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ABSTRACT
The Stripa Rock Sealing Project logically followed the
two first Stripa research phases dealing with canister-embedment and plugging of excavations in repositories. While the two preceding phases made use of
precompacted clay blocks and on-site backfilling, the
last phase comprised fracture sealing with clay and
cement. The major activities in the third phase were:
*

Literature review and interviews for setting
the state of art of rock fracture sealing

*

Pilot field and lab testing applying a new
effective "dynamic" grouting technique

*

Development of a general grout flow theory

*

Investigation of physical properties and
longevity of major candidate grouts

*

Performance of 4 large-scale tests

The literature study showed that longevity aspects
limited the number of potentially useful grout materials to smectitic clay and cement.
The pilot testing showed that fine-grained grouts can
be effectively injected in relatively fine fractures.
The fluidity of low w/c cement can be quite sufficient
by adding moderate amounts of superplastizicer.
The theoretical work led to a general grout flow theory valid both for grouting at a constant, static
pressure with non-Newtonian material properties, and
for "dynamic" injection with superimposed oscillations, yielding Newtonian material behavior. Well
defined viscometer tests yield relevant parameters.
The investigation of physical properties of candidate
grouts with respect to hydraulic conductivity, shear
strength, sensitivity to mechanical strain, as well as
to chemical stability, showed that effective sealing
is offered, and that any rock can have its bulk conductivity reduced to about 10" m/s. Under chemically
favorable conditions the operative lifetime may be
millions of years, while critical conditions reduces
this time to a few hundred years or even less.
The field tests comprised investigation of excavationinduced disturbance and attempts to seal disturbed
rock, and in separate tests, grouting of deposition
holes and a natural fine-fracture zone. Considerable
disturbance of nearfield rock by blasting and stress
changes, yielding an increase in axial hydraulic conductivity by 3 and 1 order of magnitude, respectively,
was documented but various factors, primarily debris
in the fractures, made grouting of blasted rock ineffective. Narrow fractures in deposition holes and in
a natural fracture zcne were sealed rather effectively.
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1

GENERAL

1.1

Objective
The objective of the Sealing Project was to find ways
of sealing finely fractured rock by grouting and it
was recognized from the start of the project that
this would imply use or development of new injection
techniques, and identification of grout materials
with high fluidity, low permeability and substantial
physical and chemical stability. The Joint Technical
Committee of the OECD/NEA Stripa Project established
a Task Force on Sealing Materials and Techniques on
May 20-21, 1986, and the first Task Force meeting
took place on September 10-11, 1986 in Lund. A stateof-art report of rock grouting was prepared on the
basis of national surveys, and it ended with the recommendation that the work should continue and comprise both trial grouting operations and research directed towards improved grout penetration and longevity of seals (1). The use of the "dynamic injection"
technique should be considered and two priority groups
of grouts were selected: cementitious and clay materials.
The major activities in the remaining part of 1986
and in 1987, forming a first phase of the sealing
project, was to develop and apply suitable test
techniques in the laboratory for characterizing cement and smectitic clay materials and for making pilot injection tests under controlled conditions
("slot testing") as well as to develop a general
grout flow model and perform a series of pilot field
tests (2). Also, a program was worked out for a second
phase comprising large-scale field tests and systematic laboratory investigation of the physical properties and longevity of grouts (3). Since the pilot
grouting tests were concluded to be promising and the
methods for predicting and checking of grout penetration into fractures had proved to be useful, the decision was taken at the Task Force meeting at Watford, England, on March 18, 1988, to proceed with the
second phase.

2

COMPREHENSION OF THE ROCK SEALING PROJECT

2.1

Major activities
The major activities in the project were:
Development of grout flow theory based on
characteristic material parameters determined in the laboratory, and checked by
injection in slots with well defined
geometry

r

Determination of the hydraulic conductivity
and strength properties as well as of the
alteration mechanisms of cement and smectite clay grouts, and selection of major
candidate grout materials for use in largescale sealing tests
Four large-scale tests in Stripa rock for
determination of the sealing effect of
injected clay and cement and of the penetration cf such grouts into fractures

2.2

Basic work in Phase 1

2.2.1

Dynamic injection
A new grouting technique with oscillatory pressure
superimposed on a constant static grout pressure was
developed by Clay Technology AB and Svensk Grundundersökning AB in 1985 and it was applied in the laboratory grout flow tests and in the field tests. The principle is that a static pressure higher than the ambient groundwater pressure is applied and that pressure
pulses with 40 Hz frequency are superimposed, producing peak pressures of up to 8 MPa with a duration
of a few milliseconds. This exposes the grout to
shearing by which its fluidity is strongly enhanced,
facilitating grout penetration into very narrow fractures .

2.2.2

Grout flow modelling
A hydrodynamic model for describing the motion of
slurries with non-newtonian flow properties was worked
out in the initial part of the study for predicting
the penetration rate and depth of grouts injected into
fractures with different apertures. The basic rheological material model has the following form (2):
T = m(jr/yo)n

(1)

T = shear stress
7 = shear rate
jo= normalized shear rate
m = "viscosity" parameter
n = exponent
The m and n parameters can be evaluated from viscometer tests in the laboratory. The inflence of shear
strain amplitudes o.. the shear resistance is illustrated by Fig.2.1.
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Fig.2.1

Illustration of the influence of shear strain amplitude on the shear resistance of clayey grout at dynamic injection

2.2.3

Prediction of grout penetration
Prediction of grout penetration using the flow model
requires that the aperture and shape are known of the
fractures that are intersected by the injection holes.
Naturally, the true shape of the cross section of
water-bearing and groutable fractures cannot be identified and some reasonable approximation to a simple
geometry therefore needs to be made, a first attempt
being to assume three sorts of cross section corresponding to an infinitely wide slot, a 1 cm wide
rectangular channel, and a tube with circular cross
section. Knowing the number and character of fractures
from core mapping, and using the expression for the
average hydraulic conductivity in Eq.(2) evaluated
from "Lugeon" testing, the average aperture was derived by applying the Navier-Stoke expressions for the
conductivity of passages with the three types of cross
section. This gave apertures that differed by 2.5 to
10 times, the most representative figures being those
evaluated by assuming the passages to be rectangular
with 1-10 cm width. Later, more realistic channel
cross sections, more or less rhombohedral, were assumed for estimating the equivalent aperture.

r

k = Q/(Ap L)(l + ln(L/D)/2n)
where

k
L
Q
Ap

=
=
=
=

(2)

hydraulic conductivity
length of borehole section
flux
applied water overpressure

Applying the derived apertures and the grout flow
equation, the penetration depth of any grout with its
flow parameters determined by laboratory viscometry
testing can be predicted.

2.2.4

Validation of grout flow model
The agreement between the predicted and actually recorded penetration rates and depths was good as evaluated from tests where injection was made in artificial
slots with rectangular or triangular cross sections,
and excavation of rock that had been grouted by clay
and cement materials in a first pilot test series also
gave reasonable agreement. These latter tests showed
that cement had moved into certain fractures by up to
2.9 m. The clay material was Tixoton bentonite (Na
montmorillonite-rich clay) with a water content of 790
% (1.5 times the liquid limit) or 50/50 Tixoton/quartz
filler with 400 % water content (1.6 times the liquid
limit). The cement material, prepared to w/c=0.36,
consisted of finely ground Portland cement with 10 %
silica fume and 1 % super plasticizer.

2.2.5

Sealing effect evaluated from pilot test series
The pilot injection tests gave an opportunity to estimate the sealing effect by emptying the grout holes
and repeating the "Lugeon" tests. It was concluded
that clay grouting gave a reduction in average bulk
conductivity by 3-40 times, and that cement grouting
reduced the conductivity by 25-2000 times. Still, it
appeared that the applied grouting technique using
bentonite clay or cement did not cause a reduction of
the average bulk conductivity to less than about 10"1
m/s.

3

PHYSICAL PROPERTIES AND LONGEVITY OF CLAY AND CEMENT
GROUTS

3.1

Hydraulic conductivity

3.1.1

Clay materials
The hydraulic conductivity was determined by filling
thin slots with grout material and percolating it with
distilled water or strongly brackish sodium- or cal-

ciuin-doininated solutions. In the course of the percolation, the aperture of the slot was increased by 30
% and heating to 90°C applied for about 3 weeks, after
which the slot was compressed to its initial size and
the heat turned off (3).
Experiments with Na bentonite and mixtures of bentonite and quartz filler as well with Ca bentonite showed
that the electrolyte composition and ionic strength of
the solutions determined the hydraulic conductivity.
Electrolyte-poor percolates in experiments with unexpanded slots gave very lew hydraulic conductivities
of the clays and clay mixtures (10~ to 5x10 m/s)
while slot expansion combined with heating and percolation of salter solutions led to values of up to
10" m/s or occasionally higher than that. Addition of
quartz did not help to reduce the conductivity and
appeared to produce some sensitivity to piping of certain mixtures.
Increasing the density of clay grouts from 1.1-1.15
g/cm3, which is a suitable range for making smectite
clay grouts effectively injectable, to 1.2-1.3 g/cm ,
reduced the conductivity significantly, except at
percolation with salt solutions. Adding about 1 % NaCl
to the clay seemed to yield optimum properties with
respect to the fluidity in the injection phase and to
the hydraulic conductivity.
A general conclusion is that exposure of suitably composed Na bentonite clay grouts to strongly brackish
groundwater, and simultaneous increase of the fracture
aperture by up to 30 % may increase their hydraulic
conductivity to as much as 10~s m/s. This figure represents the ultimate permeability of clay grouts that
one would expect in many deep-sited rock repositories,
while lower figures may be valid for rock with lowelectrolyte groundwater and no change in fracture
aperture.

3.1.2

Cement materials
Cement is virtually impermeable because of the low
degree of interconnectivity of the voids. Preparing it
to w/c less than about 0.35 gives some self-healing
ability due to incomplete initial hydration at such
low intial w/c figures. Simulated shear of 0.6 mm cement films in slots which were then expanded by 60 um,
caused a very significant increase in conductivity,
i.e. from virtually zero to more than 10" m/s, but
the conductivity tended to drop by as much as two orders of magnitude with time at 90 C. These tests demonstrated the sensitivity to mechanical disturbance
of very thin cement films, but they also showed that
porous cement gel is neoformed in the open space of a
fracture containing cement. At the applied minor disturbance, tjie average conductivity of the cement went
down to 10" to 10" m/s, the lower figure being valid

r

for Alofix cement. The tests showed that compression
of the slot and reduction of the temperature back to
arojund 20°C, reduced the conductivity down to 10
to
10~° m/s. This demonstrated that permanent microstructural breakdown had taken place (4).

3.2

Piping and erosion resistance

3.2.1

Clay
Smectite clay grouts undergo very quick thixotropic
strength regain after the completion of the injection
and further increase in strength takes place for days
and weeks thereafter. Thus, the risk of piping and
erosion, which both depend on the shear strength of
the clay, is highest immediately after the injection.
A practical measure of the piping resistance is the
maximum, critical hydraulic gradient that the clay
grout can sustain immediately after the injection.
It appears that gradients higher than about 30 may
produce piping and formation of continuous channels
where flow of water may produce erosion if the rate of
flow exceeds about 10~ m/s (3). Self-sealing of such
channels tends to occur especially in salt groundwater
since the clay torn off by erosion has the form of
large aggregates which may be stuck and cause clogging
in constrictions.

3.2.2

Cement
While smectite clay grouts undergo considerable thixotropic stiffening almost instant aneously when the
mechanical agitation caused by the injection is stopped, freshly injected cement slurry with 1-1.5 % superplasticizer does not experience significant hardening until after 10 hours at room temperature and 20
hoars at 10°C rock temperature. Pinhole-type tests
under the microscope have shown that piping takes
place at much lower critical hydraulic gradients than
in smectite grouts and that strona erosion is caused
by water flow rates as low as 10" m/s in the first
5-10 minutes at room temperature (5). This means that
freshly injected cement grout films are very sensitive
to water flow along or through them.

3.3

Longevity

3.3.1

General
The chemical stability of smectite and cement grouts
under repository conditions was one of the major subjects, and it was considered both by applying current

and new degradation models, hydrothermal experiments,
and reference to geological evidence. The matter is
very complex both for smectites and cements and rather
crude estimates had to be made for prediction of the
long term performance (3,4).

