INTERNATIONAL SOCIETY FOR
SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

This paper was downloaded from the Online Library of
the International Society for Soil Mechanics and
Geotechnical Engineering (ISSMGE). The library is
available here:
https://www.issmge.org/publications/online-library
This is an open-access database that archives thousands
of papers published under the Auspices of the ISSMGE and
maintained by the Innovation and Development
Committee of ISSMGE.

Proceedings of the 16th International Conference on Soil Mechanics and Geotechnical Engineering
© 2005–2006 Millpress Science Publishers/IOS Press.
Published with Open Access under the Creative Commons BY-NC Licence by IOS Press.
doi:10.3233/978-1-61499-656-9-2247

Grouting trials in hard jointed rock –investigation, design and execution
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ABSTRACT
Grouting trials were performed in crystalline rock at a depth of 450 m during construction of a 70-metre long tunnel. Hydrogeological
investigations were undertaken stepwise, resulting in a successive updating of the rock description, followed by grouting design, and
prognoses. The application of this coupled methodology for rock characterisation and design meant that, (a) general systematic pregrouting could be avoided thanks to having detailed rock characterisation, and (b) an early assessment could be made about the most
suitable grouting methodology. The initial description of rock, based on data obtained from a core borehole, was used to prepare a
base design, and two grouting fans were anticipated. Even though further investigations resulted in design changes along a section of
the tunnel, a combination of inflow measurements and pressure build-up tests gave a sound basis from which to choose the appropriate grout, and prepare for encountering more extreme conditions. Based on inflow measurements, the sealing effect for Fans 1 and 2
was approximately 99.9 and 95 per cent respectively.
RÉSUMÉ
Des essais d’injection de coulis de ciment ont été exécutés dans une roche cristalline à une profondeur de 450 mètres durant la construction d’un tunnel de 70 mètres de long. Les investigations hydrogéologiques ont été entreprises graduellement, ce qui a entraîné des
actualisations successives de la description de la roche, suivies de la formulation du coulis de ciment et du diagnostic. L’application
de cette méthodologie couplée pour la caractérisation de la roche et la formulation signifie que : (a) la pré injection systématique générale peut être évitée grâce à une caractérisation détaillée de la roche et (b) l’évaluation de la méthodologie de la formulation peut
être effectuée tôt. La description initiale de la roche, basée sur des données obtenues de trous de carottage, a été utilisée pour la formulation de base, ensuite deux compositions de coulis ont été prévues. Bien que des investigations supplémentaires impliquaient des
changements de la formulation du coulis le long d’une section du tunnel, une combinaison des mesures d’afflux et des tests
d’accumulation de pression ont constitué une base solide pour le choix du coulis de ciment approprié et prêt à rencontrer des conditions plus extrêmes. Basé sur les mesures d’afflux, l’effet de scellement pour les compositions 1 et 2 était d’environ 99.9 et 95 pour
cent respectivement.
1 AIM AND SCOPES
Sealing the proposed deep repository for spent nuclear fuel—with
construction planned to commence in 2010—presents the Swedish
Nuclear Fuel and Waste Management Company (SKB) with a significant challenge. Sealing is undertaken to satisfy current requirements for limiting possible effects on the environment outside the facility, and also to provide a good working environment
for personnel and operating installations inside the facility. There
are also specific requirements that relate to the functioning of the
facility. Pre-compacted bentonite clay is planned to be used as
buffer material around storage canisters, and in the backfilling of
the storage facility, which requires “dry” conditions during placement. Saltwater is unsuitable for long-term safety, and seepage has
to be limited. Storage is located at a depth of approximately
500 metres, which also means that relatively impermeable rock
produces large quantities of water. This impermeable rock has
therefore to be made even more leakproof, and under high water
pressures.
Leakproofing of the rock mass is expected to be done by injection grouting. A precondition for successfully undertaking this in
a controlled way is having a deep understanding of the rock and
the grouting method. In two earlier PhD projects, SKB has studied
details about how the rock should be characterised in such a way
that enables the results to be used in designing the grouting procedure, based on estimating the spread of the grout (Fransson, 2001;
Eriksson, 2002). Being able to utilise this work in production requires trials and further development of the proposed methodol-

