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FORORD

Programmet for drets Bergmekanikdag spanner over ett brett omrade,
fran teoretiskt inriktade foredrag till mera tillimpade. Ett par utlindska
bidrag glidjer oss sdrskilt. Vi vet att det finns ett visst engagemang fran
utlandet i samband med anbudsgivning och upphandling av tunneln
genom Hallandsés, ett arbete som kan ses som en bergteknisk utma-
ning, vem som &n far jobbet. Svdrigheterna kommer att belysas i
dagens sista foredrag som handlar om férundersékningarna for
tunneln, och som visar bdde pa vattenproblem och daligt berg intill
gransen for vad som kan betraktas som berg. Att tackla sddana for-
hallanden dr mera vanligt i de yngre geologiska formationerna i
centraleuropa och vi ser darfor ocksd fram emot féredraget av Dr Sauer
om tillimpningen av "NATM" under geologiskt svéra forhallanden.

Frdgan om kirnavfallets slutférvaring kommer inom den
nirmaste tiden att f4 6kad allman uppmarksamhet, i och med att tiden
ndrmar sig for det sd kallade platsvalet. For oss bergmekaniker ar
verksamheten i Aspolaboratoriet kanske av storst intresse, men vi har
i &r ocks4 tagit tillfallet att f& summerat vad som gjorts under flera ar i
form av internationellt samarbete i Stripa gruva, en verksamhet som
nu dr avslutad.

Allmint kan vi konstatera att bergtekniken och forskningen pa
omradet har hogsta aktualitet, d&ven i dessa tider av ldgkonjunktur och
en sviktande byggmarknad. De stora investeringarna i infrastrukturen
madste foljas av insatser, som garanterar att satsade miljarder kommer
till bdsta anviandning. Bergmekanikdagen har déarvid en funktion att
fylla som forum for kontakter och utbyte av kunskap. Vi ser fram emot
ett fortsatt spannande nittiotal!

Arets foredrag har - liksom férra 4ret - sammanstillts och
tryckts for leverans till deltagarna direkt under dagen. De intressanta
diskussioner som brukar uppstd kommer darmed inte att ges ut i tryckt
form. Vi hoppas likafullt p& ett livfullt meningsutbyte i anslutning till
foredragen, och vi vill samtidigt framfora ett stort tack till drets
foredragshallare som lagt ned stor moda pé sina bidrag till
Bergmekanikdagen 1992.

Stockholm i januari 1992

Tomas Franzén






VAD GOR ISRM FUOR ATT MOTA 2000-TALET

ISRM Activities for year 2000

Professor Ove Stephansson, Teknisk Geologi,
Kungliga Tekniska HOgskolan, Stockholm

VAD AR ISRM?

International Society for Roch Mechanics, ISRM, bilda-
des 1 Salzburg 1962 och deras f8rste president blev
framlidne professor L. Miller. ISRM har till uppgift:

- att uppmuntra och stddja internationellt samarbete
och utbyte av ideer och information mellan ut&vare av
bergmekanik.

- att st6dja utbildning, forskning och kunskapsutbyte
om bergmekanik.

- att uppmuntra en h6g standard bland utévarna av
bergmekanik, bland civilingenj8rer, bergsingenjdrer
och petroleumingenjbrer sa att arbetet blir sdkrare,
mer ekonomiskt och milj6vanligt.

FOr att 18sa uppgifterna har ISRM en styrelse (Board)
med sju ledamdter - en president och 6 regionala vice-
presidenter. Vidare har man en f&rsamling (Council) som
bestar av styvrelsen och representanter for varje
medlemsnation. Antalet anslutna medlemsl&nder &r ca 60
stycken och det totala antalet individuella medlemmar
tverskrider 6000. Dessutom finns ca 200 st&djande
medlemmar (f8retag och organisationer).

VAD GOR ISRM?

Det egentliga arbetet inom ISRM utfdrs i dess kom-
missioner som presidenten bestdmmer titlarna pa och
vdljer kommissionspresident fOr. Kommissionerna rap-
porterar sitt arbete till styrelsen och f&rsamlingen
och midnga gdnger leder resultaten av publicerade
férslag till metoder f6r mé&tning, undersdkning och
rapportering (Suggested Methods).

Sedan 1966 och vart fidrde &r hdller ISRM kongress da
aktiviteterna rapporteras, ny styrelsen vdljs och
kommande m&ten diskuteras och bestdms. Nista ISRM
kongress, den 8-e i ordningen, kommer att hallas i
Nippon Cenvention Center utanfdr Tokyo, Japan, 1995.
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En gang varje ar méts styrelsen f6r ISRM i anslutning
till ndgot internationellt bergmekaniskt mbte eller
symposium och fattar beslut i 18pande fragor, som t ex
avgifter, allmint st&d till aktiviteter. Styrelsen
utser dven innehavare av tva utmédrkelser, M. Rochae-
medaljen till b&sta bergmekaniska avhandling och L.
Miiller-medaljen f8r framstdende insatser inom bergme-
kanisk forskning och till&mpning.

Varje medlem erhdller kvartalsskriften ISRM News som
sammanfattar pagdende aktiviteter, ldmnar publikations-
listor och redog&r f6r mbtesaktiviteten. Skriften
produceras av ISRM-s kansli som &r beldget i det anrika
laboratoriet LNEC i Lissabon. Dessutom har ISRM numera
en arligen utkommande adressbok som dven innehdller en
beskrivning av pagdende aktiviteter.

ISRM I EN FORANDERLIG VARLD

Virldskartan dr stadd i f8rdndring. Nya stater bildas i
6st och de europeiska ldnderna knyter allt starkare
band mellan sig. ISRM far idag propder och Onskemdl om
medlemskap fra&n nya lé&nder. Manga av de Osteuropeiska
ldnderna f6rsSker samtidigt att organisera sin bergme-
kaniska verksamhet f&8r att bli mer aktiva medlemmar i
ISRM. Det pagar ocksd diskussioner om att sld samman
den 6stdominerande organisationen International Bureau
of Strata Mechanics med ISRM f&r att slippa tva pa-
rallella organisationer inom ett och samma veten-
skapsomrade.

Vi far inte gl&mma att vi lever i en védrld med I- och
U-ldnder. FOr att avhjdlpa att klyftan bara vdxer vad
gdller den bergmekaniska kunskapen s& har den avgaende
presidenten arbetat hart med att formd& "rika" univer-
sitetsinstituticoner att skd@nka litteratur och annan
universitetsmateriel till U-l&nderna och deras berg-
mekaniska institutioner. H8r finns mycket vi kan g®ra
for att 6ka spridningen av kunskaper om bergmekaniken
och dess tilldmpningar, och svenska institutioner
uppmanas delta i detta arbete.

EUROCK - EN NY MOTOR I DET EUROPEISKA SAMARBETET

Det finns en strdvan inom ISRM att i stbrre utstrdck-
ning &n hittills aktivera de valda vicepresidenterna
inom varje region och l&ta dessa utveckla samarbetet,
8ka mOtesaktiviteten och stimulera bergmekaniken i sin
region. Som nyvald vicepresident fOr Europa &r detta
ingen l&tt uppgift men EUROCK kan bli sdttet att na
malet.
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FSrslaget om att starta en europeisk bergmekanisk
mStesaktivitet vidcktes under Loenmdtet i juni 1990 och
England tog pd sig uppgiften att arrangera det fOrsta
mbtet. Avsikten dr att EUROCK-mOtena ska vara tema-
tiska, internationella och cirkulera mellan de euro-
peiska l&nderna. Det fOrsta EUROCK-métet arrangeras
14-17 september 1992 i Chester och behandlar karak-
tdrisering av berg och bergmassor. Detta ger ett
utmidrkt tillfdlle f6r svenska forskare och tekniker
att fOra ut sina forskningsresultat.

MILJOFRAGORNA KOMMER I CENTRUM

vVidrldens befolkning 8kar stédndigt, problemen med den
urbana miljdn och infrastrukturen tilltar. Vi beh&ver
en sund utveckling av vara naturresurser, samtidigt som
vi mAste reparera vallade skador pd miljdn. Dessutom
midste vi 6ka skyddet mot naturliga katastrofer. Detta
dr alla fragor dir bergmekaniken har en given plats. Vi
stdr i bSrjan infdr en del av dessa problem och det
kridvs samordning f&r att vart dmne ska fa& behdr och
vinna genomslagskraft. Hdr har ISRM en given roll. Inom
kdrnavfallsomrddet som h6r till en av de viktigaste
milj8fradgorna har den bergmekaniska forskningen och
angridnsande delar kunnat demonstrera en h&g kompetens
och aktivt bidragit till 18sningar. En del av synsdtten
kan sikert tilldmpas p& andra miljSproblem och vi &r
ocksd vdl rustade att angripa nya problemomraden som
avser infrastruktur, miljé- och naturhushdllning.

SUMMARY

This contribution highlights the organization of ISRM
and its present activities. The change of the political
map of the world gives ISRM an exciting opportunity to
contribute to international understanding and technolo-
gical progress. In the new era of development we must
keep in mind the developing countries and be prepared
to give them the necessary support. The new initiative
with the EUROCK conferences about special subjects in
rock mechanics, gives the Swedish rock mechanics
community a golden opportunity to distribute interes-
ting results, receive new information and pay an active
r8le in the new development in Europe. Environmetal
issues are of world-wide conern where rock mechanics
and the technologies derived from an understanding of
rock mechanics are of great importance and will be put
in focus.
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THE APPLICATION OF NATM IN MIXED GROUND CONDITIONS

Tillimpning av NATM under varierande geologiska forhallanden

Dr Gerhard Sauer, Salzburg, Austria

(Detta iir ett siirtryck av en kommande artikel i "Construction Technology International”)

LTHOUGH the rock qualities

upon which the New Austrian

Tunnelling Method (NATM)

depends for its success are not
new, the degree to which they are called
upon to work for themselves during
tunnel excavation, according to this con-
cept, are. So too are the developments in
the field of rock mechanics revealed by
the increased application of the method
in various rock and ground types.

Rock quality and its behaviour when
excavated depends on when and how the
rock was formed and how it has wea-
thered over the ensuing millenia. Few
rock types have the same characteristics
and even less behave in the same way
when excavated or tunnelled through.
All rock and soil has, to a greater or
lesser degree, the inherent ability to
support itself or stand freely for a certain
amount of time. Strong rock can remain
free standing for hundreds of years while
the self-supporting ability of rocks and
soils of the weaker types is relatively
short-lived and measured in minutes
rather than hours, days or years.

This self-supporting strength of rock
was the only means by which early man
was successfully able to excavate under-
ground space. In more recent times,
however, various methods have been
developed whereby the quality of the
ground through which the tunnel passes
is used to minimise the cost of tunnelling.
This is achieved by increasing the rate of
production and minimising the amount
of extra support applied.

In 1848, the mines head office of
Pribfam, Czechoslovakia, attempted to
use fast-setting mortar to avoid heavy
timber support in a coal-mine at
Wejwanow. At the same time, Karl
Ritter, a Swiss engineer, proposed

curved tunnel sections with immediate
closure of the invert to provide a closed
ring in any squeezing ground. This was
probably a result of the 1818 patent of
Brunel’s circular soft ground tunnelling
shield in Britain.

Indeed the concrete segmental wedge-
block tunnel-lining system pioneered in
Britain in the 1960s, particularly in
London clay, relies on the quality of the
clay to maintain the integrity of the non-
bolted expanded ring of segments.

Arriving at the most cost effective
method of tunnelling depends largely on
the ability of the designer to assess the
rock’s own self supporting ability. Until
very recently, this has been mainly a
matter of the skill of the engineer and of
learning from past experience. It has
been the advent of sophisticated instru-
mentation and its knowledgeable appli-
cation to the measurement of rock and
ground strength that has allowed en-
gineers to maximise the self-supporting
qualities.

Equally important is the belief that the
surrounding ground should be allowed
to deform slightly before the final sup-
port is applied in order to minimise the
development of loads on the final lining.
This condept is based on a theoretical
investigation by Engesser in 1881 and
was applied by Schmid in 1926.

This philosophy was also expounded
by the eminént Austrian engineer, Pro-
fessor Ladislaus von Rabcewicz, who in-
vented the dual-lining support system of
initial support followed by a final lining.
Together with his colleague, Professor
Leopold Miiller, and others, the intro-
duction of systematic anchoring and in
situ measurements, based on the rock
mechanics theory of the ‘Salzburg Kreis’,
is the main achievement of the Austrians.
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These principles have developed into
what is now known as the NATM, or the
New Austrian Tunnelling Method.

LTHOUGH the NATM is the

title given to the first attempts

to apply the new measuring tech-

niques to the field of tunnel
design and excavation, much of the
technology necessary to implement the
technique today was invented by people
in totally different fields. For example,
the idea of spraying concrete, or shot-
crete as it is called, against the tunnel
wall, is attributed to Carl E Akeley,
a taxidermist who in Chicago in 1907,
built a machine to spray mortar on the
skeletons of dinosaurs to protect them
from pollution.

The improved revolver shotcrete
machine was developed in Allentown,
Pennsylvania in 1911, to protect slopes
with sprayed concrete. The first recorded
application of shotcrete in tunnelling is
in the United States in the early 1920s
where it was used to fireproof mine
drifts. The original advocate of the use of

Immediate (sequential} and
smooth support by means of

Closed ring,

Avoidance of micro
differential

.............

Fig.1 Simplified definition of the principles and effects of the NATM
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shotcrete as an immediate support in
squeezing ground, instead of the more
traditional heavy timber or steel sup-
port, was Anton Brunner, a little known
mining engineer from Salzburg who,
in 1954, assumed full responsibility for
using shotcrete to stabilise squeezing
ground in a diversion tunnel for the
Runserau power plant.

In 1964, Protessors Miiller and
Rabcewicz applied the shotcrete method
to the Schwaikheim Tunnel and began to
explain the method on a more theoretical
basis in terms of newly developed con-
cepts of rock mechanics.

The first successful application of the
method in soft ground in urban areas was
in Frankfurt/Main in Germany in 1968
when Professor Miiller interested the
contractor Beton-und Monierbau to
adopt the method and build a test tunnel
to demonstrate its applicability.

The NATM may be defined as a
method of producing underground space
by using all available means to develop
the maximum self-supporting capacity of
the rock or soil to provide the stability

Avoidance of micro
differential movements

Avoidance of macro
differential movements

elastic (plastic)

Homogenising and minimising
deformation

Immediate
sequential




of the underground opening. This is
achieved by the application of a smooth
and appropriately resistant initial support
and a final lining which should accept the
necessary deformation but guard against
the development of rock load.

The initial lining may consist of shot-
crete, steel arches, and rockbolts, either
singly or in combination. One of the first
publications to detail design methods for
the shotcrete shell was that by Sattler,
which was based on research that subse-
quently appeared in a thesis on the
‘shear failure’ theory of shotcrete by
Gobiet.

After a few years of NATM practical
experience in sensitive urban areas,
sophisticated model tests and computer
analysis, supported by previous scientific
research into the field of soil and rock
mechanics, resulted in a number of new
findings concerning stress redistribution
in the surrounding ground during and
after a tunnel drive.

-If the support system is inadequate,
stress concentrations lead to periodic
contractions and deformation of bolt
plates or cracks in the shotcrete. Further
investigations prove that ground bearing
capacity can be sustained by avoiding
convergence movements. Therefore, in
single tunnel drives in unstable rock
conditions, the ring must be adequately
supported within a length equal to one-
and-a-half times the tunnel’s diameter
from the face. Extension of the support
ahead of the face by forepoling with
grouted crown bars, rebar, or metal
plates may be necessary to counteract
local ground instability.

F the ground has poor cohesion,

the material inside the three-

dimensional stress field has to

be supported. This can be achieved
either by forepoling, by leaving a wedge
of unexcavated earth to prop the face or,
in extreme cases, both.

In squeezing ground the rate of exca-
vation has to be adjusted to the setting
rate of the shotcrete. The invert shot-
crete, the final phase of closing the ring,
must have the minimum strength to
sustain the peak stress which occurs one-

and-a-half times the tunnel diameter
behind the face. Even in more stable
rock cut by a full-face tunnel boring
machine (TBM), immediate support, if
necessary, should be applied within this
area.

Convergence, roof settlement and
other deformation measurements are
common practice and valuable in
monitoring the behaviour of the ground,
but they give little indication of the
actual stress in the shotcrete shell, which
is more important to the assessment of a
potential failure due to insufficient sup-
port. Flat hydraulic pressure cells, first
introduced in 1958, are still the only
available instrument for measuring such
stress.

Measuring stations should not be
predetermined but placed where geo-
mechanical changes or alterations in
the cross-section dictate. The closer the
measuring station to the face, the more
frequent should be the readings. More
frequent readings are often more val-
uable than increased instrumental ac-
curacy. Indeed cheaper, more frequent
and less accurate readings from carefully
chosen locations are more useful than
infrequent, but precise and expensive,
surveys.

The real value of any instrumentation,
however, is only as good as its interpre-
tation, which depends much more on the
skill of an experienced engineer than on
sophisticated computer software. More-
over, the behaviour of the structure is
influenced by unpredictable water in-
gress, unforeseen geological conditions,
geotechnical and tectonic anomalies and,
above all, the human factor. Even rock
classification systems cannot sufficiently

solve these problems. The need for.

a flexible concept to meet the ever-
changing range of influences in tunneli-
ing should, therefore, be obvious.

If the special provisions for applying
the initial support are determined too
rigidly by means of calculations and
excavations or construction plans, the
natural feeling of responsibility of the
miners at the face is reduced. This
responsibility, the direct reaction of the
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miners and their supervisor to the given
rock conditions, which includes their
own safety interest, is an essential com-
ponent and as important for the NATM
as for any other free-face mining method.
Planners, consultants and construction
supervisors should always be aware of
this and try to take advantage of the
experience of the tunnel face crews.

Use of the NATM concept over recent
years has spread far and wide through-
out Europe and into the United States,
Japan and South America. It is chosen
over other possible tunnelling methods
principally because of its application ad-
vantages which include free excavation
area, considerable flexibility in regard to
unforeseen changes in geological and
hydrological conditions, flexibility in
terms of cross-sectional changes, and
rapid mobilisation with readily available,
unsophisticated and relatively inexpen-
sive excavation equipment.

T has been adapted further to
suit even softer ground conditions,
especially in urban areas. Tight con-
trol of the excavation cycle is the key
to success in such circumstances. As a
result, the multi-phased, side wall drift
technique has been developed whereby
the face is divided into small areas of
excavation. After excavating the side
wall drifts, the top heading is advanced,

followed by the bench, breaking out the
inner walls of the drifts with the bench.
Finally the invert is undercut and the
ring of immediate support closed. The
excavation programme when using this
technique, and the distance one face is
allowed to advance ahead of the others,
depends on the consulting engineer and
the quality of the ground.

There is also the so-called barrel
vault method for crossing under railway
or road embankments and the door
frame slab method, a semi-cut-and-
cover method which, in urban areas,
keeps disruption of the environment to a
minimum. ~

Pre-consolidation of the ground ahead
of a NATM face is more critical in softer

FIG 2 THE DOOR FRAME SLAB METHOD
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Excavation
R ——
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Sidewall  oparete Backfil
reinforcement ¢4

soils. Ground freezing, compressed air
and pregrouting methods have all been
used in the past. Forepoling or spiling
with rebar is another effective method
whereby a canopy of solid ground is
created under which the tunnel can be
excavated. A newly developed spiling
system known as the Grout Spiling
Anchor (GSA) both inserts the anchor
and grouts the surrounding ground in
one integrated step.

The anchor is installed inside the
hollow tube of the drill rods, the tip of
the anchor acting as the drill bit. Once
the hole is drilled, the flushing water is
replaced with grout and the drill steel is
withdrawn leaving the anchor in the
bottom of the hole. It is the pressure of
the grout injection that keeps the anchor
in the hole as the drill steel retracts.
This pressure also forces the grout into
fissures in the surrounding ground. This
system will greatly improve current prac-
tices where the initially drilled hole often
collapses in brittle ground before the

anchor or spiling rod can be inserted.

The step-by-step nature of a NATM
excavation also allows for the installa-
tion of a waterproofing system that will
make the tunnel completely watertight.
Animpermeable PVC membrane is fixed
against the primary shotcrete lining be-
fore the final in situ concrete lining is
cast.

All these different ways of applying
the principles of the NATM concept



provide consultants with a wide and
flexible range of methods for use in
different and changing conditions. There
is, however, no real competition be-
tween the NATM and other techniques
such as shield driving, for example. The
most appropriate construction method
in terms of safety and price should al-
ways be chosen. This flexibility should
be provided by the bid documents.

HEN pricing a NATM con-

tract, the rock is classified

and excavation and support

are paid for according to the
ground classification proposed by the
contractor during the excavation and
certified by the client. The primary inter-
est of the contractor is a good rate of
advance; that of the client is to obtain
a safe and economic structure. Agree-
ment on rock classification is, therefore,
usually easy to negotiate. The excava-
tion volume is priced by class, and
immediate support by its volume per
linear metre. The earlier the appropriate
support is applied, the smaller is the
amount that is required and, hence, the
lower is the cost.

In rock, including rock as weak as
phyllite, the rate of advance can be
as high as 15m to 25m per day with
three-shift (24 hour) operations; where-
as in soft ground, in such urban areas
as Frankfurt, Munich and Vienna, an
average of 4m to 5m per day will be
difficult to exceed.

Price is also significantly influenced
by the muck-haulage arrangement, par-
ticularly in urban areas. But in recent
decades the unit price or price per linear
metre has shown constant decline. Tech-
nological improvements are partly res-
ponsible, as is increasing competition in
the construction industry.

The NATM tunnels recently con-
structed for the Deutsche Bundesbahn
for the high speed railway lines in West
Germany in Bunter Sandstone, a
medium-to-soft — and in some cases
extremely soft — ground, produced a
highly competitive cubic metre price
for the finished tunnel. Depending on
the rock class, the cost varies between
250-300DM per cubic metre which re-
presents some 25,000-30,000DM per
linear metre of finished 100m? tunnel.
The cost of excavation and support,
including inner lining, of a 35-40m?
subway tunnel in urban areas, in soft
ground, in late 1989 was approximately
400-500DM per cubic metre, or about
15,000-20,000DM per linear metre.

From 68 tunnel contracts constructed
between 1980 and 1986 by NATM for
the Deutsche Bundesbahn at a total
estimated price of DM3,300 million
overrun on the bid price has been only 15
per cent as compared with nine cut-and-
cover contracts which, at a final cost of
DM500 million, exceeded the contract
price by 19 per cent. Although the first
NATM tunnel exceeded the tender sum
by more than 50 per cent, tunnels that
were completed more recently have
shown a final price that is much closer to
that tendered.

Consistent application of a combina-
tion of practice, observation and theory
has led to enormous progress in civil
engineering. The NATM is now widely
used in one form or another and its
potential is appreciated and employed
by an ever greater number of clients
throughout the world. |
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MODELLING OF ROCK MASS RESPONSE TO GLACIATION IN SWEDEN
MODELLERING AV BERGMASSANS RESPONS VID GLACIATION I SVERIGE

LARS ROSENGREN, Itasca Geomekanik AB, Falun
OvE STEPHANSSON, Engineering Geology, Royal Institute of
Technology, Stockholm

INTRODUCTION

An understanding of the stability of the bedrock of
Fennoscandia is of utmost importance to existing ideas
about final storage of spent nuclear fuel in granitic
rocks. The problem of longterm stability of the crust with
special emphasis on waste isolation has been addressed in
the research plan of the Swedish Nuclear Fuel and Waste
Management Company (1986) for the time period 1987-1992. As
a part of the research program, long term rock stability
modelling of the response of rock masses to external loads
from earthquakes, glaciation and glacial rebound have been
conducted, Stephansson (1987) and Jing & Stephansson
(1988). The neotectonics at Lansjdrv, Northern Sweden with
clear evidences of late-glacial movements have been studied
in detail, Bickblom and Stanfors (1989). Although the
results are specific for Norhern Fennoscandia they are of
major importance for the understanding of possible rock
deformation in the crust in conjunction with future
deglaciantions.

As an integrated study of the ongoing program for research
and development within SKB an itegrated safety analysis
called SKB -91 will be conducted, Swedish Nuclear Fuel and
Wasste Management Company (1989). The analysis will pay
specific attention to the glaciation scenario and related
phenomena. Therefore, SKB of Sweden and TVO of Finland in
co-opertion have initiated studies of the World’s ice ages
and changing invironments and their importance for future
glaciations in Fennoscandia, Eronen and Olander (1990) and
Bjork (written communication). The intergrated safety
analysis of SKB -91 will be applied to the Finnsjon site of
Central Sweden. The objective of the study reported here is
to illustrate quantiatively possible rock mass response due
to glaciation with special emphasis on a future repository
located at Finnsjon.

STRATEGY OF MODELLING GLACIOLOGICAL ASPECTS OF VAULT
STABILITY IN FENNOSCANDIA

It is recongnized that the location of a nuclear waste
vault in the Fennoscandian bedrock will be affected by
large ice sheets in the future. A proper crustal rock
mechanics model should treat this problem on a global scale
assuming the rigid crust supported by the visco-elastic
substratum of the earth’s mantle.

Problems concerning vault integrity under a thick ice sheet
have been discussed by Koerner (1984), and Stephansson
(1987), and these are as follows:
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(1) Erosion of the vault roof by the ice sheet

(II) Incresed availability of water and increased water
pressure under the ice sheet

(I1IT) Execess stresses on the rock produced by the weight
of the overlying ice sheet

(IV) Stress relief during deglaciation and cyclic opening
and closing of fractures due to repeated glaciations
and eglaciations

A detailed description of the listed problems is presented
in Rosengren and Stephansson (1990) and Stephansson (1987).

DISTINCT ELEMENT MODELLING WITH UDEC

The distinct element method is a recognised discontinuum
modelling approach for simulating the behavior of jointed
and faulted rock masses subjected to quasistatic or dynamic
conditions. The method has three distinguishing features
which makes it well suited for discontinuum modelling:

1) Simulation of the crustal rock mass as an assemblage
of blocks which interact through corner-and-contacts.

2) Discontinuities regarded as boundary interactions
between these blocks.

3) Utilization of an explicit timestepping algorithm
which allows large displacements and rotations and general
non-linear constitutive behavior of the faults.

The two dimensional distinct element method and UDEC are
discribed by Cundall (1971), Cundall (1980), Lemos (1987)
and Itasca (1990).

UDEC require that the body to be modelled can be divided
into blocks which are separated from neighboring blocks by
joints, faults or interfaces. The blocks may be considered
to be rigid or deformable. Deformable blocks are subdivided
into finite difference zones for calculation of internal
stress and strain. The interfaces may be considered to
conform to either a standard Coulumb slip condition or a
displacement-weakening model. The system is subjected to
static or dynamic boundary conditions and the blocks are
allowed to interact with one another across the interfaces.

UDEC uses an explicit solution procedure as opposed to an
implicit approach which is most common in finite element or
boundary element methods. The explicit algorithm used in
the UDEC and code is based on the use of force-displacement
laws which specify the interactions between a block and its
surrounding neighbors, and a law of motion which govern the
displacements of the block as they are subjected to forces
which are not in balance.
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MODELLING APPROACH AND SIMULATIONS FOR FINNSJON

Geometry

The two-dimensional study simulates a vertical section
which strikes N40°E-S40°W across the Finnsjdn site area,
Figure 1. This section is called "Section A-A". Figure 2.
shows the fault geometry in section A-A.

The area of interest for modelling the Finnsjdn site is
about 2.5 km in length and the model depth was choosen to
be 2 km. For two of the total three model runs reported
here, boundary elements were applied at the sides and
bottom of the models. The shape and dimension of the entire
model and the area of interst is presented in Figure Ss,

GENERALIZED FRACTURE ZONE MAR FINNSJON ROCK BLOCK

Ao / DIR 80 AND VERTICAL
o CORE DOREMOLE (RVISION OF ENGINEERING GEOLOGY
S ATirén, Uppsalo
PERCUSSION BOREHOLE ey

Figure 1. Map of the Finnsjon area and the location of
section A-A for UDEC modelling.
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Figure 2. Fault geometry at Finnsjon, section A-A.
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Figure 3. Shape and dimensions of the Finnsjon UDEC-models
1 and 2.

Properties of intact rock material and fault zones

The properties of the intact rock blocks used for all
models are:

Density, p [kg/m’] 2650
Young'’s modulus, E [GPa] 40
Poisson’s ratio, v 0,2

and the acceleration, g, was set to 10 m/s?

The strength of the fracture zones are defined by Coulomb
slip criterion. When shear or tensile strength of the
fracture is exceeded it looses its cohesion and tensile
strength. The initial tensile strength of the fracture
zones is zero.

Tabell 1. Properties of fracture zones for Finnsjon
presented in Figure 1.

Parameter Fracture zone ;
2 4 ) 6 7 8 10 12 14
Normal stiffness, Kn [GPa/m] | 1.0 | 10.0 | 10.0 | 10.0 | 10.0 | 10.0 | 10.0 | 100 | 1.0
Shear stiffness, Ks [GPa/m] | 033 | 3.33 | 3.33 | 333 | 333 | 333 | 333 | 333 | 033
Cohesion, C [MPa] 0.5 1.0 1.0 1.0 1.0 1.0 1.0 10 | 05
Friction angle [°] 20 25 25 25 25 25 25 25 20
Tensile strength [MPa] 0 0 0 0 0 0 0 0 0
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In situ stresses and boundary conditions

In sity stress measurements at the Finnsjtn site area were
conducted by Luled University of Technology, Division of
Rock Mechanics and are reported by Bjarnason and
Stephansson (1988).

The orientation of the minimum horizontal stress is
approximately N40°E-S40°W which is parallel to the plane of
analysis for models of section A-A. This means that applied
in situ stresses for models of section A-A are in
accordance with eqgs. (1) and (2).

OV
Oy

0.026z [MPa]
2.6 + 0.0237z [MPa] (2)

where z is the depth in metres.

During the consolidation of the models all the boundaries,
except for the surface, were prevented from displancing in
normal direction. In all subsequent loading steps, fixed
boundaries were changed to boundary element for Models 1
and 2. Model 3 was given roller boundaries through all
loading steps.

A boundary element approach provids more accurate
representation of the far field stress, but causes some
problems to reproduce an accurate displacement field for
finite uniform surface loading condition, see Rosengren and
Stephansson (1990).

Loading condition and loading sequences
Models 1 and 2

The ice load was applied on the top boundary as a finite
uniformly distributed, static boundary stress, acting
vertically. When boundary elements are used this loading
condition produces a response in the model that is very
similar to a uniformly loaded beam.

The loading sequence for Model 1 and 2 was as follow (see
Figure 4):

Loading Loading Model 1 Model 2
step condition
(no ice lake) (ice lake)

[MPa] [MPa]
0 (in situ stress state) - -
I uniform loadd of 3 km ice 27 30
I1 uniform load of 1 km ice 9 10
IIT ice wedge 0-9 0-10

Iv no load - -
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Loading step Il
1km ice
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Loading step Il 0-1hkm ice
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Loading step IV
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Figure 4. Loading sequence for Model 1 and 2, Finnsjon
site.

Model 3

Model 3 simulates the same loading sequences as Model 1 but
without boundary elements along the vertical sides of the
2.5x2 km model. The main idea with this model is to study
the effects of roller boundaries along the vertical sides
and bottom of the models in comparison with boundary
element boundary condition.

