 m/m), with some storage,
specimens with no silica fume transmitted water in direction of i. Hydraulic
pressure differences equal to or greater than 8600 kPa (i > 35000 m/m)
were needed for similar behaviour in specimens containing silica fume. The
data in Figure 5.3 and Figure 5.4 show that, for any one specimen, inflow
rate (i.e., the gradient of the flow-time graphs) does not change significantly
with hydraulic pressure difference.

LEGEND:

Inlet pressure 1000 kPa
1500 kPa
2000 kP«

o

-1

- 2 '•

Notes: 1. Outlet pressure constant at 0 kPa
2. Sign CoaTentioa - Flow +*e in

the direction of the hydraulic gradient

Inflow

_ _ 0

Outflow

14 28

Time (Days)

42

Figure 5.5 Effect of hydraulic pressure on the time-dependent flow
through grout under tension for the mix w.;n W/CM=0A and
10% silica fume.

Flow data for the grout containing silica fume at W/CM =0.4 with the
specimen in tension with hydraulic pressure differences of up to 2000 kPa are
presented in Figure 5.5. Hydraulic pressures higher than 2000 kPa exceeded
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the tensiir strength of the specimens. The results showed there was no
measurabc: through-flow of water until tensile strength was exceeded. These
findings arc smilar to those obtained from grout samples with similar
composition that were subjected to a compressive radial flow. Under both
compressive and tensile stress conditions water flow did not follow the Darcy
flow equation. Only under very high hydraulic gradients, which could only
be tolerated under compressive stress conditions, did water tend to flow
through the specimens.

Assuming that Darcy's equation ( Q = KAi) applies at the highest gradients
used then for the tests configuration, K can be determined using the
following equation:

<5'3>

where L is de length of the specimen; re and r; are the exterior and interior
radii of the specimen respectively; and Pe and P; are respectively the exterior
and interior pressures experienced by the specimen, expressed as head of
water

Figure 5.6 shows the effects of silica fume and W/CM on K determined from
the high pressure tests. Results derived from both upstream and downstream
data are shown. In general, adding silica fume decreases the apparent
hydraulic conductivity of the grout which, for the grout containing silica
fume, is approximately 1015 m/s and is little influenced by W/CM. It was
noted earlier that the addition of pozzolanic (i.e., silica fume, fly ash)
material alters the microstructure of the cement that forms on hydration.
Studies by Sellevold et al (1982) and Cheng-Yi and Feldman (1985) indicate
that pozzolans, such as silica fume, do not significantly influence total
porosity. The pozzolans reduce the volume of larger capillary pores, while
increasing the hydra ted product porosity, and significantly decrease the
volume of inter-connected pores. By producing these smaller and more
discontinuous pores, the data show that the addition of silica fume to cement
markedly decreases the permeability.
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Figure 5.6 Effect of silica fume and W/CM ratio on the hydraulic
conductivity of grouts (i ^28500 for grouts with 0% silica
fume and i= >35OO for grouts with 10% silica fume).

The data show that the grouts containing silica fume have very low hydraulic
conductivity ( i.e. < 10'14 m/s). Also, the data show that both 0.4 and 0.6
W/CM ratio grouts are practically impermeable under hydraulic gradients (i)
up to 36 000. In a sealed repository i may be as low as 10'2 (Chan, 1988).
At these low gradients water did not pass through the specimens and the
grouts showed a tendency to uptake and store water.

A number of possible explanations could account for the total resistance to
the through-flow water at relatively low gradients. These include the
presence of entrained air in the pore spaces, continued hydration reactions
and morphological transformation of hydrated cement minerals. Results
from the tests conducted on specimens contained in the systems from which
air has been virtually excluded are shown in Figure 5.7. The results show
that at hydraulic pressures differences > 1000 kPa the air entrapment does
not appear to be major factor affecting flow resistance. Furthermore, under
wet conditions, the hydration processes continue and concomitant changes in
microstructure occur due to an increase in the volume of hydration products
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(Onofrei et al 1990; Alcorn et al 1989). This latter observation is further
supported by the data presented in section 6. Changes in the material
structure are, also, reflected in the volume of the grout, which increases with
time when the grout is in contact with water (section 5.2.1.2 Figure 5.21).
The latter two factors appear to be the major cause of the very low hydraulic
conductivity of the reference grout.

3r

o

1400/400 kPa

Upstream

Type 50, 0.6-1-10

Deaerated

Aerated

5400/400 kPa
Upstream

Downstream

Downstream

20 40 60

Time (days)

80 100

Figure 5.7 Effect of hydraulic pressure on the time-dependent flow
through grout under deaerated and aerated conditions for the
mix with W/CM=0.6 and 10% silica fume.

The pore structure of the grout specimens was investigated before and after
permeability measurement using mercury intrusion porosimetry (MIP).
Samples were prepared for intrusion by breaking the cylinders into small
pieces and drying them in oven at 85°C for two days. Specimens used for
MIP measurements were a few mm in thickness and weighted between 1 to
1.8 g. The pore size distribution was determined by MIP assuming
cylindrical pore geometry and a contact angle of 140° in the Washburn
equation:
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p = - 4 y.cose

where P is the applied pressure, 7 is the surface tension of mercury taken at
480 dynes/cm, and 0 is the contact angle between mercury and the surface on
intrusion and d is the smallest diameter through which mercury will penetrate
at a hydrostatic pressure P. The volume of mercury intruded at the
maximum pressure was considered to be the total porosity.

Figure 5.8 and Figure 5.9 present comparisons of the pore size distributions
test results from mercury intrusion porosimetry test on the reference grout
made with Type 50 reground cement, 10% silica fume and 1%
superplasticizer at W/CM = 0.4 and 0.6.

The results from pore structure characterization using MIP indicate changes
occured in the grout structure during the permeability experiments. The
grout samples showed a decrease in total pore volume and a shift of pore
radii toward smaller values. These effects are considered to be mostly
caused by the continued hydration reaction and, therefore progressing
densification of the microstructure of the grout specimens when in contact
with water. The results also indicate that the changes in the microstructure
are more significant in the grout with high W/CM (0.6). A larger decrease in
the pore volume and in the pore radii was observed (Figure 5.9). The
amount of pore space that has to be filled is a function of the initial water
content, whilst the amount of the new hydration products, as a result of the
increase in degree of hydration, is a function of the relative surface area of
cement in contact with water. It follows that in higher water-cement ratio
mix, due to a more open-texture, the surface area of cement in contact with
water is higher and, therefore, the rate of hydration is faster and sufficient
hydration products are produced to fill the pore spaces.
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5.2.1.2 Strength, Shrinkage and Elastic Properties

The strength, shrinkage and elastic properties of high-performance grouts
were determined to provide basic engineering information for the future
application of the materials. Moreover, the strength parameter can be linked
through established relationships with other important material properties
and, thus, allows for the relative assessment of different grout types and,
partly, for the effects of environmental factors on the properties.

The unconfined compressive strengths of grouts based on the reference
material and MC-500 were determined at the Whiteshell Laboratories of
AECL-Research, Pinawa, Manitoba, Canada and, largely, in accordance
with the methods specified in ASTM-C39-84 and ASTM-C109-84. Tests
were carried out on 50 mm cubes and on 75 mm diameter 150 mm long
cylinders using an ELE Autotest 2000 compression testing machine
conforming to ASTM-C39-84. The machine was calibrated annually by the
manufacturer and the calibration checked at approximately monthly intervals
using load column number EL 1O-835O/N which was calibrated in
compliance with BS 1610 by the National Physical Laboratory of U.K.
Grout was prepared as described in Section 3.1 and cast into the cube or
cylinder moulds within 15 minutes of mixing. After final setting the
specimens were demoulded and cured either in saturated lime water
according to the requirements of ASTM-C39-84 or in WN-1 artificial
groundwater (see Table 6.3 for the chemical composition). Separate
specimens were cured in each of the water types at 10°C and 20°C and tested
after periods of 3,7,14,28,90,365 and 722 days after casting. The cubes
required no special preparation prior to testing. The ends of the cylinders
were ground square and parallel using an end grinder supplied by Marvi &
Co. Ltd and conforming to conditions described in ASTM-C617-84.

At the same time that the strength specimens were cast, shrinkage prisms
were made and tests carried out largely in accordance with the method
defined in ASTM-C 490-86. Immediately after demoulding, the majority of
the prisms were placed in chambers with temperatures maintained at +/- 1°C
in the range from 10°C to 80°C. Relative humidity was allowed to fluctuate
with the laboratory and chamber conditions. Changes in specimen length
were measured using the ASTM specified micrometer gauge at appropriate
time intervals. After 240 days in the curing chambers, the prisms were
immersed in saturated lime-water and the changes in length due this action
were monitored with time. Control specimens were immersed in saturated
lime water immediately after demoulding with changes in length being
monitored at appropriate intervals of time. The effects of thermal expansion
and contraction on the specimens were allowed for in the evaluation of
volume change which was corrected to 20°C.
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Triaxial tests were carried out on cylindrical specimens of various grouts at
the Rock Testing Laboratories. CANMET. Ottawa. Canada. Details of the
testing equipment and techniques used are provided elsewhere (Gorski,
1987). Tests were carried out on specimens with a diameter of 50 mm and a
length of 100 mm at cell pressures of 0,7 and 35 MPa. Data were analysed
using the stress invariants q=a | -a 3 (deviator stress) and p=(a,+2a 3 ) /3
(spherical stress), and the strain invariants e,=2(e,-£3)/3 (shear strain) and
£„=(£,+2£3) (volumetric strain). Using the sign convention of compression
and compressive stress as positive allowed for the evaluation of the bulk (K)
shear (G) and elastic, Young's (E) moduli in accordance with the standard
elastic constitutive relationships (Schofield and Wroth, 1969). The values of
Poisson's ratio (/x) measured during the shear stages of the tests were
employed. The measured incremental values of principal stresses and
principal strains were used to evaluate the tangent parameters. Some
difficulty was experienced in evaluating the absolute values of minimum
principal strain (e3). A strap gauge was used the measure this parameter.
This instrument only functions effectively during the shear stages of the tests
(when £3 is negative). Some interpretation of the compression data was
required. This relied on the judgement that the materials behaved
isotropically during the isotropic compression stages of the tests. These
factors were considered in the following interpretation of the data.

All the unconfined compression, shrinkage and triaxial tests were carried out,
at minimum, in triplicate.

Figures 5.10, 5.11 and 5.12 present comparisons of the mean unconfined
compression strength test results from the cube and cylinder test specimens
for grouts made with 10 per cent silica fume and Type 50 cement at W/CM
= 0.4, Type 50 Reground cement at W/CM = 0.4 and Type 50 Reground
cement at W/CM = 0.6, respectively. The effects of curing time,
temperature and curing solution composition on the unconfined compression
strengths are shown.

The trends in the data from the cube tests are more consistent than those in
the cylinder test data. Moreover, generally, the mean measured values
shown in the figures were, for the cube tests, from data with a range of +/-
1.5 % of the mean. The values from the cylinder tests were more variable
with a range of +/- 7.5 % of the mean, with the range tending to increase
with curing time.
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It was observed that some of' the cylindrical specimens had cracked across a
diameter during curing. A typical cracked specimen is shown in Figure
5.13. The morphology ot" the fracture surface is typical of tensile failure o\
fine grained, cemented materials. This occurred increasingly with increased
curing time. None of the cube specimens exhibited this phenomenon. In this
respect it is noted later that when constantly cured in lime water, the linear
shrinkage tests indicated that the material tended to expand. This may
account for the tensile cracking seen in the cylindrical strength specimens.
The tensile stresses could be generated by differentia! volume change
between the outer and inner elements of the bulk specimens. Shrinkage of
the inner elements of the specimens could create similar phenomena and
insufficient data are available to allow for the exact cause of cracking in the
cylindrical specimens to be discerned. The size of the cylindrical specimen
appears to be a determinant in the cracking processes. Subsequent testing
with 50 mm diameter, 100 mm long specimens has significantly reduced the
incidence of cracked specimens and decreased the variability in the
unconfined compressive strength test results at ages o( up to one year. This
smaller size of specimen was used in the triaxial tests. Due to the variability,
the remainder of this discussion on the unconfined compressive strength test
results is largely restricted to the data obtained from the cube specimens.

'::V&V:T'::"5K* v«-«v-

Figure 5.13 Typical cracked grout specimen.
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The data shown in Figure 5.10 to 5.12 show that in a!! cases the unconfmed
compressive cube strengths (aull) tends to increase with curing time for
periods of up to 2 years. Except at 722 days ( - 2 years) for the Type 50
cement mixtures, strengths of specimens cured at 10°C are less than those for
similar mixtures cured at 20°C. Superficially, the temperature effects are to
be expected and for conventional cements and concretes can be normalized
by using the maturity parameter (M) (M = temperature * age, in °C*days).
For conventional cements and concretes a log-linear relationship of the form
ff

Uh = A + B l o§ M» where A and B are constants, can be expected (Neville,
1981). A statistical analysis of the data showed that this was the case for all
the data from the mixtures containing Type 50 cement at W/CM = 0.4.
Equation 5.5 was derived for this grout.

auh = -12.57 + 33.75 Log M (5.5)

The coefficient of determination was 0.96, which indicates an excellent fit
with the data. Better fits were not obtained when the data was separated by
either temperature or curing water composition.

Similar analyses of the data from the 50R/0.4/10/18 and 50R/0.6/10/0.75
mix provided the relationships shown in Equations 5.5 and 5.6, respectively,
with significantly lower coefficients of determination (0.85 and 0.82,
respectively).

fful, = 15.81 + 26.96 Log M (5.6)

ffuI, = -7.26 + 18.76 Log M (5.7)

Resolving the data into temperature fields significantly increased the
coefficients of determination. Resolving into curing water composition
decreased the coefficients of determination for both mixtures.

These statistics indicate that the reground grout material is dissimilar from
conventional cements and may indicate that the hardening processes
(hydration reactions) are affected as temperature is increased from 10°C to
20°C. The data from the 50/0.4/10/0.75 mixture confirm that the
superplasticizer does not significantly affect the long-term hardening
behaviour of this material. The curing water composition does not appear to
significantly influence the mechanical properties of any of the tested
materials.

8 cement type/W/CM/silica fume (%)/ superplasticizcr (%)
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The data shown in Figure 5.14, which shows the effects of superplasticizer
content on the strengths of 50R/0.4/10 and 50/0.4/10 cured in lime water at
20"C, tend to confirm the above observation with regard to the effects of
superplasticizer. Only at curing periods of 7 days or less for 50R/G.4/10 is
0ult decreased with increasing superplasticizer content. This further confirms
the early retarding effects of superplasticizer noted earlier in this report and
explained elsewhere (Onofrei et al, 1991; Pusch, 1989).

The effects of silica fume content on the unconfined compressive strengths of
mixtures containing SOR cement at superplasticizer contents of 0.75 and 1.5
are shown in Figure 5.15. The data indicate that the long term (90 day)
strengths tend to increase with increasing silica fume content. Short term (up
to 28 days) strengths tend to decrease with increasing silica fume content.
This is consistent with the observations made for normal cements and
pozzolanic cements by other workers (Neville, 1981) and further negates the
commonly held concern (A"tcin, 1991) that the strengths of high-
performance cements may attain a maximum and thereafter tend to decrease
with time. The data provide further support to the conclusion that
superplasticizers do not detrimentally influence the longer-term mechanical
performance of cement grouts.

