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SUMMARY
The grouting work that has been performed in the Äspö Hard Rock Laboratory has been a part in
a research work called "Passage of water bearing zones". The grouting has therefore been
carefully followed up and analyzed from practical as well as theoretical point of views. The
reported grouting work is described in the SKB Progress Reports 25-92-19 and 25-94-13.

The two reports have been examined and a validation made of the relevance of the theoretical
discussions, planning and performance of the grouting work and the evaluation of attained
results.

The description followed traditional praxis in grouting for tunnelling. There was however no
criteria given in the description to guide the decision of the grouting. Thus decision of
pregrouting or not was not based on maximum transmissivity of presounding holes. In the same
way no maximum transmissivity of control holes to test the results of the performed pregrouting
was given as a basis for decision of complementary pregrouting.

The organization of the project was quite complex since it was divided in two parts, the
tunnelling work and the research work. Both should be carried out simultaneously without
interfering with each other too much.

Generally this can not be satisfactory for the actual research work where enough time for follow
up is essential. As tunnelling is expected to progress as fast as possible there will obviously be a
conflict. If the research work is important, tunnelling will have to adapt to the prerequisite of the
research work.

After the tunnelling work was started the problem with the water bearing zones was payed
attention to and a research project was started. The aim of the project was to show that the major
water bearing zones, indicated during preinvestigation phase, could be passed with full control of
stability and inflow of ground water. It was further desired to advise a limited spread of the grout
to avoid excessive ground water contamination around the tunnel.

However no criterion of maximum allowed inflow to the tunnel was set up as a guide for
decisions about the need of regrouting. Without such a criterion even the evaluations of measured
penetration have little meaning.

In order to develop the methodology of investigation and grouting it was decided to make a test
in a fracture zone called EW-7. The test was not successful.

Before passing a fracture zone called NE-3 the prediction and program for grouting were revised.
New grouts and mix designs were tested. In the testing of methodology the research group was in
charge of the grouting program with strict order to the engineer and contractor to follow the
given rules for grouting.

The revised program was tested for some grouting fans before NE-3 was reached. Some
difficulties were found to correctly classify the rock class and also to keep the limit s of grout
take mainly due to grout leakage into the tunnel front.

No changes to handle the problem with grout leakage into the tunnel front were done in the



program for passing NE-3, in spite that front leakage could be expected due to predicted
geological structures.

When the zone NE-3 was passed regrouting had to be carried out several times in every tunnel
face due to difficulties to get a good penetration of the grout in the crushed rock but also due to
leakage of grout through the tunnel face. It is not reported whether the zone was judged to have
been passed with full control of stability and inflow of water.

Before passing a fracture zone named NE-1 a preparation based on the experience from the
passage of NE-3 was done. In the preparation the main interest was concentrated to limit the
penetration of the grout. However nothing is said about on what criteria grouting should be done,
and to what extent, how the results will be controlled to decide the need for comple-mentary
grouting, permitted inflow of ground water etc.

In some of the fans, before NE-1, problems were observed with hardening of the grout as the
grout in the boreholes sometimes was outwashed. No special attention was paid to the problem.
It is not reported how fast the packers were removed in relation to expected time for the grout to
harden.

For passing NE-1 a new program was set up. In the program for grouting of the zone it was
decided that all decisions concerning grout type, pressure and drilling should be taken by the
engineer. No information is given on what criteria pregrouting and regrouting should be done and
about the maximum permitted inflow of ground water into the tunnel.

The grouting of NE-1 met with several difficulties. Although water was encountered in many
holes it was still difficult to press in any cement. The drilling also became very difficult and the
drill frequently got stuck.

Another problem which also started to occur more frequently was that the grout seemed not to
harden properly. Neither the chemical nor the cement based grout could withstand the high water
pressure and was washed out when packers were opened or removed.

To get a grout that could withstand the water pressure and allow removal of the packers after a
few hours a new mix design with cement and calcium chloride was used. This mixture proved to
be a successful mix, without any hardening problems and was used in all remaining grouting of
NE-1.

After a long grouting period of almost two months, NE-1 could finally be passed. The final result
of the grouting was described as successful and the passage seemed almost dry. Later on
however the zone was observed to have a high leakage.

Concerning grout penetration it is concluded in Progress Report 25-92-19 that achieved
penetration of the zones NE-3 and N-l was less than the demand for stability. With respect to the
large remaining water inflow into the tunnel after pregrouting of the zones NE-3 and NE-1 and
the fact that achieved grout penetration of the zones was less than the demand for stability, it
must be questioned whether the grouting methodology and performance was adjusted to the
conditions and with respect to reach the main goals of the research project.



In the two Progress Reports also laboratory investigations of different mix designs of cement
grouts are presented. The investigations are focusing on the rheological (flow) properties of the
different fresh cement grouts.

Based on the experience gained by Stabilator AB by earlier use of accelerated grouts, it was at an
early stage of the project decided to use such a type of material.

All tests and test results are carefully described, evaluated and commented.

In the two Progress Reports are also presented a discussion of the possibility to predict grout
take and grout penetration based on the experiences gained in the Äspö Hard Rock Laboratory.

Based on theoretical considerations and discussions three different models with appended rules
for the estimation of the parameters have been set up and analysed. The different models have
been checked by an analysis of the first grouted borehole in each fan. Conclusions about the
accuracy of the models to give acceptable predictions, are given and explanations to incorrect
predictions are discussed.

Considering that the criteria for an acceptable model with respect to grout take, penetration and
joint opening are questionable the results should be interpreted with the greatest cautiousness.

The value of the presented models is so far more of having a tool to analyse the importance of the
different factors that have to be considered - than a reliable instrument for predictions.

in



SAMMANFATTNING

Det injekteringsarbete som har utförts i Äspölaboratoriet har utgjort en del i ett forskningsarbete
kallat "Passage av vattenförande zoner". Injekteringsarbetet har därför omsorgsfullt följts upp
och analyserats ur såväl praktiskt som teoretisk synvinkel. Det redovisade injekteringsarbetet har
beskrivits i SKB Progress Reports 25-92-19 och 25-94-13.

De två rapporterna har studerats och en värdering gjorts av relevans hos teoretiska diskussioner,
planering och utförande av injekteringsarbetet samt utvärdering av uppnådda resultat.

I förfrågningsunderlaget för tunnelarbetet redovisades en teknisk beskrivning av förväntat
injekteringsarbete. Beskrivningen följde traditionell praxis vid tätning av tunnlar. Där fanns
emellertid inga kriterier i beskrivningen att grunda beslut om injekteringen på. Beslut om
förinjektering eller inte baserades sålunda inte på maximal transmissivitet i sonderingshål. På
samma sätt redovisades ingen maximal transmissivitet i kontrollhål för att kontrollera resultatet av
utförd förinjektering, som underlag för beslut om kompletterande förinjektering.

Projektet uppvisade en relativt komplex organisation eftersom det var delat i två delar,
tunnelarbetet och forskningsarbetet. Båda skulle utföras samtidigt utan att störa varandra alltför
mycket.

Generellt kan detta inte vara tillfredsställande för det aktuella forskningsarbetet där tillräcklig tid
för uppföljning är väsentlig. Eftersom tunnelarbetet förväntas framskrida så fort som möjligt
måste det uppenbarligen bli en konflikt. Om forskningsarbetet är viktigt måste tunnelarbetet
anpassas till nödvändiga förutsättningar för forskningsarbetet.

Efter det att tunnelarbetet startat uppmärksammades problemet med vattenförande zoner och ett
forskningsarbete startade. Avsikten med projektet var att visa att de stora vattenförande zonerna,
indikerade i förundersökningsskedet, kunde passeras med fullständig kontroll av stabilitet och
grundvatteninläckning. Det var vidare önskvärt med en begränsad spridning av injekteringsmedlet
för att undvika alltför stor förorening av grundvattnet runt tunneln.

Något kriterium för maximalt tillåten inläckning i tunneln sattes emellertid ej som underlag för
beslut om behovet av ominjektering. Utan ett sådan kriterium har även en utvärdering av uppmätt
inträngning liten mening.

Med avsikt att utveckla metodiken för undersökning och tätning beslutades att ett test skulle
utföras i en sprickzon benämnd EW-7. Testet var inte framgångsrikt.

Innan passage av en sprickzon kallad NE-3 reviderades prediktion och injekteringsprogram. Nya
injekteringsmedel och recept testades. Vid provning av metodiken hade forskningsgruppen
ansvaret för injekteringsprogrammet med stränga order till beställarens kontrollant och
entreprenören att följa uppsatta regler för utförandet av injekteringen.