Hydraulic conditions

The effect of pore pressure and static water load has been
included in all models of this study. For the models where
an ice lake is not taken into account (Model 1 and 3), the
pore pressure distribution was assumed to be hydrostatic,
i.e. zero at the ground surface and 20 MPa at the bottom of
the model.

The models where an ice lake was simulated (Model 2), the
ice lake was assumed to exist on the top of the ice sheet.
The pore pressure in the fault zones was equal to the water
head for loading step I and II (3 km and 1 km of ice). A
pore pressure gradient in the horizontal direction only
exists for the case where the ice load partly cover the
surface (loading step III). Here the pore pressure at the
surface is zero for the unloaded part and is in accordance
with the ice thickness for the loaded part. The horizontal
pressure grandient was modelled as a steady state
equilibrium pore pressure distibution in the model. The
pore pressure in the model was then held constant during
the cycling. The assumed pore pressure distribution for
Model 2 is shown in Figure 5.
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v
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Figure 5. '‘Applied steady state, pore pressure for
Model 2, loading step III (ice wedge).

Notice that pore pressure in the models can only exist in
fault zones since the intact blocks in the UDEC code are
considered as impermeable. Density for water was assumed to
be 1.000 kg/m?®.

This study considered only the mechanical response of the
rock mass. Therfore, water flow in fracture zones was not
simulated.

RESULTS FROM ANALYSES OF FINNSJON SITE
Models 1 and 2
Stress

The models of the ice lake show a very different stress
distribution in comparison with the models where the ice
lake is not taken into account. Figure 6 show principal
stresses for loading step I (3 km ice). Notice that
compressive stresses are negative. The principal stress
vectors in the vicinity of the subhorizontal fracture zone
2 and in the vicinity of Zone 12 and 14 are non-uniform for
Model 1 (no ice lakes).

The random orientation of the stress vectors for the ice
lake model (Model 2) are due to a more or less hydrostatic
stress state. This appears as a zone of rotated stress
vectors at a certain level in the models. The magnitude of
the maximum principal stress at each loading step is almost
the same for both models.

The difference in stresses between the two models with
different pore pressure becomes more evident if the stress
components are studied. Figure 7 show the horizontal
stress, SXX, and vertical stress, SYY, between 50 and 750 m
levels below surface, for one profile of section A-A. For
the model without ice lake, drastic change in stress at
certain areas can be seen. Fracture Zone 2 has the major
impact on the stress gradients for the profile studied.
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The difference in results between the two models can be
explained by the different pore pressure distribution, the
effective stresses, and the ability to transmit shear
stresses. The pore pressure in the ice lake model is 30 MPa
higher than in the model without ice lake, and consequently
the effective stresses are lower. A low effective stress in
the fracture result in less ability to transfer shear
stresses. It is obvious that the ice lake model can hardly
transmit any shear stresses and, thus, only very small
shear stresses can exist. If the shear stresses are zero,
then the horizontal and vertical stress components coincide

with the principal stresses, both in magnitude and
orientation.
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Figure 6. Principal stress distribution,section A-A,
loading step I. a) Model 1 (no ice lake)
b) Model 2 (ice lake)
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Figure 7. Horizontal stress, SXX, and vertical stress,
SYY, versus depth along profile x = 175 m,
Finnsjon site. a) Model 1, (no ice lake);
b) Model 2 (ice lake)
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Loading step II (1 km ice load) shows similar results for
the different models as in loading step I, except that the
stress magnitudes, stress concentrations and changes in the
stress gradients are smaller.

Loading step III (ice wedge) shows an uneven loading at the
surface and the principal stress trajectories incline with
respect to the horizontal plane. There is no noticeable
difference in the stress state between models with and
without ice lake.

The stress state at loading step IV (no load) is almost the
same as that for the in situ condition, i.e. after
consolidation.

Displacement

Figure 8 shows the displacement vectors for Model 2 (ice
lake), at loading step I (3 km ice). The maximum
displacement is somewhat smaller for the model of ice lake
than without ice lake. Fracture Zone 2 is more or less
uneffected by ice loading for the case of no ice lake. This
indicates that the displacements that occur in Model 2 are
related to elastic strains of the intact rock blocks rather
than movement along discontinuities. The average strain for
a profile ranging between 250 and 750 m level below
surface, in the center of the model, amounts to 0.4 and
0.28 mm/m for Model 1 and 2 respectively.
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Fig. 8. Displacements vectors, Model 2 (ice lake),

loading step I, Finnsjtn site.

Figure 9 shows the joint separation for Model 2 (ice lake),
when loaded with 3 km of ice. Model 1 does not display any
joint separation, since no forces are imposed on the joints
by the pore pressure. The displacements obtained for other
loading steps are presented in the report by Rosengren and
Stephansson (1990).
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Figure 9. Detail of joint separation close to fracture
Zone 2, Finnsjon,loading step I, Model 2.

When the shear or tensile strength of a fracture 2zone is
exceeded, the zone fails. The constitutive model for the
fracture used in this study makes it possible to plot these
failed fracture zones. It is important to keep in mind that
once a zone or a segment of a zone is failed, its failure
remains for subsequent cycles of calculation.

Figure 10 shows the extent of fractured joints in loading
step IV (no ice load). Model 2 with the ice lake produces
just slightly more failure than Model 1 without the ice
lake. This was not expected since the shear capacity of the
joints are controlled by the effective normal stress acting
on the joint surface. An explanation for this is presented
in Rosengren and Stepansson (1990).
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Fig. 10. Fractured joints for Finnsjon site, loading step
IV, Model 2 (ice lake).

Model 3

In Model 3, the displacement across the bottom boundary and
the two vertical boundaries of the model is restricted,
i.e. the model has rollers along the boundaries.
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Stress

Horizontal and vertical stress versus depth for a profile
of Model 1 and 3 are shown in Figure 11. Here we notice a
gentle stress increse with depth except for the disturbance
at the intersection with fracture Zone 2. This disturbance
is less pronounced than for the case with boundary elements
in Model 1. The vertical stress SYY versus depth is almost
identical for Model 1 and Model 3. However, the horizontal
stress SXX for the two models show major differences. Here
we can observe that the horizontal state of stress due to
the ice loading is of the same magnitude as the vertical
stress for Model 1 with boundary elements. Roller
boundaries in Model 3 result in horizontal stresses that
are about one third of the vertical stress from the ice
load. This illustrate the importance of proper boundary
conditions.

When loading the Model 3 with 3 km of ice, failure appears
preferentially along the steeply dipping fracture zones.
Unloading does not cause any additional failure and
fracture Zone 2 remains intact.
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Fig. 11. Comparison of stresses for Model 1 and Model 3,

at x = 175 m, loading step I.

The analytical solution to the state of stress at an
arbitrary point of an infinite halfspace of elastic
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material subjected to a two-dimensional (e.i. strip)
loading, q (Figure 12), is given by the following
equations:

A0x=2—it- [2 (p1 -p2) - (sin2p1 —sin2p2)] (3)

A0y=—2c—_ir- [2 (p1 —pz) + (sin2p1 —sin2pz)] (4)

where, Aox and Aoy are the induced horizontal and vertical
stress components, respectively, and 2a is the width of the
load.

The analytical solution of the state of stress due to the
loading has to be superimposed on the virgin rock stress.
The calculated total horizontal stress, SXX, versus depth
from the load of 3 km ice (27 MPa) for an ice sheet with
the width a=6 km and a=500 km is shown in Fiqure 13. The
analytical solution and the UDEC modelling with boundaries
of boundary elements are almost identical.
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Fig. 12. State of stress at a point of an infinite

halfspace subjected to a finite uniformly
distributed strip load, d.
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Fig. 13. Analytical and numerical results of horizontal
stress versus depth for a 3 km thick ice sheet
assuming elastic conditions. Notice the good
agreement between analytical solutions and UDEC
model with boundary elements at the boundary of
the model.
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If we use roller boundaries and zero lateral displacements
we only obtain theeffect of Poission’s expansion of the
rock material from the applied vertical stress.

CONCLUSIONS

- The results of the modelling is sensitive to the selected
boundary concitions. For two of the models (Models land 2)
a boundary condition with boundary elements was specified
for the bottom and sides of the models. This gives a state
of stress inside the model (under elastic conditions) which
agrees very well with the analytical solution of the state
of stress in an infinite halfspace subjected to finite
uniformly distributed load. This approach gives a stress
state where the horizontal and vertical stress versus depth
are of the same order of magnitude. Roller boundaries along
the bottom boundary and the two vertical boundaries ( Model
3) gave less horizontal stress. No stress measurements
exist below large ice sheets to confirm which of the two
approaches is correct.

- A lake situated on top of the ice sheet and connected to
the underlying rock mass or a lake at the rock ice
interface will increase the pore pressure in the fracture
zones. The effective stress more becomes isostatic and
stress discontinuities in the vicinity of the fracture
zones diminish.

- Future displacements due to glaciation and deglaciation
is most likely to occur in existing fracture zones. The
average vertical strain between 250 m and 750 m level below
surface iscalculated to be 0.3-0.4 mm/m from loading of 3
km of ice.

- The state of virgin stress and the stress increase due to
ice loading, defomation and failure of fracture zones prove
the need for a protection zone between the repository and
the major discontinuties. A protection zone of about 100 m
width from the outer boundary of the discontinuity to the
repository location is suggested. This value is based on
results showing that the stress disturbance diminishes at
this distance from the outer boundary of the discontinuity.

- A potential repository located between fracture Zones 1,5
and 14 and below fracture Zone 2 at Finnsjon is recommeded
to be located at a depth of about 600-650 m.
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SAMMANFATTNING (SWEDISH SUMMARY)

Finnsjdomrddet som &r beldget i centala sverige anvdnds av
SKB som ett testomrdde f6r beddmning av ldmpligheten att
slutfdrvara utbridnt kdrnbridnsle. Denna artikel beskriver
resultatet av tre numeriska modeller som simulerar
bergmassans respons av en framtida nedisning.

Det 2-dimensionella distinkta element programmet UDEC har
applicerats p& en modell inneh&llande nio krosszoner. I tva
av modellerna har "boundary elements" anvdnts som rand-
villkor pd& sidorna och botten, medan en modell har haft
"rullrdnder". Modellerna med boundary elements ger ett
spdnningstillstd&nd (under elastiska fdrhallanden) som
bverrensstdmmer vdl med en analytisk 16sning. De inducerade
horisontalspidnningarna i modellen med rullrdnder visar
ddlig 6verrensstdmmelse med den analytiska 1l6sningen. Is-
tjocklekar pa 3 km, 1 km och en iskil (0-1 km) som té&cker
halva modellen har simulerats. Tva olika portrycks-
férdelningar i krosszonerna har modellerats; 1) ingen
issj®, och 2) en issjo uppe pad istdcket. Modellen utan
issjo visar att betydande spadnningskoncentrationer uppstar
i ndrheten av krosszonerna och i synnerhet vid en stodrre
subhorisontell krosszon. D& hdnsyn tas till portyck frén en
issj® tenderar spdnningarna att bli isotropa och sp&dnnings-
koncentrationerna i ndrheten av krosszonerna avtar.



LIGGVAGGSTABILITETEN I KIIRUNAVAARA
The footwall stability in Kiirunavaara

Christina Dahnér-Lindqvist, LKAB, Kiruna

INLEDNING

Detta arbete har utfdrts i LKAB’s gruva i Kiruna. Mal
men &¥ ca 4km 1&ng och har en medeltjocklek pé& ca 85m

Kint malmdjup #r idag 2000m. Den stryker 11° och har en
medelstupning p& 70°. Sidobergarterna bestdr av syenit-

porfyr, kvartsporfyr och mandelsten.
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Bild.1l: Horisontell ®&versiktsbild ®ver Kiirunavaara.

I gruvan tilldmpas idag tva olika brytningsmetoder:
Skivras och skivpall. Bigge dessa dr relativt stor-
skaliga och gruvan avsdnks i genomsnitt 20m/ar.

Metoderna fdrutsdtter att man har ett vdl fungerande

kontinuerligt fldde av rasberg som i huvudsak h&ror
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frdn hdngvdggen. Resterande del d&r malmrester. Allt-
eftersom gruvan avsdnks sjunker ocksd rasberget i
dagbrottet relativt markytan. Detta medfdr att hidng-
vdggen frildggs, blir instabil och gar i upprepade
brott allteftersom gruvan avsdnks. Detta fenomen &r
vanligt fdrekommande pd manga stdllen i vdrlden. I
Kiruna har man £61jt upp och dokumenterat forloppet
sedan mdnga &r tillbaka. Uppfdljningen har framfor-
allt varit av vetenskapligt intresse. Staden ar
placerad p& ett sdkert avstdnd fran brytningen s
denna process fdrorsakar inga direkta problem.
Liggvdggen har man fram till idag inte oroat sig
alltfér mycket f£f6r. Den har fdrutsatts vara stabil.
Anlidggningar som dr placerade hdr bdr alltsa sta om
det inte fdrekommer ndgra lokala svaghetszoner eller
om de inte ligger ndrmare malmen &n 20m. Bergmekanik-
funktionen har dock inte varit helt sdkra pa att sa
ar fallet.

TILLBAKABLICK

Vid mitten av 70-talet bdrjade man vid bergmekanik-
funktionen fundera dver hur stabil liggvdggen egent-
ligen var. Som ett resultat av detta gjordes den
forsta "liggviggskarteringen" 1977. Dessvédrre sa
existerar det idag mycket f& noteringar pd kartorna
frédn denna. Man har ddrefter forsdkt att upprepa
karteringarna vart annat ar. Detta arbete har utforts
av flera personer sa hanteringen av materialet har
varit bristfdllig under &rens lopp. Den kartering
som har utforts och fortfarande var valdokumenterad
dgde rum 1985. Detta material har varit till stor
hjdlp vid den teoretiska analysen som vi kommer till
lite senare.

PRAKTISKT FALTARBETE

Férfattaren gjorde sin fdrsta kartering hdsten -
vintern 1989-1990 med hj&dlp av BOrje Johansson och
Ake Ohrn. Den andra karteringen p&gdr under skrivan-
dets stund.

Kiirunavaara &r en gammal gruva ddr det har existerat
flera huvudnivder. Vid liggvdggskarteringen &dr det i
huvudsak dessa man gdr igenom tillsammans med vdgar
och vissa schakt. Man dokumenterar stdrre roérelser
som ras, stdrre utfall och kraftig uppsprickning i
b&dde sula, vigg och tak. De hjdlpmedel som i huvudsak
nyttjas &r gruvkartor, mattband och en kompass med
inklinometerndl. De huvudnivder som har karterats &r
230m, 275m, 320m, 370m, 420m, 509m, 610m. Alltsa sju
till antalet. Karteringarna renritas pa& horisontella
kartor fér arkivering tillsammans med vertikaler om
33m intervall. Det &r framf®drallt dessa vertikaler
som &r grundmaterial vid den teoretiska analysen.

Ett problem dr de omrdden ddr orten har rasat igen

sd partierna bakom ej lingre dr atkomliga.
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Detta medfdr att man inte far nagra karterade hdndel-
ser att bygga en analys pd i dessa vertikalprojek-
tioner, trots att det kanske har forekommit en hel
del problem hér.

Den teoretiska analysen dr framforallt baserad pa

ett 600 meters intervall i horisontalplanet ( mellan
Y1800 - 2400 i gruvans koordlnatsystem) och 300

meter i vertikalplanet. Det &r inom detta parti som
flest observationer har dokumenterats.

TVA VALDOKUMENTERADE FALL

P& foljande sida visas ett parti av niva 230m, Y2000-
2235. P& denna nivd fanns en rundslinga f8r tdg som
anvidndes till uttransport av malmprodukter. H&r
matades &@ven gruvan med tryckluft och fadrskvatten.
Norra delen av gruvan har sin central for starkstrom
placerad hdr och oljedep%n for uppvarmnlng av till-
luft &r placerad nagot sdder ut. Frédn 1987 finns tva
meddelanden skrivna som behandlar pelarspetsen och
dess behov av forstarknlng Detta uppmarksammades
redan Maj-1986 men atgdrdades ej di. omrddet instru-
menterades dock med fem distometerlinor som har
midtts sedan dess. Se foljande kurvor.

230m:Distometer
Linje 1 — 3

80

0 0.8 0,4 0,6 0,8 7 1.8 1.4 1.8
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230m:Distometer
Linje 4 - &
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Utfdrda forstdrkningar bestod av kabel, bult och
sprutbetong. Hdsten 1989 var omradet aterigen
instabilt. Uppsprickning i tak och anfang upptréddde
och nya insatser erfordrades. Kabelbult i tak, rund-
gjutning av pelarspetsen och ett formgjutet stdd,
3x3m, fradn sula till tak ddr spadnnvidden var som
stdrst. Denna insats var ekonomiskt forsvarbar om
orten stod i ytterligare ett Ar. Vid ett ras i orten
kan ej tdgen lidngre passera utan madste kdra pendel.
Denna merkostnad/ar motsvarade Kostnaden av forstark-
ningen. Samtidigt sd& utdkades mdtinsatsen med ytter-
ligare 8 distometerlinor. Hdsten - vintern 1990
stidngdes orten av foér all trafik och tdgen kor idag
pendel. Deformationer av mindre storlek upptrddde
bakom sjdlva rasomrddet, en effekt ev de fordndrade
innspidnningsférhdllandena. Se fdljande sida. Berget
bdrjade reagera samtidigt med att en skiva var
fdrdigbruten. De bergmekaniska mdtningarna fortsat-
ter sd linge omrd&det dr tillgdngligt fdr gangtrafik.
Fall nummer tva; KP55, pumpstationen for radonvatten.
Denna anlidggning var placerad pd ca 520m niva ndra
malmen. 1985 uppmidrksammades detta ndrmare. I mars
installerades fem distometerlinor i vdg 17. Se
kartan pd fdljande sida. Vid analys av dessa kurvor

kan man se d& skiva efter skiva &dr utbruten. I dagarna

bréts en pallmodul fdrdigt under stationen och om-
rddet har reagerat kraftigt under denna period.
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KP55:V17 : Distometer

ILinfs 1 - &

60

60 -

40 -

(/] 0,8 0,4 0,6 0.8 17 1,8 1.4 1,68 1,8
(Tusenial)
Antal dogoer
et +  LinjeR o Linjsd A Linjod X Linjes

KP55:Basstng : Distometer

Linjo 1 — 3

o 0,2 0.4 0,6 0,8 7 1.8 1.4 7.8 1.8

n Linfo? -2 + Linje2-~3
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SLANTSTABILITET I TEORI

Vid sammanst&dllningen av karterade hdndelser kunde
man urskilja ett samband mellan dem. Med blicken mot
framtiden sd gidller det att faststdlla vilken typ av
brott man har.Idag sdrskiljer man tre olika fall av
instabilitet i sl&nter. Tvd av dessa &r styrda av
strukturer, den tredje av gravitativa krafter till-
sammans med bergets hdllfasthet.

é/m/a - AV‘?’é’f)Sf‘)/'ﬂﬁyth

Bild.2: Plant brott

For att detta brott skall uppstd behdvs dels en
glidyta som stryker i det ndrmaste parallellt med
sldnten samt har en stupning som &r flackare &n slan-
tens. Dock mdste stupningen av brottplanet vara
brantare dn friktionsvinkeln. Brottplanet médste &ven
ha n3gon form av begridnsningsyta som stryker vinkel-
rdtt mot det sd& att glidning verkligen kan inn-
trdffa. For att detta brott skall upptrdda bdr berg-
massan antingen utgdras av en lagrad bergart eller
genomskdras av en stdrre svaghetszon typ foérkastning
eller uthdllig spricka med mycket 13g hdllfasthet.

Bild.3: Kilformat brott



Brottyp nummer tva &r ett kilformat brott. Till
skillnad frén fdregdende brott sd dr férutsdttningen
hdr att tvd svaghetsplan skdr varandra och samtidigt
"vetter" mot dagen. Mellan dessa tva plan bildas en
kil som kan bdrja rdra pad sig d& tdn fril&ggs. Da
glider kilen utefter skdrningslinjen. Ett sadant
brott har &gt rum i Kiirunavaara f8r ndgra ar sedan
vid Y 27. Denna typ dr betydligt vanligare &n det
foregdende. Den brottmekanism som upptréddde i
liggvdggen saknade tva fdrutsidttningar: inga svag-
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hetsplan i anslutning till brotten under jord, brotten

kunde inte fdrbindas med en linje. Det aterstar bara
den tredje typen:

A iy

i

Bild.4: Cirkuldrt brott

Denna brottyp utvecklas i regel i 18sa massor sdsom
jord och sand. Men om man betraktar ett stort parti
uppsprucken bergmassa kan detta liknas vid en sand.

I ett sddant material utbildar sig ej brottet ldngs
fysiskt befintliga svaghetsplan utan det &r material-
parametrarna som styr. Dessa parametrar d4r:
densiteten, kohesionen och friktionsvinkeln. Ingen
utav dessa parametrar dr ldtta att bestdmma for en
uppsprucken bergmassa.

Z‘,:C fd/ar)7

=

clang, (
Aﬁﬁ:ji:::;d/mwQ ¢f(iii; if

o

Qv

Bild.5: Skjuvspidnningens beroende av kohesion,
normalspinning och friktionsvinkel.

D& man betraktar ovanstdende diagram upptidcker man
att kohesionen tillsammans med friktionsvinkeln i
materialet dr av vidsentlig betydelse.
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Bild.6:Teoretisk analys av cirkuldrt brott.

Rent analytiskt kan sldnten delas upp pd fdljande
vis: om man k&nner friktionsvinkeln och kohesionen
kan man dela upp sldnten i flera skivor med en
enhetsbredd och utfdra en jamviktskalkyl av de in-
gdende krafterna. D& 712 Overskrider materialets
skjuvhdllfasthet 7. Detta rent analytiska fdrfarande
nyttjas i regel inom geoteknik d& man analyserar
jordmassor.

TILLAMPNING PA KIIRUNAVAARAS LIGGVAGG

I "Rock Slope Engineering" by Hoek & Bray visar de
pad empiriska modeller fér att l1l&sa s&dana hdr problem.
For dessa modeller krdvs en del ingdngsparametrar.

Materialparametrar

De parametrar som sdks &dr friktionsvinkeln ¢,
kohesionen ¢, och slédntvinkeln. Grundvattenf®drhil-
landena méste ocksd specifiseras.

Analyser som har gjorts av hdngvdggen i Kiruna och
Malmberget har gett friktionsvinkeln ¢=30° i bagge
fallen. Allts3 har jag for detta fallet ansatt ¢=30°
Bilden p& fdljande sida dr en generell skiss av
malmen och dess omgivningar. Malmen &r ej s& Jjédmn i
tjocklek och malmgridnsen &r ej heller si rak. Men
det vi s&ker i det hidr skedet &dr sldntvinkeln. Det
som ligger ndrmast till hands &dr att vdlja malm-
grdnsen, men dd bortser man frdn de rasmassor som
ligger ovanpa och i sin tur har en specifik vikt.
Se bild 6. Detta medfdr att jag primdrt ansdtter
slantvinkeln till 90°.

Grundvattenférhdllandena: i Kiirunavaara ansédtter
jag att omrddet vi behandlar &r helt drédnerat, dvs
grundvattennivédn ligger under och utanfér de
instabila omraddena. Om s& inte vore fallet skulle
ortarna vara Behdva drédneras men de dr 1 princip
torra. Kohesionen c dr okénd.
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Bild.7: Tvidrsnitt genom Kiirunavaara
Tillampning av Hoek & Bray

P4 fdljande sida finns de tvd diagram som jag har
anvant for analysen.

Vid cirkuldra brott sdker man fram cirkelns centrum.
Det Bversta diagrammet ger detta. Vi gdr in med
slintvinkeln 90° och friktionsvinkeln ¢=30° och far
fram centrum uttryckt i slanthOJd Sldnthéjden har
ansatts till brytnlngsnlvén minus dagytan. Dennra
cirkelsektor ritas in p& vertikalen. Da den ej &ver
ensstimde med de observationer som gjorts gick man
vidare till diagram nummer tva.

D& sikerhetsfaktorn F=1 #r slénten pa gransen till
brott. Detta ger inngdngsvdrdet. Man gdr in med
virdet dir den korsar kurvan foér sléntvinkeln, gar
ner vertikalt och kan dir rdkna fram ett védrde foér
kohesionen. DA cirkeln for slintvinkeln 90° ej
passade ansdtter man hdr ett nytt varde for kohe-
sionen och f&r ut ett nytt virde pa sldntvinkeln.
Detta ger i sin tur ett nytt centrum. P4 detta sitt
kan man sdka en kohesion fér omrddet. D& man gar
frdn norr till sdder lings gruvan maste man ansdtta
olika virden p& kohesionen fér att f& cirklarna att
stdmma. Har berget en varierande kohesion eller ar
det midngden rasmassor relativt fast berg i slanten
som spelar in. Man kan alltsd tdnka sig att variera
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densiteten f&r att fi ett relativt medelvédrde pa det
material som finns inom cirkeln. Om vi ser pd hori-
sontalaxeln p& det nedre diagrammet kan man vdlja
mellan att korrigera densiteten eller kohesionen.
Dessa ir linjirt beroende av varandra och paverkar
utfallet pd ett likartat sdtt. Jag har valt att
variera kohesionen eftersom jag kan koppla denna
till bergmassans kvalitet inom de olika omrédena.
Men detta &#r en subjektiv bedémning eftersom det
inte finns nigra virden kopplade till den varierande
bergkvaliten.

15 c=234 ML
2. ¢ 1.5 H2
3: C= to "ﬁ'

Bild.8: Slintvinkeln hdlls konstant, c fdrdndras

Bild.9: Slintvinkeln fdrindras, c halls konstant.
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Tabell dver erhdllna kohesionsvidrden inom olika
partier i gruvan.

- Y2000 Litet underl.=1,5 MPa

Y2000 - Y2300 1,5 MPa

Y2300 - Y2450 1,15 MPa

Y2450 - 3000 1,5 MPa

Y 3000 - 1,5 - 2,4 MPa

D& gruvan &r genomgdngen och man har funnit olika
kohesioner for de olika omradena aterstidr det fort-
farande en del mindre deformationerutanfdr dessa.

Om man fran tédn mellan cirkeln och sl&dntbotten drar
en linje upp till den punkt ddr cirkeln skdr dagytan
fdr man en ny fiktiv sldnt. Om denna analyseras pa
samma sidtt som tidigare fAr men en ny cirkel som
passar in dven for dessa fenomen. Dessa tva skilda
cirklar kallar vi f6r den primdra och sekunddra. Ut-
efter den primdra intrdffar det utfall och uppsprick-
ning omedelbart. Utefter den sekunddra ddremot
intrdffar ingenting till att bdrja med. Men alltef-
tersom gruvan avsinks sd fortsitter férloppet. Da
kan de sekunddra cirklarna foérenas allteftersom och
paverka berget om och om igen. Efter ett antal upp-
repade paverkningar sd gdr det till slut i brott.

Vi skall anknyta till de tvd fall som snabbt skis-
sades upp i bdrjan . Pumpstationen, KP 55, represen-
terar hdr det primdra forloppet. De bergmekaniska
reaktionerna upptrader omedelbart och i stor skala
som det inte gdr att 4tgdrda. P4 fdljande tvad sidor
dr de vertikalprojektioner kopierade mellan villka
pumpstationen dr placerad. Omrddet &r markerat med
den streckade rutan.

Spdrorten pd 230m representerar i sin tur det sekun-
ddra foérloppet. Instabilitetsproblemet &kar succe-
ivt under en l&ngre tidsperiod och man forsdker for-
ldnga livstiden pa& dessa med erforderliga férstdrk-
ningar.

SUMMARY

The Kiruna iron ore body in northern Sweden is mined by sublevel caving
and stoping. An evaluation of the foot wall stability is now being carried
out, mostly based on observations from 1985 and recent surveying and
monitoring on different levels of the mine.

Investigations and theoretical evaluations explain why instabilities occur in
a transport tunnel, which has to be partly closed as a consequence of large
deformations in connection with the mining cycle.
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RAS, GIDBOLE VATTENKRAFTVERKS UTLOPPSTUNNEL

Failure in the tailrace tunnel of the Gidbdle hydropower station

Geolog Rolf Hultman, VBB VIAK AB

INLEDNING

Gidbole kraftverk, som firdigstilldes 1985, ér beléget i Gideilven ca 1 mil

uppstréoms dlvens utlopp i Bottenhavet. Anléiggningen som &gs av Graninge-
verken AB utnyttjar 30 m fallhéjd och har en installerad effekt pd 12 MW,

Utloppstunneln som har en teoretisk area av 40 m? ir drygt 2 550 m.

1991-03-13 intriffade ett ras i utloppstunneln. Raset upptiicktes genom att
en krater utbildades i ovanforliggande jordlager. Kraterhilets diameter
okade successivt upp till ca 15 m. Kanten av halet gick lings en garage-
uppfart till ett boningshus med garaget i killaren beliget ca 25 m 6ster
om halets centrum. Ytterligare ett boningshus ligger ca 30 m nord-norddst
om kratern, se foto 1 och figur 1.

Foto 1 Vy 6ver rasomradet

View of the failure area
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Figur 1 Plan, rasomrade

Failure area

GEOLOGISK- OCH GEOTEKNISK UNDERSOKNING
AV RASOMRADET

Forberedande arbeten

Efter upptéickten av hilet i markytan spirrades omridet av och de boende
i de tva nirliggande fastigheterna Gidbéle 1:10 samt Gidbole 1:29 evakue-
rades. Samtidigt paborjades en geoteknisk undersokning med syfte att
kartligga jordlager, grundvattennivier, bergnivaer etc kring rasomridet.
Vidare gjordes forberedelser for att snarast installera sittar i tunnelutlop-
pet for att dirifran linspumpa tunneln.

Fastigheten Gidbole 1:10 1ag i néira anslutning till tunneln och rashilet,
vilket medforde att man inte kunde utesluta risken for sittningar eller
glidningar om rashélet skulle vidgas. For att registrera eventuella rorelser
i jord och berg under och bredvid fastigheten installerades brottsindikato-
rer samt inklinometerror. Vidare gots fyra stilkirnepelare fast i berget,



se figur 2. Dessa skulle senare kunna ingi i en gjuten stddmur, om
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rorelser noterades under reparationsarbetena. Dessutom sattes 2 métdubb

pA ostra respektive vistra murviiggen pa fastigheten Gidbdle 1:10.

Nitro Consult utférde bade for- och efterbesiktning av de bida fastigheter-

na.
A 1120 —]--
* INCLINOMETERROR L= 20m
BROTTINGIKATOR L= 20m
FASTIGHET
IGIDBGLE STALKARNE PELARE
1:29 «/c3ImLls2Sm
' mo 65.0 g
. /S S
anommmn.-z;‘-{——/o// A 4
NKLINOMETERROR L= 20m ,? /
A1080 + pess
KRATER /
617
i / +60.9
4
/S S
/ //
/ 2605
/ J% /
j‘ '

Figur 2 Lige av instrumentering och forstirkning for

fastighet.

Location of movement indicators and steel core

pillars.

Geotekniska undersgkningar

Geotekniska undersokningar utfordes i niirheten av fastigheten Gidbole
1:10 samt runt rashdlet, se figur 1. Filtarbetet omfattade:

- Okuliirbesiktning av omradet

- Jord-bergsondering

Slagsondering

Viktsondering
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- Provtagning med skruvborr och med kolvprovtagare

- Kontroll av grundvattennivier i slitsade PVC-ror nedforda i sonde-
ringshil samt i 40 mm perforerade jirnror nedférda i morédnlagret
som overlagrar berget

. Vingborrning
- Vid undersékningen anviindes Geotech 604D borrvagn

- Avvigning och inmiitning av borrhal, byggnader, terringdetaljer etc
har utforts av Graningeverken AB. Anviint hijdsystem ir RAK 1970.