3.3.2

Bentonite clay

3.3.2.1

Hydrothermal experiments
All the investigated clay grouts were prepared with a
water content of 1.3 times the liquid limit, i.e. on
the same order of magnitude that is required to make
them injectable. Both pure clay samples and mixtures
with very fine-ground quartz powder were investigated,
the mixtures having approximately the same amount of
clay material as the pure clay samples (3).
Hydrothermal treatment of the samples prepared with
distilled water and exposed to hot pressurized distilled water or strongly brackish solutions with sodium
or calcium as major cations and chlorine as dominant
anion, was made for periods of up to 270 days, with
subsequent testing of the hydraulic conductivity and
shear strength as well as of changes in mineral content and composition.
The amount of montmorillonite appeared to have been
almost unchanged in the Na bentonite clay samples saturated with distilled water and exposed to temperatures up to 200°C, as concluded from X-ray diffraction
and chemical analyses. The hydraulic conductivity of
these samples was also similar to that of untreated
clay with the same density (1.08 g/cm ) , i.e. around
5x10 m/s. 75/25 and 50/50 mixtures of bentonite/
quartz saturated with distilled water and somewhat
higher density (1.1-1.15 g/cm ) showed even lower
values. The shear strength of the materials prepared
with distilled water increased by several hundred percent at 90°C and even more at 130°C, while it dropped
at even higher temperatures. The strengthening associated with no change in hydraulic conductivity of the
pure clay samples was caused primarily by microstructural rearrangement creating a denser particle network
with denser branches and wider but still largely isolated voids. Tt.e samples containing 50 % quartz powder
tended to become somewhat more permeable at 200°C than
at lower temperatures.
The samples exposed to strongly brackish solutions
showed no clear change in montmorillonite content except for the clay exposed to the most potassiumbearing solution, which gave indication of some very
slight formation of 10 Å minerals in 270 days at
200 C. Separate experiments with very potassium-rich
solutions and heating at 200°C for 1 month showed
clear but small conversion of montmorillonite to hydrous mica possibly through beidellitization, but more
8
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probably by neoformation of hydrous mica.
The hydraulic conductivity of the clay samples that
had been hydrothermally treated with strongly brackish
solutions changed early and cons: iently with the temperature. The treatment led to conductivity values of
10"7-10"6 m/s and occasionally up to 10" m/s at 90°C
and higher temperatures, which is ascribed to microstructural alteration in the form of coagulation and
aggregation caused by the increased electrolyte content, particularly when Ca was dominant in the porewater. Addition of quartz gave almost the same conductivity as the pure clay samples, which is explained
by the practically identical amount of clay material.
The strength increase of the samples exposed to brackish solutions was very strong and the fact that it was
highest for the mixtures with 50 % quartz indicates
that precipitation of silica released by the heat
treatment and precipitated at cooling contributed to
the strengthening.
A general conclusion of the tests was that there were
only very slight changes in the smectite contents and
only insignificant changes in sealing properties. Very
slow and slight conversion to hydrous mica, and cementation by released silicon and precipitated silica
were concluded to have been the major alteration processes. Dissolution and cementation were concluded to
be different in the case of Na montmorillonite below
and above about 130°C, which was therefore taken as a
critical temperature for short term heating (3).
3.3.2.2

Geological evidence
A few, very well characterized bentonite beds in Sweden and Sardinia have been examined with respect to
the smectite content and physical properties of the
clay material, and current alteration models have been
applied for investigating possible relationships between smectite content, heating history, and paleogeochemical conditions (6) .
The outcome of the study was that while the true scenario leading to conversion of montmorillonite to hydrous mica, which is the major ultimate reaction product, is very complex, it can be taken as being controlled solely by uptake of potassium from the surroundings. Thus, using this simplified model as a basis of a practical and conservative modus operandi,
one gets fair agreement with the presently recorded
ratio of hydrous mica/montmorillonite of the investigated beds and other bentonite strata reported in the
literature, the ratio interval ranging from unity to
about 0.2. The conclusion from the hydrothermal tests
that appreciably more silica cementation takes place
on heating Na montmorillonite at 130°C than at lower
temperatures applies to one of the investigated bentonite beds investigated in the study, i.e. the one at
Kinnekulle, Sweden. It has been demonstrated by seve-

ral techniques that it was exposed to at least that
temperature in Ordovician time and that it has become
significantly cemented. Still, relatively moderate
mechanical agitation breaks the cementation and activates the clay to become plastic (7).
3.3.2.3

Prediction of longevity of montmorillonite grouts
The minimum time for conversion of montmorillonite to
non-expanding hydrous mica can be estimated by use of
the simple conversion model. One finds that for very
low potassium contents and completely stagnant groundwater conditions the montmorillonite content may be
preserved for many hundred thousand to several million
years at 90°C or lower temperatures, while percolation
of clay grout by groundwater may yield shorter lifetimes. Thus, at hydraulic gradients of 10" to 10"
and potassium concentrations of 5 to 100 ppm, complete
conversion would theoretically take between 10 million
and 50 00C years.
However, these considerations imply that grouted fracture channels are completely filled with clay, and
this is not correct as concluded from the observations
at the field testing. Thus, groundwater will flow
along the clay grout in the channels and potassium
uptake will take place by diffusion from this water
into the thin clay film, which has a very small width.
Applying reasonable geometrical conditions it was concluded that complete conversion to hydrous mica at
around 90°C will be a matter of a few hundred years
when the potassium concentration of the groundwater is
high, like in ocean water, and a few thousand years
when the concentration is very low. Reduction of the
groundwater flow rate, leading to more or less stagnant conditions may increase the time for complete
conversion to tens to hundreds of thousands of years.

3.3.3

Cement

3.3.3.1

General strategy of the study
While there are no relevant geological examples that
can be used for illustrating long term chemical stability of cement, some archaeological examples appear to
show that ancient cement has survived for a few thousand years. However, the hydrothermal and water flow
conditions in repository environment are significantly
different from those at the ground surface and reliable data on the chemical stability need to be obtained
either from hydrothermal testing or from Lhermodynamic
considerations. Both ways were tried, the latter work
being performed by William Coons and Steve Alcorn at
RESPEC, Albuquerque, USA, and the former by Maria Onofrei and Malcolm Gray, AECL, Canada. The major findings in the respective studies are cited in this chapter.

10
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3.3.3.2

Laboratory-derived information on the chemical
stability of cement grouts (4)
Relationships between the hydraulic conductivity,
leaching and porosity characteristics of intact hardened cement grouts were derived for materials with w/c
in the range 0.4 to 1.2. The conductivity tests showed
that at 20 C with w/c < 0.7 the water saturated grouts
were virtually impermeable when the hydraulic gradient
was less than about 15 000.
Leaching tests were carried out under both chemically
open and closed conditions at temperatures from 10 to
150°C using a number of solutions representing possible groundwater compositions. These tests showed that
calcium and magnesium hydroxides and calcium carbonate
were formed on particle surfaces and tended to minimize dissolution of the primary C-S-H and O A - H
phases. Also, the mean pore size and total pore volume
tended to decrease with leaching time. Examination of
the microstructure showed that unhydrated material
existed within the hardened grout.
The increase in solid volume of cement grouts through
which groundwater flows was investigated by percolating hardened cement with 0.4 < w/c <0.7 that had
been granulated and recompacted. A decrease in conductivity from 10" to 10" °m/s was recorded in some
specimens due to the precipitation of hydroxides and
carbonate on particle surfaces. The calcium compounds
have a high solubility and are expected to be dissolved in a longer perspective but addition of silica
fume reduces the amount of calcium hydroxide that is
formed and thereby improves the resistance to dissolution ?.nd increase in conductivity.
A general conclusion was that intact, dense cement
grout exposed only to percolation of water will have
its conductivity largely preserved for extreme periods
of time.

3.3.3.3

Changes in sealing properties of cement grouts due to
chemical alteration (8)
The aim of the thermodynamic approach was J)to test
and demonstrate the feasibility of applying numerical
modelling techniques to the assessment of the longevity of performance of repository seal elements composed
of Portland cement grout, and to develop a methodology which can be used by anyone with the requisite
data to calculate a seal's performance with time. The
degradation of the grout was considered in terms of
changes in hydraulic conductivity caused by dissolution/precipitation-induced increase or decrease in the
porosity of the grout. Chemical reactions between
grout and and groundwater were calculated initially
using the geochemical computer code PHREEQE and primarily using EQ3NR/EQ6. Changes in porosity of the

11
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grout were calculated by summing the volume of dissolved grout with the volume of secondary phases formed and incorporating that net volume change into the
overall grout porosity. A relationship was derived
from experimental data in the literature to convert
porosity to hydraulic conductivity. The new conductivity was used to calculate groundwater travel time
through the seal under a realistic repository hydraulic gradient. The calculations were iterated to generate a quasi-continuous change in hydraulic conductivity
with time, from which the time period of acceptable
performance of the seal could be estimated.
Three flow scenarios were investigated: 1Jthe highly
conservative open system (high flow), in which grout
dissolves in groundwater, but no secondary phases
form, 2 the closed system (very low flow), in which
groundwater permeates the grout, reacts with it, and
precipitates all possible secondary phases, and the
equilibrium system (low to moderate flow) intermediate
between the open and closed systems, in which some
grout dissolves and some secondary phases precipitate.
The equilibrium system reflects the most reasonable
repository settings, in which some flow occurs through
the grout seal, but at a rate sufficiently low that
some amount of secondary phases will form.
Based on calculations using current state-of-the-art
thennodynaiBic data, it is reasonable to conclude that
cement grout seals exposed to percolating groundwater
will maintain an acceptable level of performance for
nany tens of thousands to millions of years, providing
that the repository is sited in an area of low hydraulic gradient with groundwater of suitable chemistry (Fig.3.1). Calculations incorporating host rock as
well as grout and groundwater suggest that rock does
not adversely affect the longevity of grout and in
fact may enhance it.
A preliminary investigation of the role of diffusion,
as opposed to flow, processes in grout degradation was
conducted. It was seen that even using a very conservative approach the grout maintained an acceptable
level of performance that was comparable to that calculated from the flow scenarios.
3.3.3.4

Prediction of longevity of cement grouts
While the laboratory studies and theoretical modelling
of the degradation of cement grouts suggest that they
will serve as effective seals for tens of thousands of
years, a number of factors may reduce the operational
lifetime considerably like in the case of clay seals.
Thus, the retardation of the hardening caused by the
superplasticizer may lead to a low shear strength with
low resistance to piping and erosion of the cement
grout early after injection. Also, expansion of fractures caused by stress changes and temperature effects
may separate hardened grout films from the fracture
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surfaces and expose them to water f]DW over the entire
basal surfaces, which speeds up the disintegration.
Hence, it is concluded that, depending on the prevailing hydraulic gradients and magnitude of rock movesents, the sealing function of cement grouts may last
for millions of years under very favorable conditions
and for hundreds to thousands of years or even less
than that under more severe conditions.
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Fig.3.1

Calculated changes in hydraulic conductivity with time
of Portland cement-based grout for open and equilibrium (75 %) systems. Shading represents time of acceptable performance (8)

3.4

Optimum composition of grouts

3.4.1

Clay grouts
The composition of clay grouts must be such that they
have a high fluidity for effective penetration into
fracture channels, which requires a low density. At
the same time the density must be sufficiently high
to provide a low hydraulic conductivity of the grout
and ability to sustain exposure to somewhat salter
water than what it is prepared with and also to sustain some expansion and shear without disintegrating.
Furthermore, the resistance to piping should be considerable.
The optimum water content of the clay grout depends
primarily on the fracture aperture, the required
penetration depth, and the groundwater chemistry. In
practice, it should be in the interval 1.1-1.6 times
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the liquid limit of the grout prepared with NaCl to
0.5-1.5 % concentration of the solution. Addition of
finely ground quartz powder as in the experiments does
not improve the sealing potential of smectite clay
grout ana since it contributes to cementation, at
least at higher temperatures, it should not be applied.
Bentonite rich in Na montmorillonite has the advantage
over Ca-saturated forms that it undergoes much more
significant thixotropic strength regain and should
therefore be used except, possibly, when the groundwater is very rich in calcium and when temperatures
exceeding 130°C are foreseen (3).