Det reviderade programmet testades i ett antal injekteringsskärmar före passage av NE-3. Det
visade sig svårt att ange korrekt bergklass och att hålla bruksåtgång inom uppsatta gränser.
Skälet till det senare berodde huvudsakligen på läckage i tunnelfronten.

Inga förändringar för att åtgärda problemet med läckage av injekteringsmedel i tunnelfronten
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gjordes i programmet for passage av NE-3, trots att frontläckage kunde förväntas med hänsyn till
predikterade geologiska strukturer.

När zonen NE-3 passerades fick ominjektering utföras åtskilliga gånger i varje frontläge beroende
på svårigheter att få en god inträngning av injekteringsmedlet i det uppkrossade berget men också
beroende på läckage av bruk i tunnelfronten. Det redovisas ej om zonen bedömts ha passerats
med fullständig kontroll av stabilitet och grundvatteninläckning.

Innan passage av en sprickzon, benämnd NE-1, gjordes förberedelser baserade på erfarenheter
från passage av NE-3.1 förberedelserna koncentrerades det huvudsakliga intresset på att
begränsa inträngningen av injekteringsmedlet. Ingenting sägs om på vilka kriterier injektering
skall utföras och med vilken omfattning, hur resultaten skall kontrolleras för att kunna avgöra
behovet av kompletterande injektering, tillåten inläckning av grundvatten etc.

I några skärmar, innan NE-1, observerades problem med injekteringsmedlets hållfasthetstillväxt
eftersom injekteringsmedlet ibland spolades urborrhålen. Någon större uppmärksamhet ägnades
inte åt problemet. Det redovisas ej hur snabbt manschetterna togs bort i förhållande till förväntad
tid för injekteringsmedlet att hårdna.

Före passage av NE-1 upprättades ett nytt program. I programmet för tätning av zonen
beslutades att alla beslut rörande injekteringsmedel, tryck och borrning skulle tas av beställarens
kontrollant. Ingen information ges om kriterier för förinjektering och ominjektering samt om
maximalt tillåten inläckning av grundvatten i tunneln.

Tätningen av NE-1 stötte på flera svårigheter. Trots att vatten registrerades i många hål var det
ändå svårt att trycka in någon cement. Borrningsarbetet var också mycket besvärligt och borren
fastnade ofta.

Ett annat problem, som också börjat inträffa oftare, var att injekteringsmedlet inte tycktes hårdna
så som planerats. Varken kemiska injekteringsmedel eller cementbruk kunde stå emot det höga
vattentrycket och spolades ut när manschetterna öppnades eller togs bort.

För att fa en bruksblandning som kunde stå emot vattentrycket och tillåta borttagande av
manschetterna efter ett par timmar användes en ny blandning med cement och kalciumklorid.
Denna blandning visade sig framgångsrik utan några härdningsproblem och användes vid all
återstående tätning av NE-1.

Efter en lång tätningsperiod av nästan två månader kunde slutligen NE-1 passeras. Det slutliga
resultatet av tätningsarbetena beskrevs som framgångsrika och passagen tycktes nästan tät. Något
senare observerades emellertid zonen ha stor inläckning.

När det gäller inträngning av injekteringsmedel sammanfattas i Progress Report 25-92-19 att
uppnådd inträngning i zonerna NE-3 och NE-1 var mindre än kravet för stabilitet.

Med hänsyn till den stora kvarstående inläckningen i tunneln efter förinjektering av zonerna NE-3
och NE-1 och det faktum att brukets inträngning i zonerna var mindre än kravet för stabilitet,
måste ifrågasättas om tätningsmetodik och utförande anpassats till aktuella förhållanden och med
hänsyn till de huvudsakliga målen i forskningsprojektet.



I de två rapporterna presenteras också laboratorieförsök med olika blandningar av cementbruk.
Undersökningarna har fokuserats på reologiska egenskaper hos olika färska cementbruk.

Baserat på erfarenheter gjorda av Stabilator AB vid tidigare användning av accelererade bruk
beslutades på ett tidigt stadium av projektet att använda sådan typ av material.

Alla tester och testresultat är omsorgsfullt beskrivna, utvärderade och kommenterade.

I de två rapporterna presenteras också en diskussion om möjligheten att prediktera bruksåtgång
och inträngning baserat på erfarenheter gjorda i Äspölaboratoriet.

Baserat på teoretiska överväganden och diskussioner har tre olika modeller, med tillhörande
regler för uppskattning av aktuella parametrar, upprättats och analyserats.

De olika modellerna har testats genom en analys av de först injekterade hålen i varje skärm.
Slutsatser om modellernas exakthet att ge acceptabla prediktioner presenteras och förklaringar till
orimliga prediktioner diskuteras.

Med hänsyn till att kriterierna för en acceptabel modell för bruksåtgång, inträngning och
spricköppning kan ifrågasättas bör resultaten tolkas med största försiktighet.

Värdet av de presenterade modellerna är än så länge mer att ha ett verktyg för att analysera
betydelsen av de olika faktorer, som måste beaktas - än ett tillförlitligt instrument för
prediktioner.
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1 Introduction
The grouting work that has been performed in the Äspö Hard Rock Laboratory has been a part in
a research work called "Passage of water bearing zones". The grouting has therefore been
carefully followed up and analysed both from practical and theoretical point of views. The
grouting work is described in the SKB Progress Reports 25-92-19 and 25-94-13 named "Passage
of waterbearing fracture zones. Experiences from the grouting of the section 1 - 1 400 m of the
tunnel" and "Experiences form the grouting of the section 1 340 - 2 565 m of the tunnel."

On request of the Swedish Nuclear Power Inspectorate (SKI) the two reports have been
examined and a validation made of the relevance of the theoretical discussions, planning and
performance of the grouting work and the evaluation of attained results.

In the SKB Progress Report 25-92-19 the reported is divided in three sections describing
different aspects of the grouting work. The sections are the following:

Part 1. Evaluation of the grouting works
Part 2. Grouts and grout properties
Part 3. Prediction of groutability from grout properties and hydrogeological data

In the SKB Progress Report 25-94-13 the reported is presented in the following chapters:

2. Documentation of the grouting
3. Grout properties
4. Prediction of the grouting

The examination and validation of the reported results in the two Progress Reports are presented
below in the following chapters:

2. Grouting and grouts
3. Grouts and grout properties
4. Prediction of groutability from grout properties and hydrogeological data

2. Grouting and grouts

2,1 Introduction

In this chapter Part 1 in the Progress Report 25-92-19 and chapter 2 in the Progress Report
25-94-13 will be analysed and commented on.

2.2 Tender documents

In the tender document there was a technical description of the expected grouting work. The
description followed traditional praxis in grouting for tunnelling with starting the grouting
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with a high water/cement ratio and thereafter making the grout thicker and reducing the
water/cement ratio. There was however no criteria given in the description to guide the
decision of the grouting. Thus decision of pregrouting or not was not based on maximum
transmissivity of presounding holes. In the same way no maximum transmissivity of control
holes to test the results of the performed pregrouting was given as basis for decision of
complementary pregrouting. No description was given in the document to handle zones with
high water pressure and high transmissivity.

The predicted zones were given a brief geological description in the tender documents. The
very comprehensive preinvestigation material was available but not adapted for bidding.

The total allowed inflow of ground water to the tunnel was specified to 3 000 1/min, corre-
sponding to a water inflow of 78 1/r.iin and 100 m of tunnel. The figure was chosen to fulfill
ordinary demands on water tightness to achieve occupational safety and an acceptable
pumping volume.

Planning of an effective grouting considering the sealing demands, always has to be done
with regard to the conditions described by the results of the preinvestigations. In the
performing stage necessary adoption of the program, according to the actual conditions and
demands, has to be done.

2.3 Organization

SIAB has been the general contractor of the initial work for SKB. The grouting work has
partly been carried out by equipment and personal from Stabilator AB as a subcontractor to
SIAB. Sydkraft Konsult AB has been acting as engineer at the site.

The organization of the project was quite complex since it was divided in two parts, the
tunnelling work and the research work. Both should be carried out simultaneously without
interfering with each other too much. In some cases as the grouting of EW-7, EW-3 and
NE-1 the grouting work and research work were integrated. The main idea of giving the
researcher the responsibility of prediction and follow up was mixed with the responsibility of
carrying out the tunnelling and grouting work in these zones.

Generally this can not be satisfactory for the actual research work where enough time for
following up is essential. As tunnelling is expected to progress as fast as possible there will
obviously be a conflict. If the research work is important, tunnelling will have to adapt to the
prerequisite of the research work.