Kiérnborrning

For bestimning av bergkvaliten och lokalisering av rasets utbredning
borrades sex kidrnborrhal inifrin tunneln samt tva kirnborrhal frin
markytan,

Geologiska forhillanden

Rasomréadet dr beldget vid foten av en skogsbevuxen och moriintiickt
bergsluttning, som lutar mot vister. Direfter dir markytan, som bestar av
dkermark, relativt flack visterut mot Gideilven.

Boningshuset Gidbéle 1:10 ligger i sliinten, ca 4 m hiogre #n rashalet.
Borrningarna visar att bergytan som stupar mot vister ligger néstan
horisontellt under sjilva fastigheten varefter den faller brant (ca 45°) till
en ca 17 m ligre nivd under den flacka dkermarken.

Undersokningarna visade att tunnelns bergtickning var ca 20 m som over-
lagrades av moriin samt lerig silt med totala miktigheter av ca 15 m, dvs
hélets totala djup var ca 35 m, se figur 3.

Enligt den av Sveriges Geologiska Undersékning, SGU, framstillda
berggrundskartan framgar att berggrunden bestar av gammal sedimentir
gnejs med granitinblandning (migmatisering). Vidare forekommer diabas
som troligen ligger som en "flackt stupande kaka" (5-30°) mot ost.

Berget har fran sitt bildande varit utsatt for kemisk och termal vittring.
Vittringen har gatt djupare i svaghetszoner ofta i samband med rorelser,
speciellt i kontaktzoner mellan tva bergarter, och d4 limnat vad man kan
kalla vittringsrotter efter att det vittrade ytberget skrapats bort av in-
landsisen.

Kirnborrningen visade att svaghetszoner, upp till 6 m breda, med breccie-
rat, leromvandlat och vittrat berg forekom i en i vrigt relativt frisk och
kompetent bergmassa bestdende av diabas med mindre inblandning av
gnejs.
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Figur 3 Geologisk sektion
Geological section
Bergforhallanden utlo nnel
Tunneln kan uppdelas i tre avsnitt med olika bergtekniska forhallanden:
- ca 480 m av tunnelns uppstromsdel gir i diabas, olivindiabas

- en ca 50 m bred kontaktzon mellan diabas och gnejs
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- resterande tunnelstricka, ca 2 000 m, ir i huvudsak utspringd i en
gnejsbergart med granitinblandningar.

Kontaktzonen mellan diabas och gnejs diir raset intriffade kiinnetecknas
av att svaghetszoner med kraftigt vittrat och omvandlat berg genomsitter
bergmassan. Dessa kan vara fran nigon decimeter upp till 4 3 6 m breda.
Materialet i zonerna ér bitvis kraftigt breccierat, vilket tyder pa en
rorelsezon. Delar av det omvandlade materialet édr kraftigt slakingbeniiget,
vilket medfor att det dr mycket erosionskinsligt i samband med vatten-
stromning. Aven viil cementerat och konsoliderat breccierat material
forekommer. Forutom det omvandlade materialet finns stérre och mindre
block med kompetent diabas och gnejs i svaghetszonerna. Mellanliggande
berg utgors i huvudsak av en blockig diabas av samma karaktir som i
uppstromsdelen med inblandning av gnejs.

Raset intréiffade i den bredaste och mest markanta av de breccierade
zonerna vilken gar tviirs tunneln mellan sektionerna 0/525 och 0/530.
Rorelsezonen gar i niira nord-sydlig riktning och stupar brant.

En svaghetszon med material av samma karaktér patréiffades i tillfarts-
tunneln till kraftstationen. Ett parti pa ca 3 x 2 m av sprutbetongen hade
fallit ut pa vinster vigg och frilagt det breccierade och leromvandlade
materialet. Hela zonen med uppkrossat och breccierat berg samt mellan-
liggande parti med kompetent berg bedémdes ha en bredd av ca 30 m.

P& hoger sida vid tillfartstunnelns portal ir berget blottat pa en ca 7 m
lang stricka. Berget iir dven hir av liknande kvalitet som i den ovan
beskrivna zonen. Dessa tre observationer ligger i ett nord-sydligt plan.
Ytterligare ca 500 m NNO patriiffas en bergblottning liings en skogsvig
med liknande bergforhallanden. Detta tyder pé att zonen i vilken raset
intriffat dr en relativt bred och kontinuerlig rérelsezon i den nigot
diffusa kontakten mellan gnejsen och den intrusiva diabasen.

FORSTARKNINGS- OCH REPARATIONSARBETEN
Rasomridet

Rashdlet hade en diameter av ca 12 m i markytan och var igensatt med
Jjordmassor fran ca 7 m djup. Linspumpning av tunneln skedde forst dver
sidttarna i tunnelutloppet. Nir vatten med ett djup av 3 m aterstod upp-
stroms raset fungerade rasmassorna som en damm varvid kvarvarande
vatten fick pumpas ut genom tillfartstunneln. Samtidigt med detta rasade
ytterligare jordmassor i rashilets viggar vilket 6kade hildiametern med
nigra meter i ytan, samtidigt som huvuddelen av l6smassorna rasade ut i
tunneln varvid ett mindre éppet hil bildades.

Viiggarna i hilet lutade mycket brant i de losa jordlagren, 50-70°, varfor
nya ras befarades speciellt som tjilen bérjade g ur marken. For att
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forhindra nya jordmassor att rasa ner bestiimdes att hélet i bergavsnittet,
nira 20 m, skulle plomberas med betong, vilket utfordes enligt féljande:

Rashilet fylldes forst med ca 150 m® tunnelberg, vilket tjéinstgjorde som
"form" for gjutningen. Sju armeringskorgar, vardera bestdende av fem
armeringsjirn ¢ 25 mm, 1 = 5 m, férdes ner och placerades pa det fyllda
berget. Dessutom kompletterades armeringen med 10,5 m linga kam_]arn
Efterfoljande gjutning (med halvflyt) pagick kontinuerligt utom for nigra
timmars uppehall pa natten di ytterligare 3 4 4 m linga ¢ 20 mm jirn
slipptes ner. Gjutningen avslutades ca 1,5 m 6ver bergytan och utfor-
mades som en champagnekork som armerades kraftigt. Till gjutningen
atgick 565 m® betong.

Efter att rashilet fyllts med betong installerades en exstensiometer, som
gjorts fast i betongen i ett kiirnborrhal, innan rasmassorna i tunneln
schaktades bort for att kontrollera eventuella rorelser av betongproppen.

Efter ca 1 vecka fylldes resterande hil ovan betongen med grusig sand,

1 150 m®, som tiicktes med 1 m moriin- och matjord. For att avlasta
eventuella vattentryck placerades ett PVC-ror, ¢ 315 mm, genom fyllning-
en till markytan ur vilket lingspumpning kunde ske.

Inifran tunneln forstirktes viggar och tak fran sektion 0/500, dvs 25 m
uppstréms om raset, med systematisk bultning ¢/c 1,5 m, ¢ 25 mm, lingd
4 m. Ca 7 m fran hilet 6kades bultlingden till 10 m.

Vidare applicerades sprutbetong, i huvudsak fiberarmerad, i tak och pa
viiggar, samt 5 st fiberarmerade sprutbetongbigar. Bigarna med en bredd
av 2 m, min tjocklek av 15 cm tiickte 2 bultrader diir 0,5 m av bulten
stack ut och bockades in i bagen.

Rasmassorna schaktades direfter ut och fiberarmerad sprutbetong
applicerades pa viiggar och tak ca 10 m nedstréms raset. Raskanterna
forstirktes ytterliggare genom att en sprutbetongbige, t = 30 cm, utfordes
niirmast nedstroms halet samtidigt som iiven uppstromsbigen okades pa
till 30 cm tjocklek.

Undersidan av den fran markytan gjutna betongproppen samt viiggar i
rashalet rensades frin 16st material genom vattenspolning med hogt tryck
(10-12 kg/cm?). Diirefter stabiliserades ytorna med sprutbetong.

Under och pa émse sidor om rashélet utfordes en 19 m ling armerad
betonginkléidnad. Forst gots bottenplattan, med ordentliga fortagningar
for viiggarna, som direfter gots till anfang, varefter taksektionen gots in
med hjilp av en 4 m ling 'stalform som flyttades successivt. Betonginklid-
naden gavs en min tjocklek av 0,5 m. Partierna uppstréms om och ned-
stroms om betonginklidnaden "kilades" av med sprutbetong for att astad-
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komma en jdmn Gverging och ddrmed forhindra fallférlust pa grund av
areaminskningen av tunneln frin 40 m? till inkléidnadssektionens 28 m?,
se figur 4.
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Figur 4 Betonginklddnad av tunneln
Concrete lining of the tunnel
Den hélighet som blev kvar mellan betonginkléidnaden och ovanférliggan-

de betongpropp fylldes med betong som pumpades upp inifrin tunneln,
varefter kontakten mellan de tva betongpropparna injekterades.

I det sprutbetongforstirkta partiet uppstroms betonginklddnaden borra-
des slutligen drinagehal i taket med ett ¢/c-avstind av ca 5 m.
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MATERIALPROVNINGAR

Prover av sprutbetongen togs kontinuerligt och undersoktes med avseende
pa tryckhallfasthet.

For att undersika befintlig och nyapplicerad sprutbetongs kvalitet,
tjocklek samt om mdjligt bedoma bakomliggande bergkvalitet borrades ett
antal kiirnor ut.

Lerprover togs i rasomradet for bedomning av lerans svillningsegenska-
per. /

Mikroskopering av tunnslip frin borrkirnor har utforts for bestdmning av
bergets mineralsammanséttning.

ORSAK TILL TUNNELRASET

Det har konstaterats att viggar och tak i rassektionen var forstirkta med
sprutbetong som armerats med glodgat nét # 150 mm ¢ 4 mm. I en kvad-
ratmeter stor sprutbetongkaka, som fanns i rasmassorna, syntes gamla
sprickbildningar samt att huvuddelen av den trasiga armeringen hade
dragits av.

Sviillande lera pétriiffades i den breccierade, leromvandlade och vittrade
bergmassan. Ett troligt forlopp ir att svilleran kommit i kontakt med
tunnelvattnet och expanderat, varvid sprutbetongforstirkningen deforme-
rats. Erosion av det bitvis leromvandlade berget skedde diirefter och at sig
uppat. Svillningen i befintliga lerslag fr sin storsta effekt efter ett par ar
vilket gjort att erosionen dkat successivt. I det breccierade berget finns
inbakade storre kompetenta block som vid pagiende erosion tappar sin
inspiinning och faller eller hasar ner och knicker sprutbetongforstirk-
ningen. Detta kan vara upphovet till de dragbrott, som noterats pi arme-
ringen i den nedrasade betongkakan.

Erosionen bedéms ha pagatt en lang tid och utbildat relativt stora
kaviteter i berget ovan betongsprutningen, innan denna slutligen knickts,
varvid éverliggande 16sa jordmassor foljde med och hélet till markytan
bildades.

SUMMARY

A failure in the tailrace tunnel of the Gidbile hydropower station occurred
on March 13th, 1991.

The tunnel is some 2 550 m long with a theoretical area of 40 m?,
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The failure, about 525 m downstream of the turbines, was first noted as a
circular hole in the ground surface.

The hole was about 36 m deep penetrating through 16 m of moraine-
/clayey silt and 20 m of rock.

The diameter of the crater was 15 m at the surface and 5 m in length in
the tunnelroof. A villa was located 17 m from the edge of the crater. After
investigations regarding the elevation of the rock surface and conditions of
the soilstrata, the house was secured by means of steel core pillars.

Additional core drilling was carried out both from the surface and from
the tunnel, in order to investigate the rock conditions as well as the extent
of the failure. Movements indicators were also installed in order to
monitor any movements that might occur during the repair works.

After the tunnel had been pumped out it was seen that rock and soil
material blocked the entire tunnelsection.

Strengthening of the tunnel (by means of rockbolts and shotcrete) started
25 m upstream of the failure. Before the material was mucked out the hole
was filled from the surface with concrete approximately up to the rock
surface.

The final strengthening consisted of a 19 m long concrete lining with a
minimum thickness of 0.5 m. Shotcrete was applied both uppstream and
downstream of the lining in order to get a smooth transition to minimize
the friction losses.

The failure occurred within an approximately 50 m wide disturbed contact
zone between diabase and gneiss. The zone also had several shear zones of
varying width. The failure occurred in one of those shear zones with a
width of 5 m. The rock consisted of a brecciated, heavily weathered rock
containing swelling clay minerals as well as some large competent
boulders.

The collapse has probably occurred due to expansion of the swelling clay
which has damage the original shotcrete reinforcement. The erosion of the
material has then increased creating cavities above the reinforced tunnel-
roof causing larger more competent boulders to fall down and damage the
shotcrete until the total collapse occurred.
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THE MECHANICAL BEHAVIOUR OF A SINGLE GROUTED BOLT

Den ingjutna bultens last-deformationssamband

Mats Holmberg, Skanska Teknik AB, Stockholm

ABSTRACT: Analytical solutions for the load-deformation behaviour of a
grouted rock bolt where it intersect a joint has been derived. Governed by yield
strength criteria for bolt, grout and rock, the axial and lateral (dowel) bolt load
components are evaluated. By using failure criteria for the bolt the maximum
resistance and maximum deformation are determined. The validity of the of the
theory has been confirmed by comparing with experimental testing reported in
literature.

1 INTRODUCTION

Untensioned grouted bolts are frequently used as support measures to stabilize
rock masses around rock openings. The Scandinavian experience from using
grouted bolts is good and they are recommended almost without exception for
every type of rock condition.

The reinforcing effect from systematic rock bolting can be treated theoretically by
applying ground reaction curve theories, see Stille et al (1989). However, as a
result of the assumptions, the solutions will only show the "mean performance"
for both rock mass behaviour and the bolt performance. Individual bolts in the
systematic pattern will, however, deviate from the mean behaviour, see e.g.
Bjornfot & Stephansson (1984) and Freeman (1978). This is due to local
variations such as rock quality, joint geometry, stress conditions, bolt angles etc.
Hence the grouted rock bolt will be subjected to load situations which generate
both axial and lateral forces in the bolt, see figure 1.

Figure 1. A bolted rock joint.
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The purpose of this study has been to develop theories concerning the behaviour
of a singleuntensioned grouted bolt and also to establish a base for practical
design rules. The performance of the bolt is investigated where it intersects a rock
joint and a theoretical relation between bolt resistance and deformation is derived.
Governed by yield strength criteria for bolt, grout and rock, the axial and lateral
(dowel) bolt load components are evaluated. By using failure criteria for the bolt
the maximum resistance and maximum deformation are determined.

The validity of the of the theory has been confirmed by comparing with
experimental testing reported by Spang & Egger (1990) and Schubert (1984).

The detailed derivation of the following theory can be found in Holmberg (1991).
2 BASIC MECHANISMS REGARDING A SINGLE GROUTED BOLT

From a review of the literature and based on practical observations, the interaction
between the grouted bolt and the rock mass can in principle be described as in
figure 2. There are two different types of bolt behaviour described. The first
behaviour results in the bolt being more or less cut off in the vicinity of the joint
intersection. This occurs after a relatively small lateral deformation (perpendicular
to the bolt) and is most closely related to a shear failure. This type of failure is
given the designation, "Failure lateral load" and was observed for example by
Bjurstrom (1974) in experimental shear tests on grouted bolts in hard rock
conditions.

ELASTIC CONDITIONS

J

— 1

ELASTIC BOLT
YIELDING SUBGRADE

A—

YIELDING BOLT
YIELDING SUBGRADE

|

ULTIMATE CONDITIONS
YIELDING BOLT
YIELDING SUBGRADE
YIELDING GROUT

|
FAILURE FAILURE
AXIAL LOAD STRAIN

Figure 2. Description showing principle of grouted rock bolt performance.

FAILURE
LATERAL LOAD

The second type of behaviour has the result that the bolt after some deformation
adopts a shape similar to that of a crank handle. This is most often preceded by
yield in rock and grout which increases in extent as the bolt is subjected to
additional deformation. The deformed length of the bolt and thus the size of the
crank may however vary. This performance of the bolt gives a type of failure
which corresponds most closely to a failure due to extension strain. This
behaviour has for example been observed by Spang & Egger (1990) and Schubert
(1984) in experimental shear tests on grouted bolts in weaker types of rock.
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All the possible yield combinations has not been considered in the analysis. For
exemple it was shown by Holmberg (1991) that a load situation where yield first
appears in the bolt has little significance in practice. It is also assumed that the
grout is of such a good quality that a high axial bolt load does not initiate yield in
the grout in any of the load situations occurring before the "ultimate conditions".

3 BASIC EQUATIONS FOR THE STEEL BOLT

3.1 Elastic conditions

The static strength of the steel bolt is determined by some basic and well-known
equations. For axial bolt loads the bolt will be elastic at the joint intersection as
long as the following expression is satisfied

Ti<Tty (D

where Tt is the axial load acting on the bolt. The axial load corresponding to the
yield strength, Tty, is given by

Ty =0, 14 )

where d is the bolt diameter and Oy is the yield strength. A laterally loaded bolt is,
according to the maximum shear stress theory, in elastic conditions if the
following expression is satisfied

2T < T[y 3)

where Tg is the lateral load acting on the bolt at the joint intersection. This
equation may be written as

2
td Oy

. )

T <

3.2 Yield criteria

For a combination of axial load and bending moment, yield conditions in a
position on the bolt can be determined by the following expression

H_:FJ' [M%] = 5)

where Tty is the axial load in a position on the bolt given by the distance, x, Mz is
the bending moment in the same position and Mp] is the plastic moment. The
plastic moment for a bolt with a fully plasticized cross section can be obtained
from

3
Mp = 170,58 6)

The influence of lateral loading on the magnitude of the maximum moment is
disregarded in the analysis.
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3.3 Failure criteria

Both the axial and lateral loads will be at their maximum at the joint intersection.
This implies that when yield develops, only a narrow patt of the bolt will be
affected and a small additional, and in practice negligible, deformation will then
be required to develop the failure strain. The yield criterion for a combination of
axial and lateral load is therefore regarded as a failure criterion. This may be
written as

2
T,
[Tty

2T12 4
Tty] ™

In the above equation the yield strength for lateral load is determined according to
the maximum shear stress theory. This type of failure is expected to appear in
"hard" rock conditions.

For the ultimate conditions, see figure 2, independent expressions are used when

the axial bolt load, T¢, and the extension strain, €, are determined. Failure of the
bolt is therefore considered with two other criteria and failure occurs when the
actual strain value or axial bolt load becomes equal to the ultimate values, Ty and

€y. The failure criteria may be written as

& =§, (8)
and

B= T 9)
respectively.

4 BASIC EQUATIONS FOR THE GROUT MATERIAL

Theoretically the interaction between the bolt, grout and rock appear through
bond stresses in the interfaces bolt/grout and grout/rock, see e.g. St. John & Van
dillen (1983).

4.1 Elastic conditions

An expression which determines the axial bolt load as a function of deformation
and elastic bond stress is presented in chapter 8.1.

4.2 Yield conditions

When the bolt is laterally loaded and yield has developed in the grout and rock
mass, the residual strength on the yielding length of the grout may be considered
by

Tres = HPy (10)

where L is the friction factor between bolt and grout and py is the yield strength
of the subgrade (grout and rock mass).
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5 BASIC EQUATIONS FOR ROCK AND SUBGRADE MATERIAL

A grouted bolt subjected to lateral deformation induces a support reaction that
will develop in both the grout material and the rock mass. This mechanical
behaviour is referred to as the subgrade support reaction. To determine the
support reaction a simplification is made here. When the bolt is laterally deformed
it is assumed that the response from the subgrade depends on the mechanical
properties of the rock mass. The influence of the grout material is disregarded.

5.1 Elastic conditions

Based on a discussion of the modulus of subgrade reaction by Terzaghi (1955)
and on properties of rock materials presented by Lama and Vutukuri (1978), a
half-empirical expression can be derived regarding the subgrade support reaction
in elastic conditions. This may be written as

= 3000, (11)

OSy d

where the o is the uniaxial compression strength of the rock, d is the diameter of
the bolt and usy is the lateral deformation in a position along the bolt.

5.2 Yield and residual strength criteria

Yield in the subgrade is initiated where the lateral deformation of the bolt is
largest. This is assumed to occur at the joint intersection. Stress in the subgrade is
given by eq. (11) and a yield criterion may be formulated according to

3000,

1 (12)

Us = Pu

where us is the lateral bolt deformation at the joint intersection.

On the yielding length of the subgrade it is assumed that the residual strength is
constant and equal to the yield strength, py. This is based on the fact that the bolt
crushes into the subgrade when displacement occurs.
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The magnitude of the yield strength can be estimated by considering analogous
load situations in foundation engineering, see e.g. Terzaghi and Peck (1967). If
the bearing resistance of a strip loaded footing or the point resistance of a pile tip
are considered for a cohesion material, the yield strength of the subgrade may be
written as

Pu=0G; (13)

where the n-values are estimated to be between 2-5. The higher values are
expected to be valid for weaker rock conditions. This is due to fact that the
deformed length of the bolt increases and the more the subgrade is involved in the
load situation the more influence confinement will have on the bearing capacity of
the subgrade. The confinement may come from frictional behaviour of the rock
mass and also from the fact that the bolt diameter is small

6 GEOMETRICAL RELATIONSHIPS

The initial angle between the bolt and the direction of the total deformation, ug,
are defined by the angle, v, see figure 3.

Figure 3. The geometrical conditions in a bolted joint.

The flexural behaviour of the bolt, with respect to the original position, is defined
by the change in slope, @. In a normal load situation when the bolt deforms in the

positive y-direction the slope, ®, by definition has a negative sign. It is therefore
convenient to express the axial deformation as

U = Ugp COS(’Y + (0) (14)

The corresponding lateral deformation is obtained from

us = up sin(y + w) (15)
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7 MECHANICAL INTERACTION BETWEEN A GROUTED BOLT AND
THE JOINT

The influence of the axial and lateral bolt loads on the joint strength is shown in
figure 4.

Figure 4. Forces in a bolted joint.

The angle between the bolt and the joint surface, B, changes as the bolt bends with
deformation. This can be taken into account if B is defined as

B=PBo+w (16)

where By is the initial angle between the bolt and joint surface. The contribution to
the joint shear strength may thus theoretically be written as

To=Ts (sinB-cosB tan(p) + T, (cosl3+sin[3 tan(p) (17)

where @ is the friction angle of the joint. The load-deformation curve of the bolted
joint can be determined by evaluating in eq. (17). The expression assumes that a
negative sign is used on Tt if the bolt is in axial compression.
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8 BASIC EQUATIONS FOR A GROUTED ROCK BOLT SUBJECTED TO
AXIAL AND LATERAL DEFORMATION

8.1 Elastic bolt and elastic subgrade

The mechanical behaviour of the deformed grouted rock bolt in the elastic stage is
assumed to be according to figure 5.

Figure 5. Elastic conditions.

The elastic analysis of the axially loaded bolt follows the works reported by
Farmer (1975) and Aydan et al. (1985). For a glVen value of the deformation the
axial bolt load at the joint intersection can be determined by the following

expression
T, = E1rrboc U (18)
where
k
o= =8 19
En, (19)
In(fh
K= G‘) )+1
Gl 1n (2 (20)
T'h

r{ )(K I) 2n

and E is the modulus of elasticity of the bolt, r} is the radius of the bolt, Gr and
Gg is the shear modulus of rock and grout respectively, rh is the borehole radius
and ry is the radial distance from the bolt where the axial bolt load is negligible.



Regarding the laterally loaded bolt it is'assumed that the mechanical performance
in the elastic conditions can be described by theories regarding elastic beams on
an elastic foundation, see’'e.g. Hetényi (1961). For a given value of the deforma-
tion the lateral load at the joint interséction can be calculated using the following
expression

T, = 2EI

B | (22)
where goen
= 4/4El |

The subgrade will be in an elastic condition as long as the magnitude of lateral
deformation satisfies the following expression obtained from eqs. (12) and (13) as

u; <4 (24)

The mechanical properties of the subgrade and bolt may create the conditions for
failure to occur in the bolt at the joint intersection. By substituting Ts, Tt and Tty
in eq. (7), the following failure criterion, can be derived

2
[EJL u[]z +| Ed? u| =1 - (25)
Oy 41%0}, vt

8.2 Elastic bolt and yielding subgrade

Yield appears in the subgrade when the maximum elastic deformation is exceeded
according to eq. (24). Starting in a position next to the joint surface, yield will
develop with increasing bolt deformation. The mechanical performance of the
bolt is assumed to be according to figure 6.

_‘Ym\
u
uoﬁ t
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1 “r,
l{[ 1
Pu Z"‘

Figure 6. Elastic bolt and yielding subgrade
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The bolt is now subjected to two types of éubgrade reactions. One is a short
portion 0 < x < lp], where the subgrade reaction is constant and independent of

the size of the deformation. Under the other part of the bolt, x > Ip], the subgrade
is elastic. The lateral load on the bolt is given by

pufzilpl (L+2lp) + 2pu§I
T, - A (26)
(10 + lpl)
The expression for lateral deformation at x = 0 becomes
2 2 2
Tslpl 1%) lpl pudlpl ( 2 1pl, Pu
=SB R L B U Py Pu 2
Ug El 101pl + 2 + 3 2E] l()lpl + 10 + 4 + ks 27
The corresponding flexural behaviour of the bolt becomes at x=0
2 2 12
pudlpl 1Olpl 1(2) 1pl Ts l() 1pl
= el B 2sligly P
El \2 "2 6 EIOPT277 (28)

To determine the bolt response and evaluate the load- deformation curve it is
convenient to use mcreasmg values on lpj. This corresponds mechanically to
propagation of yield in the subgrade.

The axial bolt load can be obtained by COmbmmg eq. (18) with eq. (10). By
ignoring the small change that will occur in axial deformation over the length Ip]
the axial bolt load may written as

T, = ppudly + Enra u, (29)

For each value on lp] the bolt yield criterion, eq. (5); and the failure criterion, eq.
(7), must be investigated. The position where the bolt may yield due to a
combination of axial load and bending moment can be satisfied in 0 < x < Ip].
However, the criterion has a flat maximum and it is sufficient to investigate yield
in the position x = lp]. Consequently yield will occur if the following expression
is satisfied

2
Ea 2 2Tslpl - pudlpl _
[Gy u[] +!———2Mp1 =1 | (30)

Bolt failure occurs theoretically at the intersection with the joint when the

following expression is satisfied

8T, _
nd?oy

4“pulpl + Ea & 2

For the special case when the deformation is perpendicular to the bolt the highest
lateral load, dowel force, that may occur can be determined from the following
expression

Ts = 0.58d% Yo,p, (32)

This equation is obtained by rearranging and simplifying in eq. (30).
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Equation (32) is similar to an expression presented by Bjurstrdm (1974) and
exactly the same as presented by Dight (1982), considering the dowel force.
Regarding bolt failure it can be shown that the dowel force as given by eq. (32) is

accurate only if 6y >2.2py,.
8.3 Yielding bolt and yielding subgrade

This load situation appears when yield in the subgrade is succeeded by yield in
the bolt due to a combination of axial load and bending moment.

As the bolt is subjected to additional deformation it is assumed that the bolt
rotates in the yield position x = lp].The axial bolt load will increase and yield in
the bolt will progress from the initial plastic hinge to the joint intersection. The
equations can be found in Holmberg (1991).

9 ULTIMATE YIELD CONDITIONS

This load situation appears after yield has developed in the subgrade and yield in
the bolt has progressed from the initial plastic hinge to the joint intersection. It is
assumed that additional deformation extends the yielding length of the bolt, grout
and subgrade and that the bolt behaves as a perfect plastic material.

9.1 Bolt loads in the ultimate condition

The axial, frictional and normal forces acting on the bolt and in the subgrade are
assumed to appear according to figure 7.

According to a discussion by Thor & Hoglund (1979) a relation between the axial
loads, Tt and Tty, can be determined by assuming that the bolt behaves as a cable.
By summing parallel and perpendicular forces in a small element of the bolt and
assuming that friction is fully mobilized along the element the following
expression can be derived

where @ is the change in angle between Tty and Tt and p is the friction factor
between the bolt and the subgrade.

Thy

Figure 7. Forces on the bolt in ultimate condition.
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9.2 Deformational behaviour in the ultimate condition

The yielding bolt will bend with increasing deformation and the angle between
the forces, Tty and Tt will change. Evaluation of eq. (33) requires that this change
in angle is known.

It has been assumed that the residual strength of the subgrade is constant and as a
result the geometrical shape of the bolt can be described as a parabolic curve. The
mathematical expression can be derived by making the following simplification
regarding the forces, N and F, that act on the bolt, see figure 7. It is assumed that
they are in equilibrium with the subgrade yield strength, py, and that this is sa-
tisfied at each point along the yielding length of the bolt, ly. The following
expression regarding the total deformation at the joint intersection for a bolt
initially perpendicular to the direction of deformation can be derived

_DPd
ug = 2T“[y ly. (34)
The corresponding slope of the bolt at the joint intersection is given by
Pud
w=- T“—ty ly (35)

The slope of the bolt at the joint intersection as given by eq. (35) represents the
difference in angle between the axial loads, Tt acting at x = 0 and Tty at x =ly.

Substituting the angle ® in eq. (33) with eq. (35), gives the following expression

Pudly
T[ = T[y euT_‘y . (36)

There is at present limited knowledge regarding the friction factor, i. For cement
grouted bolts Schubert (1984) used L = 0.18 when comparing his theoretical
analysis with experimental shear tests.

9.3 Straining of the bolt in the ultimate condition

A mean extension of the bolt can be evaluated if the length of the bolt in the
deflected position is known, see figure 8.

Figure 8. Definition of the extension of the bolt.

In mathematical literature, e.g. Ullemar (1972), the curve length of a continuous
function is defined and in this case eq. (4.90) can be used to describe the
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geometrical shape. The following equation which describe the length of a fibre
that goes along the centre of the bolt between x = 0 and x = ly can be obtained

1 pdly? T pudl pudly
L=14/1+(“’] +—L Y+ 1+( Y (37
2 T[y 2pud T[y T[y

By defining the mean extension of the bolt as Al = L - ly the mean extension
strain of the bolt may be written as

pudlyr Ty  (pudly (pucu,,)2 )
= 1+ + 1+——=] |-1
&=/ ( Ty | 2pudly \ Ty =V Ty (38)

9.4 Inclined bolt

Some geometrical aspects on the deflection shape must be considered when the
bolt is not perpendicular to the direction of deformation. The total deformation,
ug, and the yielding length of the bolt, ly, will depend on the change in slope, see
figure 9.

Figure 9. Inclined bolt.

The total deformation may be written as

_— uys:,m(90-a)) (39)
sin(y+)

The total yielding length of the bolt will be extended and the mean extension

strain can be obtained from the following expression as
Al
g =ttlb.y (40)
y

where
g uysin(90-y)

sin(y+m) S
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and L is given by eq. (37). If the geometrical extension of the bolt is regarded in
the expression for axial load the following occurs

pud(1,+Aly)

Te=Tye T, 42)

9.5 Failure of the bolt in the ultimate conditions

Failure of the bolt is considered with two criteria in the ultimate condition. They
refer to bolt load and strain in the bolt and were previously presented in egs. (8)
and (9).