3.4.2

Cement grouts
There are two basic requirements for effective sealing
of fine-fractured rock: the fluidity must be sufficient for bringing the grout effectively into the
fractures, and the grain size must be at minimum for
the same purpose. Cement with a grain size of up to
100 um is commonly used for rock sealing and stabilization, and the water/cement ratio is usually in the
range of 1-3 for ordinary grouting, both being unsuitable for the present purpose. Thus, effective sealing
requires that much more fine-grained cement is used
and also that the cement is much more homogeneous and
dense than can be achieved by applying such high w/c
ratios.
The studies showed that pumpable, injectable fluid
cement grouts with 0.3 < w/c < 0.7 can be produced by
adding between 1 and 2 percent (dry weight) of superplastiziser. With these low w/c:s in the fluid period
solid-liquid phase separation (bleeding) is minimized
and the hydration reactions incomplete, yielding a
self-healing potential. Adding silica fume decreases
the average particle size and further prevents bleeding, and also enhances self-sealing and decreases the
quantity of soluble products. The superplasticizer
used in the studies was a condensate of sodium salt of
sulphonated naphtalene formaldehyde. The substance
turned out to be integrated in the cement matrix, the
low solubility of which ensures that the use of superplasticizer will not significantly add to the organic
loads carried by a repository.
In summary, cement grouts for successful sealing of
fine-fractured rock should be very fine-grained and
prepared at w/c:s ranging between 0.3 and 0.5, depending on how much superplasticizer that can be accepted.
For maximum longevity, silica fume should be added if
Portland cement is used. In situ trials initially
showed that these optimum materials could be successfully injected into relatively narrow fractures. The
requirement that the maximum grain size should be at
minimum for making it possible to seal even very fine
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fractures was not fulfilled by the delivered Portland
cement and Japanese Alofix slag cement, which had a
maximum grain size of 10-15 mn, was therefore used in
most of the field experiments.

3.5

General outcome of the study of the physical properties and longevity of the investigated clay and cement grouts
The laboratory experiments gave clear evidence of the
different physical behavior of bentonite and cement
grouts: while bentonite grouts undergo very quick
thixotropic strength regain that make them resistant
to moderate hydraulic gradients immediately after the
injection, cement grouts require longer time to stiffen. However, after a few hours the situation is reversed, i.e. the hardening cement can resist high water pressures without piping and erosion provided that
the superplasticizer content is not too high and the
temperature not too low. Bentonite grouts also undergo
successive strengthening but remain relatively vulnerable.
The hydraulic conductivity of bentonite grouts is considerably higher than that of cement grouts but the
sealing power is similar since part of the fracture
channels cannot be filled with any of the grout types
and the unfilled part controls the bulk conductivity.
In case of slight rock block movements the flexibility
of clay grouts make them stick to the rock and maintain at least part of their sealing power, while cement grout films are separated from the rock and loose
more of their sealing ability. Some self-sealing will
still take place in low w/c cement grouts.
The long term performance of bentonite and cement
grouts is not very different. According to the models
developed for chemical degradation, bentonite will
remain virtually intact for millions of years provided
that the temperature does not exceed about 130 C and
that the potassium content of the groundwater is very
low or that the groundwater is stagnant. At high potassium content and relatively high groundwater flow,
bentonite grouts may loose practically all their sealing power in a few hundred years.
Cement exhibits similar properties, i.e. under stagnant groundwater conditions cement will maintain a
large part of its sealing power for more than 10s
years. Groundwater flowing along cement in unfilled
parts of grouted channels may lead to shorter lifetime, particularly if the hydraulic conductivity is
high; it will probably be on the same order of magnitude as that of bentonite grouts.
It was realized early in the work that there would
hardly be possible to get a complete picture of the

15

long term performance of the investigated types of
grouts but that an indication of their potential to
operate and survive under repository conditions would
be achievable. This aim is concluded to have been
reached.
The project vas completed in approximately the scheduled time vithin the predicted budget.

4

LARGE-SCALE FIELD TESTS

4.1

General
Four large-scale field tests were planned for determining how the "instrument of rock sealing" can be
applied to a number of practical cases where cuttingoff and redirection of groundwater flow in repositories are called for. One of them (Test 1) concerned
sealing of fractured rock surrounding drilled deposition holes or tunnels, while two tests were planned
for investigating if and how rock around excavations
is disturbed by blasting and stress changes and if a
possible increase in axial hydraulic conductivity by
such disturbance can be reduced by grouting (Tests 2
and 3 ) . A fourth test was planned for sealing a natural fracture zone (Test 4 ) , and a fifth one was proposed for sealing the H-zone at the SCV site in the
form of a "Mayday"-type operation of the kind constructing companies have to be prepared for when penetrating strongly water-bearing crushed zones (Test 5).
Test 3 got a form that deviated from the original
plans while Test 5 was not realized.
It was clear already in the planning phase that no
strongly fractured and heavily water-bearing rock
would be ei jountered. The entire field testing instead
involved relatively finely fractured rock, which is
known to be hard to seal by grouting.

4.2

Test 1

4.2.1

Background
Large-diameter boreholes or TBM tunnels for storing
canisters with highly radioactive waste may require
sealing of intersecting fractures. Grouting from separate holes drilled around and parallel to the large
ones was expected to be much less effective than
grouting from the inside of the holes. The two inner
holes in the BMT drift used for heater experiments in
Stripa Phase 2 were selected for the tests, which implied development of an injection device for the 76
cm diameter holes which had a depth of about 3 meters

(9).
There was easy access to the holes for detailed fracture mapping and the preceding Buffer Mass Test had
given comprehensive information on the hydraulic pro16
1
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perties of the surrounding rock. This work had shown
that while the two holes rep rented relatively fracture-rich and pervious rock, three of the six BMT
holes: had been drilled in average, fracture-poor rock
that would not require sealing by grouting. This suggests that the fraction of deposition holes in a KBS3type repository that require sealing by grouting is
large enough to make the development of a suitable
sealing technology worth while.

4.2.2

Injection technique
A "Large Borehole Injection Device" (LID), operating
as a huge double-packer, was designed and manufactured
in the project for hydraulic characterization of the
rock as v/ell as for grouting (Fig.4.1). The central
open part between the two packers and also the packers
were about 0.5 m high such that the LID had to be
moved stepwise up or down by somewhat less than 0.5 m
for testing or grouting the entire 3 m deep holes. The
principle can be applied also to holes with larger
diameter (TBM).

Pressurized
water

Grout with
static and
osc pressure

IQ packer

Fig.4.1

Large Borehole Injection Device (LID)
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The injection pump consisted of a cylinder with a piston containing grout exposed to static pressure and
superimposed oscillation at about 40 Hz. It was filled
with grout from a colloid mixer, the usual total quantity being 70 liters at a time. The piston was equipped with a scale for approximate recording of the
amount of injected grout.
Comprehensive laboratory testing of bentonite (Tixoton) grouts by use of viscometers with and without
dynamic treatment was conducted for selection of optimum compositions, and a large number of grouting experiments made using an "artificial" fracture in the
form of a long slot of known aperture and geometrical
shape (9). These investigations, which were made long
before the laboratory study of the longevity of bentonite grouts had ended, led to the selection of 50/50
Bentonite/Quartz with 1 % NaCL solution with a water
content of 290 % in one hole, and a variety of quartzcontaining and quartz-free mixtures all prepared with
1.5 % NaCl solutions in the other hole.
The packer pressure was 4-5 MPa and the static grouting pressure 1.0-1.5 MPa. The grouts were intensely
agitated in the colloid mixer for 20 minutes before
transferring it to the LID, and grouting was initiated
soon after this transfer in order to minimize thixothropic strength regain, which was very significant
after 1-2 hours.

4.2.3

Major test results
The tests using the artificial slot and the field
experiments gave the following major results (9):
Bentonite grout with optimum penetration/
sealing properties can enter fractures with
a minimum geometrical aperture of about 20
/im. The penetration length can be up to 5 m
in fracture channels with an aperture of 300
Mm, while it cannot exceed 0.5 m in channels
with an aperture of about 30 um. Most of the
fractures in the field tests had apertures
smaller than about 100 urn as evaluated from
"Lugeon" testing using the LID, and the
predicted penetration depth was hence less
than 1 meter. Excavation of the rock for
identifying the actual penetration of the
bentonite grouts, which had been dyed with
Methylene Blue, confirmed that it was less
than one meter, with the exception for a
several meter long bentonite tail in a
fracture that had been expanded by the injection pressure. Debris in some fractures,
resulting i.a. from disintegration of chlo-
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rite fracture coatings by blasting, obviously hindered grout from penetrating
2.

Based on the actual measurements, which
gave an average hydraulic conductivity of
the rock around the holes of 3xlO~ to
6x10~ m/s - except for the upper meter in
the holes where it was higher than 10" m/s
- before grouting, the conductivity after_JQ
grouting was predicted to become about 10"
m/s. The actual measurements gave values in
the range of 5x10
to 3x10
m/s, i.e.
on the right order except for two levels in
Hole 1, where the choice of grouts turned
out to be less suitable than in Hole 2

3.

Heat treatment after the grouting, involving
a temperature rise from about 12 C to 100°C
at the hole peripheries, with some heat increase extending to about 2 m distance
from the holes, gave a loss in sealing power
such that the net reduction in conductivity
was only about one order of magnitude from
the virgin state (Fig.4.2). This effect is
concluded not to be due to malfunctioning or
degradation of the grout but to heat-induced
rock strain causing activation of previously
not hydraulically operative channels in the
fractures

Oep hole 1
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The upper decimeters of the floor of blasted
tunnels has the form of blocks which change
positions by common activities like loading,
transport, drilling and temperature changes.
In the experiments the net heave was several
hundred micrometers due to the various activities but the net conductivity was still
reduced by the grouting

4.2.4

Theoretical modelling
A number of mechanical and thermal calculations were
made in the course of the tests and afterwards with
the following intentions and actual outcome (9):

1.

Temperature calculations for selecting proper heating and cooling times (FEM, axisymmetry). These calculations, which agreed
very well with the actually recorded temperatures, made it possible to apply meaningful heating of sufficient duration without interfering with the subsequent tests in
the drift (Tests 2 and 3)

2.

Thermomechanical calculations for predicting
heat-induced strain in the rock and associated rock stresses, disregarding the actual
rock structure (ABAQUS, 3D). These calculations largely explained the magnitude and
distribution of the heave of the tunnel
floor (Fig.4.3), and, implicitely, the effect of heating on block movements and hydraulic conductivity of the floor

3.

Calculations of the stress and strain induced by excavation of the BMT drift and
of the heating, using the distinct element
codes UDEC and 3DEC. These calculations were
made on the basis of a generalized rock
structure model, applying primary rock
stresses that had been measured in the area.
These calculations gave a number of valuable
informations that can be summarized as
follows:
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Fig.4.3

The deformed rock structure according to thermomechanical calculations using ABAQUS (free boundaries).
A) is mid-height of heater hole, fixed vertically, B)
is deflected tunnel floor (notice scale), and C) is
tunnel wall

Joint shear and separation due to
excavation are so greatly exaggarated in 2D calculations that
they give a false picture of the
effect on the hydraulic conductivity of the nearfield. The persistence and orientation of the
joints must be taken into account,
which requires both a revelant
structural model and the use of 3D
codes like 3DEC. When the long
axis of a BMT-type drift deviates
more than 15° from the strike of
major fractures, the joint separation becomes significantly less
than under 2D conditions, indicating that such deviation should
be aimed at in practice
Considering the actual rock
structure in the BMT area and the
limited extension of major fractures, the maximum joint separa-
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tion in the floor caused by the
excavation of the drift was estimated at 50 urn, while that caused
by the drilling of the heater
holes was found to be 10 urn at
maximum
The predicted
the floor due
500 am, while
about 50 % of

4.2.5

residual heave of
to heating was about
the recorded one was
this figure

General outcome of Test 1
The development of grouting technology for hydraulic
characterization and sealing of large-diameter holes
was very successful and the basic R&D work for characterization of the flow properties of bentonite-based
grouts has given a good basis for selecting suitable
material for practical application. The grout flow
model worked out on a theoretical basis yields acceptable agreement between predicted and recorded grout
penetration.
The tests clearly demonstrated that the hydraulic conductivity of the floor down to about 1 meter depth was
1000 to 10 000 times higher than that of undisturbed
virgin rock. Grouting gave a reduction in average conductivity of the rock surrounding the holes to around
10"1 m/s, which is on the same order of magnitude as
that of the virgin rock. This very effective sealing
was significantly reduced by the heat cycle, indicating that reck block movements in repositories where
significant heat is produced raises the hydraulic conductivity of both grouted and ungrouted rock.
The application of rock mechanical codes for calculating changes in fracture aperture due to excavation
and heating gave clear evidence of the importance to
base such calculations on realistic rock structures
and to consider 3D effects.
The project vas completed in approximately the scheduled time within the predicted budget.