2.4 Research project

After the tunnelling work was started the problem with the water bearing zones was payed
attention to and a research project was started. The aim of the project was to show that the
major water bearing zones, indicated during the preinvestigation phase, could be passed with
full control of stability and inflow of ground water. It was further desired to advise a limited
spread of the grout to avoid excessive ground water contamination around the tunnel. The



demand on limited grout penetration was successively changed from the start with no limita-
tion to a penetration of around 10 m for passage of NE-1. In the zones with poor rock
conditions the demand of minimum penetration was 6 - 8 m in order to reduce the negative
effect of the water pressure on the stability.

"The project was divided in different parts with the following purposes:

* localization and characterization of the zone

* controlled grouting and following up of sealing effect and penetration

* analysis and following up of hydrogeological conditions and ground water
chemistry changes

* prediction and following up of passage of the zone"

With respect to the main aim of the research project to show that major water bearing zones
could be passed with full control of stability and inflow of ground water it is astonishing that
no criterion of maximum allowed inflow was set up as a guide for decisions about the need
of regrouting. The decisions could have been based on maximum allowed transmissivity in
control holes. Without such a criterion even the evaluations of penetration have little
meaning. If the penetration is within desired limits but the inflow of ground water through
open joints is large, one can not conclude that t».e desired controlled grouting is achieved.

Test zone EW-7

In order to develop the methodology of investigation and grouting it was decided to make a
test in a fracture zone called EW-7.

A detailed program, based on ideas presented in L. Hassler's doctor thesis (1991), was
estabilished.

"From the test in EW-7 the following was concluded:

* The grouting was carried out with a pressure more than the double used in the
prediction. The grout had probably a lower yield stress than assumed.

* The zone was wrongly localized and characterized.

* The grouting theory had not earlier been tested in any field test and based on the
assumption that every hole will be tested just before it is grouted.

* The Lugeon value was wrongly used and the specific capacity or transmissivity
is found to be better

* The researcher and the contractor had to some extent difficulties to separate the
responsibility for prediction and performance of the grouting work."



With respect to the aim of the research project it is remarkable that so many things went
wrong. In spite of a grout take more than double the estimated one regrouting was carried
out. The penetration of the grout was measured in boreholes to be 6 -17 m but the spread of
the grout in the fracture system around EW-7 was estimated to be within a radius of 20 - 40
m (sphere) or 25 - 80 m (single fracture).

Test zone NE-3

Based on the conclusions from the grouting work of EW-7 the prediction and program for
grouting were revised. New grouts and mix designs were tested. The total allowed grout
take per meter borehole was now based on measured inflow of water to the borehole,
geological description of the water bearing zone and the grout take after 5 min. The program
was still based on Hassler's theory and an estimation of number of conducted joints and
spreading angle of the grout in the rock.

A new detailed program was set up, September -91, and the zone NE-3 was chosen for
further testing of the methodology. The research group was now in charge of the grouting
program with strict order to the engineer and contractor to follow the given rules for
grouting.

With respect to the fact that the aim of the research project was to show that the major
water bearing zones could be passed with fiill control of stability and inflow of water it is
astonishing that still no criteria for the grouting work was set up. As a basis for further
criteria there should have been a criterion on maximum allowed inflow of ground water. On
this basis criteria about maximum transmissivity in presounding holes and control holes could
have been set up as a guide for the need and extensiveness of pregrouting. In extensiveness
is included the decision of fan length, number and distribution of groutholes etc. Finally the
quality of the grout should have been chosen according to the sealing demands,
transmissivity, permitted penetration etc.

The revised program was tested for some grouting fans before NE-3 was reached. Some
difficulties were found to correctly classify the rock class and also to keep the limits of grout
take mainly due to grout leakage into the tunnel front.

The described problem with grout leakage into the tunnel front could to a great extent have
been avoided if the results of the pregrouting had been tested before blasting. If control holes
had shown that the effect of pregrouting was not good enough, complementary pregrouting
should have been performed.

No changes to handle the problem with grout leakage into the tunnel front were done in the
program, in spite of that front leakage could be expected due to predicted geological
structures.

When the zone NE-3 was passed regrouting had to be carried out several times in every
tunnel face due to difficulties to get a good penetration of the grout in the crushed rock but
also due to leakage of grout through the tunnel face.

Obviously decision of regrouting in many fans was taken because of leakage of grout



through the tunnel face.

"From the grouting work in NE-3 the following was concluded:

* The problem of front leakage was not foreseen and treated in the program.
Sealing of the tunnel face is very important to be able to carry out a proper
pregrouting fan.

* Water loss measurement seem to be a much better tool for choosing grout type
than measured amount of inflow of water.

* The maximum amount of grout take for a borehole was increased from 80 to
600 litre. The background of the assumed value of 80 litre was an assumption of
just a few conducted joints.

* The incentive for Stabilator to take an active part in the work was reduced due
to contractual conditions."

From the description above and the conclusion that sealing of the tunnel face is very
important to be able to cany out a proper pregrouting fan it is obvious that the problem of
front leakage was handled first when leakage appeared in the tunnel face.

In ordinary systematic pregrouting one important step in the process is to decide the
necessary overlap of the grouting fans to avoid the problem of front leakage. If the decided
overlap, usually 4 - 5 meters, is not enough to attain a sealed tunnel front for the following
fan, the fan is complemented by grouting holes inside the fan to guarantee enough sealing. If
the fans are performed in highly fractured rock which is always difficult to seal - control
holes are made to test if the sealing results are sufficient.

The second conclusion shows that the Lugeon value that was wrongly used in the test in
EW-7 and was replaced by measured amount of inflow in the boreholes in the grouting work
in NE-3, again was found to be a better tool for choosing grout type. This is not surprising
as water loss measurement is the tool usually used as a guide for decisions of grout type in
pregrouting.

From the third conclusion it is evident that the prediction of the rock quality and the water
bearing capacity of different fracture types and their communication was wrong. It is not
explained on what criteria the maximum amount of grout take for a borehole was increased
from SO to 600 litre. Further it is not told anything about the expected effect on penetration.

An important addition should be given to the fourth conclusion. As the research group was
responsible for the grouting program "with strict orders to the engineer and contractor to
follow the given rules for grouting" the incentive for Stabilator to take an active part in the
work was obviously not only reduced due to contractual conditions but also to the orders
mentioned above.

It is not reported whether the zone was judged to have been passed with full control of
stability and inflow of water (main aim of the research project).



Zone NE-1

Before passing NE-1 a preparation was done based on the experience from NE-3. In the
preparation the main interest was concentrated to limit the penetration of the grout. Nothing
is said however about on what criteria grouting should be done, how the results will be
controlled to decide the need for complementary grouting, permitted inflow of ground water
etc.

The new grouting program for 18 pregrouting fans between NE-3 and NE-1 was based on
the same rock classes as for NE-3 and with a total grout take of 600 1 per borehole. The
orientation of the boreholes should be based on the structure of geology.

In some of the fans problems were observed with hardening of the grout as the grout in the
boreholes sometimes was outwashed. No special attention was paid to the problem. It is not
reported how fast the packers were removed in relation to expected time for the grout to
harden.

For passing NE-1 a new program was set up. The transmissivity of the zone was expected to
be quite high, about l'10*W/s. In the program for grouting of the zone it was decided that
all decisions concerning grout type, pressure and drilling should be taken by the engineer.
The only restriction was a maximum mean volume of 600 litre per borehole (for holes with
connection) and a maximum grouting pressure of about 5 MPa. The results from the
presounding indicated a lot of water under high pressure and a severely crushed rock, partly
decomposed to clay. The water inflow into the boreholes were 500 - 2 000 1/minute and the
water pressure about 1,7 MPa.

It is noteworthy that all decisions concerning grout type, pressure and drilling at this stage
should be taken by the controlling engineer. There is no information about on what criterion
pregrouting and regrouting should be done and about the maximum permitted inflow of
ground water into the tunnel.

It is not explained why there is the same restriction of maximum mean grout volume of 600
litre per borehole (for holes with connection) in the high transmissivity zone NE-1 as in the
fans between NE-3 and NE-1.

A maximum grouting pressure of around 5 MPa is, with respect to a water pressure around
1,7 MPa, somewhat higher than what is normally used in practice. It is important to be
aware that a high grouting pressure in a fracture zone with extensive mineral alteration to
clay etc can cause jacking and big deformations.

It was very soon found that the maximum grout take had to be increased to 1 500 I/hole and
that the long percussion holes through the zone should be grouted without any restrictions.

Although water was encountered in many holes it was still difficult to press in any cement.
The drilling also became very difficult and the drill frequently got stuck.

Another problem which also started to occur more frequently was that the grout seemed not
to harden properly. Neither the chemical nor the cement based grout could withstand the
high water pressure and was washed out when the packers were opened or removed.