In practice neither the strain nor the friction will be uniformly distributed over the
bolt length, L. Failure of the bolt will most likely occur where for some reason
friction and mechanical interlocking are emphasized and local straining occurs.

10 APPLICATION OF THE THEORIES TO RESULTS FROM
EXPERIMENTAL TESTING

In order to calibrate and compare the present theoretical model with practical
results, two separate experimental testing of grouted bolt performance have been
studied. The tests were both were performed in shear boxes and reported by
Spang & Egger (1990) and Schubert (1984).

10.1 Application of the results given by Spang & Eggger

Based on experimental shear tests, Spang & Egger have developed two empirical
expressions. The maximum bolt contribution to the resistance of the bolted joint is
according to

To = Ty[1.55 + 0.011 6197 sin{B+i)] 6214 (0.85 + 0.45tan¢p) (43)

The corresponding shear displacement is given by

[{
up=d(15.2 - 5526014 + 56.20‘50'28)(1- (E == ﬂ) (44)

Gc A cosf

Equations (44) and (34) are evaluated here in order to empirically determine the
factor, n, in eq. (13). This will establish a relation between the bearing capacity of

the subgrade, py, and the uniaxial compression strength of the rock, 6¢. The
maximum deformation in the present theory is calculated by first introducing the

ultimate strain value of the bolts, €y, in eq. (38) and then determining the yielding
length, ly, which is then used in eq. (34). In this way the factor, n, is estimated
with mean values to obtain the best possible agreement between eq. (44) and the
present theory, eq. (34), for different rock strength values. The bolts are initially
perpendicular to the direction of the deformation and the mechanical properties of
the bolts are taken from Spang & Egger. The suggested n-values as a function of
the rock strength are shown in table 1. It is as previously discussed reasonable that
higher n-values occur for lower values of the rock strength.

A comparison between the maximum theoretical bolt deformation in the present
theory, eq. (39), and the deformation according to Spang & Egger, eq. (44), is
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performed for different bolt inclinations and three different rock conditions. The
calculations are presented in figure 10 in the dimensionless form, ug/d. The initial
inclination values are measured between the bolt and the normal vector to the
direction of deformation.

Wt G=40MPa

g 0 k 110" ' io" TS 0 10° 20° 30°
BOLT INCLINATION BOLT INCLINATION
5 -
Lt 6. =60MPa
o3t ————— Present theory
s e— — — Spang & Egger
2
—_——
—
1} —~
0 O S =3
0 10° 20° 30

BOLT INCLINATION

Figure 10. Dimensionless deformation as a function of the initial bolt inclination
for three different rock conditions.

Table 1. Values of the empirical factor, n.

oc [MPa]
<10
11-15
11-25
26-45
46-70
271

NWhRULAS

The maximum resistance of the bolted joint in the present theory, eqgs. (36) and
(42), are compared with values from the expression presented by Spang & Egger,
eq. (43). The results are shown in figure 11 for three types of rock conditions and
different bolt inclinations.

The friction factor, p, was put at 0.18 and the friction angle, ¢, applied to the joint
was 30°. In the present theory the influence from the rock strength values
considered is very small. In harder rock conditions where shear failure of the bolt
oceurs the resistance determined with the present theory will be lower than what
is shown in figure 11.
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Figure 11. Dimensionless shear resistance as a function of the initial bolt
inclination for three different rock conditions.

10.2 Theoretical and experimental load deformation curves

Calculation results obtained from the present theory are also compared with load-
deformation curves presented by Schubert (1984). The performance of three
different types of bolts is considered in approximately the same rock conditions.
The bolts are initially perpendicular to the direction of deformation and the
mechanical properties regarding the bolts are presented in table 2. Based on data

presented by Schubert the joint friction angle, @, in the calculations, is approxi-
mated to 20° and the friction factor, W, to 0.18. The elastic modulus and the
Poisson ratio of the grout are approximated to 8 GPa and 0.2 respectively. The
borehole diameter is assumed to be twice that of the bolt. The theoretical and
experimental load-deformation curves are shown in figure 12 a-c.

Table 2. Mechanical properties of the grouted bolts.

Bolts d[mm] E[GPa] oy/oy [MPa] &y [%]

figl2a 24 210 610/750 17.9
fig12b 20 210 610/790 19.2
figl12c 18 210 590/730 289

As can be seen in figure 12 the theoretical load-deformation curves are not
continiious. The assumption that the bolt behaves as a cable in the ultimate
condition gives this effect. However, the discontinuous appearance of the
response curve of the bolt is considered acceptable as the influence on the
calculation results is small.

Figure 12 shows that the calculated maximum resistance of the bolted joint and
the corresponding deformation are in good agreement with the measured values.
Regarding the whole load-deformation response from the bolt some deviation
occurs between the theoretical and experimental curves. For equal bolt resistance
(shear force) the general observation is that the theory gives a smaller deformation
compared with the measured.
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Figure 12 a-c. Theoretical load-deformation curves compared with experimental
curves reported by Schubert (1984).

10.3 Conclusions

A good correspondence was established when comparing the present theory with
the experimental testing of grouted rock bolt performance. The conclusion drawn
from this is that the theoretical models derived here give an accurate description
of the actual bolt performance both in elastic and yield conditions. The following

practical applications regarding rock support with grouted rock bolts can be
determined from the theory.

1. The bolt contribution to the shear strength of a bolted joint from dowel action

and axial load can be determined as a function of the deformation for different
load conditions.

2. For given mechanical properties of the bolt and rock mass, the maximum
resistance and maximum deformation of a bolted joint can' be evaluated in
different types of rock conditions.

3. The maximum resistance of the bolted joint depends on the rock strength only
in harder rock conditions where shear failure occurs in the bolt. The initial bolt
angle has only a small influence on the resistance.

4. The maximum deformation of the bolt is highly influenced by the rock strength
and the initial bolt angle.
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5. Very small axial and lateral deformations, in theory a maximum of
approximately 10% of the bolt diameter, are required to mobilize the maximum
strength of the bolt in the vicinity of the joint.

6. In conditions where the steel bolt crushes into the rock mass the ability to resist
larger deformations before failure is increased many times. A relation between the
yield strength of the bolt, sy, and the uniaxial compression strength of the rock,
sc, below a factor 4 can be used as a rough approximation to predict shear failure
of the bolt. This type of failure occurs in the case of a very small lateral bolt
deformation.
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SAMMANFATTNING

En teoretisk studie som behandlar samverkan mellan en slak ingjuten bult, ingjutnings-
materialet och bergmassan har genomforts vid Institutionen for Jord- och Bergmekanik,
KTH. Milsittningen med studien har varit att med analytiska osningar forsoka beskriva
den ingjutna bultens respons niir den via sprickrorelser utsitts for deformationer. Med
kinnedom om materialegenskaper tar teorin hansyn till féljande mekaniska principer:

stl - flyt/brottvillkor
ingjutningsmaterial - flytvillkor for draglast
berg - flytvillkor for kontaktiryck

Baserat pa mekanik och vissa férenklingar som 4r nédvéndiga for att erhdlla analytiska
16sningar, kan foljande parametrar bestéimmas:

- bultens drag- och skjuvstyvhet
- bultens draglast samt den dymlingseffekt som uppstar
- maximal last och deformation vid bultbrott

Teorins giltighet finns underbyggd av en jimforelse med praktiska skjuvforsok pa
sprickor forstirkta med ingjutna bultar. Tillimpningen av teorierna pd praktisk
bergférstirkning sammanfattas nedan.

1. Den slaka ingjutna bultens bidrag till en sprickas skjuvhéllfasthet som dr draglast och
dymlingseffekt, kan bestimmas som funktion av deformationens storlek.

2. Med kiinnedom om bultens och bergmassans materialegenskaper kan sprickans
maximala skjuvmotstind och maximala deformation bestdimmas vid bultbrott.

3. Det maximala skjuvmotstandet i en bultad spricka beror av bergmassans héllfasthet
endast for det fall dir berget dr si hért att bulten mer eller mindre klipps av for en liten
deformation. Bultens lutning i forhallande till riktningen pa deformationen (sprick-
riktningen) har en mycket liten inverkan pd det maximala skjuvmotstindet.

4, Den maximala deformationen innan bultbrott beror déremot av bergmassans héllfasthet
och bultens vinkel i forhllande till riktningen pd deformationen. Normalt dr bultarna
deformationstiligast om de placeras vinkelritt mot deformationsriktningen.

5. Sma deformationer i sprickan krivs for att mobilisera bultlaster som motsvarar
storleken pd forspannings-laster.

6. Ett forhallande mellan stilets striickgrins och bergets tryckhéllfasthet under en faktor
fyra innebir stor risk for att bulten ska klippas om den utsitts for en skjuvdeformation i
sprickan. En deformationstiligare bult erhdlls om bulten, via det kontakttryck som
uppstar vid skjuvrorelser, krossar omgivande ingjutningsmaterial och berg. Bultbrottet
fir dd mer karaktiiren av att brottdjningen har dverskridits.
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STRIPAPROJEKTET - BAKGRUND, ORGANISATION
The Stripa Project - Background, organization

Per-Eric Ahlstrom, Svensk Karnbranslehantering AB, Stockholm _

INLEDNING

Det pigdende svenska FoU-arbete pad kidrnavfallsomradet har varit och ar till
viktiga delar inriktat pa utveckling, provning och verifiering av teknik,
metoder och modeller som behdvs for att undersdka och beskriva en bergmassa
och for att genomfora en ingdende analys av den langsiktiga sikerheten hos ett
slutférvar som placeras i denna bergmassa. Tva storre projekt dr sdrskilt
viktiga i detta avseende - det internationella Stripa-projektet och
Aspblaboratoriet. Arbetena i Stripa startade 1976 och hade sin tyngdpunkt
under 1980-talet. Aspd-projektet inleddes 1986 och kommer att ha sin
tyngdpunkt under 1990- och 2000-talet fram till byggstarten for ett slutfdrvar. I
det féljande ges en kort Oversikt av nigra viktiga forutsittningar och ramar for
dessa projekt.

Den allmédnna bakgrunden for det geologiska forskningsarbetet med anknytning
till slutférvaring av anvént kidrnbrinsle i Sverige presenteras kortfattat i en
uppsats av Kaj Ahlbom och Lars O Ericsson[6] och mer utforligt i SKBs
forskningsprogram.

PLATSUNDERSOKNING

Innan man pabdrjar byggande av ett slutférvar pa en plats dr det ndédvéindigt att
man bekriftar att bergmassan dr lamplig fér andamaélet. Detta dr det priméra
malet med en platsundersékning.

En platsundersdkning for ett slutforvar placerat djup ned i berget méste dven
ge tillrdckligt med data for utformning och konstruktion av foérvaret, for
utformningen av de tekniska barridrerna och for den detaljerade sdkerhets-
analysen. I huvudsak beror slutforvarets sikerhet framst pa egenskaperna hos
bergmassan i ndromrédet d v s nagon eller nagra meter frin avfallspaketen.
Sékerhetsanalysen dr emellertid ocksa beroende av tillrickliga kvantitativa
kunskaper om forhéllandena i fjirromradet. Detta géller sirskilt grundvatten-
flodet och transporten av amnen som kan I6sas upp i grundvatten.

Vid den detaljerade utfomningen av ett slutforvar bor man soka utnyttja de
platsspecifika forhallandena i berget s& bra som mojligt. Detta stéller krav pa
flexibilitet i arbetet p& sa sitt att placeringen av tunnlar och férvarsutrymmen
anpassas successivt till bergforhallandena allteftersom dessa kartliggs. En
sddan aktiv konstruktionfilosofi - "design as you go" - har en lang tradition
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inom bergbyggandet och ger mdjlighet att vélja "bésta tillgéngliga berg" for
niaromradet kring varje avfallskolli.

De olika mélen for platsundersdkningen som antytts i det foregdende gor
processen till en tvirvetenskaplig aktivitet. Det dr nodvéndigt att intergrera
datainsamling, utvdrdering och resultatpresentation frén olika typer av mét-
ningar. Detta underléttas om undersdkningen uppdelas i etapper. Bergmassan
behover undersokas och utvirderas i olika geometriska skalor och 1 varje etapp
undersoks vissa specifika egenskaper eller fradgor. Figur 1 visar de skalor och
fragor som bor belysas i en platsundersékning. Den detaljeringsnivd som
undersokningen maste drivas till beror emellertid pa platsspecifika egenskaper.

Arbetena i Stripa har framst syftat till att utveckla metodiken for studier av
berget i "detaljskala" och i "blockskala”. For att verifirera och demonstrera
metodiken i "anldggningsskala" bygger man nu Aspdlaboratoriet[7].

STRIPA-PROJEKTET

I samband med starten av KBS-projektet hosten 1976 letade man efter en
lamplig gruva dar man kunde gora olika typer av experiment i berg. Dé-
varande chefen for SKB - Erik Svenke - kom dérvid 1 kontakt med ledningen
for Stripa gruva dér jarnmalmsbrytningen skulle avvecklas. Eftersom det fanns
en storre granitkropp alldeles néra gruvan var denna ndra nog idealisk for
andamalet. Infrastruktur och personal fran gruvdriften fanns pa plats, varfor
experiment kunde komma igdng omedelbart.

Arbetena i Stripa véickte tidigt internationell uppmérksamhet. Redan pd véren
1977 ingicks ett avtal mellan SKB och Department of Energy (DOE) i USA
om ett samarbete - det s k SAC-programmet. Detta genomférdes aren 1977-
1980 och omfattade ett flertal unders6kningar inom geologi, geohydrologi och
bergmekanik i syfte att studera virmepaverkan pa berget och grundvattnets
rorelser i berget.

Det internationella Stripa Project organiserades 1980 som ett autonomt projekt
inom OECD Nuclear Energy Agency (NEA). Sedan starten har projektet
omfattat tre faser - Fas 1 aren 1980-1984, Fas 2 &ren 1983-1987 och Fas 3
dren 1986-1992. Sju lidnder deltager i den avslutande fasen ndmligen Finland,
Japan, Kanada, Schweiz, Storbritannien, Sverige och USA. Tidigare har dven
Frankrike och Spanien medverkat.

Projektet administreras av Svensk Kérnbranslehantering AB, SKB, och leds av
en styrgrupp, JTC, med representanter for var och en av de deltagande
organisationerna. For vetenskaplig granskning och uppfdljning av program och
resultat finns dels en Technical Subgroup med specialister inom flera
discipliner samt dels arbetsgrupper (Task Force) for modellering av grund-
vattenflode i sprickigt berg och for titning av bergsprickor. Organisationen av
projektet framgar av figur 2. For varje storre experiment fanns en ansvarig
forskningsledare (Principal Investigator) som i samarbete med organisationen
pa plats i Stripa(SMS) genomforde arbetet i filt. SKB har en sdrskild projekt-
ledare och hade en platschef under den tid arbeten péagick i1 gruvan.
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Fas 1 av Stripa-projektet innefattade:

(1) utveckling av metoder for att bestimma den hydrauliska konduktiviteten
for sprickigt berg in situ med sdval enkel- som flerhdlsmétningar;

(2) utveckling av metodik for att bestimma geokemiska karakteristika inklu-
sive ursprung och evolution for grundvatten;

(3) studier av migration av icke radioaktiva spadrdmnen i en spricka; och

(4) utvdrdering av Na-bentonitbaserade buffertmaterial vid simulerade
slutférvarsforhallanden.

Fas 2 fran 1983 till 1988 behandlade:

(1) utveckling av geofysiska mellanhalsmétningar inklusive radar, seimiska
och hydrauliska metoder for att uppticka och karakterisera sprickzoner;

(2) sparforsok i en stérre volym sprucket berg;
(3) studier av tdtning av borrhél, schakt och tunnlar med Na-bentonit;

(4) kompletterande studier av de hydrogeologiska och geokemiska egen-
skaperna for Stripa-graniten i syfte att forbittra existerande metoder for
tolkning av data.

Fas 3 som skall avslutas i 4r bygger pé resultaten fran de tidigare arbetena och
har féljande mal:

(1) prediktioner av grundvattenfléde och transport av i grundvattnet 16sta
dmnen inom en tidigare ostord storre bergvolym och jamforelser av dessa
prediktioner med data fran savil existerande som forbéttrade instrument och
metoder fOr platsundersokningar;

(2) urval och verifiering av ldampliga material fér langtidstdtning av sprickor
och sprickzoner i kristallint berg samt demonstration i Stripa av represen-
tativa titningsapplikationer och av det praktiska genomfdrandet av tillimplig
injekteringteknik.

Avsikten var i friga om det forsta malet att experimenten skulle genomfoéras sa
att undersokningstekniken kunde kopplas till den matematiska modelleringen pa
sd sitt att prediktionerna av grund-vattenfldde och transport av sparimnen
direkt kunde jaimforas med data fran faltmétningar. Detta krévde en integrerad
insats fran flera forskare vilken genomférdes som "the Stripa Site Characteri-
zation and Validation Programme" (SCV) under aren 1986-1991.

De experimentella arbetena i Stripa avslutades den 30 juni 1991. Under hosten
1991 utarbetades rapporter over resultaten fran Fas 3. Dessa rapporter ar nu
under slutgranskning och tryckning. Under varen kommer dessutom tva
oversiktsrapporter tickande hela det internationella Stripa Project att fardig-
stdllas.
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De arbeten som bedrivits i Stripa under de senaste 15 &ren har i dragit f6ljande
ungefirliga kostnader (I16pande penningvérde):

SAC-programmet 1977-1980 40 MSEK
Stripa fas 1 1981-1985 48 MSEK
Stripa fas 2 1983-1988 65 MSEK
Stripa fas 3 1986-1992 140 MSEK
ASPOLABORATORIET

Som redan framhallits &r SCV-programmet i Stripa huvudsakligen tillimpligt
pa "blockskalan” i Figur 1. Metodiken att undersoka och karakterisera berg i
storre skala provas och vidareutvecklas i samband uppférandet av Aspdlabora-
toriet[6]. Detta projekt annonserades 1986 och byggandet av laboratoriet
startade 1 oktober 1990. Experiment pa 500 meters nivin planeras starta 1994.
Avsikten med arbetena vid Aspd 4r bl a att prova och vidareutveckla den
teknik som skall anvindas vid undersokningar for och vid utbyggnad av ett
svenskt slutforvar for anvint karnbréansle.

Aspblaboratoriet byggs strax norr om Oskarshamns kirnkraftverk och centrala
mellanlagret for anvint kdrnbrénsle, CLAB. Byggstarten foregicks av tre ars
omfattande férundersokningar av berggrunden. Baserat pd dessa férundersok-
ningar har omfattande prediktioner gjorts av geologi, geohydrologi och geo-
kemi i omrédet och hur dessa kommer att padverkas av bygget. Dessa predik-
tioner foljs fortlépande upp under och efter byggfasen. Dérjdmte genomfors
parallellt med bygget en omfattande ytterligare datainsamling och flera viktiga
forskningsexperiment.

Kostnaden fér Aspdlaboratoriet berdknas till knappt 500 MSEK for hela
projektet fran 1986 till mitten 1994. Av denna kostnad ér ca 50% byggkost-
nader, ca 20% forundersékningskostnader och ca 30% undersoknings- och
experimentkostnader under byggtiden.
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ENGLISH SUMMARY

The ongoing R&D-work in Sweden on radioactive waste management isto a
great extent devoted to development, testing and verification of the techniques,
methods and models to be used in the site characterization programme and for
the assessment of the longterm repository safety. A comprehensive description
of the research, development and demonstration activities at SKB is given in
R&D-programme-89 [1]. An overview of important results is given in SKB
Annual Reports [2].

The site characterization must be done on different scales as illustrated by
Figure 1. In general the safety of the repository is mostly dependent on the
properties of the host rock in the near field, or in the terms of Figure 1 in the
box scale and in the block scale. In order to understand these properties more
fully it is however also necessary to characterize the host rock in the site scale
and in the regional scale. The detail to which such characterization has to be
carried through is however dependent on site specific factors. In general it
could be assumed that most efforts must be devoted to the characterization of
the block and box scales, and that these efforts must go hand in hand with the
actual construction of the repository. Before construction it is however
necessary to collect sufficient data to be able to confirm the suitability of the
site as a repository host rock. This is what generally is refered to as detailed
site characterization.

The present paper gives a brief introduction to the work made within the
International Stripa Project and the Aspd Hard Rock Laboratory Project. These
projects are key efforts in Sweden to develop and demonstrate the site charac-
terization methodology. The Stripa Project which will be completed in 1992
has mainly been concerned with the smaller scales of Figure 1, whereas the
Aspod HRL also will provide application to the site and regional scale.

Fifteen years of R&D-work at Stripa has taken a cost of about 300 MSEK and
the first eight years of work at Aspd are estimated to cost about 500 MSEK (at
current value of money).



Figure 1. Aspd Hard Rock Laboratory
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Figure 2. Stripa Project, Phase 3 - Organization
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GEOLOGICAL RESEARCH FOR SELECTING AND EVALUATING
HIGH-LEVEL WASTE REPOSITORY SITES IN SWEDEN

Kaj Ahlbom, Conterra AB
Lars O. Ericsson, Svensk Kérnbrinslehantering AB (SKB)

SAMMANFATTNING

For nidrvarande produceras nirmare hilften av Sveriges el-energi med hjilp av
kirnkraft. Elproduktionen sker vid fyra platser med sammanlagt tolv aggregat,
vilka har en total effekt av 10 300 MW. Svensk lagstiftning innebér att digarna till
karnkraftssreaktorerna dr ansvariga for en siker och effektiv hantering av det
radioaktiva avfallet. Agarna har dérfor bildat ett speciellt bolag,Svensk Kirn-
brinslehantering AB, SKB. Kontrollen och tillsynen av den radioaktiva avfallshan-
teringen sker genom tre separata myndigheter, Statens Kérnbrinslendmnd (SKN),
Statens Kiérnkraftinspektion (SKI) och Statens Strilskyddsinstitut (SSI). Avfalls-
mingderna fran det svenska kédrnkraftsprogrammet (vid drift till 2010) uppgér till
80 000 ton 1ag -och medelaktivt avfall respektive 7000 ton anvént brénsle, dvs
hogaktivt avfall.

Visentliga delar av den svenska avfallshanteringen &r redan i drift men ett forvar
fér det hogaktiva avfallet saknas. F&U- aktiviteterna vid SKB som ir kopplade till
det anviinda kiirnbriinslet omfattar bl.a. geovetenskapliga fragestéllningar och ett
program for forvarslokalisering.

Efter ca 100 000 ar har det anvinda brinslet en niva pé toxiciteten som &r
jamfoérbar med det naturliga uranets, fran vilket brénslet dr framstillt. Detta &r
huvudskilet till varfor lagring i djupa geologiska formationer studeras. I Sverige
domineras berggrunden av prekambriska graniter och gnejser och den huvudsak-
liga forvarsutformningen dr den s.k. KBS-3 metoden. Metoden innebir ett
utspringt férvar pd 500 m djup med inkapslade brénsleelement i kopparbehéllare.
Kapslarna ir tinkta att placeras i deponeringshal och omgéirdas av bentonitlera.
Vid sidan av KBS-3 metoden utvirderas for ndrvarande dven andra lagringssys-
tem.

Vissa egenskaper i den geologiska barridren dr fundamentala for den langsiktiga
sikerheten i ett forvar. Till dessa hor berggrundens stabilitet, en reducerande
vattenkemisk miljo och en lig vattenomsittning. SKB:s F&U-program syftar till
att 6ka forstielsen av dessa geovetenskapliga fragestillningar.

Enligt nuvarande planer kommer anldggningsarbetena for lagret som skall ta
omhand det hogaktiva anvinda brinslet att inledas ca ar 2010.
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ABSTRACT

At present almost half of the electric power in Sweden is produced by means of
nuclear power. The nuclear clectricity is generated at four sites with all together 12
units, in total 10 300 MW. By law the owners of the nuclear reactors are
responsible for a safe and efficient management system of the radioactive waste.
The owners have formed a special company, the Swedish Nuclear Fuel and Waste
Management Company — SKB. The regulation and supervision of the radioactive
waste management are undertaken by three separate governmental authorities. The
amount of waste from the Swedish nuclear program is estimated to 80 000 tonnes
of low and intermediate waste, and 7 000 tonnes of spent fuel (HLW).

Essential parts of the Swedish nuclear management system are in operation, but a
repository for HLW is still lacking. The R&D activities associated with HLW
comprise, among others, geoscientific research and a program for site selection.

The toxicity of the HLW implies a safe disposal for more than 100 000 years. This
is the main reason why deep geological repository concepts are needed. In Sweden
the bedrock is dominated by precambrian granites and gneisses. The main
repository lay—out adopted to this crystalline basement is the so—called KBS-3
concept. This concept constitutes a mined repository at 500 m depth, including
copper canisters and bentonite clay barriers. There are some functions of the
geological barrier that are fundamental for the performance and long—time safety
of the repository. These are bedrock stability, reducing chemical environment and
slow groundwater flux. The present geoscientific R&D program aims to improve
the understanding of these fundamental functions in the long time perspective
needed for a repository of HLW.

The KBS 1, 2 and 3 performance assessments, as well as the on—going SKB-91
projects shows that the deep bedrock of Sweden fulfills the safety requirements.

According to the present plans the start of the construction for a HLW repository
is foreseen to start around the year 2010.



95

1. BACKGROUND
1.1 Introduction

This paper outlines the current status of the Swedish nuclear energy program with
emphasis on the high level waste management. This is followed by a brief
description of the associated geoscientific R&D program performed by the
Swedish Nuclear Fuel and Waste Management Co (SKB). Some on-going
research projects are exemplified and the current view in Sweden regarding site
selection is discussed. A comprehensive description of the on-going R&D work
performed by SKB is presented in the R&D-programme of 1989 (SKB, 1989).

1.2 The Nuclear Power Situation

Sweden has a relatively small population, 8.3 million people, but the country uses
large quantities of electric power, approx. 140 TWh in 1990. At present almost
half of the electric power is produced by means of nuclear power and the rest by
hydroelectric power plants. The nuclear electricity is generated at four sites with
all together 12 units, in total 10,300 MW.

1.3 Management and Regulations of Nuclear Waste

In Sweden, the owners of nuclear reactors are by law, The Act on Nuclear
Activities, responsible for a safe and efficient management system of the
radioactive waste. The responsibility also includes the financing of the total costs.
To fulfil their obligations, the four reactor owners have formed a special company,
the Swedish Nuclear Fuel and Waste Management Co — SKB. SKB is responsible
for

all handling of radioactive waste
transportation of radioactive waste
temporary disposal of nuclear waste
permanent disposal of nuclear waste

The regulation and supervision of the radioactive waste management, i.e. the SKB
activitics, are undertaken by threc separate governmental authorities:

® National Board for Spent Nuclear Fuel (SKN) - research and
financing _

@ Swedish Nuclear Power Inspectorate (SKI) — safety and safeguards

& National Institute of Radiation Protection (SSI) — radiation aspects

14 Quantities and Qualities of Waste

Different waste forms impose different demands on handling and final disposal. So
called low-level waste (LLW) can be handled and stored in simple packages.
Intermediate-level waste (ILW) must be radiation—shielded for safe handling.
High-level waste (HLW) requires not only radiation shielding but also cooling for
a certain period in order to permit safe storage.
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The amount of radioactive waste from the Swedish nuclear power programme is
cstimated to:

o 86 000 tonnes of ILW and LLW ~ 230 000 m’
° 7 800 tonnes of spent fuel, HLW - 12 000 m®
1.5 Systems and facilities

Essential parts of the Swedish nuclecar waste management system arc already in
operation. A facility for central interim storage of spent fuel, CLAB, and a sca—
based transportation systcm were commissioned in 1985 and 1982 respectively. A
facility, SFR, for final disposal of LLW and ILW started opecration in 1988.

A complete disposal system also rcquires a repository for high level waste. Since
the waste is stored in the interim storage for 30 years, to reduce the heat
production and radioactivity, a final rcpository for high level waste is not required
to be in operation until 2010. Nevertheless, activitics for selection of such a site
and the associated research and development, nceded to demonstrate its safety, is
the main R&D activities currcntly performed by SKB. These activitics are divided
into the following main areas:

studics of various parts of the barrier system

alternative designs and material

development of models for performance and safety analysis
geoscientific research

selection of a site for a HLW repository

This paper presents an overview of the current status in the Swedish program
regarding the last two items listed above.

2 BASIC CONDITIONS FOR THE GEOLOGICAL R&D
ACTIVITIES
2.1 Toxicity in the Geological Time Perspective

As direct radiation from the waste can be shiclded by a few meters of intact rock
the only way to cause harm to man is by transporting radionuclides to the
biosphere. This can only take place if the radionuclides are dissolved in a flowing
groundwater.

The potential toxicity of the high level radioactive waste can be derived from the
amounts of radionuclides in the waste and the hazard each nuclide will pose if
reaching man along various possible exposure pathways in the biosphere.
Assuming the same transport pathway for waste radionuclides as for natural
radionuclides in the bedrock one may compare the toxicity of spent fuel in relation
to natural uranium. This is presented in Figure 1.

As could be seen in the figure the potential toxicity of the fuel increases about
10 000 times when used in the reactor. During the following 100 000 years the
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toxicity—-level will then diminish down to the level of natural uranium. To be able
to evaluate the performance of a repository over such long periods of time it is
necessary to select a host medium for the repository that has a predictable stability
over at least equal periods. This is the main reason why deep geological disposal
is almost the only concept for long-lived HLW (Papp, 1991).

Relative
toxicity

i 1 T T T
10 100 1000 10000 100000 1000000
Time in years

Figure 1. Time dependant toxicity of spent fuel compared with natural uranium
if released to biosphere (Papp, 1991).

2.2 Host rocks and repository concepts

A repository concept involving deep geological disposal has to be adapted to the
overall geologic and tectonic conditions within each country. Depending on their
geological conditions different countries have therefor developed repository
concepts for thick clays formations, salt domes, sedimentary rocks and crystalline
rocks.

Sweden is geologically located on the Fennoscandian shield which is dominated by
gneisses and granites of precambrian age. The Swedish reference repository
concept therefore consider a mined repository at c. 500 m depth in crystalline
rocks. In this concept, the so—called KBS-3 concept (SKBF/KBS, 1983), copper
canisters with high level waste are placed in deposition holes from a system of
tunnels. These disposal holes, with a diameter of 1.5 m and a spacing of 6 m, are
bored vertically downwards. Blocks of highly compacted swelling bentonite clay
are placed in the holes leaving ample space for the canisters. At the final closure
of the repository the galleries are backfilled with a mixture of sand and bentonite.
The main components of the KBS-3 concept are shown in Figure 2.
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In 1984, after a comprehensive domestic and international review, the Swedish
government approved the design concept of KBS-3 as an example of a method
which fulfils the demands of safety and radiation protection.

Although the KBS-3 concept is the reference concept also alternative concepts
and/or repository lay—outs are studied. The main alternatives currently under
development at SKB are disposal in very long horizontal tunnels, with a diameter
2.4 m, and very deep boreholes with depths of 4-5 kilometers and diameters of
0.4-0.8 m.

To assure against miscalculations or technical malfunctions a number of barriers
are combined in the KBS-3 multi-barrier concept. This repository design aims to
make the disposal system as redundant as possible. The main time-table for the
final disposal of long-lived radioactive waste in Sweden foresees a final selection
of disposal system and site during the 1990-ies.