Figure 5.16 provides a comparison of tho strength-curing time properties of
four cement grouts cured at 20°C and mixed at various superplasticizer
contents and W/CM ' s . The comparisons are appropriate insofar as the
mixtures had similar flow properties (were approximately equi-viscous)
immediately after mixing. The data presented re-affirm that the pozzolanic
cement-grouts have higher longer-term strengths than the equivalent non-
pozzolanic materials and only at early ages (7 days or less) are strengths
significantly influenced by superplasticizer content.

The ultimate shear strengths of the reference grout (50R/0.4/10/0.75) and the
equi-viscous MC-500/0.7/10/0.75 grouts at ages of 14 and 365 days under
confining pressures from 0 to 35 MPa measured in the triaxial tests are
shown in q-p space projection in Figure 5.17. The data show that, as
expected, strength for a particular mixture increases with age (maturity) and
that the strengths of the reference grout decreases with W/CM. The strengths
of the equi-viscous MC-500 is significantly less than that of the equivalent
reference grout (50R/0.4/10/0.75). The strength of none of the grouts
appears to increase with confining pressure. The ultimate shear strengths
measured in the triaxial tests are higher (— 15 %) than those measured in the
unconfined compression tests. It is likely that this reflects the relatively
higher stiffness of the triaxial testing machine (c.f. the unconfined
compression testing machine) and the consequently improved compatibility
between the testing machines and the grout specimens. The insensitivity of
shear strength to confining pressure may be attributed to two possible causes
as follows. The triaxial tests were carried out quickly (typically specimens
were sheared to failure within 3 hours). The measured shear strengths were
thus equivalent to those measured for soils in quick-undrained tests (see
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Bishop and Henkel. 1969) - the material has an hydraulic conductivity of less
than 10~14 m/s. Alternatively, the materials are purely cohesive. This may
be the case for cementitious grouts. Independent of these considerations,
strength is shown to increase with increasing time and with decreasing
W/CM. Moreove:, the equi-viscous MO-500 material had significantly lower
strengths than the reference grout.

The effects of stress and curing time on the bulk modulus of the reference
grout (50R/0.4/10/0.75) after 14 and 365 days curing measured under
isotropic and shear stress in the triaxial tests carried out at <r3 = 35 MPa are
given in Figure 5.18. The effects of age on the Young's modulus for the
material measured during the shear stages of tests carried out at a3 = 0, 7
and 35 MPa are shown in Figure 5.19. The data show that increasing
isotropic stress without increasing the deviatoric stress from zero does not
significantly change the bulk modulus. This supports the assumption made in
the analyses that the materials behaved isotropically during the isotropic
compression stages of the tests. The discontinuity in the data in Figure 5.18
at the conversion in the test from isotropic stress conditions to shear
conditions may be, merely, a reflection of the method of analysis. However,
the decrease in moduli with increasing p (and q) during the shear stage of the
tests shown in Figure 5.18 is consistent with the data in Figure 5.19 and
shows that shear strain and stress cause microfracturing in the material,
which decreases resilience. According to expectations, and consistent with
curen* understanding of the hydration processes, under particular stress
conditions, age increases the elastic modulus of the reference grout material.
The Young's moduli of the grout are approximately a factor of 4 to 10 times
less than those of intact granite under similar stress conditions. The data
indicate that at the earlier age of 14 days increasing compression under
isotropic stress conditions tends to affect thi microstructure of the material
and, thereby, decrease it's Young's modulus. The effect is not present in
material cured for 365 days. This is explicable, yet is not clearly identifiable
in the data presented in Figure 5.18. These aspects of material behaviour
remain unresolved. The data provided here are preliminary and only hint of
some of the complexities that may be encountered during further detailed
investigations.

The Young's moduli under a range of stress conditions for three different
grouts with an age of 365 days and confined at <r3 = 7 MPa are compared in
Figure 5.20. The data for the reference grout at W/CM = 0.4 and 0.6 are
consistent with the strength data and show that (he modulus increases with
decreasing W/CM. For these materials the previous observation of
decreasing E with increasing p (and q) is consistently present. With higher
strength than the reference grout at W/CM = 0.6, the data in Figure 5.20
show that at W/CM - 0.7 the Young's modulus of MC-500 based grout is
less sensitive to shear stress and maintained a value of between 10 and 12
GPa as it was taken to failure. Over the same stress range the modulus of the
reference grout at W/CM = 0.4 was higher and in the range 14 to 17.5 GPa.
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Thc results from the linear shrinkage tests are presented in Figure 5.21. All
the mixtures tested contained sulphate resisting portland cement either
reground (R) or as conventionally supplied (O). The materials were mixed
with 1 per cent superplasticizer and at 0.4 W/CM. Silica fume contents were
varied from 0 to 25 per cent in the mixtures containing the reground cement
and from 0 to 10 per cent in the other materials.

All the mixtures tested shrank when dried in air at 80 °C after final setting.
Although shrinkage continued for the 240 days the specimens were dried,
most of the shrinkage occurred during the first 28 to 56 days after
demoulding. For the mixtures containing untreated cements (O), shrinkage
was highest when the materials included 10 per cent silica fume. There was
no clear tendency for an increase in shrinkage with increasing silica fume
content for the mixtures containing the reground (R) cement. Generally, the
shrinkage of the mixtures containing the reground cement was higher than
that of the equivalent mixtures containing the unground materials.

On immersion in water at 20 °C, all the dried materials expanded.
Expansion continued for the full duration of the test (2 years) with the
following clear trends being established. The mixtures containing the
reground cement expanded more than the mixtures containing the untreated
materials and silica fume tended to increase the extent of the expansion. The
majority of the expansion occurred within 56 days of immersion in the water
and for the mixtures containing the reground cement resulted in complete
recovery of the volume losses that occurred during drying. In this latter
respect, it is significant that at the end of the tests the specimens containing
the reground cement were longer than at the start. Not shown in the graph,
specimens maintained under water for the full duration of the test period also
expanded. The final lengths of the immersed, dried specimens approached
those of the continuously immersed specimens.

It was noted earlier that differential shrinkage and expansion may have
caused the cylindrical strength specimens to fail as shown in Figure 5.13.
The evidence of the linear shrinkage test results neither confirms nor denies
this possibility although it provides clear evidence of an expansion process
occurring in the reground materials. Moreover, like the strength test results,
the shrinkage test data strongly indicate that the finer, reground cements
differ structurally from conventional cementitious materials. Particularly
important to repository sealing, the volume change data show that, when
placed as a homogenous mass, the reference grouts can be expected to
expand with time and, unlike conventional cements which tend to shrink,
remain as effective barriers to groundwater and radionuclide flux. It appears
unlikely that volume changes resulting from any drying shrinkage of the
grout will adversely influence the longevity of the material. In all likelihood,
cracks formed by any drying of the material that allow water access to inner
elements will be sealed by subsequent expansion and, possibly other
mechanisms of self sealing of the material on wetting. The self sealing
processes are discussed in more detail in Section 6.3 of this report.
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In summary, the strength and shrinkage/expansion test data indicate that the
reground cements used in the reference grouts result in hardened cement
grout materials that are structurally different from materials produced using
conventional cements. Moreover, commonly accepted testing methods that
may be suitable for conventional cementitious materials may need to be
modified and adapted for the finer materials now being developed for
grouting. From the perspective of repository sealing, the difference in
structure of the products containing the reground materials is reflected in
improved strength and shrinkage properties. The hardened materials have
unconfined compressive strengths approaching those of granite rock;
Young's modulus, which increases with time, is high; and, the materials tend
to expand, which gives them a propensity to self seal. Increasing deviatoric
stresses tend to decrease the elastic moduli. This form of behaviour has also
been observed in granite rock (Martin, 1992) and may, in the future, be
developed as a design criterion for the grouts.
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5.2.1.3 Microstntcture

Microscopically, hardened cement paste is a relatively inhomogeneous
assemblage of amorphous and crystalline phases bonded together in a porous
mass. The cement paste is derived as direct result of the hydration of
portland cement with water. The microstructure of the paste will vary
greatly with the W/CM ratio used. Furthermore, the microstructure in a
given system is also a function of time. In early stages after cement is mixed
with water the microstructural features develop rapidly. These changes take
place at a slower rate as contact time between cement and water increases.
The hydration processes in most cement systems are rarely fully completed;
hydration processes continue over long periods of time and slow changes in
microstructure may occur from the continued deposition of new hydration
products. Thus, a hardened cement paste will generate not a single
microstructure but a successive set of microstructures as the paste ages
(Diamond, 1986)

The hydrated portland cements consist of several morphological forms of
calcium silicates hydrate gel (CSH), calcium hydroxide, ettringite or related
AFt phases (typically ettringite, usually with some substitution of Al by Fe),
calcium aluminate monosulphate hydrate or related AFm phases (typically a
tetracalcium monosulphate hydrate, usually with some substitution of Al by
Fe) and small amounts of other phases such as hydrogarnets. These,
combined with residues of unhydrated components and the pore spaces,
comprise the microstructural elements of hardened cement paste. The CSH
gel is the predominant phase, typically making up to 60% of the volume of
solids in a hydrafed portland cement. Therefore, it is considered to be the
most important phase in determining the properties of the paste. It tends to
be a semi- or cryptocrystalline material with an ill defined structure.
However, several models have been proposed to explain properties of the
materials. The Powers-brunauer and Feldman-Sereda models are the two
main models.

In the Powers-Bruner model (1958, 1962), it is assumes that the CSH gel has
a layer structure with very high surface area of the order of 180 m2/g of the
hydrated paste with a minimum porosity of 28 per cent. The strength of the
material is attributed mainly to van der Waals forces. Swelling on exposure
to water is explained by the individual particles separating, as the thickness
of layers of water molecules existing between the particles increases.

The Feldman-Sereda (1970), model visualizes the CSH as being poorly
crystallized layered silicates, which are randomly arranged to create
interlayer spaces of different shapes with sizes of 5 to 25 Å. In this model the
water that enters the interlayers spaces act as a part of the solid structure and
contributes to the rigidity of the system. The strength of the material is
attributed to a combination of van der Waals1 forces, siloxane (-Si-O-Si-),
hydrogen and calcium-silica (-Si-O-Ca-O-Si-) bonds. Swelling is attributed
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to several factors: (a) reduction of the solid surface energy due to physical
interaction of the surfaces with water molecule; (b) penetration of water
molecules between layers, and their limited separation as the water molecules
take up a more rigid configuration between the sheets, and (c) menisci effects
due to capillary condensation.

The reference high performance grout evaluated in this study contained both
silica fume and superplasticizer as described in Section 3.1. Specific
features of the developed materials are inclusion of pozzolanic materials
(such as silica fume, slag, fly ash) to limit the amount of CH in the hardened
material and superplasticizers (water reducer) to enhance workability at low
W/CM ratios. These components by their physical presence naturally affect
the development of the material microstructure, moreover they will react
with developing hydration products. Scanning electron microscopy (SEM)
and mercury intrusion porosimeter (MIP) were used to investigate the
microstructure and to determine if either of the two main structural models
apply to these novel materials .

Figure 5.22 shows typical microstructural features observed in all hardened
high performance reference grouts. The microstructure is completely
different from that of ordinary cement paste. The addition of silica fume and
superplasticizer led to the development of a dense microstructure. The basic
structure appears to be amorphous Type III CSH gel (Diamond, 1986)
particles compacted into a dense array with very few isolated small pores.
Although X - r a y diffraction and infrared spectroscopy of the granulated
grout revealed that some ( - 3 % ) Ca(OH)2 persists, the large layered
deposits of calcium hydroxide intergrowing around the CSH gel and other
paste components, a typical feature of hardened ordinary cement paste, were
not observed.
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Figure 5.22 SEM photomicrographs of the hardened reference grout
mixed at W/CM = 0.4 with 10% silica fume and 1%
superplasticizer.

Some typical results of MIP studies are shown in Figure 5.23 and Figure
5.24. Plots were made of various experimental parameters, primarily: a)
cumulative pore volume, expressed in cm3g"' providing a total porosity as
function of pore diameter and b) and incremental intrusion providing
information on "critical pore radius" 9 as a function of pore diameter. The
MIP results show, as expected, an increase in pore radius and in pore size
distribution with increase in W/CM. The total pore volume increases from
0.12 c m V in 0.4 W/CM grout (Figure 5.23a) to 0.24 cmJg ' in 0.6 W/CM
grout (Figure 5.24a). The increase in the pore volume of the grout with
higher W/CM may partially reflect an increase in the extent of the hydration
reaction and t'".j amount of the hydrated products present in the hardened
grout. In this respect, Mehta (1981) and Feldman and Chang-Yi (1985)
showed that calcium silicate hydrates, formed as a result of pozzolanic
reaction, were less dense than similar prcxiucts formed by portiand cement
hydration. The density of calcium silicate hydrate formed in tht. presence of

The radius at which the maximum in the plot occurs represents the grouping of thv largest fraction
of interconeeted pores, which in effect, may controls the permeability of the mau-nal
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silica fume was 2.05 g cm'3, when formed in the absence of silica fume its
value was 2.24 g cm"3. These data indicate that the degree of hydration
controls the pore volume.

The examination of the microstructure with both SEM and MIP indicated
that addition of both silica fume and superplasticizer promoted the
development of a dense homogeneous microstructure with extremely fine
porosity. The results show the absence of pores with diameter larger than
0.1/xm. The absence of pores with radius larger than 0.1 jtm should have
significant effects on the permeability and consequently on the durability of
the developed grouts. In this respect Mehta and Manmohan, 1980, proposed
a pore diameter of 1/im (as measured by MIP) as a somewhat arbitrary
dividing point between "large" pores which contribute most to permeability
and "small" pores which are much less significant. It is recognized that the
properties of a material originate from its internal microstructure and that the
properties can be modified by making suitable changes in the structure of the
material. The low hydraulic conductivity (> 1014 m s') and high strength
(i.e. 90 MPa compressive strength) of the developed reference high
performance grout can be related to the grout's dense microstructure and the
lack of pores with diameters larger than 0.1 /xm. It can be suggested from
the results that the pore size distribution is more important than total porosity
in determining permeability.



0.40

CD

•" 0.32

u

0.24

O

LJ
et 0.16
o
Q.

0.08

° 0.00

T T T T-TTTT

\

\

(a) :

-

-

-

0.001 0.01 0.1 1 10

PORE DIAMETER (/xm)

100 1000

a>

0.10

0.08

2 0.06
3
(X
t—
'Z.

z

or.

0.04

0.02

0.001
A.

(b) ;

-

-

i 1111111

0.01 0.1 1 10

PORE DIAMETER (/itu)

100 1000

Figure 5.23 Pore size distribution curves for reference grout mixed at
W/CM = 0.4 with 10% silica fume and 1% superplasticizer:
(a) cumulative pore volume (b) incremental intrusion.



I

3 - 1 ,
INCREMENTAL INTRUSION (cm g )

3 - 1 .
CUMULATIVE PORE VOLUME (cm g )

TI
(J5'

5
182

111

3" ? S»
q 3 °
« o ̂

i!!
8

o
3 i» 3

8

o
o

o
b

O
70
tn

ra —
ra
po

o
o

o
o
o

o o o O
00

-

r

i i i i

^ - —

I I I I

— — - —

i t i i

-

-

-

-

'er

O
00

tM
M

o
o

o
b

O

O

S P
m
o

I s

O
O

o
o
o

"r

..., ,—r_.T ..,

^ •

—i—r1—i—T-

-

-

-

-

-

Q

oo



-79-

5.2.2 Properties of thin films

Information on the properties of thin films of grouts allows for the
assessments of the behaviour of the grouts in fractures with very fine
apertures. Laboratory tests have been carried out to determine the hydraulic
conductivity of thin films of grouts.