ogy. Building the 70-metre long tunnel in SKB’s Äspö hard rock
laboratory provided a suitable opportunity to test both theoretical
and practical design and development under real but controlled
conditions.
The aims of this grouting study were to:
�
investigate what can be achieved given the best available technology, materials and knowledge, in realistic
conditions—being relatively impermeable rock at great
depth;
�
gather data and evaluate the previously proposed methodology for characterising rock and making grouting
prognoses;
�
gather data to enable further development of the methodology;
One other aspect to consider when setting up aims for the work
was the amount of grout to be consumed. In the deep repository it
will be desirable to keep the amount of foreign matters as low as
possible. This goal was also to be applied in the field test, and thus
the qualitative goal was to get the tunnel “tight” with as little grout
as possible.
SKB purchased the construction contract. The pre-contract
documentation was drafted by SwedPower. The grouting section
was written in consultation with the grouting group ChalmersKTH-SKB comprising researchers from Chalmers University of
Technology (Gothenburg), the Royal Institute of Technology
(Stockholm), and SKB, who performed the study and acted as advisors for the grouting. At the time the contractor (Skanska) was
being negotiated, the exact location of the tunnel was still not decided. Once the exact location was known and the geological con-
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ditions better understood, then the scope and ambitions for the
grouting and the grouting study could be determined and described in more detail. Based on analysis of the completed investigations, and in the period between contract negotiations and signing, the first description of rock conditions at the site was drafted,
along with associated specifications for grouting design, and
prognoses. Final construction documentation was based on this.
Preliminary investigations showed that a section 50-57 metres
into the 70-metre long tunnel was wet, but that the other sections
were expected to be relatively dry. The grouting study focused on
this water-bearing section, where the need for two grouting fans
was anticipated. The grouting research group actively participated
in the sealing of this section of the tunnel. Based on evaluation of
the investigations, descriptions and grouting prognoses were updated directly, resulting in adjusting the directives for grouting.
The actual characterisation method was applied to, and data collected along the entire length of the tunnel. In the sections assessed as “dry”, a base grouting design was used, with prescribed
limits for application, and directives to contact the grouting research group if higher seepages were encountered.
Skanska’s preparations for the grout production work commenced with a joint “start-work” meeting, attended by client sitepersonnel, the grout research group, plus Skanska’s office staff
and skilled workers. During the project run-through, the aims of
the research and production were presented, the anticipated model,
a description of the grout properties, the base design, and the inspections and controls to be undertaken during project execution
were presented. The meeting facilitated an understanding of the
objectives, and the commencement of a detailed production plan
for achieving the desired goals and requirements. Skanska went
through all the work preparation, checks and inspection schedules
and work descriptions before work began on the grouting. Before
each grouting fan was commenced, the research group prepared
clear instructions, which were communicated in a brief meeting
beforehand.
2 RESEARCH LOCATION
The main rock type in the Äspö laboratory is a medium to largegrained granite to granodiorite. Adjoining this, there is a number
of larger bodies containing darker rock types such as dioritegabbro. Smaller areas or veins of fine-grained granite are also
relatively frequent in areas with granite-granodiorite.
The research area is located at a depth of about 450 m, and according to Andersson and co-researchers, who described an area
near the research location, the most conductive structures are
steeply inclined and oriented NW and NNW (Andersson,
Byegård, Dershowitz, Doe, Hermanson, Meier, Tullborg & Winborg, 2002). The initial core borehole (KA3376B01) that was
drilled parallel to the planned tunnel can be found running roughly
perpendicular to these structures. The predominant rock type in
the core borehole was diorite, and the total flow of water into the
80-metre long borehole was measured to about 80 L/min.
3 SEQUENCE OF OPERATIONS
Figure 1 shows the method used for hydrogeological characterisation and grouting design. The method enabled the characterisation
and resulting description to be built up successively with new information from complementary investigations.
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Figure 1 Compilation of activities for hydrogeological characterisation and
grouting design.

Compilation of the data for constructing a hydrogeological
geometric model was done with the help of a three-dimensional
CAD-based visualising tool called RVS (rock visualisation system), and is exemplified in the above geometric model.
3.1

Hydrogeological investigations

Various types of hydrogeological investigations were carried out
to provide a stepwise- improved description of the fractured rock.
The descriptions denoted Descriptions 1-3 (see Table 1 and Figure
2) focus on the natural water-bearing structures’ location and hydraulic properties. Inflows and pressure responses were used to
evaluate the structures’ specific capacity and transmissivities, giving a picture of the structures’ capacities to transport water. Using
calculations, transmissivity has in turn been linked to an opening
in the fracture (hydraulic fracture aperture), which is used for selecting the grout, and to provide the grout penetration rate.
Description 1, including interpreted position, strike, dip, inflow
and rated aperture for conductive, water-bearing structures along
the core borehole was used to decide which sections of the tunnel
would be grouted. A single borehole naturally gives a limited picture of the rock, and Description 2 with its two complementary,
hammer-drilled probe holes, including location and size of the inflow, were assumed to provide a more reliable description that
could better reflect actual variations in permeability.