It is not reported on what reasons the maximum grout take had to be increased (leakage in
control holes or/and in the tunnel face?). It is noteworthy that the long percussion holes
through the zone should be grouted without any restrictions. This means that no restrictions
were set up regarding maximum permitted penetration.

The fact that the chemical and cement based grout was washed out is interpreted as an effect
of grout not properly hardened and high water pressure. As mentioned before it is important
to know if the packers where removed or opened before a normal time for hardening. One
reason could be that there perhaps was a desire to speed up the cycling time.

Other types of grout were tested. The use of Tacss did not work well and the expansion of
the Tacss did not occur since the water pressure was too high.

Other types of quick setting cement as "Prompt" and "Rescon T" were tested but were
abandoned since the grout started to foam in the mixer.

It is surprising that well known quick setting cement did not behave properly in the mixer.
They were probably not correctly handled.

To get a grout that could withstand the water pressure and allow removal of the packers
after a few hours a new mix design with cement and calcium chloride was used. The grout
was developed by SIAB together with the Royal Institute of Technology. This mixture
proved to be a successful mix, without any hardening problems and was used in all remaining
grouting of NE-1. However, measured transmissivity and grout take indicate that the nine
first grouting fans of totally 28 (32%) stood for the main part of the grouting work (60%).
After a long grouting period of almost two months, NE-1 could finally be passed. The final
result of the grouting was described as successful and the passage seemed almost dry. Later
on the zone was observed to have a high leakage.

The reason for the need of a new mix design was described to be a grout that could
withstand the water pressure and allow removal of the packers after a few hours. The last
mentioned reason was probably the main reason because there should not be any problem
having a proper grout to withstand the water pressure if the packers were not removed too
fast.

Packers should not be removed already after a few hours in pregrouting where an efficient
sealing is requested.

It is reported that the final result of the grouting had been successful and the passage seemed
almost dry. It is not clear what was successful. The aim of the research project was to show
that major water bearing zones could be passed with full control of stability and inflow of
ground water. None of these aims were fulfilled.

As the zone later was observed to have a high leakage this can not mean full control of
inflow of ground water and thus hardly full control of stability.

"From the grouting work in NE-1 the following was concluded:

* The grouting of the long probeholes through the zone has had a great effect on



the tightening work and probably reduced the fan grouting.

* The grouting with high water cement ratio for some fans has probably been less
effective since that grout is not stable against separation.

* The high water pressure increases the demands for a quicker hardening of
grout."

It is reasonable that the long probeholes through the zone had a great effect on the
tightening work. Grouting in these holes should with a proper grout seal the bigger fractures
which will make grouting through new holes more effective. An important factor is also that
the grouting of these holes was done without any restrictions.

That a grout is not stable when tested in the laboratory is not equivalent to that the grout is
not being effective in the field. If the grouting has been performed in a proper way against a
final grout pressure and the packers have not been removed too early the method is justified.

The last conclusion above has to be questioned. It is not the high water pressure as such that
demands for a quicker hardening of the grout but the desire to remove the packers in a few
hours.

Another conclusion that was not made could have been that the main aims, passage of zones
with full control of stability and inflow of ground water, for different reasons were not
reached.

Where pregrouting is performed after the passage of NE-1, based on the experience from the
first part of the tunnel, it was decided to use accelerated cement grout. The cement based
grouts were mixed with calcium chloride. The reason for using accelerated cement grout is
reported to be that it reduces the total amount of grout take as well as speed up the cycling
time and also has a good sealing ability. How the good sealing ability was proved in the first
part of the tunnel is not explained.

2.5 Water inflow to the tunnel

The water inflow to the grouted tunnel has regularly been measured at different sections
along the tunnel. The measured volumes are in the reports presented in tables. The reported
values are given below.

Table 2.5.1 Measuredinflowfor different parts ofthe tunnel

Litre per min and 100 mTunnel
m

0/000 -

0/672 -

part

0/672

1/030

Measured inflow
1/s

1,2

7.8

Litr

10

138



Table 2.5.1 (cont) Measured inflow for different parts ofthe tunnel

Litre per min and 100 mTunnel part
m

1/030 - 1/233

1/233 - 1/370

1/372 - 1/584

1/584 - 1/745

1/745 - 1/883

1/883 - 2/028

2/028-2/178

2/178-2/357

2/357 - 2/496

Measured inflow
1/s

3,0

12,4

1,12

0,27

0,53

0,61

1,64

1,06

0.06

Litre

89

543

31,8

9,9

22,9

25,3

65,5

35,6

2.7

The high values of measured inflow of water for section 0/672 - 1/030 and 1/233 - 1/370
depend on the much higher leakage in the two major water bearing zones NE-3 and NE-1
than in the other parts of the rock.

The total measured inflow to the tunnel between section 0/000 and 1/370 is approximately
107 litre per minute and 100 meters. As is mentioned in 2.2 Tender documents the total
allowed inflow of ground water to the tunnel is specified to 3 000 1/min, corresponding to a
water inflow of 78 1/min and 100 m of tunnel.

It is questionable if the two highly water bearing fracture zones NE-3 and NE-1 were passed
under full control of stability and water inflow, which was the aim of the research project.

2.6 Penetration

In Progress Report 25-92-19 it is reported that the penetration of the grout has been
measured by use of videoscope in the three zones EW-7, NE-3 and NE-1. It is stated that
by the use of the videoscope it was possible to identify the grout in the joints, but also inflow
of water into the boreholes was observed and thus giving an identification of the grout
penetration. For a more detailed description of measured penetration it is referred to Rehn
and Stanfors (1992).

According to Table III in Progress Report 25-92-19 measured grout penetration at zones
EW-7, NE-3 and NE-1 are the following



Zone Penetration

EW-7 6-17 m

N&-3 2 -13 m

NE-1 2 -13 m

In the report is concluded that the achieved penetration of the zones NE-3 and NE-1 was
less than the demand for stability.

In the referred report by Rehn and Stanfors (1992) other figures for grout penetration is
given. These are based on theoretical calculations and estimations.

Some quotation from the report are given belows:

"The spread of the grout in the fracture system around EW-7 was estimated to
be within a radius of 20 - 40 m (sphere) or 25 - 80 m (single fracture). The
estimate was considered uncertain.

From theoretical calculations and observations of grout (in boreholes drilled
through the zone) using a videoscope the grout penetration out from the tunnel
was estimated to be 3 -11 m.

The grout penetration in NE-1 was estimated to be up to 15 m according to
theoretical calculations and estimated to be more than 3 -13 m according to the
videoscope investigations of grout in boreholes drilled in the zone. Interference
tests indicates that the spread of the grout is 30 - 35 m from the tunnel centre."

The fact that "The achieved penetration of the zones NE-3 and NE-1 was less than the
demand for stability" once again give raise to the question of the main purpose of the
pregrouting.

If penetration and sealing effect had been controlled before passing the zones complementary
grouting could have been done to attend the goal to pass the zones under full control of
stability and water inflow.

2.7 General aspects on the grouting activities

In the Progress Report 25-92-19 is, as a general statement, reported that it is difficult to find
good empirical relationships between the transmissivity of the rock and the extent of the
grouting work.

One reason for this fact is among others that different fracture system with different degrees
of anisotrophy with respect to fracture widths and channelling can have the same
transmissivity but differ in groutability.
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Another less known reason is that fracture widths are changed during grouting with
commonly used grouting pressures. This means that the volume of the fracture channels
estimated from a transmissivity value is different from the volume of the fracture channels
when grouted by high pressure.

In the Progress Report 25-92-19 are also reported the main conclusions from the work
performed at Äspö:

* The sealing of the tunnel must be regarded as a difficult work.

* The empirically based knowledge was not enough to solve the sealing by
grouting.

* All people involved from the different organisations and companies did work
well together in order to learn more about grouting and solve the problem.

* A more systematic analysis of the sealing demands and adherent grouting
activities in an early stage of the project had eliminated some misunderstanding
but probably to less extent reduced the performed grouting work.

With the experiences and results of grouting presented in the Progress Reports the
conclusions are well motivated. To the last conclusions should perhaps be added that a
different way of performing the grouting work based on different criterias could have
resulted in a better sealing result and a controlled grouting work. Most probably a more
effective grouting could have been performed if the cycling time hade been given less
importance.

The only demand given in the tender documents to guide the grouting work was the
maximum allowable inflow of 3 000 1/min. The other demands like limited penetration but
still with acceptable stability for the rock and reduced amount regrouting were set up during
the tunnelling work. The different demands were not related to each other. The compatibility
between the maximum allowable inflow, limited penetration and no or few regrouting of the
fans were not discussed and analyzed.