3. GEOSCIENTIFIC RESEARCH FOR A HLW REPOSITORY

The geoscientific research of SKB is thus related to crystalline rock and the
KBS-3 repository concept. As mentioned earlier, the scope of this research will to
a great extent be guided by the demands posed by the performance and safety
assessments, coupled with the geologic setting and the disposal concept. Therc are

—]  —
Spent fuel
Bedrock
Benfonite clay
Copper capsule
Crystalline
500m Bedrock \\

Figure 2. The KBS-3 repository concept for HLW waste.
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however some main functions of the geological barrier that are fundamental for the
long-time safety of a repository. These are:

o bedrock mechanical stability
® chemically stable environment
° slow and stable groundwater flux

Some aspects of these factors will be discussed below together with examples
from the research currently being managed by SKB. Also the program of natural
analogues studies to validate theoretical models and the Aspd Hard Rock
Laboratory currently under construction, will be briefly described.

2.1 Mechanical protection

The rock provides a long—-lasting mechanical protection against external forces,
including human intrusion. A repository at several hundred meters depth in the
bedrock also provides good protection against effects by climatic changes, such as
altered biosphere, sea level changes, permafrost and glaciation.

The crystalline basement in Sweden behaves like a brittle media and has done so
for more than 900 million years. Over this period of time, and due to the plate
tectonics and the different phases of the continental drift, the Baltic shield has
been exposed for stress fields of different magnitudes and orientations. Also, great
vertical loads has been subjected to the bedrock by recurrent inland ice sheets.
These horizontal and vertical loads have resulted in a network of fractures and
fracture zones. This, in combination with low seismic activities in the northern
Europe, implies that future crustal movements will probable occur in existing
faults and fractures. The possibility for new faults to develop in the surrounding
bedrock to a repository is therefore regardes as low.

New fractures, or reopening of old fractures, will however occur during the
construction of the repository. This "zone of disturbance" is caused by excavation
damages and by stress redistribution. The importance of this zone currently studied
both generically in the-on-going performance assessment of SKB-91 and in situ at
the Aspd Hard Rock Laboratory.

Another example of the on—going research concerning mechanical stability is
predictions of future glaciations and associated crustal movements. Figure 3 shows
probable cxtensions of future glaciations during the next 60 000 years (Ahlbom,
Ericsson and Aikes, 1991), based on the Imbric & Imbrie model (1980) of the
Milankovitch orbital cycles. According to this model the most extensive ice sheet
will occur at 60 000 years from now. The thickness of this sheet is estimated to

2 500 m for central Sweden. The mechanical stability of the crust during such a
large glaciation have been modelled using computer simulation of isostatic crustal
movements at the Finnsjon Study site in central Sweden (Rosengren and
Stephansson, 1990). The modelling showed that relative displacements in the order
of centimeters will occur in some of the major pre—existing fracture zones. This
will most likely occur during the melting stage of the ice. The modelling did not
suggest displacements in the "sound rock" between the fracture zones.
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In conclusion, reactivation of pre—existing faults may occur during a glacial cycle
but there is no reason to expect new faults. Reactivation of existing faults does not
poses harm to a repository since these faults will be known after the repository
construction and no waste will be disposed in the vicinity of a such a fault.

5000 YEARS '

20 000 YEARS

60 000 YEARS

Figure 3.  Predicted extensions and thicknesses of future ice sheets.
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3.2 Chemically stable environment

Of fundamental importance to repository performance is that the chemical
environment is stable. A reducing chemistry of the groundwater is needed to
ensure long service—life for the canister and for the slow dissolution of the fuel
matrix. There is however no need to expect major changes in the chemical
composition of the deep groundwater as the chemistry is determined for the most
part by the mineral composition of the rock, which ‘is stable over very long periods
of time. The chemical environment of the rock is also important in determining
how radionuclides can be transported. Here, the interaction between nuclides and
rock is of importance. These properties are largely associated with the rock matrix,
which does not change appreciably through the eons.

A strong indication of long-time chemical stability of deep groundwater is maybe
the common occurrence of deep saline groundwater found at many sites in Sweden
(SKB, 1989). One example is the groundwater composition at the site of the Aspd
Hard Rock Laboratory (Gustafson et al., 1989). Be¢ause Aspd is surrounded by
bays of the sea on all sides, there are very small pressure gradients to bring about
a water flux in the bedrock. The groundwater on Aspd is therefore saline already
at relatively shallow depths (about 100 m). It is interesting to note that even at this
shallow depth, there exist groundwater with a higher salinity than the surrounding
sea, thus implying a relict groundwater. There is, for example, a borehole that goes
down to a depth of 100 m, but nevertheless contains water with a chloride content
of 5000 mg/l, which is about 50% higher than the surrounding Baltic Sea.

At greater depths, about 800 m, the salinity is higher than it is assumed to have
been in the Littorina Sea (7500-7000 BP). It is therefore probable that this water
has resided in the rock for a very long period of time. Datings of less saline waters
point towards tens of thousands of years (Laaksoharju and Nilsson, 1989).

In conclusion, the common occurrence of old saline groundwater at depth indicate
that these groundwaters are more or less stagnant, implying a long—time chemical
stability.

33 Slow and stable groundwater flux

Low groundwater flux in the rock is of importance both for processes affecting the
performance of the near ficld barriers (fuel leaching, canister corrosion and buffer
stability) and for transport of nuclides in the rock. The groundwater flux is largely
governed by the topography of the groundwater surface, the hydraulic conditions
of the fracture system and by the prevailing rock stresses. These factors are largely
stable by nature. Under the present non-glacial conditions the groundwater flux
around a repository will therefore not change appreciably with time.

Characterization of groundwater flow conditions has since the start of the Swedish
program constituted the main part of the geoscientific research. The hydraulic
properties and conditions of the fracture system has been extensively studied in
boreholes and tunnels, both at study sites and at the Stripa Mine and other
underground facilities. At the same time hydraulic models have been developed
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and tested on site specific data. One example of this research is the Fracture Zone
Project at the Finnsjon Study site (Ahlbom and Smellie, 1989). The main goals of
this project are to study the influence of fracture zones on regional groundwater
movements, solute transport in fracture zones and investigation methods for
locating and characterizing fracture zones.

At the Finnsjon site, a 100 m wide and gently dipping fracture zone (Zone 2) has
been studied by means of borehole investigations. The zone was formed about
1600 million years ago and has since been reactivated on a number of occasions.
Zone 2 is divided into several subzones, where the uppermost in particular is
extremely conductive. A noteworthy fact is that the conductive properties found in
all the boreholes that intersect the subzone are persistent and of uniform
magnitude. A possible interpretation of the high, uniform conductivity is that the
zone was activated in connection with the most recent deglaciation.

Although there are several high conductive parts within the fracture zone
groundwater flow only takes place in the uppermost one. This is shown by

in situ measurements of undisturbed groundwater flow under natural gradient
conditions in sealed—off borehole sections, using a dilution probe. Figure 4
presents the results of borehole measurements of hydraulic conductivity
measurements (left) and natural groundwater flow (right) in Zone 2 and its
surroundings. The results show a considerable flow rate in the upper high
conductive part of the zone (242-246 m), whereas in the lower high conductive
part (350-354 m) no groundwater flow was observed, i.e. the flow is in the range
of molecular diffusion.

This confirms that the driving force, the hydraulic gradient, in the lower part of
Zone 2, is very low. This is consistent with the results from hydrochemical
investigations, which indicate stagnant saline groundwater below the upper part of
Zone 2. Figure 5 presents a tentative model of groundwater flow at Zone 2.

In conclusion, the highly conductive subhorizontal fracture zone at the Finnsjon
site appears to short—circuit the driving forces and flowpaths for groundwater
movements determined by the topography. This is positive for a repository, since
the water flux at a repository beneath a subhorizontal zone thereby decreases.

34 Natural analogues

For an assessment of the performance of the final repository, it is necessary to
describe the components of the repository and their interaction over very long
periods of time. Since it is difficult to clarify how this long—term interaction takes
place on a specific site, theoretical models are used. The extent to which the
models are valid is of fundamental importance for the assessment. One way to test
the validity of these models is to study natural analogs. A natural analogue can be
defined as the occurrence of natural processes that are analogous to expected
materials and/or processes in a repository. A number of large analogue studies are
currently in progress at different places in the world (Chapman and Smellie, 1986),
(Chapman et al., 1990). The more prominent are the Pocos de Caldas project in
Brazil (uranium and thorium deposits), Alligator River in Australia (uranium
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Figure 4. The left-hand portion of the figure shows results from measurements
of hydraulic conductivity in borehole BFIO1 at Finnsjon. The borehole
intersect the subhorizontal Zone 2. The right-hand portion of the
figure shows the results from groundwater flow measurements by a
dilution probe. Below the upper part of Zone 2 the water is stagnant.
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Figure 5.  Tentative model of groundwater flow at Zone 2, Finnsjon Study Site.
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deposit) and Cigar Lake in Canada (uranium deposit) and Oklo (natural reactor).
The objectives of an analogue study are to:

study processcs important for the long~term safety of the repository
find limits in the parameter valucs uscd in the safety assessments
indicate what phenomena can be of importance

study the integral results of changes and reactions in a
multicomponent systcm after a very long period of time

win broader understanding and acceptance for the safcty of the
repository

The rock and its gcohydraulical conditions at the sitcs where the large analogue
studics arc conducted can be different from that on the potential rcpository sites.
This is compensated for by the fact that the phecnomena and processcs of interest
arc particularly pronounced duc to, for example, high natural concentrations of
radionuclides and radionuclide-like substances or duc to cxtreme and unique
conditions, such as the redox front at Pocos de Caldas, the clay barricr at Cigar
Lakc and the natural reactor at Oklo. The cmphasis in the analogue studics can be
shifted to more repository-like geological and geohydrological conditions at a later
phase when expcricnce and methods have been developed within the afore—
mentioned projects. SKB thercfore plans future analoguc studics in morc
repository-like rock.

3.5 Aspd Hard Rock Laboratory

The investigations performed by SKB on so-called Study sites (scc Chapter 4)
only involves measurements on the ground surface and in borcholes. There is
therefore a need to directly verify the results of surface and borehole investigations
with systematic obscrvations from shafts and tunncls down to the depth of a final
repository. There is also a need for a underground facility for gecoscientific
experiments, testing of civil engineering mcthods and large scalc demonstration of
disposal techniques. In order to meet these and other nceds an undcrground
laboratory on the Island of Aspd is under construction. The lay—out of thc Aspd
Hard Rock Laboratory is shown in Figure 6.

Figure 6. Design of the Aspé Hard Rock Laboratory
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4. SOME NOTES ON SITE SELECTION IN SWEDEN
4.1 Main phases

The Swedish program for site characterization and selection consists of the
following main phases:

Phase 1 - selection and characterization of Study Sites

o nationwide survey of regions with favourable conditions

® first selection of sites

® preliminary surface investigations and desk studies of selected
-sites

® selection of Study Sites for comprehensive investigations

o surface and borehole investigations

Phase 2 — selection and characterization of Candidate Sites

o selection of two-three Candidate Sites for detailed and comprehensive
investigations
® shafts/tunnels construction for collection of detailed information

Phase 3 - selection and characterization of the Repository Site

@ selection of the Repository Site
e] characterization needed in for the licensing procedure

The first phase, selection and characterization of Study Sites, have been completed
and work are in progress to provide the background material needed to 1993 select
two or three Candidate Sites for detailed characterization. The objectives with the
Study Sites was to increase the general understanding regarding the geohydraulic
conditions and geochemical characteristics of the bedrock down to 500-1000 m
depth, and secondly, to provide site-specific data for different performance and
safety assessments (e.g. KBS-3, 1983).

All together eight Study Sites have been characterized. The scope of investigations
at each site have involved 10-15 cored boreholes, of which most are drilled down
to 500-700 m depth. The borcholes surveys included core mapping, geophysical
logging and extensive programs for water sampling and hydraulic tests.

Characterization of Candidate Sites are planned to start around the year 1993 and
will continue until the year 2000. During 1992-1993 SKB will present the scope
of investigations that will be used in the characterization of the Candidate Sites.
The scope will largely be dependent on the data needs outlined by the SKB-91
performance assessment, coupled with the experience from investigations of the
Study Sites, as well as from the Stripa project and the Aspé Hard Rock
Laboratory.
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4.2 Selection of Candidate sites

Final selection of Candidate Sites in Sweden has not yet been made, and the site
selection procedure has therefore not yet been established. The current view in
Sweden is not to apply exact criteria when selecting the Candidate Sites. Instead
five desirable qualities factors is foreseen to be considered (in order of application
rather than importance):

Accessibility — All Swedish reactors are located at the coast within the southern
and central parts of Sweden. A sea-based transportation system for spent fuel has
been developed, and thus road and rail transportation of radioactive materials
through populated areas are avoided. This is not for any important technical, safety
or economic reasons, but reflects people's concern over land transport of
radioactive materials through populated areas and unseparated from other traffic.
Candidate sites in Sweden should therefore preferably be located near the coast.

Coastal sites cannot be directly applied to other countries where nuclear power
stations are also found at inland locations. With this in mind, it might be suggested
that exploration for candidate repository sites should consider arcas which would
minimize or require relatively short land transport from the relevant nuclear
installations. It may be added for illustration that both the interim storage for spent
fuel (CLAB), and the final repository for low- and medium-level waste (SFR) in
Sweden, have been constructed in crystalline rocks near existing nuclear power
stations.

Rock Exposure (Outcrops) — A large extent of outcrop permits detailed geologic
mapping and structural analyses including information on the tectonic regime,
fracture formation and other fracturc characteristics. Such direct observations, in
combination with geophysical surveys, are of great value to predict bedrock
conditions at repository depth. For example, the spacing and geologic character of
shear zones mapped at the surface can be assumed to exist at repository depth,
provided the studied rock body is large and exhibits a similar deformation style
over a large area. Not only is this type of information important for the siting of
the boreholes, but also in the later evaluation of the borehole measurement and for
the construction of geologic and tectonic conceptual models of the site.

Geometry and Topography - A site must offer sufficient area of "sound rock" to
host a repository. In the Swedish KBS-3 concept this area is about 1 km? Further,
simple structures are desirable, and large monolithic bedrock blocks are especially
attractive. Areas where the distance between observed or suspected fracture zones
is great are regarded as favourable. Since the groundwater flow strongly depends
on the hydraulic gradient, areas with a low topographical profile may be more
favorable.

Rock Type — Choosing areas with common rock types, with no commercial value
and no known or suspected deposits of valuable minerals, will avoid conflicts with
future land use. The Swedish program has thus hitherto investigated mainly
gneisses and gneissose granitic rocks, together with one massive granite site and
one gabbro site.
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Availability — Availability, whether it involves the landowner's permission or an
alternative use of land, is a very important site selection factor.

4.3 Selection of the repository site

The overall general criteria for the repository site is that the characteristics of the
site, combined with a suitable repository design, shall satisfy all reasonable safety
requirements. The safety analysis of KBS-3 strongly suggested that most Study
Sites will satisfy the safety requirements. If this is also the result after the detailed
investigations of the Candidate Sites, then these sites can then be compared and
ranked according to the following factors:

® site—specific uncertainties in performance and safety assessment
("provability")

® transport conditions

[ costs

@ socio—economic factors

The overall goal for the procedure of selection and screening is to find a
repository site, where it can be demonstrated in a credible way, that the site is
good enough to meet all reasonable safety requirements with due regard to
margins necessary to cover inevitable uncertainties. As a matter of principle it is
important to distinguish this approach from the search for the very best existing
site. Such a site could of course never be found.

5 TIME SCHEDULE AND FINANCING ASPECTS

The planning of the R&D work managed by SKB is reviewed by the authorities at
regular intervals. An application for a siting licence of the high level waste
repository will be submitted around the year 2003. The start of construction is
foreseen to start around the year 2010.

The financing of the waste management activities in Sweden is ensured by a fee
on the nuclear power production. The fee is paid to a government—controlled fund
from which money is paid back to the power industry. The total payment by the
Swedish utilities is around 200 million USD per year and the average fee is
around 3 USD per MWh (0.019 SEK per kWh). This corresponds to around 5 %
of the consumers' price of electricity in Sweden.
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CHARACTERIZATION OF FRACTURES AND GROUNDWATER FLOW IN
THE STRIPA MINE

Karakterisering och modellering av sprickzoner och grundvattenfloden i Stripa
gruva

Tekn dr Olle Olsson, Conterra AB, Uppsala

INTRODUCTION

The Stripa mine was used as a research facility for problems related to final
disposal of spent nuclear fuel from 1977 to 1991. The second phase of the
International Stripa Project (1983-1986) focused on the development of new
techniques for characterization of the rock mass. In this phase cross-hole radar,
seismic, and hydraulic testing techniques were developed. At the end of this
phase it was considered that the capability of these techniques to characterize a
previously unexplored volume of rock needed to be demonstrated. Furthermore,
development of discrete fracture flow models was rapidly evolving at this time
(1986) and the capability of these models to predict groundwater flow and
transport though a fractured medium also needed to be demonstrated. This
could best be achieved through a validation process where blind predictions
were compared to measurements in several cycles. This constituted the rationale
for the Site Characterization and Validation (SCV) Project which was carried
out in the third and last phase of the Stripa Project (1986-1991).

THE SITE CHARACTERIZATION AND VALIDATION PROJECT

The overall objective of the SCV Project was to determine how well the
techniques and approaches used in site characterization can be used to predict
groundwater flow and radio-nuclide transport in a fractured medium. The
central aims of the project were:

= to develop and apply an advanced site characterization methodology
which integrates different tools and methods in order to predict
groundwater flow and solute transport

- to develop and apply a methodology to validate that the models
(both conceptual and numerical) are appropriate to the processes
under examination in a fractured rock mass

The concept underlying the SCV Project is that model-based predictions should
be checked against experimental results on an iterative basis. Hence, the SCV
Project reduced to two cycles of data-gathering, prediction, and validation as
follows;
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Stage  Title of stage Period Type of work Cycle

I Preliminary site 86-88 data gathering T
characterization first

II Preliminary prediction  87-88 prediction |

I Detailed characteri- 88-89 validation/ \’
zation & preliminary data gathering T
validation - |

v Detailed predictions 89-90 prediction second

\Y Detailed evaluation 90-91 validation \J

The basic experiment within the SCV Project was to predict the distribution of
water flow and tracer transport through a volume of rock, before and after
excavation of a sub-horizontal drift, and compare these predictions to the actual
field measurements. To test different approaches to numerical prediction of
groundwater flow and transport four different research groups were engaged for
the numerical modelling.

Stage I comprised the drilling and investigation of 5 boreholes for preliminary
characterization. Three 200 m long semi-horizontal boreholes were drilled 60 m
apart towards north (N2-N4). Two 150 m long boreholes were drilled towards
west 70 m apart (W1 and W2). The volume of rock investigated was situated in
a granitic pluton around 380 m below ground to the north of the mined-out
region in the Stripa Mine (Figure 1).

During Stage II the data were analyzed and a conceptual model of the site
devised. This model was the basis for preliminary numerical predictions of the
groundwater inflow to six 100 m long parallel boreholes (the D-boreholes) that
outline a cylinder (diameter 2.4 m) centrally located within the SCV site
(Figure 2). Four different types of numerical groundwater flow models were
used for the inflow predictions.

D-boreholes

Figure 2 The D boreholes outlined a 100 m long semi-horizontal cylinder.

In Stage III five boreholes (the C-boreholes) were drilled from essentially the
same point at the 360 m level towards the central portion of the site and
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410 m level

Figure 1 The SCV site is located north of existing mine workings. The site
was investigated from boreholes drilled from the 360 m level. The
Validation Drift and the D boreholes at the 385 m level were used
to check the predictions.

investigations made in them to provide data for detailed predictions of inflow
to the Validation Drift (to be excavated in Stage V, Figure 1) and for a check
on the first conceptual model. In this stage the newly developed directional
radar and high resolution borehole seismic techniques were applied. An access
drift was excavated from the 410 m level to the 385 m level. The six 100 m
long D-boreholes were drilled from the end of the Access drift, the inflow
measured, and compared to predictions. This constituted the first attempt of
validating the models.

In Stage IV the conceptual model was updated based on the additional data
available from Stage III. This model was used as input to the upgraded
numerical models which were used to make predictions on fracture occurrences,
distribution of groundwater inflows, and tracer transport to the Validation Drift.

At the beginning of Stage V the Validation Drift was excavated in place of the
first 50 m of the cylinder outlined by the D-boreholes. This was followed by
fracture mapping, measurements of groundwater inflow, and tracer transport to
the drift. A comparison was made of the measured data and the predictions
provided by the four research groups on numerical flow and transport
modelling in order to validate the models.
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THE CHARACTERIZATION PROGRAM

A detailed characterization of the SCV site which was located several hundred
meters below the ground surface required all investigations to the performed
from drifts and boreholes drilled from drifts. The program for characterization
of the SCV site included the following items:

Fracture mapping in drift and boreholes: The fractures in the drifts adjacent
to the SCV site were mapped along scanlines. Areal mapping of the drift walls
was made in selected locations. Detailed areal mapping was also made to study
the variability in fracturing within a fracture zone intersected by several drifts.
Mapping was also made of cores from all boreholes drilled. The cores were
oriented through identification of reference fractures by TV-logging. This
provided data on fracture orientations, trace lengths, truncation modes, and
spacing (Gale et al., 1991).

Borehole radar: Cross-hole and single hole radar measurements were made to
find the orientation and extent of fracture zones at the site. The directional
borehole radar system developed within this phase of the Stripa Project proved
particularly useful as it directly provided data on the orientation of fracture
zones based on measurements in a single borehole (Sandberg et al., 1990).
Radar tomography was also used to show how saline tracer injected in a
borehole was transported through the rock mass (Olsson er al., 1991).

Borehole seismics: Seismic techniques were also successfully used to find
orientation and extent of fracture zones. The seismic program included both
cross-hole reflection and tomography measurements. In this case the reflection
measurements provided the best data for characterization of fracture zones. The
success of the seismic method was largely due to a novel processing technique
developed within the project (Cosma er al., 1991).

Single borehole geophysics: To obtain in sizu data on the physical properties
of the rock in the vicinity of the boreholes the following logs were run;
borehole deviation, sonic velocity, single point resistance, normal resistivity,
caliper, temperature, borehole fluid conductivity, natural gamma radiation, and
neutron porosity. The sonic velocity, single point resistance, and normal
resistivity were found to be useful in identifying fractures and fracture zones.

Hydrogeologic characterization: Initially single borehole testing was made to
provide data on transmissivity and head along the boreholes. A new equipment
had been developed in order to ensure that reliable information could be
collected within the mine environment in reasonable time scales. The system
was built around a multiple packer probe which allowed rapid testing of
permeable features with high spatial resolution (Holmes and Sehlstedt, 1991).
The single borehole testing was followed by cross-hole testing to define
hydraulic properties of the fracture zones on the scale of the site (=100 m).
Another important aspect of the cross-hole testing was that it provided a check
on the hydraulic significance of the geophysically identified fracture zones
(Black er al., 1991). The hydraulic program also included monitoring of head in
more than 50 locations across the site. This gave data on the head distribution
across the site as well as hydraulic responses to various activities in the mine
which could be used to characterize hydraulic connections across the site.
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Hydrochemical characterization: Groundwater samples were taken during
hydraulic testing and analyzed for major constituents. The analysis showed that
there were three types of groundwater present which were classified as
"shallow”, "mixed", and "deep" (Laaksoharju, 1990). The groundwater was also
found to contain about 3% of dissolved gas (by volume), mainly nitrogen.

Rock mechanical characterization: An important aspect of groundwater flow
through fractures is the effect of stress on the fracture transmissivity. To study
this flow through fractures under different stress loads were made on several
samples and in one in situ test (Gale et al., 1991, Makurat et al., 1990). This
yielded stress-permeability relationships which were used in the modelling.
Stress measurements were made to get data on the in situ stresses (McKinnon
and Carr, 1990). At the level of the Validation Drift the maximum principal
stress was =24 MPa and oriented parallel to the drift (i.e. NNW-ESE).

STRUCTURAL MODEL OF THE SCV SITE

In the investigation of a site data of many different types are collected and used
to provide the description of the site in terms of location of fracture zones and
properties of the rock. Three general demands can be put upon a structural
model in order to gain confidence. These are;

- the description should be as quantitative as possible, i.e. parameters
and characteristics should be described in terms of numbers where
possible.

- the descriptive parameters should be objective in the sense that a
reinterpretation of the data by a new set of experts should yield
roughly the same result.

- the process should be traceable, i.e. it should be possible to follow
how the model was arrived at.

Within the SCV Project a considerable effort was spent in the attempt to meet

these demands.

From the start of the SCV Project it had been assumed that it was relevant to
make a description of the site in terms of "fracture zones" and "averagely
fractured rock". An obvious question is whether such a binary description can
be motivated from measured data. To answer this question principal component
analysis was made of normal resistivity, sonic velocity, hydraulic conductivity,
fracture frequency, and occurrence of single hole radar reflectors in all
boreholes. The combined parameter corresponding to the largest eigenvalue was
defined as "Fracture Zone Index". The frequency distribution of the FZI shows
a skewed distribution (Figure 3). The distribution is not bi-modal but it can be
considered to consist of two parts. One part is a more or less normal
distribution centered around a mean value slightly less than zero and the other
part is the tail of higher values. The dividing line between the tail and the
normal distribution occurs approximately at a value of 2 for the FZI. Based on
the frequency distribution we considered it justified to use a binary description
of the rock mass where it is divided into "averagely fractured rock" (FZI<2)
and "fracture zones" (FZI>2). Thus, using the index points in the boreholes can
be defined which are considered to represent "fracture zones". These locations
occupy 7% of the length of the boreholes at the SCV site (Black ez al., 1991).
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Principal component 1 (FZI)

Figure 3 Frequency distribution of "fracture zone index" (principal
component 1) and its use to designate fracture zones from "average
rock". Data from boreholes C1, C2, C3, N2, N3, N4, W1, and W2.

Having identified the location of "fracture zones" in the boreholes the next task
is to find their extent between boreholes. This is based on the information
provided by the radar and seismic methods. Both of these methods are true
remote sensing techniques in that they provide data on the presence and
location of fracture zones far away (>10 m) from the boreholes. The procedure
developed for combining the single borehole data and the remote sensing data
is outlined in Figure 4. The consistency between the occurrence of FZI
anomalies and remote sensing data from different boreholes is checked. A list
is made of anomalies where data is consistent as well as where data is
inconsistent. The success of this approach will depend on the extent to which
all single hole anomalies can be explained. If the majority of anomalies have
been accounted for we have been successful and the conceptual model provides
a consistent and comprehensive description. If many anomalies remain the
description will be incomplete. It should also be expected that the FZI will to
some degree identify features of such limited extent that they are intersected by
only one borehole. If directional radar data are available it is possible to find
the orientation of such features and they can be included in a deterministic
model. However, such features of limited extent have generally been excluded
from the structural model in order to make the model consistent across the
SCV-site (directional data was only available from a few boreholes).

In addition to the FZI and remote sensing data there are sets of data which can
not be used to define the geometry but which provide checks on the geometric
model. A basic requirement on the geometric model is that it should be
compatible with the crosshole hydraulic responses and the head monitoring
data. In addition, crosshole hydraulic tests provide data on the large scale
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Figure 4 Outline of procedure used for construction of the structural
conceptual model of the SCV-site.

hydraulic properties of the extensive features which is required for the
hydraulic modelling. Groundwater chemistry data will provide information on
the overall flow pattern and should also be compatible with the model.
Furthermore, when the geometry is known, it is possible to correlate geological
characteristics of the features at the borehole intersections such as fracture
orientations, fracture minerals, alteration, and degree of tectonization. Such data
can serve as a verification of the geophysical interpretation and facilitate
creation of a tectonic model of the site.

The conceptual model of the SCV-site contains three major features or fracture
zones named A, B, and H. These features are considered to extend beyond the
limits of the SCV-site to the ground surface. The connection between the SCV-
site and the surface provided by these features is thought to cause the high
heads observed at the site. The properties and width of these major features are
highly variable where they are observed intersecting the boreholes. The
thickness of these features varies from 2 m to 12 m. At the borehole
intersections the features generally exhibit anomalous properties compared to
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"averagely fractured rock". These major features are important for the
groundwater flow system across the SCV-site in that they account for 75 % of
the hydraulic transmissivity as measured by single hole hydraulic tests.

Three minor features named I, K, and M with an extent of 50-100 m have also
been identified. These features are associated with fracture zone index
anomalies close to or just below 2. Using the strict definition of major features
(i.e. FZI > 2), these features do not qualify as "major" since the fracture zone
index is generally less than 2. However, these features are clearly observed in
the remote sensing data (radar and seismics) and it has been possible to
determine their orientation and extent. Another reason for including them in the
conceptual model is that they provide hydraulic connections between the major
features A, B, and H. These minor features account for 4 % of the single hole
hydraulic transmissivity measured in the boreholes.

A plan view of the location of the identified features at the 385 m level of the
mine is shown in Figure 6. From the figure it is evident that A, B, and H
intersect just north of W2. Feature I connects A and B with each other and
borehole W1. K connects borehole N2 with zone H. The consistency of the
model and its relevance for groundwater flow through the site was confirmed
by the crosshole hydraulic testing.

VALIDATION EXPERIMENTS

A set of validation experiments were designed in order to check the predictions
made by the groundwater modelling teams. These experiments were performed
in the D boreholes and the Validation Drift which was excavated in place of
the first 50 m of the D boreholes (Figure 1). The modelling groups were first
asked to predict the inflow to the D boreholes and the distribution of flow
within the boreholes. This was followed by predictions of inflow and tracer
transport to the Validation Drift. In this section the results of these experiments
are briefly reviewed.

In the Simulated Drift Experiment (SDE) the inflow distribution to the D
boreholes was measured under three different heads in order to study if there
were significant non-linear effects (e.g. due to changes in effective stress). The
D boreholes had been arranged on a circle (Figure 6) in order to simulate a
drift without introducing excavation effects. The distribution of inflows to the
D boreholes are shown in Figure 7. Large inflows occur at two locations where
fracture zones H and B intersect the boreholes. The inflows are essentially
localized to a few fractures within the fracture zones. For a large portion of the
borehole length the inflow was below the measurement limit. The fracture
zones intersected the D boreholes within a couple of meters of the predicted
locations (Holmes et al., 1990).

The inflows to the Validation Drift were measured by collecting the flows to
the upper part of the drift in plastic sheets while flows to the lower part of the
drift were collected in "sumps" which were drilled into "wet" fractures. To
account for evaporation from unsheeted areas a bulkhead sealed the end of the
drift and the net outflow of water through ventilation air was measured. Among
the many hundred of fractures seen in the drift, there were two fractures in
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Figure 5 Plan view of features contained in the conceptual model of the
SCV-site. The map shows the location of the features at the 385
m level.

. “zone H that contributed 90% of the flow to the drift. These were the same

fractures where water flowed into the D boreholes.

. Table 1 compares the inflow measurements to the Validation Drift to the
corresponding section of the D boreholes. The first column shows the inflows
measured to the Validation Drift. The second column shows the inflows to the
portion of the D-boreholes coincident with the Validation Drift during the SDE
adjusted to a zero head boundary condition in the drift (Black et al., 1991). The
total flow to the Validation Drift was only about 1/8 of the flow to the
corresponding part of the D boreholes. The relative reduction in flow to the
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Figure 6 In the Simulated Drift Experiment (SDE) the inflow distribution to
six 100 m long boreholes held at the same head was measured. In
Stage V a 50 m long drift was excavated and the inflow distribution

to the drift measured.

drift is evidently greater for the "averagely fractured rock" which gets a

reduction by roughly a factor of 40 while the flow through the fracture zone H

is reduced by a factor of 8. The reduction in inflow to the drift was quite

unexpected and thorough checks have been made of the data to confirm that the

reductions reported here are correct.
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Figure 7 Normalized inflow rates to the D boreholes measured during the
SDE.