Table 1 Descriptions 1-3: type of borehole, investigations and results.
Description 1
Description 2
Description 3
+ Probe hole
(ham- + Grout hole
Core borehole
Core mapping/BIPS: po- mer-drilled)
(hammer-drilled)
sition, strike and dip,
During drilling: posi- During drilling: posinatural fractures
tion, size for inflow
tion, size for inflow
Posiva flow log: position, along borehole
along the borehole
size for inflow along the
(3-metre sections)
(3-metre sections)
borehole
Pressure build-up test:
Pressure build up test: in- inflow, pressure,
flow, pressure, transmis- transmissivity
sivity

The holes were drilled longer then the potential grout fans so as to
provide some surplus time for working on grouting design. In the
holes above, both inflow measurements and pressure build-up
tests were performed. Inflow was measured using an accurate
measuring method in the core borehole (Posiva flow-log), and
manually in the 3-metre sections during hammer-drilling of the
probe holes. Pressure build-up tests involved measuring flow and
pressure for a long period, which provided important information
about the rock mass, even outside the immediate vicinity. In Description 3, describing the situation after grouting and tunnelling,
both position and size of inflow in each 3-metre section along the
grouting hole have been added. The various descriptions can be
compared with one another, and with the final, grouted and
blasted tunnel.
Briefly, Description 1 can be summarised by saying that an inflow >2 L/min was found at eight places between roughly 45-66 m
along the 80-metre long core borehole. Locally, the maximum inflow was about 30 L/min, the transmissivity for the entire hole
(Tfull hole) was 1.5·10-5 m2/s, and the conductivity (K=T/L) was
1.9·10-7 m/s). Inflow of 2 L/min, given the prevailing groundwater
pressure of roughly 340 m, would equate to a hydraulic fracture
aperture of about 50 µm, which has been assumed to be the limit
for what is injectable for cement grouts. The estimated hydraulic
fracture aperture was up to about 130 µm. A number of the structures appeared to be nearly at right angles to the core borehole
(and the intended tunnel). Even for Description 2, which is based
on the core borehole and two hammer-drilled probe holes in each
section, the greatest inflows were found roughly between 45-66 m.
For two of the probe holes (about 26-metres in length) the size of
the inflows deviated markedly (maximum inflow for 3-metre sections was 180 L/min, Tfull hole was 1.3·10-5 m2/s, and T/L=K=5.
0·10-7 m/s). The inflow in one section was assumed to originate
from a single fracture and the hydraulic fracture aperture (based
on a 3-metre section) was up to 240 µm. According to Description
3, the median inflow for the approximately 16-metre long boreholes in Fan 1:1 was approximately 84 L/min, and Fan 1:2 (a second grouting round) was approximately 3 L/min. For the 18-metre
long holes in Fan 2, the median inflow was approximately 10
L/min (for Q/dh�T, the transmissivity corresponds to 4.1·10-6,
1.4·10-7 and 4.8·10-7 m2/s; K=T/L gives the conductivities 2.6·107
, 9.0·10-8 and 2.7·10-8 m/s). In Brief, for Fan 2 the size of the inflows was in agreement with the expected. For Fan 1 however, the
probe holes showed significantly greater inflow than the core
borehole.
3.2

Pre-testing the grout

The design of the grouting and prediction of the results make up
the second, lower part of Figure 1. The first part of the design involves using the interpreted fracture geometry to establish the desired grout properties and formula. Pre-testing the mix was done
in part at the KTH laboratory, and partly on site in the tunnel
where the grout was mixed using the equipment used in the actual
grouting process. The aim with pre-testing the grout was partly to

determine properties that would enable data to be collected for
calculating grout spreading and sealing efficiency, and partly for
checking that the grout fulfilled the requirements that the actual
grouting circumstances required. Based on pre-testing, an inspection programme could also be set up for checking grout quality in
the tunnel. Pre-testing was aimed at finding a grout with good
penetration characteristics and low viscosity, in light of the small
fracture apertures expected.

(a)
(b)
(c)
Figure 2 Principal sketch (seen from above) of how the rock mass is described at different stages based on, (a) a core borehole (Description 1); (b)
core and probe boreholes (Description 2); and (c) core, probe and grouting
boreholes (Description 3); note that Description 3 includes possible conductive fractures.