The demand on maximum allowable inflow of water was not transformed to a demand on
maximum allowable transmissivity in the presounding holes to guide the decision of
grouting. This ought to be done even if it is connected with difficulties and must be regarded
only as a guideline.

The grouting work was to a great extent focused on limiting the penetration. The fact that
the inflow of water has increased along the tunnel and programs for postgrouting will be set
up, indicate that the performed pregrouting was not extensive enough with respect to the
sealing demands.

A well known and common experience in grouting is that postgrouting is both ineffective
and expensive. To fulfill a demand on maximum allowable inflow of water, to a reasonable
cost, proper and extensive enough pregrouting has to be performed.
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A basic problem has obviously been that the research work and the follow up activities had
to occur simultaneously as the tunnelling work. A prerequisite to be able to develop an
effective grouting methodology for new and difficult conditions is that the research work can
be performed without demands of fast tunnelling.

In the beginning of the research work detailed rules were set up and revised for choosing the
grouting methodology by the research group. These rules were found not to be adequate and
the engineer was given an increasing responsibility.

In Progress Report 25-92-19 is reported that at high water leakage it has been found to be
favourable to make a rough sealing first by a few boreholes before the rest of the fan is
drilled and grouted.

This is a reasonable and common experience. By sealing the big fracture channels by
grouting with a few boreholes, a complementary grouting fan can seal the smaller fracture
channels without being disturbed by the grout going the easiest way into big channels.

Another conclusion in the Progress Report is that for a joint orientation in oblique angle to
the tunnel it is important that the holes are reoriented to intersect the conducted joints as
much as possible. It is also concluded that for this type of joint orientation it is important to
have a greater overlap than normal or sealing the front by special methods. Steel fibre
shotcrete supported by rock bolts is reported to work quite well as a front sealing method.

The possibility to reorient the holes to intersect the conducted joints is strongly restricted in
practice. A joint group in acute angle to the tunnel direction will easily be intersected by
holes at one side of the fan but for the rest of the fan this can not be performed. What can
and should be done in such cases is to complete the fan with boreholes inside the fan. A
greater overlap than normal will usually not solve the problem.

Steel fibre shotcrete supported by rock bolts is presented as a front sealing method. When
steel fibre shotcrete is used at a front in normal tunnelling it is when the rock quality is so
bad that the front can not stand the grouting pressure in a pregrouting performed at the
tunnel front. Leakage in a tunnel front should be avoided by a pregrouting controlled by test
holes and completed when needed by regrouting until control holes will show that the sealing
goal is reached.

In the Progress Report it is stated that in order to optimize the grouting work it is favourable
to be able to vary the shear stress of the grout but also to speed up the hydration of the grout
in order to reduce the grout take or pumping time as well be able to dismantle the packer
earlier.

The statement to optimize the grouting work does not include out the sealing effect of the
grouting work. It is obviusly most important to speed up the hydration of the grout in order
to reduce the grout take or pumping time as well be able to dismantle the packers earlier.
For this purpose an accelerated cement grout with calcium chloride was developed. One
should however not forget that an accelerated grout will have limited ability to penetrate
joints of different widths and make an effective sealing. When talking of optimization of a
grouting work it is always a matter of what parameters are important. In the Progress Report
it is also stated that an accelerated grout was needed when the water pressure exceeded
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1,5 MPa. This will be true only with a simultaneous demand to dismantle the packers early.

It is further stated that in order to get refusal and prevent outwash of the grout the grouting
pressure has gradually been increased. From a theoretical point of view it has been found
that the grouting pressure must exceed double the ground water pressure to get a good
refusal and prevent fingering of the grout. This was already confirmed by practical
observations.

The conclusion made from theoretical calculations is based on the assumption that joint
widths are constant during the grouting work. A high grouting pressure will however cause
increasing joint widths. It would have been interesting to know what had been the result of
the theoretical analysis if this fact had been considered.

It was undoubtedly confirmed by practical observations that outwash of the grout was less
or prevented by increasing grouting pressure. However what could not be confirmed by
practical observations is that the grouting pressure must exceed the double ground water
pressure to prevent fingering of the grout. There is no way to actually follow what happens
at the grout front in the rock.

The statement that the grouting pressure must exceed the double ground water pressure is
interesting from another point of view. In technical descriptions of grouting work a final
grouting pressure of 2,5 - 3,0 MPa above the ground water pressure is commonly pre-
scribed. The directive of grouting pressure is based on the experience that by widening the
water bearing joints by using a higher grouting pressure a more effective sealing will be the
result.

At the same time it is very important to pay attention to the rock conditions. In a fracture
zone where the rock is more or less disintegrated to clay a grouting pressure exceeding the
double ground water pressure will cause jacking and big problems to attain a good sealing
result. Jacking means that in low strength rock a fracture is created by the grouting pressure.
In such cases the grouting pressure has to be chosen with respect to the rock strength so that
jacking is prevented. A fracture caused by jacking will successively be widened and take
almost all grout. When it is reported in the Progress Report that centimetre wide fractures
filled with grout were observed in control holes, the reason is most probably jacking. Water
bearing fractures of that width were not observed before grouting.

Some more sparsely used grouts like polyurethane (Taccs) and Mauring have been used.
These grouts were reported to have been used as some kind of a desperate action when the
tightening work seemed more or less hopeless. It is difficult to evaluate the use of these
grouts since they were not systematically applied and tested. They did not, however, have
the desired effect and were soon abandoned.

A prerequisite for a relevant evaluation of grouts like Taccs and Mauring is that they are
used in rock conditions and circumstances where their qualities are adequate.
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3. Grouts and grout properties

3.1 Introduction

In Progress Report 25-92-19, Part 2 and Progress Report 25-94-13 chapter 3 the
investigations of different mix designs of cement grouts in order to find suitable grouts are
presented. The investigations are focusing on the rheological (flow) properties of the
different fresh cement grouts. The word fresh refers to the properties in the early stage of
the hydration process.

In the grouting work carried out in order to seal the tunnel from leakage of water, a limited
grout penetration was desired in order to avoid or reduce ground water contamination
around the tunnel.

Based on the experience gained by Stabilator AB by earlier use of accelerated grouts, it was
at an early stage of the project decided to use such a type of material. The base for the grout
was the Stabilo grout.

In the presentation it is stated that suspensions in general show a very complicated
rheological behaviour. The complexity is due to various physical and chemical interactions
from both the fluid phase and the solid phase. Cement grouts are not only suspensions, the
grout also changes its properties with time due to the reactions taking place in the hydration
process. Because of this several simplifications have been made in order to be able to treat
the rheological behaviour of cement grouts theoretically. It is further stated that the complex
behaviour also introduces problems in the measurement and evaluation of the rheological
properties.

3.2 Rheology of fresh cement grouts

In the Progress Reports the rheology of fresh cementbased grouts is generally described by
the Bingham flow model. The model is a two-parameter model, consisting of a yield stress
component and a (plastic) viscosity component.

The yield stress is the minimum shear stress that must be exceeded in order of initiate flow
and below that level the material behaves like a solid.

Due to interparticle forces, a high concentration suspension like a cement based grout will
achieve a yield stress. Also by addition of gelforming chemical additives, the yield stress will
be influenced and can be varied as desired.

In the Progress Report 25-92-19 the most important factors that will influence the rheology
of a cement grout are presented. These are

- water/cement ratio (w/c)
- specific surface (i e grind fineness)
- cement type ( i e mineral composition)
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- cement hydration (i e time dependency)
- mixing time and mixing intensity
- additives and admixtures

temperature

The yield stress will influence the maximum distance a grout will penetrate. In the Äspö
tunnel a limited grout penetration of about 10 m was requested.

A problem that was not considered from the beginning was that outwash of the grout in the
boreholes increased with depth when the packer was released before the hydration of the
cement had started. It is reported that the problem to some extent can be reduced by
increasing the grouting pressure but to a larger extent by increasing the early strength of the
grout.

It is understandable that the problem was not considered from the beginning. In pregrouting
following normal praxis in Swedish tunnelling the type of groul is chosen with respect to
sealing capacity. Packers will not be released before the hydration of the cement has started.
This often means that blasting and releasing the packers will not be permitted earlier than 5
hours after the grouting work is finished. In this way it is secured that the grout has got
enough strength before the packers are released.

In the actual case speeding up of the cycling time is decided to be important. This will
however influence the sealing result. Giving the grout a higher early strength will decrease
the ability of the grout to penetrate also finer joints connected to Larger joints.