A series of tracer experiments were also performed to the D boreholes and the
Validation Drift. In the first experiment tracer was injected with a rate of 200
ml/m in a borehole in zone H approximately 28 m away from the D boreholes
which were used as a sink. The experiment was repeated after excavation and
in this case the drift was used as sink. The tracer transport times to the drift
were 3-5 times longer than the transport times to the boreholes. The relative
delay is basically due to that the drift constitutes a significantly weaker sink
than the boreholes. In these experiments a saline (electrically conductive) tracer
and radar difference tomography were used to map the spreading of the tracer
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Table 1 Inflow measurements to Validation Drift.

Validation Drift SDE Fraction of
Validation
Inflow Percentage Inflow Percentage | Drift to
ml/min  of total ml/min  of total SDE flow
Zone H 99 97 745 86 13 %
Average 3 3 131 14 2 %
rock
Total 102 876 12 %

through three planes surrounding the injection point. It was shown that tracer
was largely confined to zone H but that a minor fraction of the tracer was
transported out of zone H through minor intersecting fractures (Olsson e al.,
1991).

A series of tracer experiments were also performed where metal complex
tracers and dyes where injected in 8 different locations with very low injection
rates (2-30 ml/hour) in order to avoid disturbance of the natural flow field. The
tracer injection points were located at distances of 10 to 28 m from the drift.
The tracer essentially followed the H zone to the drift. Mean residence times
were in the range 1200 to 5000 h. Figure 8 shows the instantaneous recovery,
defined as the maximum mass flow of tracer found at any time divided by the
injection mass flow, for tracers injected in two nearby sections in the H-zone.
Both these tracers were injected approximately 20 m above the drift from the
same borehole and only 5 m apart. In spite of this, the transport properties are
quite different and the largest amounts of recovery are found in different
sampling areas.

Instantaneous recavery

Insiantaneous recovery

dntt

Panels around

Figure 8 Instantaneous recovery for tracers injected in two different locations
20 m above the drift.
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NUMERICAL MODELLING OF GROUNDWATER FLOW AND
SOLUTE TRANSPORT

Numerical modelling of groundwater flow and solute transport at Stripa was
made by four different research groups. Each group had their own approach to
modelling and interpretation of the data provided by the experimentalists. The
diversity in approach proved very useful in evaluating the capabilities of the
new modelling techniques.

Equivalent porous medium modelling was made by Fracflow Consultants, St.
John’s, Newfoundland, Canada. This model was used in order to provide a
reference for the new codes developed during the course of the project. The
finite element code CFEST was used to model groundwater flow in a sequence
of three models from the regional scale to a detailed model of the SCV site. In
the detailed model finite element sizes down to 2.5 m were used.

Discrete fracture flow modelling was made with the NAPSAC code developed
by AEA Decommissioning & Radwaste, Harwell, United Kingdom. In this
model a random fracture network is generated based on the fracture statistics
obtained from the fracture mapping from boreholes and drifts. Different fracture
networks were generated for the "averagely fractured rock” and the "fracture
zones" to correctly represent their respective fracture intensities. The fractures
were given transmissivities consistent with the fracture transmissivity
distribution derived from the single hole hydraulic testing. Then the flow
through the network was calculated for a number of different network
realizations. The model can handle more than 50000 fractures. The size of the
volume that can be modelled depends on the fracture intensity.

Another discrete fracture flow code, FracMan, was developed by Golder
Associates, Seattle, USA. This code calculates the flow through a fracture
network in much the same way as NAPSAC but the approach used in
interpreting the experimental data was different. In the approach used by
Golder only the hydraulically conductive fractures were included in the model.
This resulted in a model with significantly fewer fractures than the one made
by AEA.

Another type of model referred to as an equivalent an equivalent discontinuum
model was developed by Lawrence Berkeley Laboratories, Berkeley, USA. In
this model a template (rectangular grid) of linear conductors was used to
represent the heterogeneity of the flow system within the fracture zones. An
inversion of cross-hole hydraulic test data was used to find the distribution of
hydraulic conductors within the fracture zones. Once the inversion has been
accomplished the model can be used to predict behavior in the fracture system
under different flow conditions. Both two and three-dimensional model were
constructed to model the SCV site.

All models explicitly included the data from the structural model on the
location and extent of the fracture zones explicitly. This implies that the models
assumed the location of major permeable features to be known. This was to
account for the experimental data which showed that 80-90% of the flow was
through the fracture zones and that the location of the fracture zones could be
reliably defined through the remote sensing methods. In fact the LBL model
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only included flow through fracture zones. However, an important aspect of
these models are that they can represent the observed variability in properties
within fracture zones.

A process of validation was set up in order assess the predictive capabilities
and usefulness of these models. A number of criteria were specified for
comparison of predictions and measurements. The modelers were first asked to
predict the inflow to the D boreholes during the SDE. This was done half way
through the project and predictions were based on incomplete site
characterization and flow models still under active development. The models
being stochastic produce predictions within a relatively wide range but the
mean values of predicted total inflow to the D boreholes were quite close to the
measured value (Table 2).

Table 2 Comparison of measured and predicted total inflows to the D
borehole array.

Mean inflow Range
(I/min) (I/min)

Measurement (extrapolated) 1.84 1.75-1.93
Fracflow 2.44
AEA Harwell 1.45 0.36-5.80
Golder-1 0.055 0.001-0.156
Golder-2 1.5 0.5-95
LBL 3.1 0.0-7.7

The next prediction was of the inflow distribution to the Validation Drift. As
the drift was in the same place as the boreholes and the boundary conditions
were the same, changes in inflow to the drift would be due to drift excavation
effects. The modelling teams made different assumptions concerning active
physical processes but generally they failed to predict the observed reduction in
inflow (Table 3). Another important aspect of the discrete fracture models is
their capability to describe the flow distribution through the fracture system.
Figure 9 shows the good agreement achieved between the measured and
predicted inflow distribution to the Validation Drift by the Golder model.
Realistic flow distributions were also obtained with the AEA model.

Finally predictions were made of the tracer experiments where tracer was
injected in several locations at distances of 10-28 m from the drift. The
injection rates were low to simulate natural flow conditions. In general the
predictions of tracer concentration and recovery were close to observed values.
The predicted arrival times were generally much shorter and the breakthrough
curves steeper than observed. It seems reasonable that the discrepancy to a
large extent can be explained the drift excavation effects which not had been
properly accounted for in the models.



Table 3 Comparison of measured and predicted (including drift excavation

effects) total inflows to the Validation Drift.
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Mean inflow Range
(1/min) (/min)
Measurement 0.102 0.99-1.05
Fracflow 0.78
AEA Harwell 0.26 0.24-0.29
Golder 0.26 0.05-0.80
LBL (K/K=0.25) 0.64 0.54-0.86
Measured Drift Inflow Pattern to Panels
.§
S
§

Figure 9 Measured and predicted drift inflow pattern to panels.
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Total inflows to the drift and boreholes are very coarse measures on which to
judge the validity of these models. Other important aspects are if the models
correctly predict division of flow between "fracture zones" and "averagely
fractured rock" and the flow pattern within the rock mass. These aspects have
been considered by Hodgkinson (1991) and Hodgkinson and Cooper (1992) in
their detailed comparisons of measurement results and model predictions.

CONCLUSIONS

The Site Characterization and Validation Project has been a five year project
which has examined a number of problems related to development and
application of site characterization tools, integrated interpretation of data, and
numerical modelling of groundwater flow and solute transport. A summary of
the major components of the research program have been given above. For
each subtask valuable experience has been gained which has been documented
in the reports published by the Stripa Project. Below a brief summary is made
of what is currently considered as the major achievements of the SCV Project.

- A structured approach to combining the data from a site
characterization program into a structural model of a site has been
devised. The approach is based on a "Fracture Zone Index" which is
used to objectively define location and width of fracture zones in
the boreholes. The geometric model essentially provided by remote
sensing methods is verified through cross-hole hydraulic testing and
geochemical data.

The structural model was in good agreement with observations.
Hence, the used combination of single-hole and cross-hole
investigations can be used to give a reliable and sufficiently detailed
description of a site at the 100 m scale. A prerequisite in order to
obtain a reliable geometric model is the use of remote sensing
techniques such as radar and seismics which provide data on rock
structure at large distances from boreholes and drifts.

- The Simulated Drift Experiment unequivocally quantified the
magnitude of drift excavation effects. The flow to the drift was
found to be 1/8 of the flow to the corresponding parts of the
boreholes. The reduction in flow through the "averagely fractured
rock" was found to be significantly greater than the reduction in
flow through the "fracture zone". The reasons for the large reduction
in inflow are not fully understood. The release of gas dissolved in
the groundwater at low pressures and a subsequent reduction in
hydraulic conductivity due to two-phase flow conditions has been
proposed as a possible cause and is believed to account for at least
part of the flow reduction. This problem has to be further
investigated.

F The groundwater flow at the SCV site was concentrated to the
fracture zones. Within the fracture zones a large variability in
hydraulic properties over small distances (meter scale) was found.
In spite of the fracture zones at the SCV site being relatively minor



125

significant hydraulic connections were found over large distances
(several hundred meters). Occasionally highly transmissive fractures
were found outside fracture zones.

The discrete fracture flow codes have during the course of the
project evolved from being research tools to practical tools capable
of representing flow through physically realistic fracture systems.
The models have been shown to provide realistic predictions of
groundwater flow and solute transport through undisturbed rock.
The attempts to model the inflow to the drift did not succeed due to
inadequate understanding of the disturbed zone around drifts. It has
also been demonstrated that the discrete fracture flow models can be
constructed from data obtained during a site characterization
program containing the items described above. Hence, data for these
models can be collected with a reasonable effort.

The staged approach where data collection has been followed by
blind predictions and subsequent validation in several cycles has
proven to be very useful. This forced an interaction between
modelers and experimentalists which helped to focus the
investigation program to parameters required for modelling and
which guided model development to an adequate representation of
flow through fractured rock. The Task Force on Fracture Flow
Modelling made a considerable contribution is specifying
predictions to be made and in evaluating the validity and
applicability of the models.
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SAMMANFATTNING

Site Characterization and Validation (SCV) projektet hade som ma4l att utveckla
och tillimpa en avancerad undersokningsteknik for att prediktera
grundvattenflode och transport av 16sta dmnen i sprickigt berg. Projektet var
uppbyggt kring tvd cykler dir insamling av data f6ljdes av prediktioner och
jimforelse mellan prediktioner och nya data. Prediktionerna genomférdes utan
kinnedom om resultaten frén kontrollexperimenten. Fér prediktionerna
utnyttjades diskreta sprickflodesmodeller som utvecklats inom projektets ram.

Bergvolymen undersoktes med ett integrerat program som omfattade
sprickkartering av borrkirnor och i orter, radar, seismik, borrhilsgeofysik,
hydrauliska tester, grundvattenkemi och bergmekaniska undersokningar.
Tolkningen av dessa data gjordes pa ett vil strukturerat sitt dir en geometrisk
modell av sprickzoners lidge och orientering konstruerades p4 basis av resultat
frdn radar och seismikundersdkningar. Dessa metoder dr nodvindiga for att 3
en vil underbyggd modell d4 de ir de enda som ger information om
sprickzoners lige pd stora avstdnd frin borrhdl och orter. Bredd och lige p4
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sprickzoner dér de korsar borrhdlen bestdimdes pa ett objektivt sétt genom att
infora ett sprickzonsindex (FZI) baserat pd principalkomponentanalys.
Sprickzonsmodellens hydrauliska signifikans testades sedan genom
interferenstester. Modellen visade god Overenstimmelse med erhdllna data.

Huvudexperimentet fér kontroll modellerna bestod i att méta inflodet till 6
parallella borrhdl och sedan infldet till en ort som brutits pd borrhdlens plats.
Inflodet till orten visade sig vara en 1/8 av inflodet till motsvarande del av
borrhdlen. Minskningen av inflode var visentligt storre i det "goda" berget 4n i
den sprickzon som genomkorsade orten. En mojlig forklaring till det minskade
flodet dr att den hydrauliska konduktiviteten minskar p& grund av att
gasbubblor bildas och "fastnar" i sprickoma nir trycket sinks. Den faktiska
orsaken till den stora reduktionen i inflode kan endast faststillas genom
ytterligare experiment.

Grundvattenflddet i den undersokta bergvolymen var koncentrerad till
sprickzonerna. Stora variationer (1-2 storleksordningar) i sprickzonernas
transmissivitet observerades i flera fall dver relativt smé avstdnd (nigra meter).
Trots att sprickzonerna i Stripa &r relativt smi observerades hydrauliska
samband Over stora avstdnd (ndgra hundra meter). Enstaka transmissiva sprickor
pétriiffades ocksé pi ett fatal stillen utanfor sprickzonerna.

Under projektets glng har de diskreta sprikflodesmodellerna utvecklats fran att
ha varit forskningsverktyg till att ha blivit praktiska verktyg som kan ge en
realistisk representation av flodet genom en sprickig bergmassa. De prediktioner
som gjorts med dessa modeller har visat god dverensstimmelse med
genomforda experiment. Det har ocksd visat sig mojligt att med en rimlig insats
ta fram det dataunderlag som krévs for dessa modeller.
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SEALING OF GRANITE ROCK AS EVALUATED FROM STRIPA
EXPERIMENTS

Erfarenheter fran bergtitningsprojektet

Roland Pusch, Clay Technology AB and Lund University of Technology,
Lund, Lennart Borgesson, Clay Technology AB, Lund

ABSTRACT

Three large-scale experiments and comprehensive laboratory
work and flow modelling were conducted in the 5 year Stripa
Rock Sealing project. "Dynamic" injection was applied for
sealing fine-fractured rock using clay or cement. The grout
penetration was modeled and predicted and the field tests
showed that the penetration depth, which should be a few
decimeters for fracture apertures of 20 um and a couple of
meters for apertures of 50-100 um for montmorillonite clay
with a water content of 1.3-1.6 times the liquid limit, or
cement with w/c 0.47 and 1.4 % superplasticizer, agreed
reasonably well with recorded data.

The conductivity and degree of fracture-filling of injected
grouts has been investigated and it was concluded that the

hydraulic condug}ivity of_%pgroutgg)fractured rock can be

reduced from 10 m/s to 10 to 10 m/s by grouting.

Very shallow rock, like the blasting-disturbed zones around
a drift, cannot be effectively sealed because of the frac-

ture debris, the shallow packer positions and the easy dis-
placement of rock blocks.

The longevity of clay and cement grouts has been investi-
gated and it was concluded that a considerable part of the
sealing ability remains even after several thousand years.

SAMMANFATTNING

Stripa Rock Sealing Project omfattade tre storskaliga falt-
férsék, laboratorieundersékningar och flédesmodellering.
"Dynamisk" injektering anvindes fér tatning av finsprickigt
berg med hjalp av lera och cement. Groutintrdngningen mo-
dellerades och prediktionen var att intradngning skulle kun-
na ske till nagra decimeter vid 20 pm sprickvidd och till
ndgra meter vid 50-100 pum vidd vid injektering med montmo-
rillonitlera med en vattenkvot av 1.6 ganger flytgransen
eller med cement med vc 0.47 och 1.4 % SP, vilket gav rim-
lig overensstammelse med vad som uppmattes.

Groutens konduktivitet och utfyllnadsgrad, som bestammer
nettokonduktiviteten hos det injekterade berggt, har stu-
derats och man finner att kondukt%yiteten 130 m/s hos
sprickigt berg kan sankas till 10 till 10 m/s. Det
ytligaste berget, t.ex spréngstorda zoner runt tunnlar, kan
inte tatas effektivt p.g.a. sprickdebris, alltfor ytliga
packerlagen, samt rdérligheten hos ytliga block.

Varaktigheten hos ler- och cementgrout har undersokts med
slutsatsen att en avsevdrd del av tatningsverkan kvarstar
ocksa efter atskilliga tusen ar.
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SCOPE OF THE STRIPA ROCK SEALING PROJECT

The study aimed at investigating whether relatively fine-
fractured rock can be sealed by use of clay or cement
grouts and what the longevity will be in repositories for
highly radioactive waste, where heat is produced. A compre-
hensive literature survey of possible substances and tech-
niques was made and it was decided to test smectitic grouts
and finely ground cement, and to apply the recently deve-
loped "dynamic" injection technique.

DYNAMIC GROUTING

A new "dynamic" grouting technique for effective reduction
of the shear resistance of the injected grouts was develop-
ed by Clay Technology AB in 1985 (1) and it was applied in
the Stripa Rock Sealing Project that was conducted from
1986 to 1991. By this method the clay or cement slurry is
injected by applying a static pressure that exceeds the
ambient groundwater pressure, superpositioning an oscilla-
ting pressure with high frequency and amplitudes, yielding
pressure peaks of up to 8 MPa with a duration of a few mil-
liseconds (Fig.1l). Through this the viscosity of the grout
is significantly reduced so that it can be moved into frac-
tures that have a geometrical aperture of down to 10-20 pum.
Fig.2 illustrates the drop in shear resistance on applying
oscillatory strain of different magnitudes.

— 100 mm

—— 0 mm

Fig.1 Example of recorded injection pressures in the tube
(thin curves) and 10 cm in the thin slot in which grouting
tests were made
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Fig.2 Shear resistance at static (7s) and dynamic treat-
ment with shear strain amplitudes ranging from 0.05 to 0.5
(50/50 Tixoton/Quartz powder)

GROUT FLOW MODELLING

The first part of the project comprised development of a
hydrodynamic model for describing the motion of slurries
with non-newtonian flow properties since it was required
for predicting the penetration rate and depth of grouts
into fractures with different apertures. Also, the evalua-
tion of fracture apertures was focussed on using hydraulic
"Lugeon" testing of the boreholes and fracture mapping,
paying particular attention to the actual channel-type cha-
racter of natural fractures. The basic flow equation has
the following form (2):

T = m(¥/70) " (1)

where T = shear stress
y = shear rate = du/dy (s_l)
yo= normalized shear rate (= 1.0 s 1)
m = "viscosity" parameter (function of i.a.
oscillation shear strain)

n = exponent
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FIELD EXPERIMENTS

Systematic slot injection tests preceded the field applica-
tions in order to check the flow model and to investigate
the physical state of the injected grouts with respect to
homogeneity. Application of the technique was made in three
large field tests in granite at Stripa, one comprising clay
grouting of 76 cm diameter boreholes, and two using cement
grouting for sealing of a natural fine-fracture zone, and
the blasting-disturbed zone around a drift, respectively.

Large Hole Grouting

Large-diameter boreholes or TBM tunnels for storing canist-
ers with highly radioactive waste may require sealing of
intersecting fractures. Grouting from separate holes drill-
ed parallel to the large ones is much less effective than
grouting from the inside and the Stripa test, performed at
350 m depth, comprised development of a technique for
sealing the nearfield rock of 76 cm diameter core-drilled
holes with a length of about 3 m (3). This was made by
means of a "megapacker" consisting of a steel tube with two
inflatable rubber components (Fig.3). With the megapacker
in position, hydraulic testing was first made and grout
then injected into fractures from the narrow slot between
the steel tube and the rock. The design principle was that
all parts of the device that let grout through must have
approximately the same cross section area in order to main-
tain the pressure pulse energy from the grout pump all the
way to the fractures.

Grout with
static and
Prefsuﬁzed 0sc pressure
water . ~
= [4' BN
<] |4.
| - DGE 1
[ UL b | Mega packer

Injector
cylinder

Eﬂﬁillk II Slot filled

__with grout

Mega packer

N | I;
e T

I =

Fig.3 Sealing of rock around holes using megapacker
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In these tests Na bentonite clay with water contents rang-
ing between 200 and 800 % were injected at a static press-
ure of 0.5-3 MPa, and 40 Hz oscillatory treatment, giving
peak pressures of 0.5 MPa. Fig.5 shows the average conduct-
ivity of one test bgfore and after grouting and also after
heating to about 90 C for a couple of months and subsequent
cooling to ambient temperature. Thg;initiql hydraulic con-
ductivity, which ranged between 10 to 10 m/s, was re-
duced by 5 to 1000 times, but the heat treatment induced
rock block displacements that activated flow in new fractu-
re channels as concluded from visual inspection and from
applying the rock mechanical code UDEC.
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Fig.4 Average hydraulic conductivity before and after
grouting, and after heating cycle

Excavation of the rock showed that clay had moved up to 2 m
into fractures with an average aperture of 100 um, which
was in reasonable agreement with the predictions.

Natural fracture zone

Comprehensive drilling and flow measurements were made for

‘characterizing a natural fracture zone at 360 m depth,

which did not intersect the test drift but was located very
close to it as shown in Fig.4. A small part of it was
grouted from the drift as illustrated by the right figure,
in which the location is shown of 10 core-drilled holes
used for characterizating the zone and for cement grouting
(4). The primary horizontal rock stress perpendicular to
the drift is around 20 MPa and the vertical around 9 MPa.
The evaluation of the hydraulic properties led to the
assumption that the effectively water-bearing part of the
zone could be defined as 2 interconnected, parallel frac-
tures with 1 cm wide channels with an aperture of 100 um
and a spacing of 0.2 m. The hydraulic conductivity would be
isotropic and about 10 m/s.
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Japanese Alofix cement with w/c 0.45 and 1.4 % superplasti-
cizer (Na naphtalene formaldehyde) was used for the grout-
ing, which was made with two packer positions except for
two holes, the static pressure being 1 MPa, a frequency of
40 Hz, and injection times of 30-45 s.

Fig.5 Left: The natural fracture zone J, a member of a set
of steep zones with 75 m spacing. Right: Close-up of
J-structure with grouting holes

The rock mechanical FLAC code was used for predicting pie-
zometric pressure changes and water flow into the test
drift, generalizing the drift with the closely located zone
to be 2-dimensional (Fig.6). The outcome of the calcula-
tions was that the total inflow into the drift would drop
by 5-10 % by redgging the average hydraulic ggnductivity of
the zone from 10 m/s before grouting, to 10 m/s after
grouting. Also, the piezometric head should be increased by
around 50-100 kPa at the upper end of the grouted zone, and
decreased by about 200 kPa in the center of the grouted
zone.

The measurements showed that these effects actually occur-
red as illustrated by Figs.7 and 8, i.e. that the total
inflow was reduced by about 5 % and that the expected pres-
sure changes took place.
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Fig.8 Pressures after grouting. 50-100 kPa rise in + area
and up to 200 kPa drop in the area marked with -

A good, visual impression and quantitative measure of the
sealing effect was offered by evaporation measurements be-
fore and after grouting (4). Fig.9 shows the measured area
and Fig.10 the changed inflow over the two scanned profiles
A and B.

Grout area

Fig.9 Measured area in evaporation test
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Fig.10 Evaporation tests, hatched areas mark strong sealing

The various measurements indicated that the average hydrau-
lic conductivity of the grouted_gart of the zone had drop-
ped from about 10 to around 10 ~ m/s. For identifying the
nature of the injected cement, core-drilling was made in
the grouted zone and careful inspection showed that cement
had entered fractures with an aperture of of down to 10-20
um to 2-3 dm distance from the injection hole. The relati-
vely moderate sealing effect was due to the fact that the
cement could not reach deeper into fine fractures and that
the spacing 0.7 m of the injection holes was not sufficient
to hit the majority of the channels forming the groutable
parts of the fractures. It was concluded that cement had
moved at least 1.5 m in one or a few channels with an esti-
mated average aperture of around 100 um.

The FLAC code was used also for studying possible expansion
of fractures by high grout pressures. A basic case was
taken to be that of grout being expelled from a borehole
into an intersected fracture forming a thin disc with 25 cm
radius. For the actual situation, i.e. with a minimum dist-
ance from the wall of about 2 m and 4 MPa compressive force
acting on the steep fractures it was concluded that they
would not be widened by more than 2.5 um at 1 MPa grout
pressure (Fig.1l). More shallow blocks supported by lower
confining pressures and with grout expelled to 75 cm dis-
tance into the fracture should yield considerably more ex-
pansion as illustrated by the calculated 39 um that is in-
dicated in the diagram for the rock properties and geometry
that were applied.
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Fig.11 Examples of expansion of fracture partly filled with
grout pressurized at 1 MPa and extending 25 or 75 cm from

a perpendicularly oriented hole. Case 1 A to 5C represent
successively lower confining pressures and less distance to
a free surface

Blasting-disturbed zone
Test arrangement

Preceding experiments in the drift where the large-hole
grouting took place, had given strong indications of a
significantly increased axial hydraulic conductivity of the
rock close to the periphery (5). This was further investigated
in a large-scale test where the 12 m long inner part of the
drift was exposed to a hydraulic gradient by pressurizing
an inner gallery of radially drilled and closely spaced
boreholes, and collecting water in a corresponding gallery
at the outer end as indicated in Fig.1l2 (6). The holes
formed a continuous slot to 0.7 m distance from the peri-
phery in each of the galleries. The hydraulic conduct1v1ty
was evaluated from tests at various pressure levels in the
inner gallery with the drift completely filled bentonite
slurry that prevented water from flowing into and through
the drift. The measurements were repeated after shallow
grouting of the entire section.

Hydraulic conductivity

The evaluation of the comprehensive flow data showed that
the outer half of the drift was located in rock with an
initial conductivity of 3x10 ! m/s while the corresponding
conductivity was 10 '° m/s of the rock in which the inner
half was located, the higher value being due to the presen-
ce of more conductive, intersecting zones. The average hy-
draulic conductivity of the rock to 0.7 m distance from the
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ce of more conductive, intersecting zones. The average hy-
draulic conductivity of the rock4}o 0.7 m distance from the
periphery was found to be 1.2x10 m/s, while that of the
surrounding stress-influenced 0.7-3 m zone was 10 times
higher in the axial direction and 5 times lower in the ra-
dial direction than the respective conductivity of the

two virgin rock masses.
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Fig.12 Arrangement for measuring the conductivity of the
nearfield rock. A large rubber bladder (A) pressurized the
slurry (B). (K) marks inner and outer borehole galleries

Variation of the effective pressure on the rock from 0.1 to
1 MPa by changing the slurry pressure did not affect the
hydraulic conductivity of the rock.

The flow and piezometric patterns at all stages of slot-
drilling and testing could be accurately described by FEM
modelling, modelling both the virgin rock and the disturbed
zones as porous media.

Grouting and evaluation of sealing effects

Cement grouting of 0.7-1.1 m long percussion-drilled holes
with a spacing of 0.7-0.9 m by both static and dynamic
techniques was made using Alofix cement with w/c 0.47 and
1.4 % SP. The total number of holes was 345, 80 of them
being packer-tested with respect to the conductivity before
the grouting operations, These measurements gave conducti-
vity values between 10°'° and 10~ m/s, i.e. somewhat lower
than that of the macroscopic tests, which is explained by
the small chance of hitting fracture channels and by the
fact that the inner end of the packers was 15 to 20 cm down
in the holes, leaving the most conductive shallow rock un-
tested.
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The sealing effect was determined by repeating the macro-
scopic flow tests and it could be shown that the obtained
flow data fitted with the FEM-derived average conductivi-
ties of the disturbed rock zones before the grouting opera-
tions with a reduction by no more than 50 %. The reason for
the insignificant sealing effect is concluded to be
hindrance of grout to enter fracture channels by blocking
of chlorite deb5is produced in conjunction with the blast-
%ng operation, “'too deep packer positions, and
displacement of shallow blocks.

Character of channels

A comprehensive study of the nature of injected cement led
to the conclusion that channels can be considered to have a
more or less rhomboidal cross section of which the parts
with smaller aperture than 10 um can not be filled with
grout (4). At less than 50 um maximum aperture the cement
appears to be heterogeneous as indicated in Fig.13. An im-~
portant conclusion from this study and the evaluation of
the large-hole testing is that the unfilled parts of the
channels control the net hydraulic conductivity of grouted
rog% and makes it difficult to reduce it to less than about
10 n/s.

>50um

R SR

: a=10-100 mm

Fig.13 Models of cement-grouted channels in natural frac-
ture zone. A) is dense cement matrix, B) porous, hetero-
geneous cement, C) is open space
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LONGEVITY OF GROUTS

Cement with a low content of portlandite or with silica
fume additive has a very significant operative lifetime as
tentatively indicated by comprehensive laboratory work by
AECL, Canada, and theoretical investigations by RE/SPEC,
USA.

Na and Ca bentonite grouts with densities that make them
easily injected into fine fractures have the advantage of
being flexible enough to sustain significant rock strain
but are sensitive to high hydraulic gradients which can
produce piping and erosion (6). Exposure of such grouts to
salt groundwater increases the cogguctivity of the grout
from very low values to around 10  m/s, which is on the
same order of magnitude as the value at complete conversion
from montmorillonite to hydrous mica, i.e. the ultimate
reaction product. Still, even this "worst scenario" case,
which will take several hundreds or thousands of years to
develop, ﬁill not lead to a higher bulk conductiv%;y than
around 10 m/s of rock with a conductivity of 10 w/s
before grouting.

CONCLUSIONS
The following major conclusions were drawn:

* Dynamic injection using Na bentonite clay or
fine-grained cement can bring the grouts into
fractures with an aperture of 10-20 um. Penetra-
tion takes place to several decimeters or meters
in fractures with geometrical apertures of 50 and
100 um, respectively

* It is hardly possible to reduce the neglaydraulic
conductivity of grouted rock beyond 10 m/s.
This is concluded both from the experiments and
from the fact that there will always be unfilled
parts of the fracture channels

* The borehole spacing for hitting a large majori-
ty of the fracture channels in fractures zones
should be 0.5-0.7 m

* Grout penetration is very significantly hinder-
ed by soft fracture debris caused by disinte-
gration of i.a. chlorite in fractures exposed to
shear in the excavation stage. Very shallow rock
can therefore not be effectively sealed, additio-
nal reasons being that the packer positions will
be too deep and rock block displacements will
take place

* The longevity of both cement and clay grouts in
repository environment is considerable and they
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are expected to perform, although with successi-
vely reduced efficiency, for many thousand years
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THE ASPO HARD ROCK LABORATORY - SOME NOTES ON THE
CURRENT STATUS

Aspblaboratoriet, dagsliget

Goran Bédckblom, Project Manager, Lars O Ericsson, Geoscience Manager,
Swedish Nuclear Fuel and Waste Management Co, Stockholm

INTRODUCTION

The Aspd Hard Rock Laboratory was launched 1986 for the
main purpose of providing an opportunity for research,
development and demonstration in a realistic and pre-
viously undisturbed underground rock environment down
to the depth planned for the future final repository of
long-lived nuclear waste [1].

Regional site characterization started late 1986. After
target area investigations c. 20 km north of Oskars-
hamn, the south part of Aspd was selected by SKB 1988
as the site for the laboratory. Comprehensive pre-
construction characterization was made in order to set
up predictive models of the rock, models that will be
checked and updated during the construction of the
laboratory [2-5]. An access ramp will be excavated down
to a depth of 490 m below surface where experiments
will commence in 1994. The excavation work started in
October 1990 after decision by SKB board and after
obtaining permits from pertinent authorities. As of 31
December 1991 1100 m of the access ramp, area 25 m?,
has been excavated. The excavation works has been
coordinated with several investigations in the tunnel.

The Aspd Hard Rock Laboratory (HRL) replaces the under-
ground laboratory at Stripa Mine in central Sweden that
has been in operation since 1977 and closed down 1990
[6],[7]. The construction of the laboratory, tunnel of
length 4000 m and shafts down to 490 m, Figure 1, is an
integral part of the experimental program for the HRL.
An overview of the project can as well be find in [8].
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Figure 1. Sketch of the layout of the laboratory.