The following properties were investigated in pre-testing:
�
rheology, using a rotational viscometer (after Hässler,
1991);
�
penetrability, using a pressure tank (after Eriksson &
Stille, 2003);
�
density, using a standard mud balance test;
�
Marsh cone time, according to standard procedures;
�
water separation and volume changes, according to
Swedish standard SS 13 75 31; and
�
hardening, using a fall cone test, according to Swedish
standard SS 02 71 25.
Grouting equipment consisting of a mixer of colloidal type, an
agitator and a pump, were provided and operated by Skanska personnel. Cement and superplasticiser (HPM) were brought to the
site, and water was taken from the freshwater system in the tunnel.
Mixing time was five minutes. First the water and cement were
mixed for one minute; after which time the superplasticiser was
added, and the mixer kept running for a further four minutes. The
grout was then pumped to an agitator, from which samples were
taken after 10, 30 and 60 minutes. Four grout batches containing
Cementa’s UF16 were tested, of which three had a water/cement
(w/c) ratio of 2, and an HPM of 0.9 weight-%, and one with a w/c
ratio of 1, and an HPM of 0.9 weight-%. The properties of the
grout with a w/c ratio of 0.8 were not determined, as it was
planned to be used only as a finishing grout. Pre-testing gave the
grout properties shown in Table 2.
Based on the results of pre-testing, a programme was established for inspecting grout quality during production. The aim of
quality controlling the grout was to verify that the properties that
were determined to be result-critical for grouting would be met.
The control of grout quality during production was limited to the
following.
�
Rheology was verified with measurements of Marsh
cone times; this was recorded once, and the results
documented; no requirement existed.
�
W/c ratio was checked by measuring density; with deviations greater than ±10%, re-measuring was recommended; with deviations greater than 10% in the second
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measurement, the mix was be discarded; measurements
documented.
Penetration properties were measured with a filter pump
(Hansson, 1995) with a 90 µm filter; two of three samples should have a full volume (300 ml), otherwise the
mixture was discarded; measurements documented.
Test casts were poured to verify when the mix began to
harden.

�

�

Table 2 Properties for the grouts that were pre-tested in the laboratory and
in the field.

The control of grout quality during production involved checking
each batch with a w/c ratio of 2.0 and 1.0, and the initial mixture
with a w/c ratio of 0.8. Despite the considerable extent of the
grout-control schedule, all went well, as the inspections are quick
and simple to perform in the field. Grout testing resulted in one
batch being discarded from the total of 67 checked. The discarded
batch failed the filter-pump test; probably due to cement from
previous mixtures sticking to the sides of the mixer, becoming
mixed into the batch being tested.
Design and practical considerations

3.3

Expectations from the core borehole characterisations (Description 1) and the grout pre-testing results enabled a technical procedure for grouting to be defined. Calculations of grout spread and
sealing effect efficiency were carried out in accordance with
Eriksson (2002) to theoretically evaluate possible sealing effect in
various applications. From these results, a base design for grouting
was developed, for application when the conditions encountered
matched the expected situation in accordance with Description 1.
If however the conditions deviated from the expected scenarios,
then a new assessment of suitable design was to be done. The base
design was defined as follows:
�
�
�
�
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21 boreholes with a maximum tip distance of 2 m;
maximum grout-injecting pressure of 2 MPa above
groundwater pressure;
grouting terminates when the flow drops below 0.2
L/min, or when a maximal volume of 200 litres—
excluding hole volumes—is injected;
grouting uses a “make-it-thicker” approach, where the
first 100 litres—excluding hole volume—is injected
with w/c ratio of 2.0, after which 50 litres are injected
with a w/c ratio of 1.0, and the final 50 litres are injected with a w/c ratio of 0.8.