The effects of fracture dilation and temperature on the hydraulic conductivity
of thin films of cements were investigated in a specially developed cone-in-
cone apparatus (Figure 5.25). The full description of the experimental
designed method has been given elsewhere (Pusch et al, 1988, Onofrei et al,
1989). The following mixtures were investigated:

1. Reground Type 50 cement mixed at W/CM = 0.35 with no silica fume
and 10 % silica fume, and 0.35 or 0.75% superplasticizer.

2. ALOFIX-MC, the microfine slag cement, mixed at W/CM = 0.45 with
1.11% superplasticizer

thermocouple evacuation hole

water inlet water outlet

•eating

filter slot adjustment

j

10 cm

Figure 5.2!> Cone - in - cone apparatus
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The unset grout paste was smeared on the surface of the inner cone which
was then slowly inserted into the outer cone (A) and inner cone (B) under
rotation. The excess of cement paste was pressed out through the evacuation
holes (G). When the slot has been closed to the test dimension, the
evacuation holes were closed. After curing the specimens for 24 hours, the
system was vaccuumed and then filled with the percolating water. The
specimen was cured with access to water for 1 month. Deaerated distilled
water and water containing 0.25 mol/L CaCl2 were used for percolation
during permeability tests. The 0.25 mol/L represents 50% of the total cation
concentrations in sea water. Two type of tests were performed.

In the first type, the permeability tests were run in three stages. In the first
stage, the slot width was 0.60 mm, the temperature 20°C and the pressure
difference of the percolated water along the specimen was 50 kPa. In the
second stage, the slot was expanded by 10% and the temperature and the
pressure maintained the same as in the first stage. In the third stage of the
tests, after 20 days the temperature was increased in one step from 20°C to
90°C and held at that level to the end of the tests. In the second type, the
permeability tests were run in three stages. In the first stage, immediately
following the curing period, the aperture was increase by 10% ( slot aperture
=0.66 mm) and the temperature was held at 20°C for 18 days. In the second
stage the temperature was increased in one step to 90°C and held for 31
days. In third stage the slot width was decreased to 0.60 and the temperature
was dropped to 20°C and held at that level for the rest of the end of the tests.
The cement samples were subsequently examined by scanning electron
microscopy.

The permeability data were obtained by measuring the rate of the fluid
through the film of cement + gap. The hydraulic conductivities were
calculated using the entire slot area as the effective area (cement film +
gap)-

A typical result from the first type of tests in the cone-in-cone apparatus is
shown in Figure 5.26. Associated with equipment accuracy, very low
permeability (k < 1013 m/s) made it impossible to measure the absolute
hydraulic conductivity in stage 1 (two-weeks curing time, slot width = 0.60
mm, and temperature = 20°C). The intact thin films behaved similarly to
bulk grout as described in Section 5.2.1.1. A 10% expansion of the slot
created a gap between the inner cone and the cement samples and introduced
microcracks at the inner cement surface. These increased the hydraulic
conductivity of the grouted slot to a value of 2 x 107 m/s. The hydraulic
conductivity, however, decreased rapidly to a value of 8 x 108 m/s (Figure
5.26). The hydraulic conductivity decreased further (~ 10 l0 m/s) when the
grout-filled apparatus was heated to 90 °C.
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Change in hydraulic conductivity of 90% Type 50 cement
mixed at W/CM = 0.41 with 10% silica fume, and 0.4%
superplasticizer as a function of temperature and time.
Percolating water - distilled water.

Figure 5.27 to Figure 5.32 present the effect of temperature, time and the
chemical composition of the percolating water on the hydraulic conductivity
for thin films of grouts made with reground Type 50 cement and ALOFIX-
MC microfine cement.

The data show that in all cases the hydraulic conductivity of the grout slot
decreased with time, reflecting the increased degree of hydration of the
cements and/or the precipitation of solids in the fractvre. The use of more
finely ground cement (ALOFIX-MC) led to lower initial permeabilities
(Figure 5.31 and Figure 5.32). The possible reason behind this difference
may be higher chemical activity of ALOFIX-MC than of the reference grout.
As indicated earlier the ALOFIX-MC is a microfine cement, therefore will
react faster with the percolating water. Also, due to the larger surface area
exposed to water a much higher percentage of the material will be hydrated
in a shorter time. However, after 50 days, the hydraulic conductivity
obtained for the ALOFIX-MC were not particularly different from those for
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reground Type 50 cement, the minor differences may be explained solely on
the bases of variation in the slot size and the thickness of the film (Figure
5.27 and Figure 5.28).

The use of silica fume in the grout mixes with reground Type 50 cement
decreased the final hydraulic conductivity (Figure 5.27 to Figure 5.30). This
may be a consequence of the increase in the volume of solids caused by
continued hydration reaction as well as the the new CSH gel produced by the
reaction of silica fume and the Ca(OH)2 and therefore progressing
densification of the system (cement + slot). A variation in the chemical
composition of the percolating water did not seem to make a noticeable
difference in permeability at any stage of the experiments.



Figure 5.27 Change in hydraulic conductivity of 90% Type 50 cement
mixed at W/CM = 0.35 with 10% silica fume, and 0.75 %
superplasticizer as a function of temperature and time.
Percolating water - distilled water.



Figure 5.28 Change in hydraulic conductivity of 90% Type 50 cement
mixed at W/CM = 0.35 with 10% silica fume, and 0.75 %
superplasticizer as a function of temperature and time.
Percolating water - distilled water containing 0.25 mol /L of
CaCl2.



Figure 5.29 Change in hydraulic conductivity of 90% Type 50 cement
mixed at W/CM = 0.35 with 0.35 % superplasticizer as a
function of temperature and time. Percolating water - distilled
water.



Figure 5.30 Change in hydraulic conductivity of 90% Type 50 cement
mixed at W/CM = 0.35 with 0.35 % superplasticizer as a
function of temperature and time. Percolating water - distilled
water containing 0.25 mol /L of CaCl2.



Figure 5.31 Change in hydraulic conductivity of ALOFIX-MC cement
mixed at W/CM = 0.45 with 1.1 % superplasticizer as a
function of temperature and time. Percolating water - distilled
water.



Figure 5.32 Change in hydraulic conductivity of ALOFIX-MC cement
mixed at W/CM = 0.45 with 1.1 % superplasticizer as a
function of temperature and time. Percolating water - distilled
water containing 0.25 mol /L of CaCl2.



Microscopic examination of the hardened thin film of grout from the first
type cf tests (Figure 5.33) showed clearly that chemical reactions,
accelerated by the elevated temperature (90°C), led to the formation of a
precipitate in the microcracks in the cement film as well as in the gap created
by 10 % expansion of the slot. This precipitate is the likely cause of the
temperature-induced decrease in the hydraulic conductivity of the grout slot.
Indicated by XRD analysis the composition of the precipitate was found to be
a mixture of Ca(OH)2 and CaCO3.

The hardened films from the slot injection tests (discussed in Section 4.2.3)
were examined under optical microscope to determine the ability of the grout
to penetrate into fractures with small aperture. Different microstructures
than the ones observed in bulk grout samples ( discussed in Section 5.2.1.3)
were observed. In places, the microstructure of the thin film of cement was
neither homogeneous nor dense. Microstructural studies of the samples of
thin film collected at various distances from the injection point showned that
the thickness of the film varied along the length of the artificial crack. The
microstructure was found to vary with the thickness of the film and the
location in the artificial crack. The typical microstmctural changes observed
are illustrated in Figure 5.34 to Figure 5.37. The microstructure of the thick
areas (85 to 95 fim) of the cement film was characterized by coarse partly
hydrated and closely packed grains with large intergrain porosity (Figure
5.34). In the thin areas of the film (22 /xm), as illustrated in Figure 5.35, the
microstructure appeared to be totally amorphous containing two types of
porosity; large intergranular capillary porosity and a much finer porosity in
the hydration products. These variations in the microstructure in the cement
film were attributed to the different amounts of water-filled space in which
the hydration processes took place. Apparently, during the injection of the
grout paste into the water filled artificial fracture the coarser particles of the
cement blocked the flow of the paste acting as a filter allowing only very fine
particles of cement and water to pass through. This led to the development
of patches of well-hydrated, high W/CM ratio paste with a large number of
high capillary voids (Figure 5.35). The size of the capillary voids ranged
from ~ 2 /im to !

Examination of the cement film in the vicinity of the slot surface shows
evidence of channelling of water between cement particles (Figure 5.36).
This is probably the result of the segregation of the cement paste components
and laminar flow of the water.

The differences between the microstructure observed in the bulk grout
samples of reference grout and the microstructure of the thin film of grout
samples were attributed to: composition of the grout paste, segregation
during the injection in the artificial fracture and the different curing times
and curing conditions. The specific features of high performance reference
grouts used in the laboratory studies include the addition cf silica fume (as
pozzolanic material) to limit the Ca(OH)2 in the hardened grout and
workability at low W/CM ratio. The addition of silica fume altered the
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microstructure of the cement that fonrs on hydration by producing smaller
and discotinnous pores. The microstructure was characterized by a high
degree of homogeneity and very fine porosity. No silica fume was present in
the cement tested as thin films. The bulk grout samples were cured for at
least 28 days in lime saturated water. The thin films were cured for 24 h in
air. Time and humidity are important factors in the hydration processes
controlled by water diffusion. Longer curing periods ensure a satisfactory
rate of development of grout properties. In the tests on thin films air cuing
conditions prevailed and it is likely that water was lost by evaporation from
capillaries. Consequently, it is likely that the rate of hydration processes was
decreased and a retrogression in the development of cement properties was
occured.



Figure 5.33 Views of the precipitate formed in a) microcracks in cement
and b) in the gap created by the expansion of the slot. A -
original grout surface, B = precipitate (Ca(OH),



Figure 5.34 Typical microstructure of the thick area (~ 95 /xm) of the
grout film in the slot injection tests (cone-in-cone apparatus).
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Figure 5.35 Typical microstructure of the thin area ( - 22 /xm) of the grout
film in the slot injection tests (cone-in-cone apparatus).



Figure5.36 Typical channelling in the vecinity of the slot surface in the
slot injection tests.
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5.2.3 Summary

Investigations on the permeability of the reference grout h?.ve shown that the
bulk grout is practically impermeable under hydraulic gradients (i) up to 36
000 m/m. In a sealed repository for a radioactive waste i may be as low as
102 m/m. Also, the data show that the hydraulic conductivity is decreased
by adding silica fume and by reducing the W/CM ratio. The hydraulic
conductivities of all the mixes investigated were found to decrease with time
The reference grouts containing silica fume have very low hydraulic
conductivities (i.e., < 10 l 5 m/s). At low hydraulic gradients, Darcy's
empirical equation for water flow is not obeyed. The material totally resists
the flow of water. A number of factors were considered to be responsible for
this resistance to the through - flow of water. These included entrained air
in the pore spaces, morphological transformation of hydrated cement
minerals and the lack of equilibrium flow conditions. Results, from the tests
conducted under anaerobic conditions, revealed that the air entrapment is not
the reason for the resistance of the material to the through - flow of water.

The examination of the microstructure of the hardened grout indicted that
addition of both silica fume and superplasticizer promoted the development
of a dense homogeneous microstructure with extremely fine porosity. The
examination revealed the absence of pores larger than 0.1 jtm. The
resistance to the through - flow of water was attributed to the absense of
large (>0.1 /im) connected porosity. The small pores ( < 1 fim) do not
make a significant contribution to permeability. Furthermore, the results
indicated that the micro-structural characteristics of the material changed
during the permeation of water. The total pore volume and the pore radius
decreased during the tests. The observed decrease in ihe hydraulic
conductivity with time was associated with pore refinement caused by the
increase in the volume of solids as the result of the increase in the degree of
hydration.

The microscopic examination of both bulk grouts and thin films of grouts
produced in an artificial fracture indicated significant differences in
microstructure. Whereas the microstructure of the bulk grouts was
characterized by a high degree of homogeneity with extremely fine porosity,
the thin films developed a heterogeneous microstructure with high porosity.
A number of possible explanations could account for the difference in the
microstructure the most imoprtant are the grout paste composition, the
seggregation of cement paste during injection and the test conditions.

5.3 Field observations

Measurements of hydraulic properties of granitic rock in situ at the Stripa
mine in Sweden ( Pusch, 1988) and at AECL Research's URL (Lau and
Crawford, 1988) indicated that grouting may be needed to reduce hydraulic
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conductivity of zones of rock to values less than 10 7 m/s. This value ( 10 7

m/s) is commonly accepted as the limit of cement grouting in conventional
engineering practice. In 1987, attempts were made to inject a grout
consisting of 90% Type 50 portland cement, 10% silica fume and 0.75 to
1.25% superplasticizer mixed at W/CM = 0.4 into rock at the URL. Using
largely conventional grouting practice, the hydraulic conductivity of the rock
mass was successfully reduced from < 107 m/s to < 109 m/s (Gray and
Keil, 1989; Onofrei et al, 1989). Microscopic examination of grouted rock
samples revealed that the grout conformed totally to the irregular fracture
morphology in the rock mass and that the grout penetrated fissures in the
rock with apertures as small as 10 /xm.

In the civil engineering practice, it is conventionally accepted that the
smallest aperture that can be effectively grouted is three times the maximum
grain size of the cement used for the preparation of the grout. On this bases,
the reference grout would only penetrate fractures whith apertures greater
than approximately 200 /xm. There are two possible explanations for what
was observed in the URL field tests. Firs', the grain size of proximately
60% by weight of the cement used is finer than 10 /xm (Figure 3.1). Second
during the hydration of cement CSH gel is formed; the gel makes up to 60%
of the volume of the solids in hydrated cement paste. CHS is poorly
ciystallized with crystals of colloidal dimensions. The SEM/EDX I0 analysis
of the material in the micro-fissures revealed that the grouted fine fractures
contain calcium and silicon. This strongly indicate that hydrated grout pastes
are capable of penetrating micro-fisures in granite with apertures much
smaller than their grain size. The laboratory slot injection tests tend to
further support this conclusion.

During 1988 to 1991, further field tests were performed at the Stripa mine in
Sweden. The details of these tests are presented elsewere ( Pusch et al,
1991, Pusch et al, 1988). At Stripa, attempts were made to inject a grout
consisting of ALOFIX-MC cement mixed at 0.4 and 0.45 W/CM ratio with
1.4% superplasticizer (see section 3.3) into a characterized excavation
disturbed zone and a natural fracture zone. A high-frequency dynamic
injection method developed as part of the Stripa program was used (Pusch
et.al, 1988). Using the high-frequency dynamic injection, the hydraulic
conductivity of the rock mass was reduced from 108 to 107 m/s to 10 l0 to
109 m/s.

Microscopic examination of the recuperated grouted rock samples indicated
that the grout penetrated into the fractures as far as 3.2 m from the injection
point. Microscopic examination indicated further that the grout consisting of
ALOFIX-MC cement, 1.4% superplasticizer and W/CM = 0.45 penetrated
fine fissures in the rock with apertures as low as 10 - 20 /xm.

10 Scanning Electron Microscopy with Energy Dispersive X-Ray Analysis.
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The examination of the grout surfaces exposed by breaking the grouted rock
specimens, showned that the microstructure of the grouted film varied with
the thickness of the film in the fracture (Pusch et. al, 1991). In fractures
with aperture larger than 50 /xm, the grout film had a compact microstructure
with dense amorphous CSH gel particles and unidentified crystals (probably
Ca(OH)2) embeded in the matrix. X - Ray maps of the Ca and Si suggested
the presense of CSH with a high calcium content. The microstructure of the
film with thickness from 10 to 30 /im, found in the narrow parts of the
grouted fractures, appeared to be less homogneous and dense than thicker
material. The microstructure of thin films (10 to 20 /xm) of cement found in
fractures with apertures less than 20 fim was characterized by low density
inversely, relatively high porosity.