It is also reported that it is not only the rheological properties that are important and
influences the success of the grouting operation but also the stability to sedimentation
(bleeding) and the size of the cement particles. The statement that it is generally considered
and accepted that a stable grout is more favourable than an unstable in practical grouting is
questionable. In what sense a stable grout should be more favourable is not explained. Both
unstable and stable grouts have their application in the grouting work. Decisive for the
choice is rock conditions and sealing demands.

Another statement that is questionable is that only openings larger than 3 -5 times the
largest particle size can be grouted with a suspension-type grout. The criterion may be right
if the width of the opening is not affected by the grout when the pressure increases.
However, the fact is that fractures taking grout will increase their width when grouting is
performed with commonly used pressures.

3.3 Test results

The tests presented in Progress Report 25-92-19 were divided into two stages. The first test
stage concerned different mix designs of cement based grout together with silicate (Stabilo
grout) and the effect of water temperature and quality. The second test stage concerned the
request to further accelerate the hydration of the cement in order to achieve a higher early
strength.

In Progress Report 25-94-13 is presented tests that are based on the good experience of
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using accelerated cement grouts with calcium chloride in section 1 - 1 400 m (Progress
Report 25-92-19). Two different types of cement grout with calcium chloride, one with w/c
1,0 and one with w/c 0,8 were used (w/c = water/cement ratio).

All tests and test results are carefully described, evaluated and commented. Some general
conclusions of great importance for practical grouting are presented:

A decrease in the water/cement ratio will increase both the yield stress and the viscosity.

An increase in bentonite content will increase both the yield stress and the viscosity (the
same effect as decreasing the water/cement ratio).

An increase in plasticizer content will decrease both the yield stress and the viscosity
until an optimum is reached.

An increase in silicate content will increase both the yield stress and the viscosity (the
viscosity to a lesser extent).

A finer cement (higher specific surface) will increase the yield stress and the viscosity at a
given water/cement ratio.

The conclusions show how a higher early strength can be reached. Investigations of different
mix designs of cement grouts was done with the request to further accelerate the hydration
of the cement to achieve a higher early strength. In order to be able to relieve the packers
earlier. This will however, negatively affect the penetration capability of the grout by
lowering the filtration stability. With better filtration stability the tendency for building
filtercakes at the entrance of fractures and channels will decrease. The adding of an accele-
rator will result in poorer filtration stability with less effective sealing as a result.

The tests also showed that the type of mixer, the volume that is mixed and the mixing time
will effect the Theological properties. Also the mixing order and the temperature was shown
to have significant effects on the rheological properties.

The effect of silicate, Promt and calcium chloride are presented in three very illustrative
figures in Progress Report 25-92-19. By adding calcium chloride, the setting time can be
altered as desired within a relatively wide range. As is pointed out the grout will however be
very sensitive to disturbance during the first part of the hardening process. If the grout is
disturbed during the initial phase the hardening will be delayed for several hours. It is stated
that the disturbed condition is likely to be prevailing under real conditions in field grouting.

Finally it is stated that the negative effects in the use of calcium chloride include shrinkage of
the hardened grout and an introduction of a corrosive environment. It is also stated that the
effect of a large amount of calcium chloride on the long time durability of the grout is
unknown and that the use of calcium chloride will make the grout less sulphur resistant.

16



4. Prediction of groutability from grout
properties and hydrogeological data

4.1 Introduction

In Progress Report 25-92-19, Part 3 and Progress Report 25-94-13 chapter 4 are presented
a discussion of the possibility to predict grout take and grout penetration based on the
experiences gained in Äspö Hard Rock Laboratory.

In the reports are pointed out that grout take and grout penetration depend on several
factors. It is referred to several attempts being made to correlate the grout take with the
measured water loss from packer tests. All of them have given a very poor correlation.

The fact that the correlation between grout take and measured water loss from packer tests
is very poor is hardly surprising. Water loss measurements are performed with relatively
small pressures and practically no deformation of joint width. Grouting at normally used
grouting pressures will open up joints taking grout and change the joint volume.

It is stated that a good theory for prediction of grouting must fulfill three criteria.

"First the theory must be able to predict the penetrations of the grout for different pressure
and grout material. This is important for estimating the achieved water tightness after the
grouting of the rock."

It is surprising that the implementation of the predictions in the criterion will make it possible
to estimate the achieved water tightness. The fracture and channel pattern that will be
grouted will never be known in advance. We do never know that all water channels are
crossed by boreholes or are connected to fractures in contact with boreholes. It is not
explained how the sealing demand is considered.

"Secondly the corresponding grout take must be predicted since this is the easiest way and
probably the best for a practical controlling of the penetration and of course it is also
important for the contract between the contractor and the owner."

The statement based on the criterion is surprising. How do we know the actual penetration
when fractures are opened up by grouting with usually applied pressures. The volume of
water channels that will be filled by grout are different from the volume estimated from, for
example, measured water loss. Thus we do not know the penetration.

"The third criterion is the capacity to estimate the actual joint width for the penetration. The
choice of grout depends also on the actual joint opening since there is limitation in possibility
to grout finer joints depending on the grain size of the grouting components."

The changing joint width during grouting at commonly used pressures is not considered. If
the theory can not handle this, we can not make reliable predictions.
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4.2 Grout take and penetration

In Progress Report 25-92-19 it is stated that an experience from grouting is that the grout
has to be injected to a full stop in order to obtain a successful result. At this stage the
injection pressure is balanced by the shear stress towards the fracture walls. From this is
concluded that only the final stage of a grout injection period needs to be considered when
grout take and penetration depth are calculated.

This means that joint width increased by grouting has to be considered.

In the following text in chapter 2, in the mentioned Progress Report, different formulas are
presented for calculation of grout take and penetration. These formulas do not consider that
fracture width in some fractures will be changed by grouting. An effect of deformation of
fractures can be that "new" fractures not initially in contact with the borehole can be reached
by the grout.

4.3 Grout front stability

In chapter 3 in the Progress Report 25-92-19 grout front stability is analysed and formulas
presented. It is stated that when the results are generalized to a two-dimensional fracture
plane the good front stability means that the grouted area is kept well together as long as the
aperture variations are reasonable.

It had been interesting if there had been an analysis of a grout front which is opening up a
fracture.

4.4 Grout take of a network of channels

In chapter 4 in the Progress Report 25-92-19 an inhomogeneous two-dimensional fracture
plane is generalized as a system of channels where grout spreads. Channels branch and meet
and the result will be a mesh of active channels and meeting points, nodes, over the plane.
The stability of the grout front then provides that the plane will be filled with grout.

In the chapter numerical models are presented and characteristics for simulations of grout
spread are given (Table 4.1).

"As the table shows the penetration length increases when the variations of the aperture
increase as well as the total volume to fill up."

This means that a change in channel aperture due to grouting will give increased pene-
tration.

Also a three-dimensional network of fractures is discussed. From the discussion is stated for
fractures subparallell to the borehole: "Thus it is likely that the pressure difference is too
small to allow grout to enter the channel, thus giving unfilled or partially filled connecting
channels. This leads to the conclusion that grouting can not be complete from a single
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borehole, but also that the two-dimensional model presented above is reasonable also in a
three-dimensional network."

This stresses the importance of deciding to drill a sufficient number of boreholes in the fan
with respect to the maximum allowed inflow of water.

"During grouting quite a different pressure distribution may be at hand than at refusal. This
means that even if the geometry of the grouting fan promotes a two-dimensional flow, grout
may also penetrate fractures subparallell to the grouting boreholes. Experiences from the
Äspö tunnel show, however, that single open two-dimensional fractures are easy to grout,
but zones with a three-dimensional disc fracture system often requires several regroutings to
be sealed effectively."

In the Äspö tunnel there are at same sections made several regroutings and there are still
leakage. Thus the conclusion that the fractures are effectively sealed is dubious.

4.5 Hydrogeological information on fracture
properties

For estimation of rock permeability, the Water Pressure Tests (WPT) is widely used. The
test is performed at constant pressure and the steady-state flow rate is measured. Using the
test for calculation of the permeability implies that different simplifications and assumptions
must be assumed valid. In the Progress Report 25-92-19 is mentioned that the flow regime in
the vicinity of the borehole tends to be cylindrical and further out most often spherical.
Channelling may occur giving one-dimensional flow. It is stated that it is a good correlation
between evaluation methods of different degrees of sophistication (e.g. different flow
regimes), which lead to the conclusion that a "simple" method can be used for estimating
transmissivity of the borehole test section.

However, The Water Pressure Tests WPT involve more or less significant difficulties
associated to wellbore skin, different flow regimes, hydraulic boundaries, two-phase flow,
pressure dependence, fracture aperture and other nonideal conditions. A sensitivity study of
the different nonideal conditions would be valuable in the evaluation of the applicability of
WPT for determination of relevant permeability values.