With probing for Fan 1, it could be shown that the conditions
encountered deviated from the expected scenario (Description 1).
Characterisation from the probe hole (Description 2) showed
greater fracture apertures than were previously determined.
Against the background of these new expectations, new calculations were done and new decisions made, resulting in a new design, defined as:
�
two grouting rounds, where the first was designed to
seal the larger structures and the second to do a final
seal of the grout fan;
�
11 holes bored in the first grouting round and 20 in the
second round;
�
maximum injecting pressure of 1 MPa above groundwater pressure in the first round, and 2 MPa above groundwater pressure in the second round;
�
grouting terminated when the flow drops below 1 L/min
in the first grouting round, and below 0.2 L/min in the
second round, or when a maximal volume of 200 litres—excluding hole volumes—is injected in both
rounds;
�
grouting to be done with a “make-it-thick” approach,
where the first 50 litres—excluding hole volumes—is
injected with a w/c ratio of 1.0, then 50 litres are injected with a w/c ratio of 0.8 in the first round; while in
the second round, the first 100 litres—excluding hole
volumes—is injected with a w/c ratio of 2.0, then 50 litres is injected with a w/c ratio of 1.0, and then a final
50 litres is injected with a w/c ratio of 0.8; grouting is
done first in holes with the highest inflows of water,
then in decreasing inflow-volume order.
Probing for Fan 2 did not change the originally expected scenario; therefore the base design was applicable. This was however
somewhat modified for production reasons. A new flow criterion
set flow to drop below 1 L/min for five minutes instead of below
0.2 L/min for one minute.
The equipment used for grouting was a mobile grouting platform, where quantities of cement, water and additives were measured manually. The grouting platform consisted of a colloidal type
mixer, an agitator, and a piston pump with an outlet (maximum
pressure 100 bar and 90 L/min). Pressure, flow and the volume
pumped in were measured automatically. Grouting was done by
two skilled workers.
Grouting was time consuming, partly because injection drilling
took a long time, with inflow measurements made with every extension, partly because it took a long time for flows to drop to the
levels prescribed in the stop criterion. The equipment was not optimised either, as only two fans were planned to be done. However
the efficiency of the work increased, and the last grout fan was
done in one double shift of 14.4 hours. A picture of the finished
tunnel can be seen in Figure 3.
4 DISCUSSION AND CONCLUSIONS
In order to determine a suitable grout and technical method for
grouting, information is required about the water-bearing structures involved. In cases where the requirements for grouting are
moderate and the properties of the structures fairly well known, a
standardised grouting approach can be used for the job, based on
previous experience. Where demands are greater, and large variations in the properties of the structures are expected to occur, more
detailed information is required. In the case presented here, detailed information was required about the fracture structures.

Descriptions 1-3 (where 1 was based on core boreholes, 2 on
core boreholes and probe holes, and 3 on core boreholes, probe
holes and grouting holes), showed good agreement, above all
where inflows were encountered. This meant that the location of
the grouting fans did not need to be changed for the duration of
the work. For Fan 2 (roughly 48-66 m along the core borehole),
the size of the inflows was also in agreement. For Fan 1
(38-54 m), the probe holes showed significantly greater inflow
than the core borehole. One explanation could be that the probe
hole and the core borehole did not cross the same structures. Another possible explanation is that the holes met the same structures
but in areas with different permeabilities. For the descriptions it
was assumed that natural inflows provide a picture of a traversing
fracture in close proximity to the borehole. Pressure build-up tests
performed in the core borehole and the probe holes, registered
flows and pressures over a long period, giving complementary information about the rock mass, even outside the immediate vicinity. The transmissivities evaluated from the pressure build-up tests
here indicated a more permeable structure than interpretations
from the natural inflow to the core borehole. The probe holes
might be understood to reflect the more permeable part of the
structure.
Applying the linked method of characterisation and design in this
study meant that: (a) systematic pre-grouting could be avoided
thanks to the detailed characterisation, and (b) an early determination of the most appropriate grouting method could be made. It
became apparent that the early determination of the structures
(Description 1) upon which the base design was formulated, deviated too much for its application in all situations. It is natural that
some variation in properties arises, and it is therefore advisable to
have strategies on hand if the expected conditions are not met. In
the case presented, slight increases in fracture aperture led to dramatic effects in inflows, due to high water pressures.
With regard to the hydrogeological characterisation, it can be
said that a combination of inflow readings and pressure build-up
tests appears to provide a basis for selecting a grout (fracture
properties near the drill hole) and a strategy for when more extreme conditions are encountered (properties outside the immediate area).
The grouting itself was done basically according to current
practice. The main difference was working with the high water
pressures, and with a very low flow criterion. Inspections of the
grouts were also more comprehensive than usual. If more fans had
been made, then more practical experience and practical conclusions could have resulted, and possibly more modifications to the
concept could have been made. Grouting resulted in a very dry
tunnel and the grouting concept and grout selection were therefore
determined to be suitable for the actual situation. From the measurements made in the boreholes during grouting, the sealing effect
of the first fan was approximately 99.9%, and the second fan was
about 95%.

Figure 3 The APSE tunnel, Äspö (photograph courtesy of Nick Barton).
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