4.3

Tests 2 and 3

4.3.1

General
Tests 2 and 3 each comprised two parts, one aiming at
quantifying the properties of nearfield zones of disturbance caused by blasting and stress changes (10),
the second part dealing with the possibility to seal
these zones (11). They will termed "Characterization"
and "Sealing", respectively.
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4.3.2

Characterization

4.3.2.1

Background
Recording of piezometric heads and changes in axial
flow along the BMT drift in the preceding Buffer Mass
Test had given a rough indication of the enhanced hydraulic conductivity of the rock immediately surrounding the drift, and the present project aimed at more
accurate quantification of the conductivity of the
nearfield of the blasted drift for separating the disturbing effects of blasting and stress changes induced
by excavation.

4.3.2.2

Test arrangement
Information on the hydraulic conductivity of the nearfield BMT rock can be obtained from various piezometric and flow measurements in preceding tests once a
general hydrological model is at hand, and the major
purpose of the field test was to develop such a model
by conducting a "Macro Flow Test" by driving water
along the drift from its inner to its outer end. For
this purpose a 0.4-0.7 m deep continuous slot was percussion-drilled by overlapping 76 mm boreholes around
the concrete bulkheads at the inner and outer ends of
the drift (10). From the base of these slots, borehole
curtains were then percussion-drilled to 6.25 m distance from the slot, the curtains consisting of 76
holes with 2" diameter and a spacing of 0.2 m at the
outer ends and 0.95 m at the inner ends. Hater was
prevented from flowing into or through the drift by
applying epoxy and rubber linings on the rock surface
and filling the drift with 100 m bentonite slurry
that could be pressurized by a centrally placed 120 m 3
rubber bladder (Fig.4.4). Each of the slots and borehole curtains was divided into four sectors, one for
each of the walls, one for the roof and one for the
floor, and this made it possible to measure separately
the outflow or inflow into the sectors. The experiment
had the form of stepwise application of the same water
pressure in the inner 8 sectors and recording the inflow or outflow in these sectors and in the 8 sectors
at the outer end of the drift.
The BMT drift is oriented N/S, meaning that the major
fracture sets form about 30 angle to the axis of
the drift, yielding a fracture pattern of the type
shown in Fig.4.5. The minor principal stress is vertical and about 6 MPa while the 15 MPa major principal
stress is subhorizontal and perpendicular to the axis
of the drift.
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Fig.4.4

Test arrangement for conducting the Macro Flow Test,
A) Water-filled bladder, B) Bentonite slurry,
K) Borehole curtains

Fig.4.5

Cross section of the BMT drift with 4 generalized
fracture sets
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4.3.2.3

Theoretical modelling
Two types of modelling were made, one being a finite
element analysis of the flow conditions, and the other
being a distinct element '
sis of the impact of
rock excavation and slurry * assure on the axial hydraulic conductivity of the nearfield (10). The flow
modelling was a necessary prerequisite for proper evaluation of the hydraulic conductivity of the nearfield
rock.
Flov modelling
A first attempt was made by use of a finite element
calculation in which conductivities were ascribed to
the rock that were estimated on the basis of the preceding "Macropermeability11 tests performed by Lawrence
Berkeley Laboratories (LBL) in the 30 m long Ventilation Drift of which the BMT test drift forms the innermost part, and on a rough estimate of the conductivity of the blast-disturbed zone from the subsequent
BMT test. The element mesh is shown in Fig.4.6, which
also gives a compilation of the assumed conductivity
data. The radial extension of the zones was taken to
be 1 m for zone A and 7 m for zone B, while their
axial extension was as shown in the figure.
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Axisymmetric element mesh in the first attempt of hydraulic modelling of the BMT drift prior to the tests
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This model gave values that turned out to be in surprisingly good agreement with recorded flows in earlier tests as well as with those in Tests 2 and 3 as
demonstrated by Table 4.1. It was therefore used also
for the final evaluation of these tests although with
some slight adjustments for best fit, which is described in more detail in Ch. 4.3.2.4.
The evaluation of the flow data subsequent to the
tests using the finite element technique led to two
slightly different, possible rock conductivity models
of which one, termed A, was concluded to be most probable (Fig.4.7). As to the blast-disturbed zone, finetuning actually suggests that the hydraulic conductivity of the most shallow 1-2 dm is higher while that
of the rest of the zone is slightly lower than the
average assumed value. The matter is further considered in an ongoing SKB study of the effect of blasting
on BMT-type structured rock.

Table 4.1 Calculated and measured inflow in four tests. Calc.(0)
refers to the preliminary model before the measurements while Calc. (A) and (B) refer to two refined
versions
Test

Position

Calculations (1/h)
(0)
(A)
(B)

Recorded (1/h)

LBL/BMT

Drift

2. 25

2.59

2.67

3.00

Curtain
Inflow
Tests

Inner
Outer

3.33
6. 29

3.52
1.26

3.53
1.03

3.25
1.25

Slurry
Leak.
Tests

I Curtains

2.47

2.49

2.40

Macro
Flow ^
Tests

Inner
Outer

-8.65
4.73

-8.73
4.72

-8.50
4.75

-9. 07
6. 61

Inner curtain pressurized
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Rock mechanical analysis
One part of the work included the afore-mentioned calculation of the influence of excavation-induced stress
changes of the aperture of the discrete fractures sets
in Fig.4.5, which led to the conclusion that certain
fractures could have been opened by 50 urn (cf. Ch.
4.2.4). A rough estimation of the excavation-induced
changes in hydraulic conductivity, considering 3D effects, gave the interval 10"9 to 10* m/s for the rock
within 1 medistance from the periphery and the range
10" to 10" m/s for the circumscribing 5 m wide
zone.
The other part of the rock mechanical calculations
concerned the possible influence of high slurry pressures on the fracture apertures in the surrounding
rock and associated changes in hydraulic conductivity.
This work showed that a slurry pressure of 3 MPa could
cause a local reduction in axial hydraulic conductivity of 50 % at maximum, disregarding 3D effects, and
since the maximum slurry pressure was only about 1
MPa, and 3D effects would cause less reduction in conductivity, the influence of slurry pressure in the
evaluation of the Macro Flow Test could be neglected.
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4.3.2.4

Major test results
Evaluation of the hydraulic conductivity
The Macro Flow Test comprised measurement of water
flow into and out from the inner and outer slots and
borehole curtains for a number of pressure constellations in the inner slot and borehole curtain (10),
which were always equally pressurized (cf. Table 4.1).
The applied water pressures varied from zero to about
1 MPa and the slurry pressure was also varied in approximately the same interval. Hence, the amount and
direction of flow varied with the pressure level and
since there was a slight leakage from the bentonite
slurry, which underwent some consolidation by being
pressurized by the bladder, some of the measured water
flow originated from this process. The different contributions to the total flow, which were carefully
recorded for separate sectors of the inner and outer
slots and curtains, made it possible to evaluate the
average hydraulic conductivity of the various rock
zones. This was made using Darcy's equation and the
relations between pressure and flow given in Fig.4.8
(10). The finally evaluated hydraulic conductivities
of the nearfield zones indicated in Fig.4.7 are specified in Table 4.2. In practice, the zones are of
course not that well defined and they have different
extensions in the roof, floor and walls. Thus, it is
concluded from Test 1 that the blast-disturbed zone in
the floor extends to somewhat more than 1 m depth.

Table 4.2 Hydraulic conductivity of disturbed zones
Rock
zone

Width

Hydraulic conductivity
Radial
Axial
m/s
m/s

m
Blast-disturbed

-8

0.8

1.2x10

2.3
2.4

2.3x10i
7.5x10-12

-8

1.2x10

Stress-disturbed
* Inner part
* Outer part

-ii
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9.0x10-ii
3.0x10

r
Inne.' boreholes

5
Curtain

Fig.4.8

10
pressure

bar

Measured inflow into curtains as a function of the
curtain pressure at the Macro Flow Test. Slurry
pressure 0.95 MPa (Correction made for pressuredependent slurry leakage)

A general conclusion is that the model yielded results
that are in fair agreement with flow data in the large
number of hydraulic tests, and thus, that "porous media modelling" applies. It also agrees with the common
idea that an increased axial conductivity of the
stress-disturbed zone is associated with a decreased
radial conductivity, i.e. with a "skin effect", although the change in radial conductivity is only about
four-fold while the change in axial conducivity is
about ten-fold. As to the blast-disturbed zone it
seems to be hydraulically isotropic. It should be
underlined that the width of the various zones may
depart significantly from the assumed depending on the
rock structure and the variation in axial direction of
the blast-disturbance.
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In addition to the Macro Flow Test, a large number of
hydraulic measurements were made in short "hedgehog"
boreholes drilled for the subsequent experiment with
grouting of the nearfield rock adjacent to the periphery. These measurements showed that the central 2 m
wide part of the floor was significantly more permeable down to about 1.2 m depth than the rest of the
peripheral rock. 15-30 % of the holes gave a conductivity of at least 10"8 m/s, while most of the remaining ones gave values in the interval 10" to 10~8
m/s, except for the roof where most values were on the
order of 10"1 m/s. The latter finding is logically
explained by the high tangential stresses tending to
close major steeply oriented fractures. The fact that
the conductivity was generally lower than that evaluated from the Macro Flow Test can be explained by the
fact that the most shallow part of the rock could not
be investigated and that percussion drilling may cause
some reduction of the conductivity in very short holes
where the water "backpressure" is not sufficient to
rinse the fractures.

Checking of the flow model by evaluating the piezometric recordings
The BMT drift was equipped with a large number of piezometers located close to the periphery as well as at
larger distances and this gave an opportunity to measure the water pressure in the course of the various
tests. The recorded values were in good agreement with
the ones calculated by use of the FEM model, which
strongly supports its validity. Fig.4.9 shows two of
the investigated cases, which represent largely different piezometric conditions in the nearfield and
hence a basis for relevant testing of the model.
Fig.4.10 shows the calculated and recorded water pressures in radial direction at different distances from
the center of the drift. The agreement with LBL:s
measurements and those made at the BMT test is
striking.
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Piezometric isobars according to the FEM model. Upper:
Conditions after curtain drilling. Lower: Conditions
in the Macro Flow Test with 1 MPa pressure at the inner end of the drift
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direction before and after drilling of curtains

4.3.2.5

General outcome of the characterization project in
Tests 2 and 3
The tests turned out to give very valuable information
both concerning practical ways of hydrological characterization of rock around excavations, and on the hydraulic behavior of such rock, as well on the applicability of porous media models for flow and pressure
calculations. The major findings were the following:

Field techniques
The principle of recording flow in the applied way,
i.e. by using slots and borehole curtains and sealing
the drift effectively, gives very good conditions for
evaluating the hydraulic conductivity of rock around
excavations thorugh "Macro Flow Tests". Considerable
simplifications may be obtained in TBM drilled large
holes or drifts by using rubber bladders without applying bentonite slurry, and by drilling less deep
curtains.

32

r

Hydraulic characterization by packer tests in individual boreholes gives reasonably representative values
if core-drilled holes are used, while short percussion-drilled holes may give too low values.

Hydraulic behavior of granitic rock of Stripa type
Excavation by ordinary blasting causes significant
disturbance of the shallow rock. The rock located
within 0.5 to about 1 meter from the periphery becomes
highly permeable; its conductivity will be 100 to
10000 times higher than that of the virgin rock as
concluded from the Stripa tests. This effect may or
may not be effective over longer distances depending
on the rock structure and the blasting technique. In
the floor, however, the common use of more explosives
is likely to create a continuous conductive zone in
its central part. The most shallow rock in the central
parts of the floor and walls of drifts located in primary stress fields with high lateral pressure, is concluded to be overstressed by high tangential stresses
and blast-induced pressure, and these parts may be
responsible for most of the enhanced conductivity resulting from blasting.
Stress changes due to excavation cause very significant separation of certain joints under 2D conditions
which strongly raises the axial hydraulic conductivity and underlines the necessity of orienting drifts
and tunnels oblique to the strike of major fracture
sets. It is concluded that one or a few critically
oriented, long-extending water-bearing fractures may
be decisive of the axial conductivity of the nearfield. The radius of influence of stress-induced
changes in conductivity does not extend beyond 0.5-1.0
diameter from the periphery.