There was some agreement between the laboratory and field observations.
Specifically, the examination of the microstnicture on both laboratory and
field samples indicated that the microstructure varied with the thickness of
the grout film. The field data indicated little segregation during the injection
into the fracture.

The characterization of natural fracture zones in granite indicate that the
individual fractures are irregular with various degrees of porosity which led
to local variations in permeability. The fractures do not form regular
patterns with constant apertures. They have local constrictions that could be
too narrow to allaw for grout injection. Figure 5.37 shows an example of
fracture structure patem in a natural fracture zone ( Pusch et al, 1991). The
structure consists of orthogonal discontinuities with channels as major water-
conducting passages at their intersections. The maximum channel aperture
was assumed to vary from 50 to 100 /xm. This was confirmed by the
thickness of the grout films observed in the recuperated samples of the
grouted rock.

The observed variation in the microstructure of the grout in the fracture can
be attributed to the fracture morphology. Based on the field observations a
general model for grouted cement structure has been proposed (Pusch et al.
1991). The model assume a rhomboidal cross section shape of the channels
with a distinction between channels with maximum and minimum aperture of
50 fim (Figure 5.38). The model can be used to asses the long - term
performance and the likely sealing effects of cement grout. For the latter
type of channels it r estimated that the channels can be completely filled
with dense cement where the aperture exceeds 30 /xm, and that there is a very
porous heterogeneous cement matrix in the parts of the channels that have
aperture of 10 - 30 /xm. The most narrow parts of the channel sections are
unfilled with grout.

For the thinner channels, i.e. those with a maximum aperture of 50 /xm, it is
assumed that parallel dense and porous cement strips are alternated. This
model can be used to assess the longevity of grouts in situ.
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Figure 5.37 Fracture structure patem in a natural fracture zone
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Figure 5.38 Model of the grout cement structure (ALOFIX-MC grout) and
the degree of channel filling of narrow fractures. A = dense
cement matrix, B = porous cement matrix.
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LONG-TERM PERFORMANCE

Changes in the performance properties of cement-based grout materials with
time may be caused either by external environment or internal causes.
Environmental factors, such as the local geochemistry and stress conditions,
can induce changes in the properties of cement-based grouts. During the
design life of a repository the cementitious materials are expected to come in
contact with the local groundwaters. Therefore, grout may be leached in or,
otherwise, react chemically with groundwater. Internal causes of
degradation such as continued internal microstructural changes and phase
transformations can also affect long-term changes in grout properties.
However, these changes alone may not necessarily result in decreased
performance. For a decrease in long-term performance to results, adverse
changes in the microstructure (pore structure) of the grout must occur. It
was shown in chapter 5 and by Alcorn et al (1990) and Onofrei et al (1990)
that the rate of penetration of fluids across a cementitious matrix can be
related to the volume of pores and size and interconnectivity of these pores.

The permeability (k) of water through water saturated cementitious materials
has been shown to be related to the porosity and pore size distribution
(Powers, 1958; Hooton and Wakely, 1989). In this context it is commonly
assumed, in the durability models used to estimate the long-term
performance of cement based grout, that k will tend to increase with time
through pore water exchange and associated dissolution/leaching processes.
A decrease in the performance of cement-based grouts (increase in k) was
considered to be the result of the increased porosity (Coons and Alcom,
1989; Bemer 1987; Atkinson and Hearne, 1984).

The specific features of the developed high performance grouts include fine
particle size, the inclusion of pozzolanic material to limit the amount of
Ca(OH)2 in the hardened grout and workability at low W/CM ratios. While
logically, increasing chemical stability by adding pozzolanic materials and
reducing W/CM by adding superplasticizers decrease porosity and, thereby,
should decrease permeability and improve grout long-term performance
(longevity" ), insufficient direct information existed to support this
hypothesis.

There are no natural analogues for the long-term durability and integrity of
cement cement based materials with modern composition. Examination of
ancient mortars and plasters dating back 400 BC provided direct information
on the response of various cementitious materials to exposure to atmosphere,

11 Longevity has been defined as the ability of a material to maintain its design performance through
time, under the range of temperatures, pressures and geochemical conditions encountered in the
host environmenl
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saturated and unsaturated soils, under various climatic conditions. The
durability of these materials were considered to be the result of a
combination of both chemical and microstmctural factors ( Roy and Langton,
1983; Atkinson and Heame, 1984). It was concluded that the durability of
the ancient materials, like contemporary cementitious constmctir.i materials,
is affected by the initial composition and design, by the quality >f the starting
materials and, the manufacturing processes. The mineralogical and
microstructural analyses have shown that the binding phases in the hydrated
cements have amorphous or subcrystalline structure, these phases appear to
have been changed little under their exposure conditions for at least 3 000
years. The modern cement-based materials of similar compositions may not
be expected to be less durable under analogous conditions. However, 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 al., 1989; Atkinson and Heame,
1984).

Thus the laboratory studies were directed to assess some of the factors
affecting the long-term performance- Specifically, tests were conducted to
determine the effect of leaching, permeability and self-sealing properties on
the long term performance of the developed cement -based grouts.

6.1 Leachiii£ properties

Leaching by water involves the penetration of grout 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
hydrostatic pressure of the water. At a constant temperature, the extent of
leaching will be dependent on the chemistry of the water and the amount of
soluble constituents in the hardened 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 then it is likely that the concentration of
the dissolved constituents will come in equilibrium with the cement and the
leaching/dissolution processes will be limited. When the groundwater flows,
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.
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6.1.1 Methods

The cement-based grout evaluated in this study were the industrial cements
and the pure cement compounds mixtures. The industrial cements
investigated were the reference high performance grout and ALOFIX-MC
(MC-500) grout mixed at different W/CM ratios (Table 6.1). The pure
cement compounds mixtures (Table 6.2) and the industrial cements were
prepared as described in Section 3. In this study the cements were leached
with distilled deionized water (DDW) and two synthetic granitic
groundwaters: Whiteshell N-l Groundwater (WN-1) and Standard Canadian
Shield Saline Solution (SCSSS). Table 6.3 shows the composition, ionic
strength (1) and pH of these groundwaters. They represent the range of
groundwater compositions expected to be encountered at depths down to
1000 m in the Canadian Shield or similar granite bodies.

Table 6.1 Industrial cement-based grout compositions.

Grout

type

Reference
grout

ALOFIX-MC
grout

Silica
fume
Z

10

—

Superplasticizer

Z

1

1

W/CM

ratio

0.4 and 0.6

0.7
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Table 6.2 Pure cement compounds mixtures.

Cement phases

Tricalcium silicate (C3S)

Dicalcium silicate (C2S)

Tricalcium alumir.ate (C3A)

Tetracalcium aluminoferite (C4AP)

Z in composition

46.80

27.50

0.66

13.40

Table 6.3 Nominal Composition of Groundwaters.

Concentration (mg L 1 )

Ion

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

pH
Ionic
Strength

VN-1

1910
14
61

2130
24

0.56
-
68

6460
1040
33
-

7.0±0.5

0.26

SCSSS

5050
50
200

15 000
20
-
15
10

34 260
790
50
-

7.0±0.5

1.37

In simulating repository conditions for laboratory durability evaluations the
leachant compositions and temperature were fairly well defined. Another
important variable to be explored over a broad range of values was the rate
of leachant flow.

Test methods useful in establishing long-term behaviour and mechanisms
controlling cement-based grouts durability have to fulfill several criteria.
These include elimination of artifacts of laboratory environments and
applicability to the range of water flow rates and surface to volume ratios in
repository conditions. Flow rate and dilution may be important due to their
effects on long-term dissolution rates and mechanisms. Accordingly, tests
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were carried out to examine the effects of different continuous flow rates on
the mechanisms affecting long-term durability.

Two different types of leaching (static and dynamic) test methods were
applied to the study of the cement-based grout materials (Table 6.4). The
full description of the experimental designs and methods has been given
elsewhere (Onofrei et al, 1992).

Table 6.4 Experimental Parameters of Test Methods

Test Method

Static test

Continue low
flow-rate test

Continue high
flow-rate test

Leachant

DDU,
UN-1

DDU,

DDU,

SCSSS,

UN-1

UN-1

Temperature
(°C)

10 to 100

25 to 85

25 to 100

Plow-Ratc
(mL)

-

12 mL/d

240 mL/d

Time
(day)

1 to

1 to

1 to

32

28

28

Briefly, static leach tests were conducted in PFA Teflon jars12 and dynamic
leach tests were performed in a specially designed leach test system. Six
replicants were tested simultaneously to monitor grout-water system
evolution under static conditions over 32 d periods. Two replicants dynamic
tests were conducted to monitor the grout-water system evolution under
continuous flow conditions over 28 d periods.

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
of25°C.

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 of the
tests. The leached samples were dried in vaccuum at - 50°C for a few days
before microscopic examination.

12 Svillex Corp., Minnesota
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6.1.2 Industrial Cement-Based Grouts

6.1.2.1 Static leach tests
Leach tests in DDW

Particular attention was paid to the leaching of the Ca2+ and Si4 + . These
elements were chosen since they reflect the leaching characteristics of two
major phases in cement pastes; the Ca(OH)2 and calcium silicate hydrates.

The concentration Ca2+ and Si4+ in solutions were used to calculate the leach
rate for each element using the formula:

Leach rate = (X)(l/t)(V/SA) (6.1)

where: X = concentration of element X in solution, g/cm3

SA= surface area of the specimen, cm2

t = leaching time, s
V =volume of solution, cm3

The leach rate is in g/cm2 s and the surface area of the specimen is assumed
to be equal to specimen geometry.

Figure 6.1 to 6.6 show the leach rates of Ca2+ and Si4+ in DDW at various
temperatures for the industrial cements investigated. The curves in the
figures were obtained by fitting lines through the average values of the
measured leach rates. The leach rates of Ca2+ and Si4+ in solution decreased
parabolically for the first 7d and then virtually linearly throughout the rest of
the test. It appears that the leach rates of Ca2+ and Si4+ measured in this
study for all three grouts asymptotically tend towards values of
approximately 10"8 and 109 kg m2 s~\ respectively.

For both the reference grout (based on Type 50 cement mixed at W/CM =
0.4 and 0.6) and the ALOFIX-MC ( the microfme slag cement) the leach
rates of Ca (Figure 6.1 to 6.3) and Si (Figure 6.4 to 6.6) decreased rapidly
in the first 7d of leaching. At later times only small changes in the leach
rates of both elements in solution were observed. The leach rate of Ca2+ for
the ALOFIX-MC grout are lower by a approximative a factor 2 than those of
reference grouts. However, at longer contact times, when in all likelihood
the concentration of the element in solution controls the extent of the material
loss, ALOFIX-MC exhibits leach rates similar to those measured for the
reference grouts.

In all tests the initial leach rates of Ca2+ for the reference grout mixed at
W/CM = 0.6 were higher than the leach rates of Ca for the reference grout
mixed at W/CM = 0.4. It may be suggested that these results reflect an
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increase in the quantity of Ca(OH)2 in the grout with increasing W/CM
arising from an increased degree of cement hydration. Furthermore, W/CM
is an important factor in controlling porosity of the hydrated cement paste
and thus the permeability. It is generally considered that, as a first
approximation, W/CM ratio and porosity of hardened grout are directly
related. The results in Table 6.5 for the reference grout before leaching
show this relationship. Over the investigated range of W/CM ratio, the
results show that the density and total porosity decreased and increased,
respectively, with increasing W/CM ratio.

Table 6.5 Influence of Increasing W/CM on the Density and Apparent
Porosity of Reference High Performance Grout as Determined
by Mass and Geometry Measurements.

W/CM

0.4

0.6

Density (Mg nr3)

True density (pty

1.92

1.72

Bulk density (pb)

1.67 to 1.74

1.43 to 1.53

Total porosity

(Z)

16 to 10

17 to 11

1. Calculated based on the specific gravities of constituent
materials

As the W/CM is increased the porosity of the hydrated grout is increased
leading to the development of a more open net work. Increased porosity is
expected to increase the penetration of grout by aqueous solutions and the
rate of transport of dissolved species to the surrounding solution.

Differential thermal (DTA) and mercury intrusion porosimetry (MIP)
analyses performed on samples before performing the leach tests provide
support to the conclusions that both higher initial Ca(OH)2 content as well as
the presence of higher porosity contributed to the higher release of Ca2+

from the reference grout mixed at higher W/CM (0.6) ratio. The results
from the DTA indicated that the Ca(OH)2 content increased from ~ 1 % in
reference grout mixed at low W/CM ratio (0.4) to - 3 % in the reference
grout mixed at high W/CM ratio (0.6). The MIP analyses results indicated
an increase in total pore volume from 0.16 cm3 g"1 in grouts with W/CM =
0.4 to 0.30 cm3 g 1 in grouts with W/CM = 0.6 (Figure 5.23 and 5.24).
Furthermore, the MIP data indicate an increase in the volume of pores with
diameter between 0.04 and 0.06 ̂ m.

The leach rates of Ca2+ in solution show a strong temperature and time
dependency in the early stage of leaching. Initially, the slope of the leach
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rate - time curves are steeper than at later time (7 days). The results show
that very rapid leaching processes take place within the few hours or days of
the exposure of the hardened cement to the leachant and the extent of these
processes varies from grout to grout.
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As expected, the leach rates were found to decrease with leaching time. The
observed decreases in the leach rate may indicate that either the concentration
of the element approaches the solution saturation limits or that an altered
dissolution-limiting surface layer is formed. As indicated earlier, the bulk of
the hardened grout paste consists of two major phases, i.e. CSH and
Ca(OH)-,. The calcium solubility limit in water in equilibrium with both
Ca(OH)2 and CSH has been found to be approximately 0.02 mol L ' at 25°C
(Atkinson and Hearne, 1985). At value of mol L ' \ the bulk solution
concentration level of Ca2+ measured in the static leach tests is significantly
below this equilibrium value (Onofrei et al, 1992). Since the limited leach
rates cannot be attributed to the Ca2+ concentration approaching solubility
limits, the lower values me • d here suggest the formation of a dissolution-
limiting reaction layer. SE : DX examination of the leached grout surfaces
confirmed the formation ot the reaction layer at all temperatures. The
reaction layer consisted mainly of Ca - phases. Indicated by the XRD
analysis, the composition of the precipitate layer was found to be a mixture
of Ca(OH)2 (portlandite) and CaCO3 (calcite) at low temperatures, becoming
predominant CaCO3 at high temperature. The structure of the surface layer
was found to strongly depend on the contact time between the grout and the
leachant and the grout composition. A typical microstructure of the surface
layer is shown in Figure 6.7. The SEM examination revealed the presence
of a sparse reaction layer in the early stage of leaching. However, with
increasing leaching time (the contact time between the grout and leachant) a
reaction layer with a more dense microstructure was formed. Thus, it may
be suggested that the decrease in the leach rates in the early stage of leaching
(up to 7 d) was mainly due to gradual increase in concentration levels of
Ca2+ in the static solution. It can be concluded that both solution
concentration effects and the formation of a dissolution-limiting surface layer
contribute to the observed decrease in leach rates with time. It appears that,
the formation of the surface layer involves leaching/dissolution of Ca2+ and
Si2+ from the grout and redeposition of more stable phases on the solid
surface of the grout.