4.6 Models for calculation of grout take, penetration
and joint aperture

Based on the theoretical consideration and discussion in part 3 of Progress Report 25-92-19
three different models with appended rules for the estimation of the parameters have been set
up and analysed.
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4.6.1 Modell

Model I is the simplest one describing the joints as circular discs with a constant opening.
The number of joints for both taking water from water loss measurements and grout is
assumed to be the same.

Equations for grout penetration and grout take are presented. For calculations an estimation
of number of joints has to be done. This is described to be made from geological logging.

It is pointed out that the model is estimated to give too small values of joint opening and
therefore also the grout penetration. The reason for this is said to be that the grout will not
penetrate all joints taking water.

Model I is obviously too simple for any reliable prediction of grout take and penetration.
Besides the basic incapacity to consider changing joint width by grouting it only considers
fractures crossing the boreholes. Number of joints will be estimated from geological logging.
What is really meant by geological logging is not explained. Doubts must be raised about the
possibility to estimate the number of joints that will be grouted with any degree of accuracy.

4.6.2 Model II

The basic idea is that only some part of the joint disc will allow flowing. The part is defined
by a spreading angle. The constant joint width is assumed for this part. The number of joints
and spreading angel taking water and grout is assumed to be equal.

Equations for grout penetration and grout take are presented. Number of joints is assumed
to be estimated from geological logging. Spreading angel is said to be dependent on rock
class and the joint opening will be calculated by water loss measurements.

It is pointed out that the model is very sensitive.

Model II has the same basic incapacity as Model I to consider changing joint width by
grouting.

For reliable predictions of grout take and penetration a model, beside the problem to
estimate number of joints and spreading angel, has to consider that grouting by commonly
used pressures is not just filling of a given volume, but filling a volume that will increase by
grouting.

4.6.3 Model III

Model III is more advanced than the earlier models, trying to take into account the effect of
the irregularity of the real joints. The governing equation is based on the model of circular
discs like in Model I but there are other values for the parameters for grouting and water
loss measuring.

In a more realistic inhomogeneous case the path to the grout front is said to be tortuous and
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curved. The penetrated zone given by its radius will thus be smaller than the theoretical
penetration length. The ratio between the theoretical penetration length and the radius of the
penetrated zone is assumed to be constant.

The ratio between average joint opening and the joint estimated from transmissivity test is
also assumed to be constant. With a special factor the effect of also filling secondary joint
discs is taken in account, describing the ratio of grout take between the total volume and the
volume taken in primary discs.

The model will also take into account that only a few of all joints will take grout by a factor
giving the ratio between the number of the grouting joints and all joints.

Furthermore it is assumed that real canal width taking grout is a factor greater than the
width, estimated from the water measurement.

Equations are given for the calculation of grout take and penetration. All the factors and
constants must be estimated from the geological conditions, rock quality and water loss
measurements.

As is stated in the report the Model III is more realistic than the other models but demands a
lot more information of the geology and further research work is needed.

It is more than doubtful, ifall the needed information can be determined in ordinary
tunnelling. Complementary preinvestigations are probably needed. This is especially true
when the number of joints that will be grouted and the qualities of these joints are
considered.

On the other hand if models will be used they have to be simple and practical. When used at
the tunnel front during the grouting work there is no time and economy for detailed
preinvestigations.

Precently the model will serve as an instrument for analysing the impact of the different
parameters on the calculation of grout take and penetration. To make the analysis relevant
the model has to consider the changing joint width by grouting. That this has decisive
importance when calculating grout take is evident from the following example. If the joint
width by grouting will double the grout take according to the equations used will increase
eight times. This will of course considerably also affect the calculated penetration.

4.7 Grouting results in the Aspö HRL-access tunnel

"In order to check the different models the first grouted boreholes in each fan that has been
grouted to refusal and been properly recorded have been used in the analysis" (Progress
Report 25-92-19 part 3 chapter 7 and Progress Report 25-94-13 chapter 4.4).

The number of joints in the analysis has been estimated based on the geological follow-up
and mapping of each round.

"The transmissivity used, is the mean value for all the holes in the fan while the pressure and
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yield stress is estimated representative value of the fan grouting and based on testing."

According to Progress Report 25-92-19 the first boreholes normally (81%) have a higher
grout take than the mean value for the fan and also a higher transmissivity (62%). It is stated
that this is also to be expected.

For the above statement to be generally true the grouting at least has to be started with the
holes with the highest figures of water loss. There is however no information in the report
about the grouting cycle according to water loss measurements.

Another possible explanation to the presented results is that grouting of the first hole
changes the conditions around other holes due to fracture widening during grouting which
leads to contact with other holes and the fractures crossed by them.

The accuracy of the models is stated to have been checked in three different aspects. To be
an acceptable model it is stated that the calculated grout take shall not differ more than a
factor 2 from the actual grout take. Based on the actual grout take the joint opening for the
grout penetration has been calculated. The acceptable value for the grout penetration was set
to 5 - 15 m. It is further stated that the joint opening for the grout penetration must be
higher than 2 - 5 times the grain size of the grouting material corresponding to about
0,2 mm.

When judging the accuracy of the models the basic criterion should be that the sealing
demands are fulfilled. Based on the fact that at least 4 regroutings have been made and that
11 of the 21 selected fans are connected to grouting of NE-3 and NE-1 with high remaining
leakage, it must be questioned if the judging of the accuracy of the models checked in the
above three aspects is meaningful.

The criterion for an acceptable model, that the calculated grout take shall not differ more
than a factor 2 from the actual grout take, should not be a relevant criteria. If the grouted
volume is double that which was predicted it should not be relevant to describe this as a
good prediction.

An acceptable value for grout penetration is said to be something between 5 -15 m. When
comparing the calculated penetration (based on actual grout take) to these figures it is taken
for granted that the penetration is caused by the studied borehole and not of the other
grouted holes in the fan.

The fact that there are large remaining leakages should mean that there is practically no
penetration in some fractures around the tunnel. In spite of this the comparison is made
between predicted and measured penetration. Such a comparison will reasonably have
limited value.

The statement that the joint opening for grout penetration must be higher than 2 - 5 times
the grain size of the grouting material is not generally true if joint widening during grouting
is taken into account.

To be able to calculate the grout take it is stated in the Progress Report 25-92-19 that the
described models need some geological data or relative joint properties.
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It is further reported that based on a rough analysis of actual grout take for different rock
classes and with the hypothesis that in poorer rock quality just a few joints lead water it is
assumed that the spreading angel decreased with the rock quality.

The described hypothesis that in poorer rock quality just a few joints lead water can not be
generelly valid. On the contrary, the problem with fracture zones (poor rock) is that many
individual joints lead water. That is why regrouting commonly is needed in poor rock.

Finally it is reported that the parameters for model III are just very preliminary assessed and
had to be further analysed and investigated.

The calculated grout volumes have been compared to the measured values for the three
models with a factor 2 as limit for acceptance.

Based on the actual measured grout take grout penetration and joint opening is calculated.
Acceptable penetration is between 5 and 15 m. When judging calculated joint opening the
acceptable value of the joint opening for grout penetration is set to 2' 10"4 m.

The ratio between the number of acceptable outcome and total number are presented in
Table 7.4 (Progress Report 25-92-19) and Table VII (Progress Report 25-94-13).

Table 7.4 Ratio between the number of acceptable outcome and total number

Model Grout volume Penetration Joint opening

I 43% 52% - (0%)

II 33% 19% 24%

III 57% 48% 67%

Table VII Ratio between the number of acceptable outcome and total number

Model Grout volume Penetration Joint opening

I 30% 39% (0%)

II 26% (0%) 22%

III 61% 70% 65%

In the reports some conclusions, about the accuracy of the models to give acceptable
predictions, are given and explanations to incorrect predictions are discussed.

Model I is said to give a good result for both grout volume and penetration but a completely
unacceptable value on the joint opening (Table 7.4).
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Model II is described to be very sensitive but gives in seven of the cases completely
unacceptable results.

Model III is said to give a good result for all three different predictions (Table VII). It is also
said that the model needs a good knowledge of the geology to be used.

Considering that che criteria for an acceptable model with respect to grout take, penetration
and joint opening are questionable the results should be interpreted with the greatest
cautiousness. We do not know the penetration from a single hole and the figures for actual
penetration are interpretations more than real measurements. When joint opening is
considered the calculations are based on a grouting model where joint openings are not
increased during grouting. This means that calculated rigid joint openings are compared to
joints opened up during grouting. With another criteria and a different number of fractures
there could still be a positive correlation in spite of different fracture models.