Flov modelling
The "porous medium" concept used for the finite element modelling applied very well, not only to the major Macro Flow Test, but also to all other main tests
that have been made in the past in the BMT area. This
suggests that the involved rock volumes were big
enough and sufficiently homogeneous to allow for this
sort of modelling. Still, the observation that a few
discrete fractures dominated the flow distribution in
the close vicinity of the drift showed that the true
hydrological behavior of the system is different.
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The project vas significantly delayed and the budget
exceeded because of unforeseen practical difficulties,
particularly concerning the impossibility of constructing a suffenciently vatei—tight lining. The bach-up
technique that consequently had to be applied and that
worhed very veil, caused delay and costs that affected
the planned subsequent sealing experiments in the BMT
drift.

4.3.3

Sealing of blast-disturbed zone

4.3.3.1

Background
In the planning stage it was assumed that the most
strongly disturbed rock by excavation, i.e. the zone
close to the periphery of blasted tunnels, can be effectively sealed by grouting of densely spaced, short
"hedgehog" holes. The finding that this zone extended
to only about 1 m from the periphery and that it was
very conductive in the Stripa drift, strongly supported the plan, which was hence pursued. The change in
technique that was called for by the malfunctioning
lining gave a later start than planned, however.

4.3.3.2

Test procedure
After completing the hydraulic testing in the "characterization" project, the cage and bladder were removed
in order to get access to the rock surface in the BMT
drift for drilling 350 "hedgehog" holes with 1-1.2 m
length and a spacing that varied from 0.4 to 1.15 m.
80 of the holes were characterized with respect to the
hydraulic conductivity (cf. Ch.4.3.2.4), giving a
basis also for predicting the groutability when dynamic injection and also injection under constant
static pressure are used. This could be made by applying the generalized grout flow model and the flow
data of cement grouts that were found to have optimum
properties according to very comprehensive laboratory
tests (10). The grout selected for dynamic injection
was Alofix cement prepared with 1.4 % superplasticizer
at w/c=0.45, while the grout used for static injection
was Alofix cement with 1.5-3 % superplasticizer and
w/c in the interval 0.50-0.70.
The intention was to apply dynamic injection to all
the holes but measurement of the hydraulic conductivity in pilot test areas indicated that some heave took
place in the floor that apparently led to a slight increase rather than to a drop in conductivity by grouting. Static injection was therefore applied to the
holes in the inner 2 m long part of the floor and to
all holes in the walls and the roof.
After recording the hydraulic conductivity by single
hole flow testing in the pilot test areas, the cage
and bladder were applied again and bentonite slurry
pumped in for repeating the "Macro Flow Test" of the
34

"characterization" project. The main difference between the two "Macro Flow Tests" was that rather significant parts of •'•e lining had separated from the
rock in the course ->f the drilling and grouting operations and had to be removed. Despite the large number
of defects in the lining in the first test it let less
water out from the consolidating bentonite slurry than
was expelled through the uncoated parts in the second
experiment, for which the flow recordings had to be
corrected.
4.3.3.3

Major test results
Evaluation of sealing effect
The hydraulic conductivity at the single hole measurements indicated very small effects of the grouting.
Thus, of 7 test areas a clear reduction was only found
in 3 of them, while 1 showed no change and the remaining 3 a slight increase in conductivity.
The "Macro Flow Test" gave rather different flow values on changing the pressure in the inner slot and
borehole curtain (11), but the deviation from those of
the experiment before grouting can be fully explained
by the partial removal of the lining, which was less
tight after the grouting operation (Fig.4.11).
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Measured inflow into curtains as a function of the
curtain pressure. Slurry pressure 0.05 MPa (correction made for pressure-dependent slurry leakage)
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The calculated flow and pressures were found to agree
very well with the recordings by introducing the
change in hydraulic conductivity of the bentonite/lining system that resulted from the degradation and
partial removal of the lining. Hence the flow model
derived in the "characterization" project still applied, showing that all the rock zones had maintained
their hydraulic conductivities and thus that the
"hedgehog" grouting had no noticeable sealing effect.
Evaluation of grout penetration
Some grout penetration from a number of injected holes
was expected to have taken place despite the negative
outcome of the grouting and comprehensive extraction
was made of the rock for search of traces of cement.
It turned out, however, that very little cement had
actually entered water-bearing fractures and clear
evidence was only obtained in a few shallow excavation-induced fractures oriented parallel to the rock
surfaces. The grout observed in the latter type of
fractures had the form of a halo of uniform density
(Fig.4.12).

HOLE 294
290*, 80*

90-, 45*
T =30 cm
d= lOcra

r= 15 cm
d=15cm
r=5cm
d = 20 cm

Fig.4.12

Extension of cement in three excavation-induced fractures parallel to and very near the free surface, r
denotes the average radius of the respective halo, and
d the distance from the free surface
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4.3.3.4

Major outcome of the sealing project in Test 2
While the sealing project was discouraging with respect to the sealing effect of the grouting, which can
be explained, the agreement between the results of the
two Macro Flow Tests shows that the entire rock system
has been correctly described from a hydrological point
of view. The major thing that requires an answer is
why cement did not enter fractures that were concluded
to be groutable on the basis of the hydraulic characterization and the evidence of grout penetration into
"artificial" fractures with similar geometry. The following reasons are found to be most plausible in the
given order:
*****

Debris in natural fractures in the form
of silty and clayey material emanating
from fracture coatings (mainly chlorite)
that were disintegrated by excavationinduced shear blocked the fracture
channels by being compressed by grout.
Such debris may have been highly conductive before the grouting

****

Debris consisting of finely crushed
rock blocked fracture channels. Such
debris is produced by percussion drilling, which was used for the large majority of the hedgehog holes. Like the
debris produced by fracture coatings,
the debris produced by drilling is very
permeable but becomes compressed and
prevents grout from entering to more
than a few centimeters depth. In deep
holes the water pressure causes flow
that removes much of such debris but in
shallow holes it may remain in the
fracture channels at the periphery of
the borehole

***

At the injection, the inner end of the
packers was usually 10-20 cm from the
rock surface and the frequent excacation-induced shallow fractures developed parallel to the surface could not
be injected, except for a few cases
(cf. Fig.4.12)

**

The fracture aperture was overestimated
at the hydraulic testing due to a larger actual width of excavation-induced
fractures or due to underestimation of
the frequency of hydraulically active
fractures

*

Tlie tortuosity of many narrow fractures
caused a drop in energy at the injection, especially at the dynamic grouting, by which the penetration ceased
quickly
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The early signs of only insignificant sealing by the
hedgehole grouting called for particularly careful and
comprehensive measurements, which together vith the
fact that emptying and refilling of bentonite slurry
could not be made more effectively than in the preceding test, gave additional delay in the field experiments and led to higher cost than the predicted.

4.4

Sealing of the stress-disturbed zone

4.4.1

Background
The philosophy at the planning of the characterization
and sealing of excavation-induced rock zones was to
find out if there are two distinct disturbed zones
with enhanced hydraulic conductivity around blasted
drifts and tunnels, and if they can be sealed by
grouting. The sequence in testing to reach this goal
is indicated in Fig.4.13.

VIRGIN STATE
DB DISTURBED ZONE BY
BLASTING
DS DISTURBED ZONE BY
STRESS RELEASE

•HEDGEHOG' GROUTING
DB-ZONE SEALED

•CURTAIN" GROUTING
DS-ZONE CUT-OFF

Fig.4.13

Schematic picture of the principle of Tests 2 and 3.
Upper: "Characterization" phase with axial water flow
through two disturbed zones. Central: Flow mainly
through the stress-disturbed zone after "hedgehog"
grouting. Lower: Flow mainly through distant, virgin
rock after grouting of curtain at the outer end
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The "characterization" phase of Tests 2 and 3 demonstrated that the axial conductivity is actually very
high along blasted drifts in Stripa-type rock but the
fade in conductivity in radial direction could not be
determined with certainty. However, it is clear that
the dominant part of the excavation-induced increase
in conductivity is confined to 0.5-1 m distance in the
roof and walls, and to somewhat larger depth in the
floor. Despite the very significantly raised conductivity of this nearfield, "hedgehole" grouting had no
measurable sealing effect.
The experience from both Tests 1 and 2 and later also
from Test 4 showed that rock with an .average hydraulic
conductivity of less than about 10" m/s is hardly
groutable and the fact that the stress-disturbed zone,
extending to somewhat more than 3 m from the periphery, had an axial conductivity equal to or less than
about 10~10 made it doubtful to pursue the sealing
part of Test 3. Since the delay and budget situation
after completing the two phases of Test 2 also made it
impossible to conduct Test 3, considering in particular that the final excavation phase of Test 1 could
not be completed in time if any further delay would
take place, there were sufficiently good reasons to
abandon the sealing part of Test 3. This was also
formally decided by the Task Force. However, experience from an earlier experiment that was made as a follow-up of the tunnel plugging test in Stripa Phase 2,
could be used for simulating such a test as outlined
below.

4.4.2

Simulation of a Test 3-type experiment

4.4.2.1

Background
The interpretation of the field experiments in Tests
2,3 and 4 and of the theoretically derived mechanical
behavior of the BMT rock mass with discrete fractures,
suggests that water flow in virgin granite rock and in
rock affected by the very moderate stress-induced disturbance in the BMT area takes place through rather
widely spaced channels, primarily located at the intersection of major fractures. The spacing of major
natural water-bearing fractures of long extension is
on the order of 3-7 m in Stripa, while excavationinduced new fractures and activation of "latent" fractures is assumed to have led to a spacing of waterbearing fractures of around 0.5 m within 1-2 m distance from the periphery, except for the most shallow
rock where foliation may be rich. This suggests that
while the chance of hitting channels by drilli ig in
the blast-disturbed zone was still reasonable, i.e.
around 1 per 10 holes, the considerably larger spacing
at more than 0.5-1 m distance from the periphery would
give practically no chance of hitting water-bearing
channels. Still, if major fractures can be identified,
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which requires rock structural modelling and visual
inspection of the excavation, the chance of locating
water-bearing channels in the intermediate zone ranging from 0.5 to 1 m distance from the periphery may be
strongly increased. This is examplified by an experiment performed in the Stripa mine at 380 m depth in
conjunction with the tunnel plugging experiment of
Stripa Phase 2 (12,13).
4.4.2.2

Principle
The tunnel plug experiment was made by injecting water
in a sand-filled chamber confined by two solid concrete bulkheads and a central large tube (Fig.4.14). The
bentonite w O-ring M sealings reduced water flow along
the rock/concrete contact very effectively and some
bentonite may also have entered shallow fractures and
it was concluded that most of the water flowing around
the bulkheads after 0.5-1 year passed through a few
major fractures. At the outer bulkhead 5 such fractures were identified (Fig.4.15) and an attempt to
seal them was made by use of Li bentonite grout with a
water content of about 500 %, i.e. equal to the liquid
limit, applying dynamic injection technique (13). This
experiment is very similar to a relevant version of
Test 3 and can therefore be used as an example of what
can be achieved by "strategic" sealing.

Fig.4.14

The test arrangement for the tunnel plug experiment in
Stripa. C) Concrete bulkheads, B) Bentonite blocks, S)
Sand-filled chamber pressurized by the perforated
tubes W, T) Tie-rods, (12)
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Fig.4.15

Major fractures I-V at the outer bulkhead. 1-5 in the
denote injection holes for grouting. The lower picture
illustrates the expected spread of the grout at successful injection (13). HCB represents highly compacted bentonite, T is the steel tube, and C the concrete
bulkhead
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4.4.2.3

Performance and outcome of the experiment
The water pressure in the sandfilled chamber was maintained at 2 50 kPa during the grouting of the 2 to 3 m
long 56 nun core-drilled holes. The static pressure was
1-1.5 MPa and the recorded pressure pulses between 3.5
to 4 MPa. The pressure dissipation was measured and
the remaining pressure found to be 50 t of the static
pressure after 0.5-3 hours, and 0-25 % after several
hours. The amount of injected grout was estimated at
2.5-3 liters.
The result of the grouting was evaluated by comparing
the outflow of water from the sand-filled chamber before and after grouting. As based on preceding hydrological characterization, it was predicted that complete sealing of the 5 fractures would reduce the total outflow by around 50 %, i.e. to 10 1/h at 1 MPa
chamber pressure, to 25 1/h at 2 MPa pressure and to
50 1/h at 3 MPa pressure. It turned out to be very
good agreement between the actually recorded inflows
and the predicted ones for the pressures 1 and 2 MPa
(Fig.4.16), which suggests that the grouted fractures
had become largely impermeable. It was also concluded
that the clay resisted a hydraulic gradient of around
100. However, at 3 MPa pressure, yielding a hydraulic
gradient on the order of 150, a few deciliters of
clay were extruded from one fracture by piping, and
the total water outflow from the chamber increased to
the original value.
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Outflow from the chamber at 1 MPa water pressure
before grouting (A) and after (B). Pressure appcation at zero time (13)
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Despite the good results from this "strategic" sealing
experiment, vhich represents an optimum grouting procedure from technical and economical points of viev,
and vhich would have been repeated in Test 3 provided
that time and budget had permitted this, it is clear
that the net average hydraulic conductivity of the
rock at the outer bulkhead had not been decreased to
less than 50 % of the original value. Since the test
conditions were very similar at the outer end of the
BUT drift, offering very good rock support by the
bulkhead and therefore allowing for application of
very high grout pressures, it is reasonable to believe
that further reduction in bulk hydraulic conductivity
beyond the one recorded in the tunnel plugging experiment would not have been obtained in Test 3, applying
the same strategy.