An indication that the decrease in leaching is not solely due to formation of a
surface layer or solution concentration effects is given by the results from
MIP. MIP analyses of the grout specimens leached for various lengths of
time show that the microstructural characteristics (pore volume, pore radius
and pore size distribution) of the materials changed during leaching. Figure
6.8 to 6.13 illustrate the pore size distribution curves of the reference grouts
and ALOFIX-MC grout after 1 and 32 days of leaching in DDW, as
measured by MIP. With exception of ALOFIX-MC grout (Figure 6.12 and
6.13) which showed an increase in porosity when leaching temperature was
increased from 10 °C to 85 °C, for the reference grout mixed at both low and
high W/CM ratio leaching was accompanied by decreases in the mean pore
size and total pore volume (Figure 6.8 to 6.11). The degree of change in the
microstnictural characteristics was found to be a function of the initial W/CM
ratio, temperature, initial porosity and the type of cement. The effects are
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attributed here to both the continued hydration of the cement phases and
formation of the phases observed on the surface of the samples. The surface
phases contributed to progressive densification of the grout structure as the
DDW penetrated the specimen with time. SEM analyses of the leached
samples provided evidence to support this hypothesis. SEM/EDX
examination of the leached grout samples showed that most of the large pores
formed before leaching contained solid hydration products.

Figure 6.14 shows electron micrographs of the surface morfology of a pore
in the fractured cross section of reference grout after 32 d of leaching. The
solid infilling hydration products were identified as calcium silicate phase
(Figure 6.14a, area A) and calcium phase (Figure 6.14b area B). There was
not much decrease in total porosity of the grouts between 1 d and 32 d of
leaching. Since the solid hydration products are porous (Feldman and
Chang-Yi, 1985; Mehta 1981; Regroud, 1981), and their volumes increase
with leaching time, they will reduce the volume of capillary pores, while
increasing the hydrated product porosity. Consequently, the mean pore
diameter and the volume of interconnected pores will decrease. These
changes, with time, increasingly prevent the penetration of grout by water
and the dissolution of soluble constituents of the hydrated cement paste and
transportation of the dissolved species to the surrounding water. This is
consistent with the observations made in the hydraulic conductivity tests
(Section 5.2.1.1) and counters the commonly held concern (Atkinson, 1985;
Berner, 1987) that the grout will degrade through pore water exchange and
associated leaching processes.

Figure 6.4 to 6.6 show the leach rates of Si4+ for the reference grout mixed
at low (0.4) and high (0.6) W/CM; data for ALOFIX-MC mixed at W/CM =
0.7 are also presented. All three grouts exhibited a similar pattern of Si4+

release to solution. Relatively high leach rates initially decreased with
leaching time. The leach rates measured in this studies asymptotically tend
towards a value of approximately 109 kg m'2 s*'. The leach rates of Si4+ in
solution were found to be much lower than the leach rates of Ca in solution.
The results indicate an incongruent dissolution process, i.e. more than one
phase is leaching and the individual releases are not simply chemically
equivalent to those in the solid phases from which they are released. It is
suggested that when hardened grout is in contact with water the Ca(OH)2

produced during the hydration reaction and unreacted with the added silica
fume is rapidly leached. The dissolution of this Ca(OH)2 is primarily
responsible for the initially high rates of release of Ca2+ to solution. The
release of silicon in solution is principally related to dissolution of unreacted
amorphous silica (silica fume). A decrease in the leach rate of Si4+ with
time was also observed. The decrease in leach rate of Si4+ with time was
attributed to formation of less soluble calcium silicate phases (Onofrei et al.
1992). The results also indicate that the quantities of silicon in solution were
diminished appreciably by the increase in Ca2+ concentration in solution.
The Ca2+ in solution suppresses the Si4+ concentrations by assisting the
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formation of relatively less soluble calcium silicate hydrates on the cement
grout surfaces.

Figure 6.7 SEM of the precipitate layer developed on the surface of the
leached grout specimens in DDW. A = CaCO,, B =
Ca(OH),.
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1 5 K U 9 1 9 8

Figure 6.14 Electron micrograph of the fractured cross-section of reference
grout mixed at W/CM = 0.4, after 32 d leaching in DDW
under static conditions. A = calcium silicate B = Ca(OH)2.

Leach tests in synthetic groundwater

The leach rates of Ca2+ in synthetic ground waters at temperatures of 10, 25, 50
and 85 °C are summarized in Figure 6.15 to Figure 6.17 for WN-1 groundwater
(Table 6.3) and Figures 6.21 to Figure 6.23 for SCSSS groundwater (Table 6.3).
The curves in the figures were obtained by drawing smooth curves through the
average value of the measured leach rates. The values of the data points represent
the average of six replicants. The resulting values were used as X in equation 6.1
to derive the leach rates.

The changes in concentrations of Ca:* in solution were calculated by subtracting
4.85 xlO2 mol/L or 3.5 xlO1 mol/L (the initial concentrations of calcium in the
original WN-I and SCSSS groundwater respectively) from the measured
concentration of Ca2 ' in solution.
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The data show that for both reference grout mixed at low W/CM (0.4) and
ALOFIX-MC when leached in WN-1 synthetic groundwater the variations in leach
rate of Ca2+ with time differed considerably from those that occurred when the
grouts were leached in DDW. Initially, calcium had negative leach rates (Figure
6.15 and 6.17). Calcium present in the initial leachant was removed from solution
and deposited on the bottom of the leaching cell and on the surface of the leached
specimen. For the reference grout mixed at high W/CM (0.6), calcium
concentrations follow a similar trend with exception of the systems at 25 °C and 85
°C (Figure 6.16) for which Ca2+ was initially removed from the specimes. The
rate at which the calcium was removed from solutions depended on the grout
composition, temperature and time. However, in all leaching experiments
involving the three grouts investigated, calcium concentrations gradually increased
with time approaching the initial concentration (4.85 x 102 mol L'1) value in the
original WN-1 groundwater (Table to 6.3). The extent of calcium leaching was
less in WN-1 groundwater than in DDW. The WN-1 solution generally decreased
the rates of elemental leaching.

The initial decrease in calcium concentrations in solution are attributed to the
precipitation of phases with which the groundwater is supersaturated (i.e., CaCO3,
CaSO4, Ca(OH)2). Groundwaters from hard-rock formations contain significant
levels of dissolved sodium, calcium, silicon, magnesium and other ions. Solution
equilibria calculations for the groundwaters, using the computer program
SOLMNQ (Goodwin and Munday, 1983) have shown typical granitic
groundwaters to be supersaturated with respect to several minerals such as calcite,
portlandite, gypsum, brucite and clay such as sepiolite and illite. When the
groundwater reacts with the grout its chemistry may be significantly altered.
Immediately, after the hardened grouts are immersed in water, the surrounding
solution becomes strongly alkaline (pH > 11.5). The high pH of aqueous phase
will act as precipitating agent for the phases with which the groundwater is
saturated. This is possible locally around grouts used to seal a repository. The
XRD and SEM analyses of the precipitate on the base of the leaching cell and on
the leached sample surfaces provided evidence to support this hypothesis. The
precipitate on the base of the leaching cell was identify by XRD as a mixture of
Ca(OH)2 and CaCO3. The SEM examination of tne leached specimens revealed the
formation of a crystalline surface-layer. The composition of the surface layer on
the leached specimen consisted of brucite, Mg(OH)2.
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The tendency for the leach rates to approach zero with time may be attributed
to two possible causes as follows. The precipitate layer formed at the surface
of the leached specimens can act as a diffusion barrier. In addition to
microstructural effects, the formation of the precipitate layer on the surface
of the leached specimen can plug the pores on the cement surface preventing
and/or reducing the amount of water penetrating the hardened grout during
leaching and therefore decreasing the leach rate. Alternatively, leaching
involves the penetration of grout by aqueous solution, concomitant
densification of the microstnicture decreases the permeability of grouts and,
therefore decreases the leach rate. MIP analyses of the grout specimens
leached for various length of time in WN-1 groundwater confirm that
leaching is accompanied by a densification of the microstructure (Figure 6.18
to Figure 6.20). The densification of the microstructure is mainly related to
the decrease in the volume of larger pores and increasing the finer porosity.
The data re-affirm that the degree of changes in the microstructural
characteristics is controlled by initial porosity, W/CM ratio, temperature and
time (see section 5).
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The rates of leaching of Ca2+ from the grouts in SCSSS groundwater are
shown Figure 6.21 and Figure 6.23.

At temperatures above 10°C, initially high leach rates of Ca2+ fall with time
towards zero. Initially the SCSSS synthetic groundwater enhances Ca2+

removal from the grout to leach rates that exceed those occuring in DDW
and WN-1 synthetic groundwater. In general the changes in the
concentrations of Ca2+ in solution are higher in SCSSS than in DDW and
WN-1 under equivalent test conditions. However, as in DDW and WN-1
solutions, the leaches concentrations of Ca2+ decrease with exposure time
and approach steady state after approximately 14 d of leaching. In the DDW
it appears that the overall rate of grout reaction slows as the difference in
chemical potential between the Ca2+ in the unleached grout approaches that
of Ca2+ in solution. In SCSSS synthetic groundwater the situation is more
complex, but it appears that a similar mechanism to that in DDW may be
operational. The differences in chemical potential between Ca2+ in the
unleached grout and the Ca2+ in solutions may be controlled by the alteration



-130-

phases, perhaps CaCO3, CaSO4 and calcium silicates hydrates. This
difference in chemical potential could lead to continued leaching of the grout.
However, a decrease in the reaction rate of grouts with SCSSS with time was
noted. The surface precipitate layer may control the rate of transport of
Ca2+ from the ur.reacted grout to the solution. Analyses of leached
specimens by SEM/EDX confirmed the formation of a surface precipitate
layer identified as Mg(OH)2. Alternatively, the actual concentrations of the
Ca2+ in solution may be controlled by the grout teachability (supply) and
phase precipitations (consumption). A balance between the rate of supply,
transport and consumption would lead to a constant leach rate for the grout.

It is important to note that even when the leachate is saturated with respect to
calcium there may be a residual driving force for the leaching of grouts to
occur and leaching/reaction may continue, albeit slowly, for very long time.
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6.1.2.2 Dynamic leach test

A comparison of the leaching performance of the reference grout mixed at
low (0.6) and high (0.4) water content and ALOFIX-MC in DDW under
dynamic conditions is shown in Figure 6.24 to Figure 6.28. The leach tests
under dynamic conditions were carried out at volume flow rates of 12 mLVd
and 240 mL/d. The leach rates of Ca2* are used for illustration. An
increase in Ca2+ leaching results in concomitant increase in leaching of the
other grout constituents.

The same general trends are observed for the reference grout mixed at low
(0.4) and at high (0.6) W/CM and the ALOFIX-MC grout. In DDW at a
flow rate of 12 mL/d and the lower temperatures of 25 °C and 50 °C there
was an initial increase in solution concentrations with time up to 8 d of
exposure. The steady rate leaching was than established. In tests carried out
at 85 °C the leach rates increased steadily with time and steady state levels
were not achieved during the duration of the experiments.

At the highest flow rate (240 mL/d), or when higher dissolution rates
prevailed, (i.e. Figure 6.27 and Figure 6.28), at short contact times between
the grout and DDW, the leaching behaviour of the reference grout was not
significantly affected by W/CM ratio. At 25°C the calculated leach rate of
Ca2+ continuously decreased with time. At 50°C and above, after an initial
increase in rate, lasting for up to 15 days, the leach rates showed a tendency
to decrease with time.

The results from both low and high flow rates leaching tests with DDW at
low temperature (25 °C and 50 °C) the leach rate data are consistent with
leaching mechanisms that are controlled by diffusion through surface reaction
layers; leach rates initially increase with time and then decrease as the
surface layer builds up, slowing down the leaching processes. The results
indicate that the formation of the surface layer is not a rapid process. At 100
°C no significant decrease in leach rates was observed over the time scales in
which a decrease was observed at low temperature. It is suggested that this
indicates that the matrix dissolution controls the leaching processes at 100
°C: Ca2+ leach rates steadily rise with leaching time. Surface analysis of the
leached specimens revealed the formation of precipitate layer consisting of
CaCO3 on the surface of all specimens leached in the dynamic tests. The
morphology of the reaction surface layer was found to depend on the
temperature and flow rate. The high temperature and high flow rates tend to
produce less dense reaction surface layers which, in all likelihood, accounts
for the higher leach rates at the higher temperatures.
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Interpretations of the data from the tests involving ground water (WN-1)
under dynamic conditions (240 mL d ') (Figure 6.29 and Figure 6.30) are
complicated by the presence of high concentrations of the elements of interest
in the leachant (i.e., Ca2+ and Si4+), continuous supply of these elements to
the leach cell and their presence at the surface of the test specimens make
difficult to resolve those changes attributable solely to the grout. However
the results indicate that, as in the static leach tests, diffusion across a surface
layer controls the leaching processes. The leach rates were found to be
higher than in leach tests performed with similar leachants under static
conditions. Initial leachant composition appears to assume a major role in
grout leaching by controlling the extent of dissolution. The reason for the
apparent increase in leach rates can be related to the probable increase in the
Ca2+ concentration gradient through the grout-solution interface, which in
may increases the driving forces for leaching from the grout. The higher
leach rates in the dynamic tests are attributed here to the formation of
insoluble compounds (i.e., CaCO3, CaSO4) that change the calcium
concentrations in solutions. In the dynamic tests saturation may have been
prevented and the concentrations of Ca2+ in solution reduced. It is likely
that concentration of the Ca2+ in solution was controlled by a combination of
the leach rate and its rate of removal of Ca2+ ( i.e. flow rate and
precipitation) from the leaching test cell. In this context, most of the tests
the values of the Ca2+ in solution were below the solubility limits. The
liquid phase in equilibrium with Ca(OH)2 and CSH was reported to have a
calcium solubility limit of approximately 0.02 mol L1 (Atkinson and Heame,
1985).
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6.1.3 Pure cement compounds

C3S, C2S, C3A and C4AF form the principal minerals in cement clinker. In
ordinary portland cement (Type 10), by percentage, the mineral are present
in the ranges 45 to 60, 15 to 30, 6 to 12 and 6 to 8 respectively. Gypsum
(CaSO4) is added in small quantities ( - 2 % ) either for lowering the burning
temperature or for modification of the C3A phase to C4A3S.

When portland cement is in contact with water, the calcium sulphate, the
high temperature compound of calcium (i.e.,CaO) and alkali (i.e., NajO,
K2O) tend to go into solution, and the liquid phase becomes rapidly saturated
with various ionic species ( i . e . ,Ca 2 + , N a + , K + ) . Studies of the
development of compressive strength in pastes (Bogue ,1955) made from
each of the four main cement compounds, indicated that cement pastes of
C3S harden rapidly and develop strength. Those of C2S harden more slowly,
but within a year their strengths are virtually equal to those given by C3S.
The strengths developed by pastes of C3A or of C4AF are less than those of
the silicates. Comparison of these results with those obtained for portland
cement of different phase compositions indicates that, to a first
approximation, cement behaves, mechnically, as the sum of its compounds.
By similarity, leaching behaviour may also be expected to be related to the
proportioning of the mineral composition.

Static leach tests were conducted on mixtures of the following pure cement
compounds: C3S, C2S, C3A and C4AF.13 The pure cement compounds were
mixed in proportions in which they are found in the industrial cement and
hydrated at W/CM ratios of 0.35 and 0.5. Mixtures contained 0 and 10%
silica fume and 1 and 3% Na-SNFC superplasticizer. The leaching
performance of the mixtures of the pure cement minerals was assessed by
measuring the leach rates of Ca2+ with time from specimens of hardened
cement. DDW was used as the leachant. Figure 6.32 to Figure 6.33 present
typical results from these leach tests and show the data for the leaching of
Ca2+ into solution as functions of time.