THE GOALS OF THE PROJECT

The main goals of the R&D work at the Aspd Hard Rock
Laboratory are:

To test the quality and appropriateness of diffe-
rent methods for characterizing the bedrock with
respect to conditions of importance for a final
repository,

To refine and demonstrate methods for how to
adapt a final repository to the local properties
of the rock in connection with planning and con-
struction,

To collect material and data of importance for
the safety of the final repository and for con-
fidence in the quality of the safety assessments.

Prior to the siting of the final repository for spent
fuel in the mid-1990s, the activities at the Hard Rock
Laboratory shall serve to:

Verify pre-investigation methods

demonstrate that investigations on the ground
surface and in boreholes provide sufficient data
on essential safety-related properties of the
rock at repository level.
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Finalize detailed investigation methodology

N refine and verify the methods and the technology
needed for characterization of the rock in the
detailed site investigations.

As a basis for a good optimization of the final reposi-
tory system and for a safety assessment as a basis for
the siting application, which is planned to be sub-
mitted a couple of years after 2000, it is necessary
to:

Test models for groundwater flow and transport of
solutes

N refine and test on a large scale at repository
depth methods and models for descrlblng ground-
water flow and transport of solutes in rock

In preparation for the construction of the final repo-
sitory, which is planned to begin in 2010, the follo-
wing shall be done at planned repository depth and
under representative conditions:

Demonstrate construction and handling methods

- provide access to rock where methods and tech-
nology can be refined and tested so that high
quality can be guaranteed in the construction,
design and operation of the final repository, and

Test important parts of the repository system

- on a full scale, test, investigate and demon-
strate different components that are of im-
portance for the long-term safety of a final
repository system

These tests shall be able to be carried out on a suffi-
cient scope as regards time and scale to provide the
necessary support material for Government approval of
the start of construction. Certain tests may therefore
have to be started in the mid-90s.

GENERAL ON SCOPE, SCHEDULE, ORGANIZATION, INTERNATIONAL
PARTICIPATION

The scope of the project is outlined in connection with
presentation of SKB’s R&D Programme by law required to
be presented every third year.

The R&D Programme 1986 [1] gave basically the motives
for construction of the laboratory and an outline of
the future work at the facility.

The R&D Programme 1989 [9] presented a detailed pro-

gramme for the pre-investigation phase, the construc-
tion phase and a preliminary programme for the Opera-
ting phase.
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A detailed R&D Programme for the period 1993 - 1998
will be released during September 1992 giving a de-
tailed description of the early phase of the Operating
Phase.

The master schedule for the project is depicted in
Figure 2.

Phase Stage 1986 | 1987 | 1988 | 1989 | 1990 | 1991 | 1992 | 1993 | 1994 [1995 | 1996 | 1997 | 1998
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Figure 2. Master schedule of the ASPO HRL

Aspd Hard Rock Laboratory is organized as a project
within the SKB R&D branch. The project manager is
basically heading a Research Team and a Construction
Team. Daily coordination of the work is executed at the
site office. The scope of the project is coordinated
with other SKB R&D at the Programme Committee.

The scientific work is planned and executed by Prin-
cipal Investigators from universities, consultants SKB
and managed by SKB. Advice is given to the project by a
Scientific Advisory Committee and a Construction Ad-
visory Committee.

Demands on the quality of the research are high and an
overall ambition is that the laboratory should become
an internationally leading centre of research and
development regarding the construction of final reposi-
tories for high-level waste. Up to now three interna-
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tional organizations participate at the Aspd HRL.
Atomic Energy of Canada Limited, Power Reactor and
Nuclear Fuel Development, Japan and Central Research
Institute of Electric Power Industry, Japan are the
present participating organizations. Negotiations are
still going on with organizations in France, England,
USA and Finland.

THE APPROACH TO SITE CHARACTERIZATION

The site characterization performed sofar has many
unique aspects. It is in many ways comprehensive with
respect to methods. During the pre-investigations a
huge bulk of data has been collected at a cost of
approximately 100 MSEK. The need for a general approach
to allow for interpretation, integration and evaluation
of all data was early anticipated.

Predictive models of the geology, groundwater flow,
groundwater chemistry, transport of solutes and mecha-
nical stability were selected as tools to push the
evaluations. The site characterization is treated as an
iterative process, where the predictive models will be
more refined in steps. This iterative approach must be
recognized as well when the real repository is con-
structed.

To facilitate the evaluation of the site characteriza-
tion, it has been divided into stages and different
geometrical scales with respect to designated five key
gquestions. The overall evaluation of the bedrock is
performed after analyses of these five key questions.

The geological-structural model incorporates the sim-
plified description of lithology and the fracturing.
The simplification of the real geological medium to a
geological model is one of the most crucial issues in
the site characterization as this simplification gives
the basis for design and strongly affects the other
four key issues. It must however be emphasized that the
geological description will evolve along with the
characterization programme. The first pre-investigation
can be used to set up working hypotheses that can be
checked in the next phase of the characterization. If
they prove to be wrong they can be modified and enhan-
ced during the more detailed characterization in the
coming stages. The ultimate description of the host
rock will of course appear before a repository is
sealed. Groundwater flow is a key issue as the flow in-
fluences the service life of canisters and dissolution
of the waste. Description of ground water flow also
gives necessary but not sufficient data for calculation
of nuclide transport. Groundwater chemistry is a key
issue as it influences corrosion of canisters, dissolu-
tion of the waste and provides necessary but not suffi-
cient data for calculation of transport of nuclides
from the repository. Transport of solutes is a key
issue as it gives a necessary basis for the assessment
of the safety function of the geological barrier in the
multi-barrier system. Mechanical stability is important
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both in a short and a long term assessment. Mechanical
stability is needed during construction. The long-term
issue is to identify potential zones of movements, so
that the canisters are not cut by future movements. The
long-term assessment is as well needed as a prime
function of the rock is to provide stable geohydro-
logical chemical conditions.

HIGH-LIGHTS FROM THE PRE-INVESTIGATION PHASE

The background report to R&D Programme 89 [9] describes
in detail the goals for the pre-investigation phase.
The pre-investigations have been summarized in six
Technical Reports [10, 11, 2-5].

When the project was launched 1986 it was stated that
the 1aporatory preferably should be located close to
the existing nuclear facilities at Oskarshamn, Figure
3.
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Figure 3. The Simpevarp area with environs.
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Extensive pre-investigations preceded the start of
construction in October 1990. [2]. Regional investi-
gations comprised e g air-borne surveys, gravity mea-
surements, interpretation of digital terrain models.
Several target area was investigated. It was finally
decided late 1988 to site the laboratory at the small
island Asp&. The characterization has comprised compre-
hensive surface measurements and investigations in 35
percussion holes (100 - 200 m deep) and 19 cored holes
(500 - 1000 m deep). Of general interest is maybe the
application of a new drilling technology that earlier
has been used in oil exploration. Figure 4 shows how a
cored hole was drilled along the tunnel. The diameter
of the cored hole is 56 mm and guided along the tunnel
close to 700 m in length.

Simpevarp Halb a2 Aspii

Depth (m)

Figure 4. New drilling technology was used in order to
core almost horizontally, starting form the
surface.

The geological- structural models, Figure 5, co-in-
terpreted with extensive hydraulic testing and data on
groundwater chemistry was used as input into numerical
models. One of the numerical model predicts what will
happen with the ambient groundwater situation during
construction of the laboratory. It predicts inflow to
the tunnel, pressure changes in the monitored drill
holes and how the interface between fresh and saline
water below the island will move. Later evaluation of
the fit between the predicted and measured values will
be used in order to asses the completeness and exact-
ness of the conceptual and numerical models.

The first 700 m of the access ramp encompassed only
predictions on the geological structural model. The
outcome of these predictions is deemed to be reason-
able.
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THE ON-GOING CONSTRUCTION PHASE

Studies of alternative layouts of the underground
portion of the Asp® Hard Rock Laboratory were performed
during 1987. A tunnel ramp was found to be preferable
to the sinking of a shaft to a depth of about 500 m.
The tunnel alternative was chosen primarily because it
provides better flexibility and a greater opportunity
for collection of data and characterization of the rock
mass. Estimates also showed that the cost for tunnel
and shaft was in the same.

The inclination of the tunnel is at maximum 14 % on the
straight stretches and 10 % at the bends. The area of
the tunnel is 25 - 43 m2., After evaluation of six
tenders, considering price, quality and flexibility SKB
awarded the contract to the Swedish contractor SIAB AB.
They use a computerized TAMROCK for the drilling opera-
tion. In order to improve the working environment muck-
ing is done with an electric TORO wheel-loader. The
haulage vehicles are equipped to decrease the
environmental effect of the exhaust gases. The con-
struction schedule is divided into two phases. The
first construction phase starting in October 1990
encompasses the tunnel to a depth of 330 m and the
raises to surface. After that a period of minimum six
months will be devoted to renewed prediction work. The
construction phase is planned to end during 1994.

A detailed account of the goals for the construction
phase is presented in the background report to R&D
Programme 89. Specific goals are to:

- validate the predictions made during the
pre-investigation phase and correlate the
results of the pre-investigations with the
results of tunnelling;

- develop the methodology for characterization
of rock from underground;

- make predictions of the rock down to the 500
m level based on data obtained after about
2500 m (depth 330 m) of excavation and the-
reby designate suitable areas for experi-
ments during the operating phase.

Data collection during the Construction phase shall
also increase knowledge of geological zones of weakness
and provide additional material for description of the
so-called "disturbed zone" surrounding the tunnel.
Furthermore, the extent of possible recent rock move-
ments will be studied.

Method reports and evaluations in the Aspd Hard Rock
Laboratory can naturally be utilized to plan and exe-
cute pre-investigations and detailed investigations on
the candidate sites.
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Evaluation of the documentation and comparison with
predictions set up prior to excavations take place

during the construction phase. The results will be

reported in several sessions.

Sub-projects have been defined. The sub-project Rock
Volume Descriptions is concerned with comparisons of
conceptual models of the bedrock in different investi-
gation phases.

The sub-project Passage of Fracture Zones is concerned
with developing a methodology to characterize a frac-
ture zone while excavation is in progress. Grouting
shall be performed so that a grouted zone around the
tunnel will not penetrate to far from the tunnel pe-
riphery (10-20 m).

The sub-project Quality Assurance Programme has been
set up in order to produce a formal QA plan for site
characterization.

One sub-project is aimed at summarizing the experience
gained in construction of the facility.

PLANNING FOR THE OPERATING PHASE

After the excavations have reached the final depth in
1994, a number of experiments will be commenced which
will proceed for shorter or longer durations during the
Aspd HRL’s Operating phase. These experiments require
preparations and planning throughout the Construction
phase.

A preliminary programme for the activities in the Aspd
Hard Rock Laboratory during the Operating phase is
presented in the background report to R&D Programme 89
[9]. Preparatory work will take place during the period
1991-1994. Planning of the Operating phase will draw on
conclusions and experience gained from Stripa Phase 3,
the safety assessment project SKB-91, tracer tests at
the Finnsjoén study site, the Canadian Underground
Research Laboratory (URL), previous experience from the
Aspd Hard Rock Laboratory and other projects. A more
definitive programme will be presented in R&D Programme
92.

Many of the research tasks carried out during the con-
struction phase can be treated as pilot studies for the
experiments to be carried out during the Operating
phase.

TESTS AND DEVELOPMENT OF TECHNOLOGY

Efforts are made to test and verify all the appropriate
methodology and techniques that may be required to
construct the final repository. This includes develop-
ments on numerical modelling, instruments as well as
construction aspects.
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The tools for calculation have been enhanced to a
degree that was not anticipated a few years ago. The
threedimensional groundwater code, PHOENICS, now take
into account the density contrast of the water. Frac-
ture zones can be fed into or out of the model without
the formidable task of changing the internal mesh for
calculation, saving manmonths of work. The model as
well allow for the complex geometry of the facility
with a high resolution (2m) close to the excavation.
The calculations do not need supercomputers but can be
run on a working station.

In a project like the Aspd Hard Rock Laboratory Project
groundwater monitoring are essential for both the pre-
investigation phase and for the documentation of the
construction phase. Monitoring during natural condi-
tions, as well as during periods of disturbed hydraulic
situations, i e pumping tests etc, are important for
the characterization of the investigated rock forma-
tion. The boreholes are equipped with multi-packer
systems allowing for measurements of groundwater level
and salinity. In boreholes being monitored with auto-
matic recording systems, which is the case for all core
drilled holes and a major part of the percussion dril-
led holes, the recording intensity is one measure per 4
hours. For some percussion drilled boreholes at Aspd
the recording interval is 2 hours. The instruments in
the boreholes was during 1991 hooked on-line to a
central computer at the site office so that the "EKG"
of the geological body can be measured.

During 1991 a Blasting Damage Experiment was executed
mainly in order to assess the damaged zone [12]. Eva-
luation of the experiment show the importance of accur-
ate drilling, as well as the importance of the choice
of perimeter explosive.

ongoing work is a "Passage of Fracture Zone Programme".
One of the major objectives of this programme is to
pass a major fracture zone, transmissivity 10* m’/s and
perform groutings with a limited penetration of the
grout from the tunnel perimeter.

SAMMANFATTNING

Aspdlaboratoriet anldggs f8r att ge m&jlighet till den
forskning, utveckling och demonstration som beh&vs
innan det svenska slutfdérvaret f&r anvdnt k&drnbrdnsle
borjar byggas.

Artikeln gdr en allmin genomgdng av projektets mdl,
inneh&11, tidplan och organisation. SKB har en &ver-
gripande milsidttning att laboratoriet utvecklas till
ett internationellt ledande center fdr forskning och
utveckling av metoder fér att projektera och bygga
slutfdrvar. F n har avtal slutits med en kanadensisk
systerorganisation och tvd japanska organisationer.
Forhandlingar pdgdr med flera intressenter.
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Férundersdkningarna fér laboratoriet inleddes 1986 i
Simpevarpstrakten, ca 20 km norr om Oskarshamn. Under-
sdkningarna har resulterat i ett flertal prediktiva
modeller av berggrunden som nu kontrolleras under
byggnadsskedet. Modellerna #r i huvudsak inriktade pé
geologiska strukturer, grundvattenstrdmning, grund-
vattenkemi och mekanisk stabilitet.

Efter att nédvidndiga tillst&nd erhdllits, pabdrjades
springningsarbeten i oktober 1990. En ca 4 km lang ramp
byggs till ett djup av 490m. Byggande och under-
sdkningar sker parallellt och vid Arsskiftet hade ca
1100 m av rampen spréngts vid arsskiftet 1991/1992.

Planering pdgdr fér laboratoriets driftskede som inleds
1994. )

SUMMARY

The Aspd Hard Rock Laboratory was launched 1986 for the
main purpose of providing an opportunity for research,
development and demonstration in a realistic and pre-
viously undisturbed underground rock environment down
to the depth planned for the future Swedish final
repository of long-lived nuclear waste.

The paper outlines the goals, the scope, the schedule
and the organization of the project. SKB has an overall
ambition that the laboratory should become an inter-
nationally leading centre of research and development
regarding the construction of final repositories for
high-level waste. Up to now three international organi-
zations participate at the Asp® HRL. Atomic Energy of
Canada Limited, Power Reactor and Nuclear Fuel Develop-
ment, Japan and Central Research Institute of Electric
Power Industry, Japan are the present participating
organizations. Negotiations are still going on with
organizations in France, England, USA and Finland.

Pre-investigations for the project was launched during
1986 in the Simpevarp area, c. 20 km north of Oskars-
hamn. The investigations have resulted in several
predictive models of the bedrock to be verified during
the on-going construction phase. The models basically
encompass the key questions geological structures,
groundwater flow, groundwater chemistry and mechanical
stability.

After receiving pertinent permits, the excavations
started in October 1990. A c. 4 km ramp is excavated to
a depth of 490 m. Construction is integrated with
investigations in the tunnel. January 1, 1992 1100 m of
the ramp has been excavated.

Planning for the Operational Phase to start during 1994
is in progress.
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STANDARD FOR VIBRATIONER I BYGGNADER

Standard for vibrations in buildings.

Ingenjbr Henry Sandstrdm Innovation AB

ABSTRACT.

Swedish Standard SS 460 48 66 "Vibrations and shocks -
edition no.2 with instrumentation specifications, is now
available. The standard is used as a basis for calculations
of allowed vibration values in building when blasting.

The calculated values which are peak values refering to
the vertical vibration velocity are set to avoid damages
on buildings.

The standard which concernes all kind of blasting, the
Swedish Standard S8S 460 4861 "Measurements of vibration
and shock in buildings for the evaluation of annoyance" is
under concideration.

The Swedish Enviromental Protection Agency is presently
working on recommendations for control of stone quarries
in accordance with the Environmental Protection Law.

1 INLEDNING

Vi 8r kringg#rdade av m8&nga lagar och fdreskrifter inte
minst n&r det g#éller spré&ngning, vilket jag vill &sk&dlig-
gbra med inledningsbilden (fig.1).

Visserligen har man i Nybyggnadsreglerna (NR) i avsnitt 9
"Tillsyn" f6r markarbeten begr8nsat fdreskrifterna till
mindre &n en sida mot tidigare ett helt h&fte. En handbok
BYGGVAGLEDNING 9 har dock nyligen utgivits av Svensk Bygg-
tjénst utgbrande praktiska r&d till Nybyggnadsreglerna.

Vi har i var normgrupp f8rs8kt samordna nomenklaturen i
denna skrift med viss framgéng med g&llande praxis.
Dessutom har vi i MARKAMA 83 under B6 Bergschakt f£f&6rt in
anvisningar g8llande krav pd& spréngplaner och borrnings-
toleranser m m.

2 Svensk Standard SS 460 4866 "VIBRATIONER OCH STUOT -
RIKTVARDEN FUR SPRANGINDUCERADE VIBRATIONER I BYGGNADER".

2.1 Allm&nt

Grunden till denna standard 4r den internationella
standarden IS0 4866. Eftersom svensk praxis inte i alla
avseenden 8verensst8&mmer med IS0-Standarden har denna
svenska till&mpning ansetts n&dvéndig.
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En viktig skillnad &r att i svensk praxis sedan 50-talet
enligt U.Langefors/Kihlstrdm anger tilldtna riktv&rden av
svéngningshastighet (v) i mm/s med m8tning i endast vertikal
riktning medan man i ISO-Standarden generellt méter i tre
riktningar (3-komponent m&tning).

Standarden &r idag typgodk#énd av Boverket.

V&r 8vervakningsmétning 4r darfdr betydligt enklare och
billigare &n i delar av 8vriga v&rlden. Vid analys av ett
sprangfdrlopp till&mpas dock #&ven h#r 3-komponent mé&tning.
M&tningen sker i byggnadens grundliggningsniv&. Liknande
métstrategi som vi f¥ljer i Sverige till&mpas &ven i Norge
och i Finland.

Ett avsnitt i standarden behandlar synefdrré&ttning dvs.
besiktning av byggnader f&6re och efter spréngning. S&dan
besiktning g8res enligt den grafiska metoden beskriven i
IVA-rapportern 187, som #8r under omarbetande.

Byggherren bdr i regel std f6r denna besiktningskostnad,
se utdrag ur artikel i AMA-NYTT 2/90 (fig.2}.

En utgdva 2 av standarden har utkommit kompletterad med
instrumentspecifikation avsnitt 6 som anger kraven pé
instrument f&r kontroll av vibrationer.

2,2 RIKTVARDEN

Till&tna riktvarden f8r byggnader berdknas med utglngs-
punkt efter till&mpad praxis (fig.3).

Utgdngsvardena pd8 sv3ngningshastigheten (V,) ligger i
omr&det 18 - 70 mm/s beroende p& byggnadens undergrund.
Vid k#&nnedom om utbredningshastigheten (C,) i marken kan
Vo korrigeras enligt en enkel formel.
Konstruktionsfaktorn (F, £fig.4) best&r av en byggnads-
faktor F, och en materialfaktor F,.

Byggnadsfaktorn (0,65 - 1,7) 8r uppdelad i 5 klasser frén
tunga konstruktioner som broar till ruiner (fig.5).

Materialfaktorn (0,65 - 1,2) best&r av 4 klasser uppdelade
pd& material fr&n armerad betong till mexitegel(fig.6).

Avst8ndsfaktorn (F,) framtages i ett diagram (fig.7). Som
framgdr av diagrammmet s8 &r faktorn 1,0 p& avstdndet 10 m
och sjunker med &kat avst8nd f8r olika markslag s&som lera.
mor8n och berg. Anledningen till att faktorn reduceras &r
beroende av att frekvensen p8 utbredningsv@gen minskar med
avstdndet och fbrorsakar d&rmed stbrre risker for skador
p& byggnader.

Sist i raden av faktorer 4r verksamhetsfaktorn F, (fig.8).
Denna faktor &r beroende av hur l8ng tid spréngningsarbetet
skall p8gd. F6r grund- och anléggningsarbeten &r faktorn
1,0 och d&rmed utan reducering av vibrationsvérdet.

Da&remot f&r fasta fasta anldggningar s&som bergt8kter och
gruvor kan en reducering av till8tna vibrationsv&rden ske
till 25 %.
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Vi har utifr&n standarden konstruerat en tabell (fig.9)
for utrékning av tillltna vibrationsvérden.

Det &r en f&rdel om man kan s&tta ett slutligt gé&llande
vérde fo6r en byggnad.

I standarden finns dessutom 10 punkter om vad en
riskanalys skall omfatta (fig.10).

Dessa punkter #r styrande fér konsulternas riskanalyser.
Genom punkt punkt 3 erh8lles byggnadens grundl&ggningen.
Punkt 7 tilldtna vibrationsniv@er och punkt 9 och 10
erforderlig dokumentation s&som spr&ngjournaler.

Som exempel pd riktigt £6rd spréngjournal visas en spréng-
journal fré&n sdderleden (fig.11).

Notera att man nogrannt f8ljt kravet fré&n standarden
géllande avsténdsupgifter.

Instrumentspecifikationen (fig.12) anger f&6r Uvervaknings-
métning frekvensomrddet 5 - 300 Hz samt med ett métomréde
frédn 1 mm/s till 250 mm/s.
Kalibrering skall ske vid 80 eller 160 Hz och detta skall
ske minst en géng per A&r.

Erfarenheten har visat att till&mpningen av standarden
gdllande uppréttande av riskanalyser varierar avsevért
mellan olika konsulter.

Man b&r d8rf8r samordna utbildningen fér att f& likartad
bedbmning av ett spréngobjekt.

3 Svensk Standard SS IS0 8569 "Vibrationskénslig
elektronisk utrustning”

Standarden g8ller f8r vibrationsk&nslig utrustning som

t ex. datorer (fig.13). Underlaget till normen &r en
svensk STU-rapport frén projektet "Grundl&ggningsteknik i
tatort”. I den internationella gruppen IS0 8569 har vi en
svensk som ordfdrande, GYsta Rundgvist Vibraconsult.

Standarden ger i huvudsak m#tanvisningar men fr&n vér STU-
rapport har man i ett diagram lagt in vibrationsvérde till
1 g eller 10 mm/s g8llande datorers t&lighet.

Varat fdrslag till riktvérden pd tilldten svéngnings-
hastighet fdr hus med datorer &r v = 20 mm/s, detta vid
m8tning i grundnivé.

Som framglr av diagrammet (fig.14) s8 har norrm&nnen (NGJ)
kommit till ungef8r samma resultat.

4 Svensk Standard S5 460 4861 "Matning och beddmning av
komfortstdrningar i byggnader”

Underlaget till denna standard &8r ISO 2631-2.
Naturvardsverket 14t Statens Provningsanstalt i NORDTESTS
namn ta fram ett f¥rslag som blev mycket kritiserat.
Da8rfdr har Tekniska Kommitén IS0 108/2/3 f&r byggnads-
vibrationer omarbetat fUrslaget radikalt.
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G&llande de komfortgrénser f8r vibrationer i byggnader
(fig.15) har vi undantagit tillf#lliga bygg- och
anléggningsarbeten samt gruvdrift och bergtékter.

De varden som &r angivna i standarden géllande sannolik
st8rning f8r ménniskor &r v = >1 mm/s eller a = > 36 mm/s=®
(0,0036 g) &r enligt min beddmning mycket léga varden
(v8rdena 4r végda RMS-vérden).

D& frekvensen 4r k&nd kan man g8 in i diagrammet (fig.16)
och dérmed erh8lles niv8n i angivet kriterieskikt.

Denna standard &r nu ute p8 remiss och kommer dérefter att
omarbetas. I v8r normgrupp har vi under arbetets géng

kommit fram till att det kan vara rimligt att méta inkommande
vibrationsst8rning i férsta hand i grundnivén istallet fOdr
mitt p& ett golv som beskrivs i fdrslaget.

5 Rekommendationer f8r pr8vning av bergtékter enligt
milj8skyddslagen

Naturv8rdsverket har ett utarbetat fdrslag p& faktablad om
prévning av bergt8kter enligt miljdlagen.

Vi har fr&n normgruppen l&8mnat synpunkter fo&r samordning
av texten i f8rh&llande till 8vriga standarder. Natur-
vArdsverket har till en del beaktat dessa synpunkter.

Det &terstdr dock en del f8rslag till korrigeringar innan
den kommer i tryck under &ret.

Som slutord vill jag p8peka att i normarbetet &r det
vasentligt att kunna engagera alla berérda parter 1
arbetet. Detta f8r att kunna erh8lla b4sta mbjliga
praktiska l¥sningar utan alltfdr stora ekonomiska
konsekvenser.
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Fig 2
3.1 Okorrigerad svingningshastighet v

Foljande virden pé okorrigerad svdngningshastighet v, anvénds vid
olika markforhéllanden

Undergrund _ Vertikal
svingningshastighet v,
mnys

Lost lagrad morin, sand,
grus, lera 18

Fast lagrad morin, skiffer,
mjuk kalksten 35

Granit, gnejs, hard kalksten,
kvartisk sandsten, diabas 70

Om en noggrannare bestimmning av svingningshastigheten v,
erfodras kan tryckvagen (P-vagens) utbredningshastighet, C
métas och foljande formel anvindas. Mitningen skall ske pa
grundldggningsnivan.

C

P

65

Fig 3
dér v, anges i mm/s och Cpi m/s
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Konstruktionsfaktorn F, ir beroende av byggnadens vibration-

Konstruktionsfaktor F

skiinslighet och byggmaterial.

Konstruktionsfaktorn F, beriknas pa foljande sitt.

Fk=

dir

F xI_
F, = byggnadsfaktor

F W= materialfaktor

3.2.1 Byggnadsfaktor F,

Byggnader indelas med hénsyn till vibrationskinsligheten i
konstruktionen i foljande 5 klasser. Klass 1-4 giiller
byggnader i gott skick

skick samt vissa kénsliga ruiner

Klass Byggnadsfaktor F,
1  Tunga konstruktioner sdsom 1,70
broar, kajer, forsvarsanliggningar
od
2 Industi- och kontorsbyggnader 1,20
3 Normala bostadsbyggnader 1,00
4  Speciellt kiinsliga byggnader 0,65
sdsom muséer och 6vriga byggnader
med hoga valv eller konstruktioner
med stora spinnvidder
5  Historiska byggnader i 6imtaligt 0,50

322 Materialfaktor F .

1 Byggnader ingdende material indelas med hiinsyn till vibrationskinsligheten i foljande

4 klasser.
Klass Materialfaktor F_
1 Anmerad betong, stal, trii 1,20
2 Oarmerad betong, tegel, betong-
hilisten, littklinker betong 1,00
3 Autoklaverad littbetong 0,75
4 Kalksandsten (Mexitegel) 0,65

Faktorn F_ giller for svagaste materialet i byggnaden.

Fig 5

Fig B

Fig 4
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3.3 Avstandlaktor I

1
m

Avstindet F, som funktion av korlaste avstindet mellan springsalvan och varje
berord byggnad [ramgir av {6ljande diagram.
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3.4 Verksamhetsfaktor I,

Avstind (d) meter

Verksamhetsfaktorn F, ir beroende av hur ling tid spriingningsarbeterna skall piga.

Klass

Verksamhetsfaktor 7,

For tunnlar, bergrum,

arbeten och liknande
anliggningsprojekt

bergtickter och gruvor

viigskitrningar, grundliggnings

For fasta anliggningar sisom

1.0

1.0-0.75

© COPYRIGHT

RIKTVERDEN FOR SPRANGNING

Innovation AD

Fig 7

Fig B

Stockholm, Swed FORMEL:vav *F *F, *F 4 *F { Enl. Svensk stzriard §5 460 4366
, Sweden 1990 [\ k d "d. e { Avstind : 10 m Fy = 1.0 )
A
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5.1 Riskaualys

En riskanalys bor omfatta:

1 Redovisning av uppdragets omfattning och syfte,

2 Bedomningar av risker forenade med geologiska forballanden, geotekniska forhillandenoch
grundvattenforhAllanden saml stabilitetsproblem och behov av sttningskontroller. Nir sidana risker
foreligger bor en geoteknisk utredning utforas,

"3 Redovisning av nirliggande byggnaders grundlaggaing och konstruktion.

4 Invenlering av kiinslig utrustning sdsom datorer, relder, etc.

5 Redovisuing av arbelsplatser dir kinsliga arbetsmoment utlérs.

6 Forteckning dver belintliga ledningar, tunnlar och bergrum,

7 TillAten vibrationsniva.

8 Anvisniogar om var vibrationswitaing skall goras och vilka kontroller som skall vidtas.

9 Dokument som anger inom vilket omrde som besikining (synclorriltning), proviryckning av rokkanaler
och information till kringboende bér ske,

10 Specifikation av erforderlig dokumentation frén arbetsplatsen sAsom sprangplancr, springjournaler m m. Fig 10

\H:%(l(&- STOAN
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NGI's forslag til grenser for rystelser malt pa dish-driverens festeshinne.

Avstand fra Elasje der Grenseverdi Grensesone
sprengning tit | EDB-utstyret min/s NB | Merk.
bygning  ljer | er montert Sone overganger
0-10m opp Hl 3.~k. 10 ©)
0-10m Over 3.-k. 20 @

10 - 100 m Opp Hil 3.-4. 20 @

10 - 100 m Over 3.~k 50 O,

Over 100 m Alle etasjer 50 ©)

Tabellen gir nominelle verdier. Frekvensanalyse anbeflales der man er i lvil om grensevalg.

Frekvensene er avhengig av geologi, tenningsopplegg , fundamenltering og bygningskonstruksjon. Fig 14
E fAapport nr, Figur r;v
TELE 7/ FFl / SBED EDB / RYSTELSER 861015-2 1
qunel— Dato
Avstands- og malepunkt- avhengige grenser, basert pa z/

el akseptabel rystelsesniva opptil 10 m/s?

Kontroliert

(m(lk 1enl

4
&

Wie *t



9 Komfortkriterier i byggnader
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Vigd hastighet Vigd acceleration
Mattlig storning 0,4 - 1,0 mm/s 14,4 - 36,0 mm/s?
Sannolik storning > 1 mm/s > 36 mm/s

Fig 15

Om det frekvensvigda virdet domineras av en frekvens, nagot som
ofta dr fallet till f61jd av resonans i byggnader, kan det vigda virdet
ersittas av rms-virdet for den aktuella frekvensen och direkt jdmforas

med resp kriterieskikt.