4.5

Test 4

4.5.1

Background
Natural fracture zones intersecting repositories of
course play a vital role in the transport of dissolved
components that determine the degradation rate of buffers and canisters and they also control the transport
of radionuclides once the canisters have started leaking.
Test 4 aimed at investigating if finely fractured rock
zones can be sealed by cement grouting (14). One difficulty in describing the fractured rock where the
test was finally conducted was the lack of suitable
terminology or classification schemes for proper description of rock structures with respect to their
geometrical and structural nature and hydraulic and
mechanical properties. However, attempts of such characterization had been initiated by SKB in separate
studies and this work has led to a proposed characterization scheme that was used in Test 4. This scheme, which will be cited before going into details, has
turned out to be of practical use for general desription of rock behavior and it has formed the basis for
comparison of different repository concepts (15).

4.5.2

Characterization
The classification scheme referred to in the Rock
Sealing Project specifies 7 orders of discontinuities,
those of low order (1-3) representing what is commonly
called fracture zones. The following types are
defined:
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1st order
Regional fracture zones with a few km spacing and
an extension of several tens of kilometers. The
width ranges from meters to tens of meters and
they contain closely spaced and interconnected
breaks, yielding an average hydraulic conductivity
of around 10~6 m/s.
1st order structures formed under the same tectonic conditions appear as regular sets, oriented
steeply as well as subhorizontally

2nd order
Local fracture zones with a spacing of a few hundred meters and extending for several kilometers.
The character is similar to that of the 1st order
discontinuities although with somewhat less width
and fracture frequency. An average .measure of
their hydraulic conductivity is 10~ m/s.
Like the 1st ord^r discontinuities, the 2nd order
breaks formed uncer the same tectonic conditions,
i.e. belonging to the same generation, form rather
regular sets, more or less conformable to the 1 st
order discontinuities

3rd order
The third order discontinuities have an average
spacing of 50-150 m and a width of a few decimeters. They are characterized by several discrete
but not always interacting fractures. The bulk
hydraulic conductivity is around 10" m/s or
slightly lower.
The 3rd order discontinuities often appear as subsystems that are conformable to the 1st and 2nd
order systems belonging to the same generation.

Discontinuities of higher order represent discrete
breaks forming more or less regular patterns. 4th order fractures having an average spacing of 3-7 m, are
assumed to be responsible for the bulk conductivity of
undisturbed, virgin granite, while 5th order breaks
form a system of latent joints representing weaknesses
that can become hydraulically active by rock strain.
6th and 7th order breaks are embryotic features that
can develop into discontinuities of lower order. We
will confine ourselves here to discontinuities of 1st,
2nd and 3rd orders.
All the types of discontinuities defined above have
been identified at Stripa, except 1st order breaks.
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Thus, 2nd and 3rd order discontinuities are represented by fracture zones that were penetrated at about 350
m depth at Stripa. The very steep H-zone intersecting
the SCV drift is presumably one of 2nd order, while
the J-zone located close to the eastern arm of the 3D
cross and the almost parallel K-zone intersecting the
long 3D arm, represent 3rd grder discontinuities
(Fig.4.17). The J-structure was selected for Test 4.
A less conductive 3rd order zone (about 10" m/s) is
the one termed C in the figure and oriented more or
less parallel to the H-zone.

Fig.4.17

Perspective of the 3D area with major steep structures
indicated. M W" denotes the intersection of the "J" (or
"D") and "CM-structures

4.5.3

Nature of fractures from the point of grouting
While the evaluation of the hydraulic properties of
rock is usually based on the assumption of slot-like
fractures and on the cubic flow law, the actual flow
paths are channel-like. Although the channel geometry
Termed D in the final report (14)
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with respect to spacing, width and aperture is usually
very complex, it appears to be possible to make generalizations for calculating the hydraulic conductivity
and depth of grout penetration. Thus, assuming that
the intersections of hydraulicaily interacting fractures represent the most important channels, the rock
structure model implies that undisturbed, virgin granitic rock, containing only discontinuities of 4th and
higher orders, has 1 channel per 25 m cross section
area. Where disturbance takes place that activates
"latent" 5th order discontinuities, the number of
channels per 25 m cross section area increases to
100. Applying these data and the bulk hydraulic conductivity of Stripa granite rock - undisturbed as well
as disturbed by stress changes due to excavation - and
taking also the cross section of the channels to be
rhombohedral with a width of 10-100 nan, the maximum
aperture is commonly in the range of 50 to 200 am.
This generalized shape was derived from a number of
careful microscopic analyses of cement grout injected
in the fractures. Naturally, the actual complexity of
channels makes such generalization a bit academic but
it is felt that it is sufficiently representative to
be used for rough characterization of flow paths in
granitic rock and for predicting the sealing effect of
grouting.

4.5.4

Structural and hydraulic characterization
The J-zone was localized by several sets of systematic
drillings of which the one shown in Fig.4.18 gave detailed information on its internal structure.

Fig.4.18

Core-drilled holes penetrating the M D" (or "J") zone
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Fig.4.19 shows that although the core mapping demonstrated the existence of a number of minor, more or
less hydraulically active fractures, one could generalize the structure to consist of two major fractures
0.2 m apart in the about 0.75 m wide zone. It was also
concluded that the fractures interacted and that the
entire structure could be described as indicated in
the perspective view in Fig.4.20, showing also the
system of rhombohedral channels that is expected to be
formed at the intersection of all fractures.
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Horizontal section showing the intersection of the "D"
zone by the two sets of core-drilled holes I-V in the
upper row and VI-X in the lower. The two a-lines
represent the presumed continuous major fractures at
the level where holes I-V intersected the structure,
while the two b-lines indicate the same two fractures
where holes VI-X intersected it.
The scale 0-8 m denotes the distance from the rock
wall, circles denote the location of major fractures
in cores from holes I-V, triangles refer to holes VI-X
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Fig.4.20

Perspective of generalized fracture and channel
pattern of the "D" zone
Inflow tests in the form of ventilation experiments,
i.e. circulation of air for picking up water from the
rock, gave the basis for the hydraulic characterization together with piezometric measurements. This gave
the average figure 1O~8 m/s of the conductivity of the
zone as concluded from modelling by use of the numerical code FLAC for 2D simulation (Figs.4.21 & 4.22).
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4.5.5

Sealing effect of grouting
The grouting was made by applying "dynamic" injection
technique using static backpressures of 1-1.5 MPa and
40 Hz oscillation. The injection time was 30-45 s at
the two packer positions in each of the ten holes,
which had a spacing of 0.7 m and a length of 7 m .
Alofix cement with maximum grain size of 15 am, w/c
0.45 and 1.4 % Mighty 100 superplastici-er was used as
grout material.
Fig.4.22 illustrates the expected effect on the piezometric situation on sealing the "D" zone such that its
hydraulic conductivity is reduced from 10~8 to 1O~9
m/s. The corresponding pressure changes were actually
recorded and so was the redistribution of the inflow
of water into the drift associated with the sealing of
a local part (about 15 m ) . The latter change was determined by ventilation testing, and by measuring tne
conductivity of 15 holes drilled parallel to the grout
holes through the grouted part of the zone, as well by
"evaporation" testing (Fig.4.23 & 4.24).

Fig.4.22

Regimes of piezometric increase (+) and decrease (-)
by reducing te from 10 to 10'9 m/s by grouting
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Area measured

1.5 M

Fig.4.23

Scanning evaporation measurement along perimeters A
and B

MG/M3/S

Before grout

After grout
Fig.4.24

Reduction in evaporation from the rock surface by the
grouting
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4.5.6

Pty.iical interpretation of the sealing effect
It was concluded from the various tests that the
grouting by injecting cement into the ten 56 nan drillhe les shown in Fig.4.18 reduced the average hydraulic
cc-cMctivity of the 15 m part of this 3rd order
s^r^rt-jre by about one order of magnitude. This seemingly small sealing effect is, however, fully explained by considering the nature of the groutable parts of
the fractures, a matter of primary interest being
whether injection may expand fractures into which
grout tends to penetrate. A study using the FLAC code
for calculating the rock strain generated by grout
that has entered a fracture to form a circular disc
with 0.25 m radius and is pressurized by 1 MPa, showed
that fractures that are as well confined by adjacent
rock as in the case of the "D" zone, will not expand
by more than a few micrometers, which has a negligible
effect on grout penetration (Fig.4.25).
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The nature of the groutable parts of the fractures was
illustrated by the distribution of the injected cement
as measured in the course of the grout operation, and
by core-drilling in order to take samples for detailed
investigation of the injected grout. The recording of
the amount of injected grout in the "D" zone from the
10 core-drilled holes showed that about 100 ml cement
slurry went out from one of the holes, and that less
than half of this amount emanated from two other holes. The connectivity of the channels is concluded to
have been sufficiently good to yield a rather uniform
sealing of the 15 m2 grouted area, but it is clear
that only one of the holes represented a direct hit of
a major channel, while the other two holes hit narrow
channels or the edges of major channels. This would be
in fair agreement with what one can expect for a borehole pattern of the present type, i.e. with a spacing
of 0.7 m and a diameter of 0.05 m, and a regular
orthogonal channel pattern of cubical symmetry with a
channel spacing of 0.2 m. Naturally, the actual location and interconnection of channels may be much more
complex as examplified by the recorded variation in
transmissivity of low-order zones. Thus, in the "B"
zone at Stripa, which is of 2nd or 3rd order, this
parameter varies by 2 orders of magnitude over about
10 m . Still, the corresponding variation over 10 m
area in the most permeable "H" zone, which is a 2nd
order discontinuity, is only within +/~ 2 times the
average value (14).
Sampling of hardened cement grout by core-drilling
through the grouted part o£ the "D" zone and electron
and optical microscopy of the cement gave the following major conclusions:
Thick cemant fillings, i.e. with a thickness
exceeding 30-50 urn, appeared to have a high
density and high degree of microstructura1
homogeneity
Cement fillings with a thickness of 10-30
jim, usually located in the most narrow parts
of grouted fractures showed variations in
density, and a heterogeneous character. They
had the form oZ zones with a width of tens
to thousands of micrometers, passing through
apparently homogeneous "continents", or
forming a matrix of porous cement gel that
embedded "microcontinents" of dense cement
Most of the cement fillings with a thickness
of 10 nm were very porous and heterogeneous
and were probably not brought in place by
injection but by precipitation of compounds
released from denser cement patches. Possibly, some of the empty space in the most narrow parts of the channels may have resulted
from erosion
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Schematically, the grouted channels could be described
as in Fig.4.24, which can also be used as a basis of
calculations of the change in bulk conductivity by
grouting. Thus, using the generalized channel pattern
in Fig.4.18 one finds that for a maximum aperture of
75 urn, which is a reasonable average of the thickness
of the identified cement films, the conductivity of
the ungrouted "D" zone is 2xlO"8 m/s, which is on the
right order of magnitude. For the grouted state, the
theoretical bulk conductivity would be 7x10* m/s if
the sealing contribution of the porous cement gel located in the parts of the channels where the aperture
is in the interval 10-30 um is included. Since this
gel is very sensitive to erosion and can be expected
to have a short operative lifetime, all the channel
space with less aperture than 30 jxm can be taken as
unfilled, and the bulk conductivity is then 6x10"
m/s, or roughly 10~9 m/s. We find that this in very
good agreement with the actually recorded net conductivity of the grouted part of the "D M zone.