The results show that there is an initial rapid release of calcium which
increases directly with temperature. The leach rate decreases with increasing
leaching time to about 14 days when a steady state appears to be established.
The steady state occurs after the same length of contact time for both
mixtures of pure cement compounds and industrial grade cement. The
addition ">f silica fume to the mixtures of pure cement compounds decreases
the release of calcium to solution. These effects are simi'ar to those observed
in the studies of industrial grade cements.

13 In cement chemistry the following nomenclature is used: C = CaO, S =SiO2, A = A12O,, F =
Fe,O,. H = H;O.
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Comparison between the data obtained for C3S.C3A and C2S.C3A mixtures
(Figure 6.32 and Figure 6.33) shows higher release of calcium from the
C3A.C3S mixture. These results suggest that on contact with water C3S.C3A
is more reactive compound mixture than the C2S.C3A. The C2S.C3A appears
to have a much slower reaction with water. This reflect the known fact that
CjS is a less reactive compound than C3S. Furthermore, the results show
that the release rate of Ca2+ from the C2S.C3S.C3A.C4AF mixture (Figure
6.31) is virtually the same as Ca2+ release rate from C3A.C3S (Figure 6.32).
This suggests that the reaction of C3S with water (hydration reaction) is the
major source of Ca2+ release to solution. Again, C3S reacts rapidly with
water and releases Ca2"1" faster to solution, the C3S controls the composition
of the pore water and the solution with which the cement is in contact and
consequently the structure and composition of the leached surface and the
leaching mechanisms.
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6.1.4 Summary

When hardened grouts react with water the solution chemistry undergoes
alteration and tends towards equilibrium for the system. Equilibrium, the
rate at which it is approached, and the resulting grout surface alterations
depend on the initial chemical composition of the water. Since the grout its
self is complex in structure and composition, DDW was used as a reference
leachant because it provided the simplest environment in which to study the
grout leaching mechanisms. However, since a major goal of this
investigation was to evaluate grout leaching performance in the realistic
environment, other reference leachants than the DDW were used. Canadian
reference groundwaters, WN-1 and SCSSS, were selected as reference
leachants for two reasons. First, their composition closely matches that of
groundwaters encountered at 500 m to 1000 m depth in granitic rock.
Secondly, their methods of preparation are straightforward, thus facilitating
their use in the laboratories.

There have been two general approaches for evaluating grout-water
interactions. In one approach the grout was leached under static conditions,
allowing the leachant in the grout/leachant system to approach saturation
with dissolved solids. The other approach involved dynamic conditions. In
these conditions the saturation concentration was not maintained.

The analyses of leaching behaviour of grouts were based on the
concentrations of calcium and silicon in solution.

Based on the findings, it can be concluded that the leaching behaviour of
grouts at a given temperature not only strongly depends on grout composition
but is also sensitive to leachant composition. The data confirmed that the
initial leachant composition assumes a major role in grout
leaching/dissolution by controlling the extent of leaching/dissolution required
to produce saturation.

Calcium was leached less to WN-1 groundwater than in the DD water, with
SCSSS groundwater producing the most leaching. Grouts exposed to DDW
exhibited the characteristic initial rapid release rate which decreased with
time. There was some evidence of an initial enhancement of leach rate in
SCSSS groundwater. These results suggest that solution composition
controls the leaching characteristics. However, it was expected that the
higher the initial concentration of the elements (i.e., Ca2+, Si4+) in the
leachant, the slower their leach rates will be from grouts. The concentration
gradients of Ca2+ and Si4+ through the grout-solution interface should be
reduced when these elements are initially present in the leachant. The
decreased concentration gradients should reduce the driving forces for
leaching/dissolution from the grouts. Howevere, the grouts leached more
rapidly in SCSSS (high ionic strength) than in WN-1 (lower ionic strength).
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One possible explanation for this behaviour is the presence of of higher
concentrations of ions such as Ca, Na, Mg, Cl, SO4

2. The ionic strength
derives principally from sodium, calcium, magnesiums, chloride and
sulphate. These ions can precipitate or complex species existent or leached
into solution from the grouts. These can lead to the decrease in
concentrations of elements in solutions and thereby increase their leach rates.
However, to restate the grout leaching rate was less in groundwater with low
ionic strength than in DDW. Reasons for this were provided by surface
analyses of the leached grouts. The leaching/dissolution of cement-based
grouts was found to be accompanied by build-up of surface layers of reaction
products. Formation of the surface layer on the grout differs in composition
and occurs more rapidly in ground waters. In contact with stagnant or
flowing water the grouts exhibit a rapid modification of the surface due to
reaction with the aqueous media. These reaction products appear to protect
the grout and limit the rates of dissolution processes.



-150-

6.2 Porosity - K relationship

The water/cementitious materials (W/CM) ratio of cement paste is an
important factor in determining the subsequent porosity. Permeability of the
hardened paste, and decreasing W/CM both decreases permeability and
porosity and in most cases increases the strength. However, supplementary
cementitious materials such as pozzolans have been shown to promote
development of a fine microstructure and result in lower permeability and, in
all likelihood, diffusivity coefficients of potentially deleterious species far
beyond that which would be predicted on the basis of the water/cementitious
material ratio alone. It is generally known that the durability of hardened
cement exposed to aggressive aqueous environments is related to
permeability, and thereby, to the pore structure of the hardened cement. The
porosity and the pore structure of the hardened cement are the factors
controlling the rate of transport processes, whether the species being
transported is water , sulphate ions, chloride ions or carbon dioxide into the
grout and leaching of cement components (e.g., Ca(OH)2) from the grout.

Cement-based materials can be tailored to suit the engineering
requirements. For use in grouting the fine fissures encountered in granite
rock the materials require a fine particle size and need to be sufficiently fluid
to be pumped into the fissures. With regard to longevity, pozzolanic
materials (e.g., fly ash and silica-fume) are used to limit the quantity of free
Ca(OH)2 in the hardened cement paste (Feldman, 1981; Hooton, 1985).
Silica fume, which is the finest and most reactive of commercially available
pozzolans, was included in the reference grout material as well as in the
grout mixtures used in the in situ trials in Stripa mine. Due to very large
surface area of the cement or cement/silica-fume powders, quantities of
water in excess of those required solely to hydrate the cement are required to
provide the materials with the workability characteristics needed of a grout.
Conventional grouting can use water to cementitious materials ratios ( W/CM
) in excess of two14 . When such grout hardens, the extra water, not
participating in the cement hydration, is trapped in the solid structure and
creates a high porosity. This increased porosity decreases the strength,
increases the hydraulic conductivity and shrinkage, and decreases the
longevity of hardened cement-based materials. Thus, the full benefits of
using finely ground cements and, particularly of admixing silica-fume, can
only be realized in combination with the use of plasticizing agents or, more
specifically, superplasticizers which allow for the manufacture of workable
cement-based grouts at W/CM of 0.4 or less (Onofrei and Gray, 1990;
Onofreietal, 1992).

Laboratory investigations on the permeability of the grouts used in the
laboratory and field test (see Section 5) showed that the reference grouts are

1 4 S t o i c h i o m e t n c a l l y and t h e o r e t i c a l l y , por t land c e m e n t can b e f u l l y h y d r a t e d at W/CM = 0 . 3
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practically impermeable ( k < 10 l6 m s"') under hydraulic gradients up to 35
000 m m"1. Moreover, the material's porosity was found to decrease with
time due to continued hydration, precipitation and associated reactions (see
Section 5 and Section 6.1). The very low hydraulic conductivity and fine
pore size distribution did not allow for pore-water exchange and associated
cement dissolution effects on the grout performance to be observed in short
time scales in laboratory tests. The permeability of water through water
saturated cementitious materials has been shown to be related to the porosity
and pore size distribution (Hooton and Wakeley, 1989; Powers, 1958). In
this context, it is commonly assumed, in the durability models used to
estimate the long-term performance of cement grouts, that materials will
degrade through pore-water exchange and associated dissolution/leaching
processes. A decrease in the performance of cement grouts is considered to
be the result of increased porosity (Coons, 1989; Berner, 1987).

Therefore the laboratory investigations on the longevity of cement-based
grouts was expanded to include assessments of hydraulic conductivity-
porosity relationship in cement-based grout materials with high porosity and
to confirm changes in pore volume and size in response to dissolution and
precipitation. These studies not only provided basic information on material
performance but also offered a porosity/permeability relationship for use in
the numerical modelling of cement grout longevity (Alcom et al, 1992)

This Section describes the laboratory studies conducted on more porous
materials than the reference grout materials to provide information on the
effects of pore-water exchange on hydraulic performance of high
performance cement grouts with manufactured capillary porosity and grouts
with high W/CM. This was required as it had become clear through progress
of the program that the high performance cement grouts differed significantly
from normal cements and concrete on which assuptions on performance
factors were initially made.

6.2.1 Materials and Methods

The problem of assessing the hydraulic conductivity-porosity relationship in
cement based grout with high porosity and to confirm changes in
microstructure in response to dissolution precipitation was analyzed using
two approaches:

1. compacted granulated hardened grout

2. grouts with high W/CMratios

For the first approach the reference grout with W/CAf = 0.4, 1%
superplasticizer and 10% silica fume was prepared as described in Section 3.
After preparation, the grout was cured in saturated lime-water for 19 months.



-152-

The hardened materials were than mechanically crushed and granulated.
Cylindrical porous grout specimens, 76 mm in diameter and 84 mm in
height, were formed over a range of densities by statically compacting the
granulated material directly in a permeability cell. The six types of
compacted grout specimens investigated in this approach are given in the
Table 6.6

Table 6.6 Compacted Grout Specimen Data.

Cell
i

1

2

3

k

5

6

Size Fraction
Mm

1.18 (50Z)
2.36 (50Z)

1.18 (50Z)
0.30 (50Z)

Compacted Density
Mg m 3

1.50

1.55

1.60

1.50

1.55

1.6o

This method provided preparation of specimens which are chemically
identical to, but with higher porosity than, the reference grout used in the
laboratory and in situ investigations. The higher porosities allowed for flow-
through times appropriate for laboratory investigations. Figure 6.34 shows
the outline of the permeameter system used. The hydraulic conductivity was
measured with grout specimen at a constant head (0.5m). Water was flowed
upwards, vertically along the longitudinal the axis of the specimen.

In the second approach, grout specimens were prepared at high W/CM (0.9
< W/CM > 1.2) ratio. The grouts with high water content were employed
to provide samples with a natural cement paste network porosity. Tests
were carried out on hardened grout consisting of Type 50 cement, 10% silica
fume and 1 % superplasticizer mixed at 0.9, 1 and 1.2 W/CM ratios. Grouts
were prepared as described in Section 3.1 and cast into cylinder moulds
immediately after mixing. Due to high water content the cylinders prepared
from these mixtures required special preparation prior to testing. The molds
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containing the unset grout pastes were continuously shaken until final setting
occurred. This was needed to prevent bleeding and segregation of the
material during curing and to produce a chemically homogeneous material.
The hydraulic conductivity tests were performed in the constant-head
hydraulic conductivity cell described in Section 5.2.1.1 with grout specimens
in circumferential compression mode under hydraulic pressure differences of
65kPa.

All the test were performed using DDW as the percolating water. No special
precautions, such as deairing the water, were otherwise taken.

Constant head/
constant pressure
water supply

Oil/Water Interface
Flow Gauges

Constant head/
constant pressure
outflow

Valvegear to bypass
high precision,
high pressure flow
gauges

Valvegear to bypass
high precision,
high pressure flow
gauges

Outflow sampling
point

Figure 6.34 Permeability test system used for compacted granulated
grouts.
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6.2.2 Compacted granulated reference hardened grouts

The hydraulic conductivities, k, of granulated hardened reference grout
compacted at densities, p, between 1.50 and 1.60 Mg m"3 are shown in
Figures 6.35 and 6.36. The reults show considerable decreases in the
hydraulic conductivity with permeation time. These effects are considered to
be caused mostly by the continued hydration and/or associated reaction, and
therefore, porogressing densification of the compacted specimen and
decreases in the pore volume and mean pore diameter. An indication that the
decreases in hydraulic conductivity is accompanied by changes in the pore
system is given by the results from MIP (Figure 6.37 and Figure 6.38). The
data show over the period of the test the proportion of very large pores
present ( > 1 ̂ m) decreased and the proportion of the smaller pores ( < 1
fim) increased. In all tests, it was found that the pure structure became finer
as permiating time increases. Moreover, the compacted specimen with the
largest decreses in hydraulic conductivity exhibited the largest changes in the
pore size distribution (Figure 6.36, p= 1.60 Mg m3). The differences in the
volume of large pores in the compacted grout specimens, although difficult
to relate directly with hydraulic characteristics of the compacted grout, are
nevertheless reflected in the hydraulic conductivity of corresponding
compacted grouts. The specimens with higher hydraulic conductivity tended
to have higher volumes of large pores (> 1 /xm).

SEM analyses of the surfaces of fresh fractures in the specimens at the
termination of the hydraulic conductivity tests revealed that a masive fibrous
phase had formed on the surface of some grout grains and in the available
pore spaces between the grout grains (Figure 6.39). EDX analyses of the
fibrous phase showed it to contain Ca, Al, S and some Si. The material was
identified with X-ray diffraction as ettringite (C3A.3CaSO4.32H2O). The
ettringite formation is a result of the reaction of C3A with gypsum and water.
For the formation of ettringite, the cement should contain sufficients amounts
of CaSO4 and lime. Gypsum (CaSO4) is added to cement to serve as a
retarder. Sulphate ions contributed to the solution by the dissolution of
gypsum have a retarding effect on the hydration of aluminates (i.e., C3A). It
has been reported that ettringite is the first hydrate to crystallized because of
the high sulphate/aluminate ratio in the solution phase during the first hour of
hydration (Mehta, 1986). Ettringite becomes unstable and gradually converts
into monosulphate when the sulphate concentration in solution decreases.
The stability (the specimens were leached for more than 200 days) and the
presence of ettringite in large amounts in the compacted granulated
specimens indicates that the rates of availability of the aluminate and sulphate
and calcium ions in the solution phase (pore water) were high.

The decreased hydraulic conductivity and the densification of the
micrstructure (reduction of the large pores > 1 /im) can be explained on the
bases of ettringite formation. However, this cannot be considered as being
the sole cause. Another possibilty is an increase in the quantity of hydration
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reaction products. As a result of crushing the hardened grout it is likely that
micro-cracks are introduced in the hydrated layer which forms during the
hydration reaction around the cement grain. Thus, residual unhydrated
cement within the particles was exposed to the permeating water. This led to
renewed development of hydrolysis and hydration processes.

The results indicate that the rate with what the hydraulic conductivity
decreases with time and its final value was controlled by the particle size of
the granulated grout and the compacted density. The use of more finely
crushed grout material in the preparation of the compacted grout specimens
(particle sizes with $ = 1.18 and 4> = 0.30) resulted in faster decreases in
the hydraulic conductivity (Figure 6.36) and to ultimately lower hydraulic
conductivities ( k below 10 l0 m s"1) than those given by specimens formed
from the coarser grains ( k — 10* m s*1) (Figure 6.35). The initial hydraulic
conductivities of all the specimens was in the range 10'7< k < 10"* m s"1.
These results were attributed to a larger surface area of grout in contact with
permeating water as well as to a higher activity of the granulated powder.
This is consistent with the well known fact that the reactivity of a powder
increases with an increase in surface area and a decrease in mean particle
size.