When reasons to less good prediction results of model II are reported it is mentioned that
minor errors in measured grout take and water loss can give large errors in the spreading
angle and thus in the penetration and joint opening.

For all the models the shear stress of the grout is said to be a very important parameter and a
small error in the measurement and estimations of these values can give large errors in the
estimated grout take and penetration.

It is astonishing that actual measurements are reported as causing the discrepances when the
real reasons probably are wrong predictions and interpretations of geological and
hydrogeological conditions.

When stressing the importance of correct measurements and estimation of shear stress it
would have been interesting to know how widening joints during grouting would have
influenced the evaluation of penetration with respect to the shear stress values.

Finally some concluding remarks on prediction of grout take are given in the reports. It is
stated that the theoretical models quite clearly demonstrate the very complex situation and
the different factors that are of importance. The factors are divided into three main groups:

* grouting factors such as grouting pressure, yield stress and viscosity of the grout
and grain size of the grout

* geological factors such as number of joints, joint geometry, joint aperture

* hydrogeological factors such as rock mass, transmissivity, ground water
pressure, porosity

It is stated that the development of a classification system for grouting must be compatible
with the theory of grouting. A classification system must thus take into account the above
mentioned main factors.

It is further stated that a classification system also has to be practical and simple so it can be
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used at the tunnel front during the grouting work. The system must give advice about type
of grout, grout take and penetration as well as grouting methodology. One important task is
to further develop the classification system to a practical tool for the engineers in the field.

The value of the presented models I - III is so far more of having a tool to analyse the
importance of different factors that have to be considered - than a reliable instrument for
predictions.

A development of a classification system for grouting also has to take into account not only
the factors mentioned above but also the grouting result with respect to water inflow. It also
has to consider the effect of joint widening during grouting. This effect will have large
influence on the actual grout take. If the joint width is doubled the grout volume will
increase eight times.

Another problem that is not analysed in the presentation of the models is the number of
boreholes needed for a representative covering of the rock mass where pregrouting is
planned. In the validation of the models above only the first grouted borehole in every fan is
used. A problem will be to deal with new connections between boreholes due to joint
widening during grouting.

The task of developing a classification system for grouting that is practical and simple so it
can be used at the tunnel front, is obviously very difficult and a lot of further research work
is needed.

But even with a good classification system there will still be great uncertainties in the
predictions of number, direction, width and connection of groutable joints in the rock mass
for planned pregrouting.

5. Conclusions

The grouting work described in the SKB Progress Reports 25-92-19 and 25-94-13 was part
in a research work to show that the tunnel could pass highly water bearing zones under foil
control of stability and water inflow. By passing the zones there was a demand on limited
grout penetration.

The grouting work met with many difficulties and the demands were not fully fulfilled. In the
commentaries to the reported experiences from the grouting work different reasons to the
difficulties are given. A basic deficiency in the performance was the lack of sealing
methodology based on criteria for maximum allowed inflow of water and maximum
transmissivity in presounding and control holes. Because of this lack of methodology huge
problems had to be faced in the shape of leakage in the tunnel front. By strongly stressing
the limiting of the penetration of the grout the sealing was also less effective.

Even if some of the experienced problems were described to be related to the high ground
water pressure it is obvious that the problem would have been much less if sufficient
regrouting had been performed before blasting. There was no optimization of sealing
demand, pre- and regrouting and the demand for speeding up the cycling time.
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The described problem with grout leakage into the tunnel front could to a great extent have
been avoided if the results of the pregrouting had been tested before blasting. If control holes
had shown that the effect of pregrouting was not good enough, complementary pregrouting
should have been performed.

A different way of performing the grouting work based on different criterias could have
resulted in a better-sealing result and a controlled grouting work. Most probably a more
effective grouting could have been performed if the cycling time had been given less
importance.

The only demand given in the tender documents to guide the grouting work was the
maximum allowable inflow of 3 000 1/min. The other demands like limited penetration but
still with acceptable stability for the rock and reduced amount regrouting were set up during
the tunnelling work. The different demands were not related to each other. The compatibility
between the maximum allowable inflow, limited penetration and no or few regrouting of the
fans were not discussed and analyzed.

The demand on maximum allowable inflow of water was not transformed to a demand on
maximum allowable transmissivity in the presounding holes to guide the decision of
grouting. This ought to be done even if it is connected with difficulties and must be regarded
only as a guideline.

The grouting work was to a great extent focused on limiting the penetration of. The fact
that the inflow of water has increased along the tunnel and programs for postgrouting will be
set up, indicate that the performed pregrouting was not sufficient with respect to the sealing
demands.

A well known and common experience in grouting is that postgrouting is both ineffective
and expensive. To fulfill a demand on maximum allowable inflow of water, to a reasonable
cost, proper and sufficient pregrouting has to be performed.

A basic problem has obviously been that the research work and the follow up activities had
to occur simultaneously as the tunnelling work. A prerequisite to be able to develop an
effective grouting methodology for new and difficult conditions is that the research work can
be performed without demands of fast tunnelling.

Steel fibre shotcrete supported by rock bolts is presented as a front sealing method. When
steel fibre shotcrete is used at a front in normal tunnelling it is when the rock quality is so
bad that the front can not stand the grouting pressure in a pregrouting performed at the
tunnel front. Leakage in a tunnel front should be avoided by a pregrouting controlled by test
holes and completed when needed by regrouting until control holes will show that the sealing
goal is reached.

It is stated that in order to optimize the grouting work it is favourable to be able to vary the
shear stress of the grout but also to speed up the hydration of the grout in order to reduce
the grout take or pumping time as well be able to dismantle the packer earlier.

The statement to optimize the grouting work does not include the sealing effect of the
grouting work. It is obviously most important to speed up the hydration of the grout in
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order to reduce the grout take or pumping time as well be able to dismantle the packers
earlier. For this purpose an accelerated cement grout with calcium chloride was developed.
One should however not forget that an accelerated grout will have limited ability to
penetrate joints of different widths and make an effective sealing.

It is further stated that in order to get refusal and prevent outwash of the grout the grouting
pressure has gradually been increased. From a theoretical point of view it has been found
that the grouting pressure must exceed double the ground water pressure to get a good
refusal and prevent fingering of the grout. This was already confirmed by practical
observations.

The conclusion made from theoretical calculations is based on the assumption that joint
widths are constant during the grouting work. A high grouting pressure will however cause
increasing joint widths. It would have been interesting to know what had been the result of
the theoretical analysis if this fact had been considered.

At the same time it is very important to pay attention to the rock conditions. In a fracture
zone where the rock is more or less disintegrated to clay a grouting pressure exceeding the
double ground water pressure will cause jacking and big problems to attain a good sealing
result. Jacking means that in low strength rock a fracture is created by the grouting pressure.

Conclusions based on laboratory test results show how a higher early strength can be
reached in order to be able to relieve the packers earlier. A high early strength will however,
negatively affect the penetration capability by lowering the filtration stability. With better
filtration stability the tendency for building filtercakes at the entrance of fractures and
channels will decrease. The adding of an accelerator will result in poorer filtration stability
with less effective sealing as a result.

The changing joint width during grouting at commonly used pressures is not considered.

For estimation of rock permeability, the Water Pressure Tests (WPT) is widely used. It is
stated that it is a good correlation between evaluation methods of different degrees of
sophistication (e.g. different flow regimes), which lead to the conclusion that a "simple"
method can be used for estimating transmissivity of the borehole test section.

However, the WPT involve more or less significant difficulties associated to wellbore skin,
different flow regimes, hydraulic boundaries, two-phase flow, pressure dependence, fracture
aperture and other nonideal conditions. A sensitivity study of the different nonideal
conditions would be valuable in the evaluation of the applicability of WPT for determination
of relevant permeability values.

Based on a theoretical consideration and discussion three different models for calculation of
grout take, penetration and joint aperture, with appended rules for the estimation of the
parameters, have been set up and analysed.

The value of the presented models I -III is so far more of having a tool to analyse the
importance of different factors that have to be considered - than a reliable instrument for
predictions.
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A development of a classification system for grouting also has to take into account not only
the described factors but also the grouting result with respect to water inflow. It also has to
consider the effect of joint widening during grouting. This effect will have large influence on
the actual grout take. If the joint width is doubled the grout volume will increase eight times.

Another problem that is not analysed in the presentation of the models is the number of
boreholes needed for a representative covering of the rock mass where pregrouting is
planned.

The task of developing a classification system for grouting that is practical and simple so it
can be used at the tunnel front, is obviously very difficult and a lot of further research work
is needed.

But even with a good classification system there will still be great uncertainties in the
predictions of number, direction, width and connection of groutable joints in the rock mass
for planned pregrouting.
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