> 50um

10-100 nm

A B C

•I

SO um

< 50 um

a-JO-100 am

Fig.4.24

Model of the physical state of Alofix cement in narrow
fractures. A denotes dense cement matrix and B porous,
heterogeneous cement, while C is open space
53

r

**•** i

4.5.7

General outcome of Test 4
A major, very important conclusion is that a general
rock structure model by which one can identify major
discontinuities is very helpful in planning grouting
operations. Once there is a plan of what should be
sealed, the detailed grouting scheme should be based
on the estimated spacing of groutable fractures. Test
4 led to the conclusion that effective grouting requires a spacing of regularly placed boreholes of no
more than 0.5 m for structures of the "D"-type. It was
demonstrated that the applied grouting had a significant effect on the bulk hydraulic conductivity, yielding an obvious redirection of groundwater flow into
the drift. Additional findings of practical importance
were the following:
*

The test showed that very high injection
pressures can be accepted, provided that the
structure is sufficiently well supported
by confining rock. It may be that higher
pressures than the ones actually used could
have led to more effective sealing by producing some elastic widening of the channel
apertures

*

At the low temperature that prevails at
Stripa and most other rock masses at this
depth it is necessary to leave the packers
in the holes for at least 1-2 days in order
to avoid erosion of the fresh cement

*

The grout flow model yields acceptable agreement between predicted and actual grout
penetration although it is clear that the
complex nature of the channel system makes
detailed predictions very uncertain

*

The application of the numerical code FLAC
for calculating changes in piezometric
pressure and in water flow gave reasonable
agreement between calculated values and actual recordings

*

Grouting of fractures by use of cement or
clay leaves parts with a smaller aperture
than about 20 um unfilled and here water
will continue to flow. This means that
grouts will be attacked by erosion and dissolution and since the thickness and width
of the grout films in fine-fractured rock
are very small, the operational lifetime
may be short

The project vas completed in approximately the
scheduled time within the given budget
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GENERAL EXPERIENCE CONCERNING PREPARATION AND
PERFORMANCE OF GROUTING FINE-FRACTURED ROCK

5.1

Prediction of groutability

5.1.1

Flow theory
The hydrodynamic model for describing the motion of
slurries with non-newtonian flow properties, which has
the basic form of Eq.l on page 3, gives reasonably
good agreement both with recorded penetration of cement and clay grouts in systematic "slot-testing", and
with observed penetration into rock channels (9,10).
Using laboratory-derived flow parameter data and applying schematic channel network models, the predicted
depth of penetration of the suitable clay and cement
by use of the "dynamic11 injection technique is in the
range of 0.5 to 3 m for channel apertures in the interval 50-100 urn.
It is concluded from Tests 1 and 4 and from the tunnel
plug test used for simulating Test 3, that the penetration depth and thereby the extension of the grouted
zone can be predicted with acceptable accuracy if the
channel geometry is derived from basic hydraulic data
obtained by "Lugeon" testing and the location and number of hydraulically active fractures in injection
holes are determined by core or borehole inspection. A
further criterion is that debris in the fractures does
not hinder grout penetration.

5.1.2

Aperture of groutable fractures
The possibility of reducing the average hydraulic conductivity effectively by grouting depends on the
structure of the rock. It is clear that channels with
a maximum aperture of less than 20-30 urn are not
groucable, while continuous wider channels can be
sealed. Applying the model with channels forming
orthogonal patterns with different spacings, and using
the generalized rhombohedral channel geometry, one
finds, by taking the channel width to be 1 cm, that
the bulk hydraulic conductivity of permeable rock is
according to Table 5.1 before and after successful
grouting.
The table illustrates a practical, we11known matter,
namely that even very successful grouting yields only
a moderate reduction of the conductivity, i.e. by
about 1 order of magnitude if it i" 10" m/s or lower, while it can be reduced by 2 orders of magnitude
if the original value is 10" m/s, and by 3 orders of
magnitude if the original conductivity is around 10"
m/s. With the assumed channel geometry one also finds,
much in agreement with practical experience, that
initially very conductive rock can be more effectively
sealed than initially less conductive rock.
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Table 5.1 Bulk hydraulic conductivity of ungrouted and grouted
rock using standardized channel patterns. d=spacing of
parallel channels with aperture a. The eigenvalue of
the cement material is less than 10 ' m/s
d

a

m

um

Bulk conductivity, m/s
Ungrouted

Rock type

Grouted

0.1

50
100
200

1.3x10I
1.0X10-7
8.2X10-7

-8

1.7x10
-10
8.3x10
'-10
4.1x10

-9

3rd order
2nd order
1st order

0.2

50
100
200

3.2x3 0-8
2.6X10 -7
2.0x10

-9

4.1x10
-10
2.1x10
-10
1.0x10

-10

3rd order
3rd order
2nd order

0.5

50
100
200

5.1X10i
4.1X10 -9
3.3X10 -8

-10

6.6x10-11
3.3x10 -11
1.7x10-11

5th order
3rd order
3rd order

Mechanically affected to become hydraulically active

For Alofix cement grout with w/c 0.45 and 1.4 % Mighty
100 superplasticizer the flow model implies that the
average injection pressure, i.e. the mean pressure
produced by static and oscillatory treatment, should
be around 4 MPa (in excess of the prevailing piezometric pressure) to make the grout penetrate 2 m into
fracture channels with a maximum aperture of 100 fim,
and to move it 5 m into 200 um channels. This pressure
drives the grout quickly 20 m into channels with 500
nm aperture, which illustrates the problem with large
loss of cement at effective injection of rock with
very pervious, wide channels.

5.2

Grouting performance
Although ordinary cement may be acceptable for very
simple sealing purposes, qualified grouting should
always be made by use of fine-grained cement because
of its ability to get into very fine fractures, which
extends the operative lifetime of the cement by reducing the rate of water flow along the cement fillings
of the channels.
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The Stripa tests gave the following major conclusions
respecting grout preparation and injection:
The quality of the cement material must be
carefully checked: partial hydration or
ageing, which was found for some of the
shipments, may yield a significant reduction
in penetration depth of the injected grout
Components should be added to the colloid
mixer in the sequence: 1) tap water 2)
superplasticizer, 3) cement. Mixing for 5
minutes should be made whereafter the grout
is pumped over to a batch for further agitation until grouting starts
Maximum time fore use of prepared grout is 1
hour
The required time for sufficient hardening
of the grout to make it resist high water
pressures and erosion at 12°C rock temperature is at least 1 day. Hence, packers must
be left in place for at least 1-2 days
The grout-holes should be inclined with
respect to the major fracture planes in the
rock structure in order to have a maximum
chance of hitting channels
The spacing of grout-holes is of great importance: in principle the spacing can be in
the range of 0.5-0.7 m for hitting a large
fraction of channels in 3rd order structures. The spacing can be larger when sealing 1st and 2nd order structures, but a
practical maximum spacing is still estimated
to be about 0.8-1.0 m for successful sealing

5.3

Special procedure at crossing heavily vater-bearing
fracture zones
Although no strongly water-bearing zone has been intersected anywhere in the Stripa mine, the experience
from the grouting operations still led to an idea how
such zones can be sealed, assuming common rock structure characters. A major aspect has been to avoid
contamination of groundwater with cement, which would
occur by conventional sealing made by pumping out large
quantities of cement.
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While crossing 3rd order zones of the "D" zone type
does not offer significant difficulties, 2nd order
zones of which the M H" zone is taken to be an example,
give off fairly much water but do not present stability problems or substantial draining difficulties. 1st
order zones, however, may cause problems of these
sorts and are difficult to seal by grouting. They are
suitably sealed by freezing and construction of a
reinforced concrete liner with built-in "O-rings"
of highly compacted bentonite. Still, it is possible
to apply cement grouting under certain conditions and
one possible technique is described here.
Where it is required to prevent cement grout from moving more than a few meters from the periphery of a
planned tunnel crossing a heavily water-bearing structure that is supplied with water from an overlying
lake or estuary, ordinary injection from surrounding
groutholes will hardly be successful as illustrated by
the aforementioned grout penetration depths, i.e. more
than 20 m for channels with 500 um aperture, which is
less than the maximum opening in 1st order fracture
zones. The problem can be solved by use of a technique
that is similar to one planned for AECL experiments,
implying that grouting is made from concentric holes
at some distance from the periphery while creating a
sink for directing the grout towards the periphery by
drilling boreholes in the central part of the forthcoming tunnel. By this technique, which is illustrated
in Fig.5.1, the cement grout will move from the outer
row towards the interior of the planned tunnel, the
direction and flow of water and cement being controlled by proper adjustment of packer valves in the inner
holes.
The following major points should be noticed in
planning and applying the technique:

The concentric, outer boreholes must have a
spacing that is related to the rock structure, which can be identified in the course
of the drilling. A maximum spacing of 0.8 m
is proposed for the outer gallery, while the
inner should have a somewhat smaller spacing
All the outer holes are equipped with packers with tubes for de-airing, extending to
the tips of the holes. Both the inner and
outer holes are kept water-filled and closed
by packers until the grouting operation
starts. The packers, which are equipped with
"heavy duty" valves to allow for high injection pressures, need to be anchored to the
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rock. Such equipment was developed and
successfully used in the Stripa field tests
The grouting procedure starts by filling the
tubes that connect the grout pumps to the
packers in the outer borehole gallery, after
which these holes are filled with grout by
letting air and water out. The filling
procedure should not takt more than 1 hour
The grout injection, which should be made
simultaneously in all the outer boreholes,
or possibly sector-wise, can be performed
with or without "dynamic" technique. For the
latter case cement pumps are required that
can produce grout pressures of 4-5 MPa
higher than the prevailing water pressure.
Such "static" injection is made by keeping
the (over)pressure constant at around 5 MPa
for about 5 minutes, which is sufficient to
bring Alofix cement with w/c 0.45 and 1.4 %
Mighty 100 superplasticizer 2 m deep into
fractures with 50 urn aperture. Wider fractures will be filled all the way to the
center of the tunnel in this period of time
and the cement will hence appear in the
inner boreholes some 5 minutes after starting the injection. The outflow of water and
grout from these inner holes is controlled
by adjusting the valves of their packers
The water/cement slurry that is driven into
the inner boreholes by the advancing cement
is collected so that the cement concentration can be checked. When cement appears
with the consistency of the injected grout,
the respective inner borehole is closed. The
injection proceeds until cement grout has
appeared in all the inner holes
The packers in all the outer and inner holes
are finally closed and left in place for at
least two days
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Fig.5.1

Schematic view of tunnel cross section of very pervious rock. Outer borehole gallery is located just
outside the boundary (broken curve) of the disturbed
zone by stress release that will be formed after
tunnel excavation. The finely cross-hatched area at
the periphery denotes the zone disturbed by the
forthcoming blasting
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6

APPLICABILITY

6.1

General
The idea of grouting rock in repositories is not to
try to tighten the entire immediate surrounding of
tunnels etc. but to seal off the rock at strategic
sites so that waterflow along and across the tunnels
is minimized and stagnant groundwater regimes created.
This is of importance both for preserving the isolating power of smectite-based backfillings, as in
KBS3 tunnels, and for retarding transport of radionuclides from the tunnels. Also, there are many occasions when too quick inflow of water into deposition
holes or tunnels cannot be accepted in the construction period, hence requiring temporary or permanent
sealing by grouting. We will consider two cases of
importance, one related to the immediate surrounding
of large deposition holes, applicable also to TBMdrilled tunnels, the other related to sealing of a
natural fracture zcne for slowing down water flow in
the excavation-disturbed zone around blasted tunnels
in order to prolong the operational lifetime of tunnel
backfills.

6.2

Sealing of narrow fracture zone intersecting large
borehole (KBS3)

6.2.1

Expected effect of sealing
Filling of fractures that intersect deposition holes
is very effective with respect to retardation of diffusive transport from the holes. Hence, if a smectiterich grout occupies a major fracture to 10 cm depth,
yielding a disc-shaped clay filling like in Fig.6.1
the total diffusion resistance is increased by 1 order
of magnitude,*and by 2 orders if it extends 1 meter
from the hole . A further practical effect is that the
inflow of water is reduced and makes the application
of bentonite and canisters possible if too much water
flows in from the ungrouted zone in the deposition
phase. The Stripa Buffer Mass Test showed that while
an inflow of 1-3 1/h could be accepted, three times
that amount, i.e. more than 3 liters per hour, may be
unacceptable.