In all tests the hydraulic conductivity did not appear to approach a steady
state during the tests. The long time required to achive equilibrium in the
hydraulic conductivity tests may reflect a a complex pore structure in the
compacted granulated hardened grouts as well as the continuation of
hydration and/or associated reactions (e.g., precipitation of ettringite).
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Figure 6.39 SEM micrographs of the surface of a fresh fracture in the
compacted granulated reference grout after 7 months in the
permeability cell. A= needlelike crystals of ettringite formed
during the hydraulic conductivity tests.
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6.2.3 Grouts With High W/CM

Figure 6.40 shows the results from the hydraulic conductivity tests carried out
on grouts with high W/CM ratios. The data show, as expected, hydraulic
conductivity increases with increasing W/CN ratios. The increase in hydraulic
conductivity is related to the increase in proportion of capillary pore space in the
grout. The results in Figure 6.41, 6.42 and 6.43 for the hardened grouts mixed
at high water cement ratios show that at first approximation, W/CM ratio and
porosity of hardened grouts can be directly related. Over the investigated range
of W/CM ratios, the results show that the total porosity as well as the volume of
larger pore increased with increasing the W/CM ratio. The large capillary pore
space can be expected to dominate the hydraulic flow paths.

For all the mixtures, the hydraulic conductivity decreased with time. This was
associated with changes in the microstmctural characteristics of the grouts. The
decreases in the hydraulic conductivities of the high W/CM specimens were
found to be less than those of the compacted granulated hardened grouts (Figure
6.35 and 6.36). The initial hydraulic conductivity of - 5 x 1 0 " m s"1 of the
high W/CM specimens was significantly less that of the granulated compacted
specimens (k ~ 5 x 107 m s"1). Hydraulic conductivity of the high W/CM
specimens decreased to about 1 0 " m/s in 7 months. The small changes in the
hydraulic conductivity of the grouts with high water content may be attributed to
a number of possible causes. These include low rates of hydration reactions and
the presence of larger pores ( > 1 /xm). The grouts were mixed at higher W/CM
than the reference grout (W/CM=0A). It is likely that this resulted in a greater
initial degree of cement hydration than in the reference grout. A coarse pore
structure and large volumes of pores in the range 1 to 100 /xm was also found in
the high W/CM specimens. The lower rates of hydration reaction during the
tests did not produce sufficient volumes of hydration products to decrease the
volume of large pores and alter the connected cappillary pore space, which are
responsible for the flow of the water through the material. Since the larger
pores are likely to offer the least resistance to water flow, it is resonable to
deduce that the majority of the flow occured in the volume represented by the
maximum continous pore radious. The observed decrease in the hydraulic
conductivity was related mainly to the changes in the volume of large pores (> 1
/xm) (Figure 6.41 to 6.43). This suggests that dissolution of phases such as
Ca(OH)2 from one area can be accompanied by reprecipitation and deposition of
the material at another location (e.g., in the large pores, capillary pore space).
This process shifts the pore size distribution towards finer values. Some of the
larger pores become blocked. The MIP data indicated that the grout mixed at
W/CM = 0.9 exhibited more changes in pore size distribution. Data for this
mixture are given in Figure 6.41. This grout, which had the lowest W/CM of all
the high W/CM specimens tested, had the lowest initial total pore volume and the
lowest proportion of larger pores ( > I /xm). The results confirmed that the
extent at changes occur in both pore size distribution and the pore volume
depend on the grout composition and initial porosity and increase with W/CM
(Onofrei et al, 1990). With the exception of grout mixed at W/CM = 1.2, the
decrease in hydraulic conductivity appears to have ceased after 28 d. Thus, it
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can be inferred that after this time hydration and/or associated reaction were
more important to the densification of the existing structure than deposition of
new material within the large pores.

The results also show that, with the exception of tests in which the grout mixed
at W/CM = 1 . 2 was investigated, the grouts approched steady state during the
duration of the tests (i.e., k tended to a constant value). This is clearly different
from the conditions in the tests involving compacted granulated grout in which
the hydraulic conductivity does not appear to approach the stady state during the
duration of the test. This indicates that for the high W/CM mixtures after 28
days, either no changes in the microstructure of the material are occuring or the
changes in microstructure that are occuring are not significant to the
permeability of the material.
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6.2.4 Summary

Investigations of the porosity - hydraulic coductivity relationship of the
compacted granulated reference grout and grouts mixed at high W/CM ratio
have shown that the hydraulic conductivity will change with time. The
changes are within limts that depend on grout composition and initial
porosity. The data show that the hydraulic conductivity decreases with an
increase in permeating time.

A number of factors were shown be responsible for the observed decreases in
the hydraulic conductivity. These include the morphological transformation
of h yd rated minerals and microstructural changes. Microstructural
investigations indicated that the porosity of the grouts changed during the
permeability tests. The observed changes in the microstructure, the
refinement of the pore structure (reduction of the large pores > 1 /im), were
associated with and attributed to an increase in the volume of solids resulting
from increases in degree of hydration of the cement solids and/or the
formation of ettringite and portlandite. These changes in porosity and in
pore size distribution were reflected in decreases in the hydraulic
conductivity of the grouts.

Permeability and porosity studies indicate that pore size distribution rather
than total porosity provides the measure through which permeability and,
therefore, longevity can be assessed. The smaller pores ( < 1 /xm) do not
make a significant contribution to permeability, and thus do not appear to
allow for efficient pore water exchange and cement dissolution.

Hardened grouts of different W/CM at both high and low hydraulic pressure
differences exhibited a approximately linear relationship between hydraulic
conductivity and total porosity of the grouts (Figure 6.44).
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6.3 Autogenous healing properties of cement - based grouts

One of the possible functions of cement-based sealants is to seal for long time
periods fractures that may contribute to the dispersal of the dissolved nuclear
waste to the environment. To accomplish this objective the sealant must
have acceptable low hydraulic conductivity (e.g., < 10 10 m/s). However, it
is known that there are possible mechanism which may lead to loss of
hydraulic performance of cement-based sealing materials. These
mechanisms include:

* microcracking under excessively high loads imposed
by the rock mass,

* microcracking from drying shrinkage,

* microcracking from differential thermal expansion,

* increases in porosity due to dissolution/leaching of solid
phases,

* thermodynamic instability of phases may increase
porosity by solid phase transformation.

It is evident that the presence of any defects (cracks, capillary pores) in grout
structure have the potential to provide a more rapid transport pathway for
advection or diffusion of radionuclides. The presence of these defects could
impair the performance of grouts as a barrier to radionuclides migration. If
self sealing can be assured, particularly for the modified cement-based grouts
( containing silica fume and superplasticizer) in the likely chemical
conditions within an underground disposal vault, the cracks are of much less
significance.

It has been reported that, in the presence of moisture, cracks in concrete can
self-seal by a process known as "autogenous healing". The process is now
generally accepted to occur in concretes and cements. The self-sealing has
been investigated by examination of the recovery of mechanical properties in
damaged concrete, the decrease of water flow through cracks or using
petrographic techniques (Wagner, 1974; Munday et al, 1974; Dhir et al,
1974). Self-sealing has only been observed when water is present (i.e.,
either in air at high humidity (>95%) or during total immersion in water).
Wagner (1974) observed the autogenous healing of cracks in a cement mortar
lining a metal pipe, where the water within the cracks was either flowing or
static. A conclusion was that the sealing rate, as determined by measurement
of the apertures of cracks with a microscope, was reduced when water was
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al lowed to flow through the cracks. Examination of the material infilling the
cracks revealed it to be CaCO3. Lauer and Slate (1956) studied the chemical
processes of autogenous healing on cement paste specimen cracked in tension
and allowed to heal under various curing regimes. Chemical analysis of the
healing material revealed it to be almost entirely crystals of Ca(OH)2 and
CaCO3. Other materials such as MgCO3, Mg(OH)2, NajCOj and K2CO3

were occasionally present in trace amounts. Based on the chemical analysis
Lauer and Slate (1956) developed a hypothesis for the mechanism of
autogenous healing. This hypothesis, simply stated, is that moisture enters
the crack and permeates into the cement paste dissolving calcium hydroxide.
The Ca(OH)2 present in the hardened cement paste is mobile in the pore
water and migrates toward the crack. The Ca(OH)2 reacts with CO2 and
CO3

2 in water and CaCO3, a low soluble compound is precipitated. The
reaction will continue until the available CO2 and CO3

2 is used up, after
which Ca(OH)2 will continue to move towards the crack until equilibrium
concentration is attained between the solution in the crack and the solution in
the surrounding cement paste. If the concentration is above saturation level,
crystals of Ca(OH)2 will also form and will contribute to the healing process.
The mechanism of autogenous healing proposed depends on the presence of
Ca(OH)2 in the cement paste and CO2 and/or CO3

2 in water.

It appeared that the most likely self-sealing process is calcite formation
(CaCO3) resulting from the reaction between aqueous Ca2+ ions from the
cement and the dissolved CO2 and/or the carbonate from the environment.
For self-sealing to occur by carbonation a source of CO2 is required. When
a source of CO2 is not available as may be the case in a repository for heat
generating radioactive waste, it was not clear that self-sealing would occur by
an alternative processes.

6.3.1 Methods

The ability of the cement-based groats to self seal was investigated on both
bulk grouts and thin films of grouts. In both cases the self sealing
capabilities of the cement-based grouts were investigated with water flowing
through the grout.

The autogenous sealing of cracks in thin films of grouts was investigated in
the cone-in-cone apparatus (see Section 5.2.2). The autogenous sealing
capabilities of both reference material and ALOF1X-MC were determined.
Specimens were prepared as described by Pusch et al (1988).

The effect of self sealing on the hydraulic properties of bulk grouts was
investigated on cylinder specimens used to determine hydraulic conductivity
of reference hardened grouts and reference grout with imposed porosity (see
Section 5.2.1 and 6.2.2). Specimens were prepared as described in Section
5.2.1 and 6.2.2.



The autogenous sealing was studied through changes in pore structure
(decrease in pore radius and volume of pores) and changes i.: the rate of
water flow through the cement based grouts.

6.3.2 Bulk Cements-Based Grouts

In common with the results from tests described in section 5.2 and carried
out in air autogenous sealing was observed by decreases in the hydraulic
conductivity of the compacted, granulated hardened reference grouts.

The results from all tests indicated that the hydraulic conductivity of the
reference grout mixed at low and high W/CM and with imposed porosity
decreased with increasing permeating time. Pore structure characterization
by both MIP and SEM indicated that changes occurd in the grout structure
during the permeability tests. The results showed decreases in the total pore
volume and a shift of pore radii toward smaller values. These changes in the
pore structure led to the refinment of the pore structure and densification of
the microstructure.

From the hydaulic conductivity tests carried on the grout with high and low
water content, analysis of the material obserbed to form in the pore space
available revealed Ca(OH)2 and amorphous CSH (Figure 6.14). These
materials decreased the capillary porosity, decreased the total pcre volume
and increased the fraction of fine porosity. No pores larger than O.ljtm
remained after the test. Thus, a mechanism by which Ca(OH)2 and
microporous gels, develop and grow into the larger pores, shifting the pore
size distribution towards the finer pore size and completely blocking up some
of the larger pores can be inferred.

The material observed to form in the pore space available and to bond the
grout grains in the compacted hardened grout specimens exposed to DDW in
the hydraulic conductivity tests carried out in air was identified as ettringite.
The observed densification of the microstructure and the decrease in the
hydraulic conductivity of the compacted granulated hardened grouts was
attributed to the ettringite formation.

The results from these tests indicate that different materials are responsible
for the deacrease in the flow of water through the grouts and consequently
the self sealing of grouts. The results suggest that the reference grout (a
modified cement containing silica fume as pozzolanic material), has the
ability to self seal. This observation obviates the concern that modified
grouts, containing silica fume or fly ash, may not heal due to lower
concentration of Ca2+ in the pore water. The results indicate that the
formation of calcite is not the only self sealing process. Sime processes
remain obscure and the ability of reference grout in bulk to self seal requires
further investigations.
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6.3.3 Thin Films

Fracture expansion caused by the rock movements as a result of tectonic and
thermal effects combined with the fact that the grout is a brittle material
could lead to the formation of a gap between the grout and the rock surface
and cracking of the thin films of grouts in the fracture. This gap and the
cracked grout may control the hydraulic conductivity of the grouted rock. It
is expected that if a fracture expands more than 10% the hydraulic
conductivity of the grouted zone may increase to unacceptable values.

Experimental work was performed to investigate the effect of self sealing on
hydraulic characteristics of thin film of grout+gap systems using cone-in-
cone apparatus. This procedure was intended to simulate cracking and
separation of the grouts in fractures with fine apertures.

A typical result from tests performed in cone-in-cone apparatus is show i. in
Figure 6.45. A mixture containing 90% Type 50 cement, 10% silica fume
with 0.4% superplasticizer and mixed at 0.41 W/CM was investigated. A
10% expansion of the slot created a gap between the inner cone and the grout
film and introduced microcracking at the grout surface. These increased the
hydraulic conductivity of the system (grout+slot) from < 1013 m/s to 2 x
10 7 m/s. Contact with deaerated distilled water (percolating water)
decreased the hydraulic conductivity of the system to a value of 8 x 108 m/s.
The measurement of flow through the film of grout+gap was taken as
function of time. The results show that hydraulic conductivity of the system
(grout+gap) decreased further (~ 10"10 m/s) when the system was heated to
90°°. Thus, it can be suggested that the chemical reactions responsible for
the observed decrease in hydraulic conductivity of the system are accelerated
by the elevated temperature (90 °C).

After the test, the surface morphology of the cement sample was investigated
by SEM/EDXA. These investigations have shown clearly the formation of
material in the microcracks in the thin film of grout as well as in the gap
created by 10% expansion of the slot (Figure 5.33). The infilling material
was identified as Ca(OH)2. The infill material may have formed as a result
of either continuous hydration reaction or dissolution of Ca(OH)2 in the grout
ano increasing the concentration of Ca2+ in the cracks and gap and
consequently recrystallization of Ca(OH)2.

The morphology and the chemical composition of the infill material formed
in the gap and cracks was found to be independent on the grout composition
and the chemical composition of the percolating water. The rate of
formation of the infilling material was a strong function of temperature.

The results indicated that under this experimental conditions (continuous flow
of deaerated DDW, CaCl2 solution) the self sealing process is Ca(OH)2

formation.
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Figure 6.45 Change in hydraulic conductivity of the thin film of cement
grout as a function of time and temperature.
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6.3.4 Summary

A series of studies was undertaken to evaluate the ability of high performance
reference grout to self-seal.

It has been reported in the literature that cracks in concrete and cement can
self-seal and this phenomenon is now generally accepted to occur. Self-
sealing has been observed in terms of recovery of mechanical properties, the
reduction of water flow through the crack or by microscopy. Based on the
results obtained, the self sealing in concretes was attributed to the formation
of CaCO3 and at some stage Ca(OH)2 in the crack. It was reported that self-
sealing requires the presence of water; either air of very high humidity or
during the total immersion in water is needed.

In the present studies, the self-sealing has been observed in terms of reducing
the water flow through bulk cement and thin films of cements and changes in
the pore volume and pore size distribution of cements.

The results indicate that self sealing occures in both thin film and bulk
hardened grouts under both low and high hydraulic pressure gradients. More
than one mechanism may be responsible fcr promoting self-sealing. These
include the formation of ettringite and portlandite as well as calcite in the
permeable connected porosty.

The results show that the reference grout (a modified grout) containing silica
fume as pozzolanic material has the ability to self seal. The present
observation obviates the concern that modified grouts, containing silica fume
or fly ash, may not heal due to lower concentration of Ca?+ in the pore
water. However, some aspects of mechanisms providing remain obscure ir:d
require further investigation. The results also indicate that the formation of
calcite is not the only self sealing process.

6.4 Leach rate parameters

If the leaching processes and longevity were conn tiled by activation energy,
leach rate, k, would fol'ow the empirical Arrheniu:, law

k . A eE- ' RT (6.2)

v/here A = experimental constant, kg m"2 s
E,= activation energy for leaching, kcal mo! '
R = gas constant, cal mol ! °K
T = temperature in °K

Thus, the activation energy can be defined by tf:e equation:
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F R d ( L n k>
E . = " R

Therefore, Et can be obtained from the slope of Ln k versus 1/T derived
from the leach tests described in Chapter 6.

The energy of activation of an overall reaction , that is as complex as the
leaching of multiphase cement, is really the composite of several activation
energies from the elementary reactions comprising the total reaction. For a
single forward reaction, a plot of Ln k versus 1/T will give a straight line
whose slope is -E,/R. The magnitude of the activation energy, besides
providing the very important temperature dependence of the rate of the
reaction, also provides information on reaction mechanisms.
The static leaching test carried out in distilled deionized water (DDW) and
under conditions described in Chapter 6 gave results which form good linear
arrays in the Arrhenius plot (Figure 6.46). From Figure 6.46, the calculated
mean activation energies for calcium ranged between 1.29 kcal mol"1 and
1.88 kcal mol1. Low activation energies (Et less than 5 kcal mol"1) usually
indicate that diffusion-controlled reactions in fluid media are occurring.
Thus, the low experimental values obtained from the leach tests may indicate
a solution-transport mechanism is controlling the leaching process. The low
activation energy may also indicate that relatively fast reactions are taking
place.

The high flow rate leaching tests carried out in DDW and discribed in
Chapter 6 gave results (Figure 6.47) which correspond to temperature-
dependence parameters of 3.81 kcal mol1 and 2.90 kcal mol"1 for the
reference grout mixed at 0.4 and 0.6 W/CM respectively. These values are
similar to the activation energy of leaching determined from the static leach
tests. This support the conclusion that the leaching/dissolution rate is
controlled by the transport away from surface. Furthermore, this suggests
that the contact time between the grout and leachant does not have a
significant effect on the reaction mechanism.
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6.6 DISCUSSION

It is not possible to define with exactitude the environmental conditions to
which the grout will be exposed in the geologic repository. However,
sufficient information are available to describe the conditions quite well for
the various candidate repositories. The groundwater chemistry was defined
in term of water composition, pH and Eh. The ground water chemistry was
found to varies in similar geologies and even in the same geological
formations. The pH and Eh were found to depend on the type of rock to
which the groundwater is exposed. Water composition is known to affect
leaching. The presence of calcium and silicon in groundwater could be
beneficial may reduce the driving force for grout matrix dissolution.
Contrariwise, the presence of carbonates and sulphates can enhance the
leaching. Mechanical disruption may result from expansive reactions
between lime and hydrated tricalcium aluminate (C3A) and cause the
formation of cracks in the grout. Since the potential range of groundwater
compositions is too large to evaluate, distilled deionized water (DDW) and
two reference groundwater compositions were used in these studies. DDW
was used because it provided the simplest environment in which to study the
grout leaching mechanisms. However, the major goal of this investigation
was to evaluate grout leaching performance in realistic environments. One
option was to use water extracted from the ground, but water chemistry is
altered once the water is removed from the rock mass. Thus, reference
synthetic WN-1 and SCSSS groundwater were used. They were selected as
reference leachants for several reasons. First, their compositions are known
and the methods of preparation were straightforward and available.
Secondly, their composition and pH are fairly representative of water found
in granite rock masses.

The leaching performance of the cement-based grouts depended on the
environment under which is tested. The mechanisms which controled grout
dissolution/leaching depended on the composition of the grout, the initial
composition of the leachant medium and the temperature, and on time.
Two types of time dependence were discerned. These involved the total
exposure time and the contact time, with a particular volume of leachant.
The total exposure time of the grout controled the transformation of surface
of the hardened grout from its dry original state to a form jvhich was in
steady state with respect to interaction with the aqueous environment.
During this time the leaching/dissolution rates changed, reflecting for
instance the build-up of a surface layer. This is a transient effect, and in
long term the rate of material loss is likely to become constant. The value of
this constant long-term rate depended on the contact time between the grout
and the groundwater. This contact time together with the ratio between the
surface area of the grout and the volume of solution (groundwater) in contact
with it, determined the extent to which the composition and reactivity of the
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solution was affected by dissolution/leaching of the grout components
(phases).

Two processes were commonly observed to occur in sequence during
leaching. These processes were the dissolution of the grout accompanied by
the formation of reaction layer at the interface between grout and aqueous
solution ( surface reaction) and diffusion to and from the interface. The
extent to which the surface reaction or diffusion limited the rate of mass
transfer at the grout surface appeared to depend on the activity of the surface,
the permeability of the grout ( microstructure), the hydrodynamics of the
testing system, the degree of the equilibrium at the grout-solution interface
and elsewhere in the system. The system geometry, the porosity and
tortuousity of the material through which aqueous species diffuse also
determined the controlling leaching mechanisms.

Physical factors such as temperature, and chemical factors, such as the
compositions of the grout and of the aqueous medium with which the grout is
in contact influence the mechanisms and the rates of the leaching/dissolution
processes. The two factors appeared to be able to control the grout
Jeaching/dissolution processes independently or in combination, depending to
the extent to which the aqueous medium was affected by the accumulation of
the grout dissolution products. The extent of interaction was determined in
tum by the rate at which the water in contact with the grout is replaced and
by the ratio between exposed surface of grout and the volume of water in
contact with the grout.

The dependence of the leaching/dissolution behaviour of grout on the extent
of interaction with the leachant (groundwater) and the resulting changes in
leachant chemistry was examined by considering two extreme cases.

The first case was one of high dilution where DDW was used as the leachant
and in some cases rapidly exchanged. Similar behaviour may result when
grout is exposed to rapidly flowing groundwater. In this case the
accumulation in the leachant of species leached out of grout is too small to
alter the composition of the leachant sufficiently to affect reactions between
the water and grout. In particular, the concentrations of solubility-limiting
components, such as Ca, Si and Al in the leachants were not changed
significantly relative to thier saturation limits. In this case the leach rate for
the dissolution of the grout probably depended only on the original leachant
composition. However the pH of the aqueous medium was changed. The
pH will be primarily determined by the dissolution of the hydroxides from
the grouts, such as NaOH, KOH and Ca(OH)2.

The second limiting case was that of a grout exposed to leachants
(groundwater) for various length of time under stagnant conditions or
containing high ionic concentrations . This can be considered a fully
interactive case where the composition of the aqueous medium
(groundwater) was strongly coupled with that of the grout. Groundwater
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composition was found to affect leaching. Initially, it was generally assumed
that, it would be beneficial that the groundwater contained most of the
cement elements in high concentrations, since this will reduce the driving
force for grout dissolution. Howevere, it was found that the presence of
carbonates and sulphates and the increase in pH in the groundwater could
enhance the leaching of Ca and Si. This was associated with the formation of
phases containing Ca and Si. The reaction products reduced the
concentration of elements in solution and thereby increasing their leach rates.
However, the presence of these reaction products on the surface of the
leached grout specimens may have acted as a barrier controlling the
concentration of the elements in solution. The WN-1 synthetic groundwater
provided the least aggressive environment although its Ca2+ content is less
than that in SCSS synthetic groundwater. One possible explanation for this
behaviour was the observed presence of higher concentrations of anion such
as Cl". This ion can potentially complex with species leached into solution
from the grout.

The leaching results gave no evidence for pure leaching/dissolution which
should result in a congruent dissolution of the cement phases. The results
indicated that the leaching under both static and dynamic conditions is very
complex involving several processes such as; formation of alteration layers,
precipitation and incongruent dissolution. With these complex processes
revealed, it is apparent that further work is needed to fully understand the
mechanisms and rates of reactions between hardened cement grouts and
groundwater. However, it is reasonably clear from the tests carried out on
porous grouts that the products of grout/water reaction that form on the
surfaces of the leached specimens may cause the hydraulic conductivity of
mechanically disturbed grouts to decrease. Continuing changes within
microstructure of the hardened materials, such as the formation of ettringite
and portlandite, appeared to not significantly influence leaching processes
and rates. Moreover, the relationships between porosity and hydraulic
conductivity which car» be assumed to control grout longevity are not clear.
Total porosity, which varies with time due to the reaction processes, does not
control hydraulic conductivity. Connected pores with diameters in excess of
0.1 urn control k. This includes microfractures and larger cracks. Concepts
for evaluating cement grout longevity need to be revised to accomodate these
findings. In this respects it is noted that intact high performance grouts have
very low to virtually no content of pores with 4> > 0.1
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SYNTHESIS

The Task Force est \ "Ished under the auspices of the OECD/NEA
international Stripa ' jject recommended cement- and clay-based materials
as candidate mat , for use in sealing repositories and identified technical
issues requirr. , -vailed attention. For both of these materials, it was noted
that insuffLi it information was available to allow for reasonable analyses of
the per'. ..ance of the sealing materials and the systems of which they form
a p? A coordinated series of laboratory, in situ and theoretical studies
w carried out to provide the necessary information to allow for an
, »-.aisal of the long-term performance of the selected sealing materials.

Prior to the investigations in Phase 3 of the Stripa Project, extensive research
and laboratory testing had been undertaken by AECL Research and the
US/DOE to investigate the detailed properties of alternative cement-based
grout materials and mix proportions. This work provided the foundation for
the selection of the high performance superplasticized, cement grouts
containing silica fume used in Phase 3 of the Stripa Project. Admixtures
such as silica fume and superplasticizer were incorporated in grout mixtures
to produce desired changes in the physical and chemical properties of the
grouts.

Extensive laboratory studies of rheological and hydraulic conductivities of
superplasticized grouts with and without the silica fume mixed at low W/CM
ratio were undertaken to define the conditons under which these cement-
based grouts could be applied with maximum effect as sealants. The results
from laboratory tests and in situ trials indicated that the addition of
superplasticizer and silica fume produced grouts with improved workability
permitting the mixes to be handled and pumped into fractures without
segregation of the components. The grouts exibited pseudo-plastic behaviour
immediately after mixing with water. However, their rheological behaviour
could be modified by vibrating the freshly mixed grout pastes. The effects of
vibrations of different frequencies and amplitudes on the rheology of various
grout mixture were evaluated. It was generally concluded that applying
vibration to the grouts during injection would decrease the water content
needed to provide adequate fluidity to the freshly mixed grout pastes. Very
vigurous stirring or vibration enhanced fluidity and delayed setting of the
mixes.

The results from both field trials of superplasticized grouts at Stripa and at
the Underground Research Laboratory in Canada confirmed that the injected
superplasticized grouts changed the dominant water flow paths in the rock
and produced only very limited geochemical signiature in the groundwater.
In Canada the apparent hydraulic conductivity of a fracture zone in granite
rock was decreased from - 108 m s 1 to - 10 l0 m s ' . At Stripa, in spite of



no apparent changes in the overall hydraulic conductivity of fracture zone,
water was locally diverted. Moreover, although there were no measurable
changes in hydraulic conductivity, there was clear evidence that grouts can
be injected into the fine fractures that form the excavation disturbed zone
around openings in the rock.

In situ trials indicated that penetration depth and the degree of filling of
fracture by cement grout depended on the fracture configuration and presence
and amount of fracture infilling minerals. Microscopic examination of the
grouted rock samples revealed that grout penetrated fracture with apertuies as
small as 10/xm. Laboratory and in situ tests clearly indicated that matching
the Theological properties of the fresh grout to the method of emplacement
will give the best prospect for the performance of hardened seal. For
example, a grout mixed in the proportions : cement 90%, silica fume 10%,
W/CM = 0.425 and superplasticizer content 1 1 % well suited the special
pumping equipment developed through the Stripa Project.

Laboratory studies confirmed that decreasing the water content of the ceiront
grouts by admixing superplasticizer (water reducing agent) increased strength
and decreased the hydraulic conductivity of the hardened grouts. The
hardened grouts have unconfined compressive strength and elastic moduli
approaching those of granite and lower hydraulic conductivity (i.e., < 10 14

m s"1) than that of intact granite ( 10"12 m s"1).

It was shown that microstructure of the bulk grouts, of thin films of grouts
produced in artificial fracture and the grout injected into the rock exhibited
significant differences. The microstructure of the bulk grouts was
characterized by a high degree of homogeneity with extremely fine porosity.
Whereas the microstructure of the grout films varied with the thickness of the
grout film. It was concluded that a number of possible explanations could
account for the difference in the microstructure the most impotant were the
grout paste compositions, the test and injection conditions.

Evaluation of the results from leaching studies showned that the leaching
behaviour of grouts at a given temperature depende on grout and leachant
composition. Initial groundwater composition assumes a major role in grout
leaching/dissolution by controlling the extent of leaching/dissolution required
to produce solution saturation with leaching elements. The results indicated
that leaching under both static and dynamic conditions is very compex
involving several processes such as; incongruent dissolution, formation of
alteration layers and precipitations. Leaching mechanisms and the
microstructure of the leached surface strongly depend not only on the
composition of the leachant and the contact time between the leachant and
grout but also on the grout microstructure. Further work is needed to fully
understand the mechanisms and rates of reactions between hardened cement
grouts and groundwaters.
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From microscopic examinations it was observed that leaching/dissolution is
accompanied by the formation of reaction layers which include precipitations
and growth of an assemblage of secondary phases (i.e., Mg(OH)2, CaCO3

and Ca(OH)2). The presence of these phases was also predicted by the
durability models being developed to estimate long-term performance of
cement grouts. The composition of the reaction precipitate layers may reflect
the chemical transformation in cement as well as changes in the groundwater
which is in contact. The thermodynamic stability of these
alteration/precipitate phases may influence the long-term performance of
cement-based grouts and in view of very low hydraulic conductivity, surface
leaching is likely to be the major process by which bulk high-performance
cement-grout will degrade. Due to higher porosity, imperfectly injected thin
films of grout may gegrade by dissolution in pore water grout will degrade.
More information on the morphology, chemical composition, and the rate of
formation of the reaction la1 rs would further add insight into the long-term
dissolution/leaching processe which grout would be expected to undergo in
a repository and decrease uncertainties with respect to grout performance.

It was shown that the high performance grout, containing silica fume as a
pozzolanic material and superplasticizer as a water reducer, if mechanically
disrupted has the ability to self seal. The results obviate the concern that
modified grouts, contain- nozzolanic materials may not heal. The ability
of modified grouts to he. .^quires futher investigation. It appears that the
modified grouts can heal, certainly when they are relatively young ( — 2
years curing). Some uncertainty remains with much older grouts.

The results indicate that it is possible to manufacture high-performance
cement-grouts which can be ;r.jected into very fine fractures and divert water
flow in granitic rock. These grouts are shown to have negligible hydraulic
conductivity, associated with very low porosity and to be highly leach
resistant under repository conditions. Microcracks generated in this
materials from shrinkage, overstressing or thermal loads are likely to self-
seal. The results of the loboratory and in situ studies suggest that the high-
performance grouts can be considered as viable materials in repository
sealing applications.
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