6.2.2

Sealing prospect

6.2.2.1

Hydraulic characterization
The practical importance of sealing this sort of fractures, which represent 4th order discontinuities, of
course depends on how frequent they are. Using the
* Pers. comm. Prof. Ivars Neretnieks, Royal Techn.
Institute, Stockholm
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Fig.6.1

Schematic picture of vertical deposition hole intersected by flatlying narrow fracture zone with a width
d at distance b from the tunnel floor. Grouting with
LID is assumed to have yielded filling of fractures
in a disc-shaped zone extending the distance a from
the hole. The conductivity of the grouted zone is tec

the figure 3-7 m for their spacing according to the
schematic rock structure model (Ch.4.5), one finds
that all the 7.5 m deep deposition holes in a KBS3
repository will be intersected by at least one subhorizontal, long-extending fracture of 4th order. Also, flatlying fracture zones of 3rd order having a few
decimeters "effective" width and being hydraulically
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interacting with steep, low order discontinuities will
intersect a certain fraction of all holes even if the
location and orientation of deposition tunnels are
optimized as based on preceding geophysical investigations. Hence, it can be estimated that as many as 10 %
of ail holes may be intersected by such discontinuities (15).
6.2.2.2

Sealing effect
The experience from Test 1 suggests that 4th order
fractures and 3rd order zones can be sealed by clay or
cement grouting to a net average hydraulic conductivity of 10
to 5xlO'10 m/s. We will use the higher figure although the lower one probably represents a
practically achievable value for the fully developed
dynamic injection technique. Hence, using the LID
equipment and applying dynamic injection it is estimated that all fracture channels with larger aperture
than about 20 urn are filled with grout to a distance
from the hole of 0.3-1.0 m.
A finite element analysis of the axisymmetric system
in Fig.6.2 illustrates the effect of sealing on the
piezometric situation around a single deposition hole.
The calculation was made using the following basic
data:
Average hydraulic conductivity of the rock

kB

= 3x10"

Average hydraulic conductivity of major fracture or fracture zone (Z,
10 cm width)

kz

= 10* m/s

Hydraulic conductivity
of grouted zone

tec

«= 5x10"

m/s

m/s

Boundaries with 3 MPa piezometric pressure are
located at 32 m distance from the tunnel roof

The inflow before sealing will be 9.4 1/h before
grouting, i.e. of presumably unacceptable magnitude,
while the FEM calculations yield the figure 2.2 1/h if
the extension (a in Fig.6.1) of the grouted zone is
0.3 m, and 1.3 1/h if the extension is 1.0 m. The fact
that the water-bearing parts of the fractures are
channels with a small width and a probable aperture of
at least 100 vm, means that the expected penetration
depth can be considerable "arger than 1 m, provided
that high injection pres-ures are applied. The inflow
into holes located in the presently discussed type of
rock may therefore be significantly less after grouting. This matter should be tested under true repository-like conditions.

H

«r--f=

if»!.
sc oonc

:^O t i e r

i s T ; ™ P . MOLE

K OtBC
K 000C
SC OOCf
K Odor
3T om>

>••: ennr

Fig.6.2

Isobars before (right) and after sealing. T is tunnel,
H is deposition hole, and Z pervious zone with d=0.1 m
The calculations illustrate the typical finding that
the hydraulic gradient becomes much higher after the
sealing, which naturally reduces the sealing effect in
the period vhen the excavation is kept drained. Once
bentonite has been applied in the hole and become largely water saturated, the gradients are strongly reduced and the sealed part of zone Z will let very little water through. Hence, in the phase when bentonite
and canister are about to be placed in the hole, the
sealing effect is rather moderate but sufficient,
while the sealing effect becomes very significant when
the regional hydraulic gradient finally determines the
flow.

6.3

Retardation of smectite degradation in tunnel
backfill, an example of possible use of grouting

6.3.1

Smectite degradation mechanisms
Long term performance of smectite-based buffers is a
major issue in repository design, the main threats
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being high ter.peratures and access to potassium in the
porewatcr. According to a model of smectite stability
that is b<= '.ng worked out in the current SKB research
and that is supported by the investigations in the
present project (3), it can be assumed that - at temperatures in the range of 60-130 C - smectite will be
transformed to hydrous mica ("illite") by neoformation
at a rate that is determined by the uptake of potassium from the porewater. Since this process creates a
K-sink, potassium will be driven to the transforming
smectite clay mass by the concentration gradient that
is created. In stagnant groundwater, migration of potassium will only take place by diffusion and it can be
shown that it will then take hundreds of thousands or
millions of years to yield complete conversion of dense smectite clay (HCB) to hydrous mica in a KBS3 repository. If water flow takes place through the nearfield of KBS3 tunnels backfilled with 10/90 mixtures
of bentonite and ballast material, bringing in potassium-rich water, the transformation of the smectite
component which leads to a very significant increase
in hydraulic conductivity and a drastic reduction in
rock-supporting ability, may be very much quicker.
Such an example will be considered here and also the
possibility of prolonging the operative lifetime of
tunnel backfills.

6.3.2

I

Example of the effect of grouting
Fig.6.3 shows a KBS3 repository tunnel in crystalline
rock with regularly spaced water-bearing zones, one
of which is located close to the end of the tunnel in
a similar fashion as in Test 4. We will use this example to illustrate the positive effect of successful
grouting on the survival of the smectite component of
the tunnel backfill.
The difference in water head (hi-h2) over the 50 m
distance between the zones is assumed to be 1 m in the
first few thousand years of enhanced temperature
yielding heat-induced convection. Hence, the pressure
gradient is assumed to be 2x10" in this period. The
conductivity of the disturbed zone around the tunnel
over this particular distance is taken as 10"7 m/s,
thereby including the combined effects of blasting and
stress changes. The bulk conductivity of the waterbearing zones is also taken to be 10" m/s, i.e.within
the range valid for discontinuities intermediate to
those of 2nd and 3rd orders. The tunnel is assumed to
be backfilled with bentonite/sand with an initial conductivity of 1C"1 m/s, while that of the surrounding
rock is taken to be 3x10" m/s.
The flow along the tunnel backfill through the disturbed zone was calculated by use of FEM analysis,
applying the simplified element net in Fig.6.4, both
for the ungrouted case and for the case of grouting of
a 15 m diameter zone around the inner corner. In the
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latter case the net hydraulic conductivity of the
sealed zone was assumed to be 10
m/s. It should be
pointed out that the flow calculation is simplified
and the results therefore only approximately valid.

WATER-BEARING
NATURAL STRUCTURE kz

GROUTED PART = 15 m

Fig.6.3

Example of KBS3 tunnel used for estimation of the
influence of local grouting on the axial water flow
through the disturbed zone (D) and its effect on
the chemical stability of the smectite component of
the backfill (B) . to and kz=10" m/s, kc=lO" m/s,
kB=lo"10 m/s. Virgin rock conductivity 3x10" m/s
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FEM element net used for the flow calculation
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The flux across the disturbed zone was found to be 990
liters per year for the ungrouted case and 38 1/y for
the grouted case. Assuming that the groundwater has a
potassium content of 40 ppn, i.e. about 50 % of that
of the Baltic Sea and 10 % of that of seawater, one
finds that 200 kg of potassium is brought into the
disturbed zone in the first 5 000 years of enhanced
temperature in the ungrouted case and 8 kg in the
grouted case. Since the smectite content of a 10/90
bentonite/sand mixture is around 25 000 kg per 50 m
tunnel length, and complete transformation to hydrous
mica requires roughly 2 000 kg potassium, one finds
that about 10 % of the smectite will undergo transformation in the first 5 000 years in the ungrouted
case, while less than 0.5 % would be altered in the
grouted case. Further transformation after the heating
period will be considerably slower in both cases. Since the conversion of smectite starts along the rock/
backfill contact and proceeds as a front, leaving behind backfill with a hydraulic conductivity of 10~ to
10" m/s, i.e. 1 000 to 10 000 times higher than the
original value, the flow of groundwater through the
backfill will in fact accelerate the conversion of the
remaining part of the backfill.
In addition to the strongly increased hydraulic conductivity of the backfill, the alteration of smectite
to non-expanding hydrous mica also causes a complete
loss in swelling pressure of the backfill within several decimeters distance from the rock contact in 5 000
years, which means that the roof and upper parts of
the walls of the rock will no longer be actively supported. This will, in turn, lead to disintegration of
the rock and further increase in hydraulic conductivity of the rock, which results in enhanced percolation
of the rock and tunnel backfill.
It is quite clear that grouting will retard the degradation of the smectite in the tunnel backfill very
significantly and make it serve as expected for much
longer than 5 000 years in this particular case. Also,
one finds that if the potassium content in the percolating water would be higher than assumed here, as if
seawater or water from the Baltic Sea is infiltrated,
the smectite-preserving power of the rock sealing will
really be very significant.
Grouting for preserving the low conductivity and
swelling ability of smectite-poor backfills should
therefore be considered as one way of maintaining
their properties in cases where the general hydrology
represents a risk of relatively quick smectite conversion. Other ways are to increase the smectite (bentonite) content significantly in the backfill, or to cut
off groundwater flow through disturbed zones by cutting slots around tunnels and shafts and filling them
with highly compacted bentonite.
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6.4

I

General aspects of the applicability of grouting
The two examples illustrate the major principle of
rock grouting in repositories, i.e. to shut off
groundwater flow locally so that regimes of slow flow
or stagnant groundwater are created. Hereby, the operative lifetime of clay buffers can be very much prolonged and the escape of radionuclides considerably
delayed.
It is concluded that the sealing effect could be increased beyond the one assumed in the examples if the
grouting techniques can be developed to yield more
effective grout penetration, and if more suitable
grouts i.e. with higher fluidity and quicker strength
regain, can be developed. Such work is strongly recommended .

GENERAL CONCLUSIONS
The Stripa Rock Sealing Project is concluded to have
yielded a large amount of very valuable information on
the excavation-induced disturbance of nearfield rock,
and on the possibility of obtaining effective sealing
of finely fractured rock by clay and cement grouting,
using presently available, advanced technique. The
major findings can be summarized as follows:
Water flux through the nearfield rock in the
BMT drift could be accurately described by
considering the rock mass to behave as a
porous medium
Blasting produces mechanical damage that
increases the hydraulic conductivity of the
most .shallow rock by 2 to 3 orders of magnitude. The effect over longer axial distances in a drift or tunnel is not known
Stress-induced increase in hydraulic conduct ivy does not seem to extend beyond about
3 m in drifts of the Stripa BMT type. The
effect is very much dependent on the orientation of the drift with respect to that of
major fracture sets. In the BMT drift the
axial conductivity is concluded to be 10
times higher than the average conductivity
of the virgin rock, while the radial conductivity appears to be about 4 times lower
than that of virgin rock
The nearfield of large
some increase in axial
is very much dependent
the holes with respect

boreholes undergoes
conductivity but it
on the orientation of
to that of major
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fractures. Heating may activate "latent"
fracture channels that have not been grouted, by which some of the sealing effect of
grouting may be lost
Narrow as well as wide fractures intersecting large boreholes drilled through the
disturbed shallow zone in blasted drifts,
can be effectively sealed with clay by use
of "megapackers" and dynamic injection
technique
Natural fracture zones of 3rd and lower orders can be rather effectively sealed by
using cement injected under high pressure
applying dynamic injection technique. The
spacing of the injection holes determines
the effectiveness of the grouting
Shallow rock with fine fractures coated with
fracture minerals like chlorite is not effectively groutable, probably because of
debris produced by blasting-induced disintegration of the fracture minerals
The groutability of rock can be predicted by
hydraulic testing and evaluation of the rock
structure provided that debris is not present in the fractures
The longevity of montmorillonitic smectite
grouts and cement grouts is controlled by
hydraulic gradients, and for the clay also
by the potassium content of the groundwater.
Soon after grouting, both clay and cement
grouts may be eroded by high gradients. Long
term performance is determined by the rate
of water flow in unfilled parts of the
grouted fractures.
Under stagnant groundwater conditions, both
clay and cement grouts may persist for at
least one million years, while they may
deteriorate in a few hundred years or even
shorter time under certain critical conditions
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