Hastighet mm/s (rms-varde)

51,0 mm/s sannolik storning

. | ] 04-10 mm/s mattlig stérning

Fig 16






AVLASTNINGSSPRANGNINGSFORSOK I PYHASALMI OCH LAISVALL
GRUVOR

Destress Blasting Experiments in the Pyhisalmi and Laisvall Mines

Hossein Hakami, SveDeFo, Stockholm
Jouni Kankkunen, Outokumpu Oy, Pyhésalmi, Finland
Arvid Taube, Boliden Mineral, Laisvall

1 INLEDNING

Avlastningsspriangning anvénds i hirda bergarter nédr problem upptrider till
foljd av hoga bergtryck. Problemen yttrar sig ofta i form av plotslig avlossning
av skivformade bergpartier i varierande storlekar s k smillberg.
Avlastningsspringning innebir att man genom borrning och springning
fragmenterar berget inom eller brevid det hogt belastade bergpartiet.

P4 detta sitt erhdlles en omfordelning av spanningar till ett ur
stabilitetssynpunkt mindre kritiskt omréde i bergmassan.

Vid spriangning inom ett antal borrhal som #r placerade pé ett lampligt satt
bildas en zon kring borrhélen med synliga sprickor och mikrosprickor (den sk
mjuka slitsen). Under kritiskt hogbelastning sker en tillvéxt av dessa sprickor.
Dessa sprickor "mjukar upp" bergmassan och leder till att rorelser uppstar som
bidrar till att avlasta omradet(Karowski et al (1979)). Det dr emellertid
vasentligt att antalet borrhél 4r tillrickligt for att den borttagna volymen av
bergmaterial frdn borrhdlen motsvarar den dilatation som behdvs i samband
med rorelser ldngs de erhdllna sprickorna.

2 AVLASTNINGSSPRANGNINGAR I PYHASALMI
2.1 Bakgrund

Pyhésalmigruvan ir en zink-och koppargruva som ligger i norra Finland.
Gruvan dgs av Outokumpu Oy. Tva brytningsmetoder utnyttjas for nirvarande:
skivrasbrytning och igenséttingsbrytning.

I Pyhidsalmi-gruvan har man problem med héga horisontella
bergspinningar(Loven et al(1987), Lappalainen et al(1987)). Tidigare forsokte
man underlétta brytningen av huvudmalmen genom att forst bryta ut
parallelmalmen. P3 det sittet avlastades huvudmalmen innan den bréts ut.
Denna teknik dr inte alltid mojlig, varfor man istillet borjat intressera sig for
avlastningsspringning.
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2.2 Forsok med avlastningsspringning

For den forsta "pilot springningen”" borrades sex borrhdl med en diameter av 89
mm i mitten av huvudmalmen mellan nivderna 645 och 660 m djup enligt Fig
1. Dessutom kédrnborrades tva hél fore springning och tva hal efter (Fig. 1), i
linje och ca en meter ifrdn sprianghdlen, for att kunna studera utstrackningen pa
skadezonen runt springhdlen.

Borrhdlen laddades dver en lingd av 3 m i mitten med spingédmnet Penno II.
Detta sprangidmne ir Pentrit-baserat och tillverkas av Oy Forcit AB i Finland.
Borrhélen var ofyllda och ej forladdade for dvrigt.

Spriangdmnet dr hgbrisant med hdg detonationshastighet och har lag gas
utveckling. Valet av ett sddant sprangdmne och att ingen forladdning anvindes
berodde pd att man ville dstadkomma sprickor utan att tilldta att springgaserna
trdnger in i sprickorna.

/

/ /
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| | |
| .
fi e 645 |
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, f 71
[ l | 0.8 m
l' 1 0.2m @—L
‘1 : 58 oboin
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/ . | $ ¢= eqmm
— 660 m |
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Fig. 1. Ett tvirtsnitt av testomradet (a) och borrplan for
pilotforsdket, mindre cirklar: diamantborrh3l, storre cirklar:
avlastningshal.

A cross section of the test site (a) and bore hole lay-out for
the pilot test, small circles: diamond-drilled holes, big circles:
destressing holes.

I omrédet till det forsta forsdken utfordes ett storre forsok dd 24 hal(dia:89mm)
borrades i mitten av malmen i samma ort och mellan samma nivder. Utav dessa
hl laddades 13 enligt Fig. 2. Resten av hélen utnyttjades for inspektion av
skadezonen.



Fig. 2. Borr- och laddplan for avlastningsspringningsforsoket.

Bore hole layout and charge configuration for the destress
blasting experiment.

Forsokplatsen instrumenterades for att bevaka och méta de fordndringar som
forvintades ske till f6ljd av springningarna.

Irad-givare (Vibrating Wire Gauges) placerades i borrhdl ca 6 m djupt, se Fig.

3. Extensometrar med tre ankarpunkter placerades i borrhél som borrats tvars

igenom malmbredden. Dessa hdl borrades med mycket 1dg stupning frén ort
AP2. :

Dessutom kérnborrades 4 hél ungefir parallellt med extensometerhélen. Syftet
med borrningen var att studera malmkroppen och dess ursprungliga sprickor.
Parallella och niraliggande kiarnhdl planerades till efter sprangningen for att
kunna jimfora kdrnorna fore respektive efter sprangning. Pa sé sitt skulle en
uppskattning av springskador och dess utstrickning erhéllas.

Utav de planerade kirnhdlen kom endast ett till stdnd efter
avlastningssprangningen. RQD och enaxiell héllfasthet bestimdes for
borrkidrnan. Dessa virden jimfordes med motsvarande virden som bestimdes
fran kirnan frin ett utav halen (fore springning) som lig ndrmast.

Merparten av hdlen sprick- och skadekarterades fore respektive efter springning

med hjdlp av en fiber optisk borrhdlskikare.
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Fig. 3. Avlastningssprianghdl och mitgivarhdl vid 645 och 660 m niva.
Extensometrar (Ex1 - Ex4) och spanningsmatare (VW2 - VW7).

The locations of the destressing bore holes, vibrating wire
gauges (VW1 _ VW7) and extensometers (Ex1 - Ex4).

2.3 Resultat och observationer

Extensometrarna uppmitte smé deformationer. Den hogsta konvergensen mattes
av extensometer 1. Denna extensometer hade sina ankarpunkter ca 2 m ifrén
borrhilslinjen pa vardera sidan. Den forkortningen som mattes var ca 2.6 mm
over en lingd av ca 4 m. Figur 4 visar de uppmitta deformationerna under
ungefir en ménad efter springning.
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Fig. 4 Mitresultat extensometer 1

Measurements from extensometer 1
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Figur 5, 6 och 7 visar en jimforelse mellan virden p& E-modul, enaxicll
hallfasthet och RQD som bestimdes fore respektive efter sprangning. En
minskning av dessa virden kan konstateras till ell avstnd av ca 3 m pa
vardera sidan av borrhélslinjen. Négra virden foljer dock inte denna trend.

‘Foot wall Hanging wall

5
i 7
E %
: 7
2 1
iy
?;::I {_;’1: ;:':: }:ﬂ
E-,"- //' :.;//‘| |
1%1 7.8 & ’/ﬁ |
55 5.2 ho 33 1.4 05 ==z ix -5
DISTANCE FROM THE LINE (m)

BEFORE BLASTING /4 AFTERBLASTING

Fig. 5 E - moduler bestdimd genom enaxiell hallfasthetstester fore
respektive efter sprangning

The modulus of elasticity from uniaxial tests before and after blasting

Foot wall Hanging wall
SECIND TEST
200

UNIAXIAL COMPRESSIVE STRENGTH (MPa)

4.0
DISTANCE FROM THE LINE (m)

23 BeroRE BLASTING T2 | AFTER BLASTING

Fig. 6 Enaxiell hdllfasthet hos prover tagna fore respektive efter
sprangning

The uniaxial compressive strength measured from samples taken before
and after blasting
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Foot wall Hanging wail
SECOND TEST
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S
BEFORE BLASTING @ AFTER BLASTING

Fig. 7 RQD- virden fore respektive efter springning

RQD values before and after blasting

Spénningséndringarna som mittes av Irad-givarna var mycket sma. Métningarna
beddmdes vara opdlitliga dirfor att givarna hade lossnat i hilen, troligen pga
springningsvibrationerna. Den hogsta spinningsminskningen uppmittes av
VWS5. Den var ca 16 MPa och horisontell.

Mera detaljer av forsoken och dess resultat dr angivna i Hakami et al(1990) och
i Kankkunen(1990).

Borrhélskikningen gorde det mdjligt att direkt studera de springorsakade
sprickorna. Dessa sprickor var i stort sett radiella och lingsgiende. De
varierade i lingd och hade grovre ytor &n de naturliga. Utan att forst ha
definierat ett objektivt matt pd 6kningen av sprickorna ir det svart att genom
borrhdlskikning kvantitativt bedéma hur stor skadedkningen var. Man kan inte
heller beddma skadedkningens betydelse for bergmassans styvhet s& linge som
inte ocksd styvheten uppmits sévil fore som efter springning.

Forsoken har bl a visat pd lamplig spriangteknik samt givit virdefull
information om utstrickningen pa skadezonen kring halen. P4 grund av problem
med den bergmekaniska métutrustningen har det varit svart att visa hur stor

avlastning man i sjélva verket fitt. Laboratorieundersdkningarna stoder
emellertid avlastningsteorin.



179

3 AVLASTNINGSSPRANGNINGAR I LAISVALLGRUVAN

3.1 Bakgrund

Laisvallgruvan #r en bly-och zinkgruva som ligger i Norrbottens lin. Gruvan
dgs av Boliden Mineral.

Brytningsmetoden #r en rum-och pelarbrytning. Primérbrytningen tillgér sa att
man forst driver en Sppningsort. Vinkelrdt mot denna driver man dérefter
produktionsortar och avsitter 20 - 40 m 1anga pelarbalkar. Rumshdjden kan i
detta skede variera mellan 3 och 7 m. Om malmen dr miktigare sker dérefter
uttag av en eller flera horisontal-pallar sd att rumshojden kan bli upp till 24 m.
Ortbredderna kan beroende av takbergart variera mellan 8 och 15 m. Ortarna &r
drivna med rektanguldr ortprofil.

I laisvallgruvan har smillberg p g a hoga horisontal spanningar sedan linge
varit ett svirbemistrat problem. Man har upplevt att smillberg kan uppstd vid
moderata orthojder i takortar som vid stora orthdjder vid uttag av
horisontalpallar. Problem kan uppstd i ortgaveln, sulan och i taket. Smallberget
kan yppa sig som allt frdn lattare kndppingar till kraftiga sméllar med
sulresningar och storre utfall av takskivor som foljd. Smillberget kan ofta leda
till att berget mellan bultarna trycks sonder. Flera forsok med
avlastningsspringningar har dérfor gjorts med varierande resultat (Krauland och
Sdder(1988).

3.2 Geologi och bergspiinningar

Bly- och zinkmineraliseringen i Laisvall ligger i en sandstenpacke. Den totala
miktigheten av sandsten dr ca 40 m. Sandstenet dr genomskuren av lerskiffer,
konglemerat och tunna lerband. Formationen &r kraftigt vattenforande i delar av
omradet.

Bergspinningsmitningar har utfotts i gruvan s tidigt som 1952.
Spinningsmitningar med hjélp av mera avancerade utrustningar utfordes senare
och de stimde vil med de tidigaste métningarna. Den storsta huvudspadnningen
ar horisontell och ca 22 MPa. Den mindre horisontella huvudspinningen ar ca 9
MPa. Riktningen hos de horisontella huvudspénningarna varierar i gruvan.

3.3 Forsokomradet

I det aktuella omradet i centralmalmen, Fig. 8, hade man gjort ett uttag av en
pall varvid takproblem uppstod. I detta skede 6kades orthdjden frén 4 m till 10
m. Uttaget av den andra pallen (se Fig. 9) stoppades eftersom alltfor kraftigt
smillberg uppstod i bide pallgaveln och i taket som var trasigt sedan tidigare.
Denna ort bedomdes som ldmplig for att prova avlastningsspringningar.
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Fig. 8 Plan 6ver gruvan vid centralmalmen . Pelarbulken 6ver villken
avlastningsspringningen utfordes dr markerad i figuren. De
inrasade delarna av taket visas i den forstorade planen. Djupet
pd rasen varierade mellan 0.4 och 1.5 m.

A plan view of  the minewithin the Central ore body. The rib

pillar above which destress blasting was carried out is made

dark on this figure. A close-up plan view of the test site is

also given in this figure. The caved parts of the roof are shown

on the close-up plan view. The depth of the cavings varied between
0.4m to 1.5 m.
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soft inclusion

I, ]
blastho%}

|
' !
room 20WE [

room 19WE

Fig. 9 En tvirsektion av gruvan vid testomrédet. Borrhdlen och den
forvintade mjuka slitsen visas. Avstdndet mellan hllraderna
var 0.5 m vid anfanget och ca 1 m i botten.

A cross section of the mine at the test site. The blastholes

and the postulated soft inclusion are sketched on this figure. The
distance between the blastholes on columns was 0.5 m . The distance
between the blasthole bottens (on columns) was approx. 1 m.

Fig. 10 Plan over testomrdet. avbruten linjer: springhélen,
M1, M2, M3, T1 & T2: konvergensmitstrickor. Ex: extensometrar,
S1 & S2: skjuvrdrelsestationer.

A plan section of the mine at the test site. Broken lines:
blastholes, M1, M2, M3, M4, T1 & T2: convergence measurement units,
Ex: extensometers, S1 & S2: shear movement measuring set-ups.
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3.4 Dimensionering av avlastningsspringningar

For att avlasta taket dver rum 19 VO borrades 3 rader hl frén rum 20 VO
uppétstupande i pelarbalken som ligger mellan rum 20VO och 19VO, se Fig. 9
Och 10. Borrhalen hade en diameter av ca 50 mm och en lingd av ca 6.7 - 7.8
m. Avstidndet mellan borrhl i rad sattes till ca 1.25 m och 18 hél borrades i
varje rad.

Avlastningshdlen springdes med Bonagel, ett brisant springmedel med en
detonationshastighet av 7500 m/s. Laddmingden var ett kilo Bonagel per hil
med en laddningskoncentration av ca 1.5 Kg/m samt en Maxiprime. Borrhilen
springdes med Nonel kapslar med en intervalltid av 100 ms mellan varje hil.

Sex extensometrar installerades. Fyra utav dessa var egentillverkade med 2 eller
3 ankare och 1ag ungefér i samma plan som for de nedersta avlastningshdlen.
Ankare placerades efter 2.4 m (treankarsversionen), 5.5 m och 7.6 m.

Tva konvergensstationer, bendmnda "trdd 1" och "trid 2", var monterade i taket
i rum 19VO. Dessa bestod av en pianotrid, vilken var fist med en dubb i taket
P en ena sidan orten och I8pte dver en trissa pd den andra sidan. Triden
spindes med ett lod.

Konvergensmitningar utfordes mellan flera métankare som var ingjutna i taket.
Fyra av mitstrickorna ir indikerade i Fig. 10. Rorelse mellan pelare och tak
uppmittes med skjuvrorelsestationer, se Fig. 11 och 10 .

Fig. 11 Skjuvrorelsestation

Shear movement measuring unit

3.5 Bildandet av en mjukslits - en arbetshypotes

Baserat pd antagandet att en mjuk slits skulle &stadkommas forviintades
deformationer enligt Figur 11.
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Fig. 12 Ett tvirtsnitt skisserat 6ver provomrédet med hénsyn till
bildandet av en mjukslits som deformationsmodell

A cross section of the mine at the test site. The figure
depicts the expected deformations according to the postulated
destressing mechnism.

En konvergens over slitsen skulle orsaka divergens i taket av rum 19 VO.

Divergensen kan emellertid vara forsumbar om konvergensen over slitsen ar
liten. Det #r da inte troligt att nigon divergens i taket av rum 20 VO skulle
kunna forekomma eftersom den mjuka slitsen ligger pa alltfor stort avstind.

3.6 Miitningar
Mitningar som gjordes pi slutet av springningarna. Sprangarbetet hade brutits i

mindre springningar i avsikt att man ville undvika extra skador i taket. I
samband med det var mitningarna nddvindiga for bevakning av taksstabiliteten.

Miitningarna utfordes pa slutet av sprangningarna utnyttjades for
avlastningsbedomning, se tabell 1. De var svartolkade (Taube et al.(1990).

De slutliga deformationerna dverensstimmde inte riktigt med de som
forvintades enligt avlastningsmodellen: bildandet av en mjukslits. Dirfor

undersoktes andra avlastningsmodeller som skulle mojligen forklara de erhéllna
resultaten.

3.7 Mijliga deformationsmodeller
3.7.1 Skjuvning ldngs lerband

Det omedelbara taket éver rum 20 VO och 19 VO bestar av ett sandstensskikt
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Tabell 1. Forvintade och uppmiitta deformationer. E1 - L1, E2 - L2
betecknar matstrickor vid extensometer Ex1. Likasd for
de andra extensometrar. M1, .., T1, .., S1 etc. &r

beskrivna i Fig. 10.

Table 1. Expected and measured deformations. E1-L1, E1-L2
refer to the measuring segments of the extensometer Ex1.
likewise is for the other extensometers. M1,.., T1, ..

S1 etc. are described in Fig. 3.



med ett dominant och genomg8ende undre forskiffringsplan. Ett lerband ligger
inklimt mellan sandstensskitet och undre formationer. Det dr mojligt att
avlastningsspriangningen leder till en skjuvrorelse lings lerbandet.

En momentan (dynamisk) foréndring i spénningsfaltet till foljd av springning
kan resultera i en minskning av den vertikala belastningen som verkar dver
lerbandet. Detta kan i sin tur underlitta initiering av en skjuvrorelse. Fig. 12
~ skisserar denna situation.

. Skjuvrérelsen initieras i en punkt i nérheten av den mjuka slitsen och sprider
sig lings lerbandet. Skjuvrdrelsen &r inte obegrinsad utan minskar gradvis &t
bada hall (till hoger och till vinster om initieringspunkten). Rorelsen kommer
till en vilo-tillstdnd efter ett visst avstind &t bada héll. Avstdndet styrs av den
energiinsats som satte igéng rorelsen.

I detta fall bor divergens forekomma i taket i de tvd rummen 20 VO och 19
vO. Bortsett fran den forvintade konvergensen over slitsen skulle man kunna
mita antnigen konvergens eller divergens mellan de tvé ankarpunkterna som
ligger pd var sin sida om lerbandet. Konvergens respektive divergens

uppmiittes, beroende pé vilken riktning den relativa rorelsen har mellan det 6vre

och nedre planet.
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Fig. 13 Ett tvirtsnitt skisserat ver forsoksomrddet med hénsyn till
skjuvning lings lerband som deformationsmodell. Inslaget visar att
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antingen konvergens eller divergens kan forekomma i pelaren beroende pa

skjuvrorelsen riktning.

A cross section of the mine at the test site. The figure depicts the

expected deformations according to the destressing mechanism described in

3.7.1
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3.7.2 Skjuvbrott eller uppspjilkning i tak

Fore och i samband med avlastningsborrning har det forekommit ras i taket
over rum 19 VO. Skjuvbrott eller uppspjélkning kan téinkas vara mekanismer
bakom raset, se Fig. 14. Konvergens i taket av rum 19 VO har troligen
forekommit till f6ljd av raset. Det nuvarande taket bor vara relativt avlastat.
Denna foreteelse har i sin tur orsakat divergens dver pelarbalken som ligger
mellan rum 20 VO och 19 VO.

Efter raset utfordes avlastningsspringningen i s fall i en relativt avlastad zon.

Detta bor dé inte ha lett nigon konvergens i pelaren utan givit upphov till
dilatation av det fragmenterade berget runt borrhélen.
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relativt ofdrdndrat divergens konveraens

Fig. 14 Ett tvirsnitt skisserat over forsokomridet med hénsyn till "
skjuvbrott eller uppsppjdlkning i tak" som deformationsmodell.

A cross section of the mine at the test site. The figure
depicts the expected deformations according to the destressing
mechanism described in 3.7.2.

3.8 Jamforelse mellan miitresultat och modeller

Vid en jimf6relse mellan uppmiitta slutdeformationer med de olika
deformationsbilderna kan man bedéma vilken eller vilka mekanismer som
orsakat deformationerna. En sddan jamforelse visar att mekanismerna,
skjuvrorelse langs lerband i kombination med " skjuvbrott eller uppspjilkning i
tak", med storsta sannolikhet orsakar avlastningen i testomradet, Fig. 15.

Det &r intressant att notera att denna analys alltsd tyder pd att man inte erhller
en mjukslits i sprangningszonen trots att detta var den mekanism som man



ursprungligen efterstrdvade. Ddremot har den 6nskade avlastningseffckten dndé
uppnétts i forsdksomridet.

5!/5’2 1div

SKJUVNING

TAKUPPSPJALKNI

Fig. 15 En bild av uppmitta deformationer 6ver forsokplatsen.
Skjuvning i kombination med "skjuvbrott och uppspjélkning" bedéms
vara ldmpliga deformationsmodeller.

A plan section of the mine at the test site. The measured

deformations in terms of divergency and convergency are shown on this

figure. Possible destressing mechanisms are also indicated.
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SUMMARY

At the Pyhdsalmi mine, Finland, problems associated with high horizontal stress
were previously alleviated by excavating a parallel, narrow ore body in the
vicinity of the main ore deposit. Destress blasting has later been considered as
a potential technique to replace the forementioned method, not any longer
feasible under the prevailing circumstances.

Blasting experiments have been carried out at an unmined stope at depth of
645 m in order to evaluate the performed blasting rounds in terms of
destressing.

In the experiments, single rows of bore holes were fired to fracture the ore
enclosing the blasted bore holes such that a destressed "inclusion" would be
produced in the remaining stiff ore body.

10 - 12 m long bore holes with a diametere of 89 mm were drilled in the
middle of the main ore body between levels 645 to 660 m. A pentrit-based
slurry charge with a high velocity of detonation was used in the experiments.

The experiments incorporated rock mechanical field and laboratory
measurements as well as bore hole endoscopy. Installed instruments included
extensometeres and vibrating wire gauges.

The investigations provided usefull information on limiting blast parameters
and on the nature and the extent of the blast-induced damage. Because of the
malfunctioning of some of the installed instruments, a part of the field results
could not be interpreted. Resorting only to the results from the laboratory tests,
however, the likelihood that destressing was achieved was judged to be quite
high.

A fairly recently destress blasting at laisvall mine in the north of Sweden is
described in this paper too. The Laisvall mine is a lead and zink mine and the
method of mining is room and pillar.



Figue 9 shows a cross section of the mine at the test site. Destress blsting was
carried out along a long pillar in such a way to improve the stability of the
adjacent room, room 19 WE. This would then prevent the further undesired
concentration of stresses when the extraction of the ore from the underlying
bench was to be done.

The destress drill and blast design consisted of bore holes about 7 meters in
length and about 50 mm in diameter, drilled on 3 parallel rows from room 20
WE into the pillar and inclined upwards, Figs 9 & 10. The bore holes were
charged at the bottom, each with a kilo of Bonagel, and fired in series using
detonators with 100 ms delay times. It was presumed that this would form a
fractured zone, the so called "soft inclusion", large enough to produce the
desired destressing.

The site was instrumented as sketched in Fig. 10. Extensometers were installed
in such a way to cross the assumed location of the fractured zone. Measuring
bolts were installed in the roof of the neighbouring rooms, 199WE and 20 WE,

in order to measure the deformations expected to occur following the blasting.
In addition simple set-ups were installed (Fig. 11) that could detect possible
shear movements at the intersections of the roof-pillar sidewalls.

The measurement results were not easy to interprete. An alternation of
convergency and divergency at the roof spanning over the two neighbouring
rooms, as well as across the blast-induced fracture zone, suggested that other
mechanisms for destressing than that associated with the so called "soft
inclusion" could also have been responsible for the measured deformations.
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UNDERSOKNING AV SPRANGSKADOR I ASPOLABORATORIET
Blasting Damage Investigation in the Aspd Hard Rock Laboratory

Fil dr Roy Stanfors, Roy Stanfors Consulting AB, Lund

INLEDNING

Aspoélaboratoriet 4r en underjordisk forskningsanliggning som dr under byggnad
i SKB:s regi vid Simpevarp, ¢ 20 km norr om Oskarshamn /Bickblom &
Ericsson 1992/.

Samtidigt med utbyggnaden av anldggningen - som utférs med konventionell
sprangning till ett djup av ¢ 500 m i Smélandsgranit - utfors ett antal
experiment. Ett av dessa avser studier av den sk "stérda zonen" som uppstar
runt konturen av ett hilrum som spriangs ut i berg.

En forsta del av detta experiment utfordes i tillfartstunneln till Aspdlaboratoriet
under viren 1991 och avsdg i forsta hand att studera de direkta effekterna -
frimst i form av sprickbildning - som kan sittas i samband med olika
sprangningsforfaranden (Fig 1).

Simpevarp kspd

Tfartstunnel -

- -500 m

Sprangskadeforsok

Figur 1. Oversiktsbild av Aspolaboratoriet och del av iillfartstunneln  dir
sprdngskadefiérsoket utférdes.

Figure 1 Section across the Aspé Hard Rock Laboratory with investigated part of the
access ramp.
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TRE OLIKA SPRANGPLANER TESTADES I HOMOGEN SMALANDS-
GRANIT

Forsoket inleddes med borming av ett 90 m langt hal fradn en nisch i vénster
tunnelvagg parallellt med den planerade tunnelstrackningen (Fig 2). Syftet med
detta borrhal var i forsta hand att finna ett ¢ 50 m lingt avsnitt med likartade
bergforhéllanden. Hélet utnyttjades ocksa for diverse loggningar och tester fore
och efter utspriangning av forsokssalvorna. Nér ldmplig teststraicka med ledning
av detta borrhdl var bestimd borrades frdn en nisch i tunneln ett 60 m langt
kdrnborrhél ¢ 1 m frin och parallellt med vénster tunnelvdgg for unders6kningar
fore och efter sprangning. Efter sprangning av samtliga nio testsalvor borrades
ett 35 m langt kdrnborrhdl parallellet med och endast ¢ 0.5 m frdn det
foregdende for jimférande sprickstudier.

2 cored boreholes
0.6 m ond 0.75m cbove tunnel §loor

VIBRATION MEASUREMENT

pele 137 2xBSE

i
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z'sm]rl_s_um_llr_-uar 25Mm uonoC ingl.

1.|3m|

ACCESS RAMP

01010 00 0 0 0

| | | | |

l ROUNDS 1a 1b 1c 20 2b 2¢c 2d 3¢ 3b

0/480 0/490 0/500 0/510 0/520 0/530 0/540 0/550 0/560 0/570 0/580 0/590 0/600
4.4m 4.4m
- Pbh 957
I L 827 —?i1-2m
[~ = * PERCUSSION BOREHOLES IN ALL
BLASTING DAMAGE £on 4-1sm s.5m | Pon 057 TEST ROUNDS.
INVESTIGATION Q¥ T R | Bn e
I » CORED BOREHOLES IN THE ROUNDS
caH | 1b. 2b, 2d OCH 3b.
CDRED BOREHOLE
PEH 0 5 10m
— — — - PERCUSSION BDREHOLE ém [ Cbh ©56 L - —J
BLASTING SCHEMES: 0 10 20m
| - 1 1 J
I s1aB 1 ——
L~ coh 1=1.5m I .
e b | ASPD HARD ROCK
: ®' s 2 Hom ) LABORATORY
| 5 [T~
- - 2_0 Sm s <= Pbh 257 310703
| 8, 1.5-3
I O m SKB / ROY STANFORS /
I & 1 R8s em|con 56 7 2 ¢ h " SYDKRAFT KONSULT AB (Han/lrﬂ
- ~ Pph &57
Figur 2, Planskiss dver den del av tunneln dér springskadeforsoket utfordes.
Figure 2, Plan view of the test site for the blasting damage investigation.

I forberedelserna for forsoket ingick ocksd borming av ett 30 m langt
hammarborrhal - parallellt och ¢ 2.5 m innanf6r planerad vénstervdgg i tunneln
- for installation av vibrationsmdtningsutrustning.

Springforsoket utférdes med tre olika borr- och laddplaner i sammanlagt 9
salvor. De tre planerna som sammanstilldes av entreprendren, Siab, fick
bendmningen Siab 1, Siab 2 och Siab 3 (Fig 3).
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Figur 3 Borr- och laddplaner fér Siab 1, Siab 2 och Siab 3 /enligt Christiansson &
Hamberger 1991/.

Figure 3 Blasting configuration for Siab 1, Siab 2 and Siab 3.
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Fdljande teoretiska skadezoner for de tre planerna berdknades av Nitro Consult
och SveDeFo:

Sula Vigg/Tak
Siab 2 0.6 m 0.3m
Siab 1 1.7m 0.7m
Siab 3 2.1m 1.0-1.2 m

Siab 1 var den springplan som vid tiden for forsoket normalt anvindes i
tunneln. Siab 2 &r exempel p& mera skonsam sprangning och Siab 3 var den plan
som ansdgs mest produktionsmaissig.

VAD MENAS MED SKADEZON?

Ménga fors6k har gjorts att definiera begreppet skadezon i samband med
utspringning av tunnlar och bergrum. De mest pétagliga effekterna r oftast
bildning av nya sprickor eller 6ppning av gamla likta sprickor i anslutning till
den utsprdngda bergkonturen. Fordndringar av hydrauliska och andra fysikaliska
egenskaper i berget ndrmast en tunnel dr ofta ocksd méjliga att méta.

Nitro Nobel anger en teoretisk grins for uppkomst av spriangskador i normalt
svenskt urberg nér vibrationshastigheten Gverskrider 700-800 mm/s. Effekter av
ovan namnda slag noteras ofta in till ett djup av ndgra dm - ett par meter frin
tunnelkonturen. Fordndringar i kristallernas gitterstruktur och bildning av
mikrosprickor som endast kan kontrolleras med hjilp av laboratoriemetoder &r
ofta mindre pétagliga men nér ofta flera meter in i berget.

HUR MATER VI SKADEZONENS OMFATTNING?

Frin tidigare utférda sprangskadeforsok rapporteras bl a hur resultat frin
vibrationsmétningar jimforts med direkta observationer och nybildade sprickor
med hjdlp av borrhélskikare /Sjéberg m f1 1977/.

Miki /1985/ gjorde jimforelser mellan sprickfrekvensen i borrkdrnor borrade
fére och efter springning och Li m fl /1988/ rapporterar resultat av
Kaisereffektmétningar. Ofta anvinds en kombination av tvd olika metoder t ex
Rosengren /1986/ som kombinerade seismik med loggning av sprickor. I
samtliga ovan ndmnda fall framgér tydligt att osikerheten dr stor fér de enskilda
metoderna.

For Aspoforsoket beslot vi att anvinda ett relativt stort antal olika metoder -
sdvil direkta som indirekta. Huvuddelen av undersékningarna utférdes i borrhal.
For varje salva borrades tvd ¢ 8 m ldnga hammarborrhal - ett i vinster vigg
(anfangsh6jd) snett framét och ett i salvan som lutade 45° under nista salva.



Ansittningen och riktningen p& dessa hil baserades pid de utférda
skadezonsberdkningarna. Mitningarna utfordes foér varje salva fore och efter
sprangning. Efter utsprangning av samtliga férsokssalvor borrades dtta 6 meter
langa radiella kidrnborrhadl for Kaisereffektmitningar och undersokning av
mikrosprickor. Unders6kningarnas totala omfattning framgar av foljande
oversikt.

Geofysisk loggning
Vid den geofysiska loggningen anvindes féljande metoder:

- Sonic (P-wave)

- Resistivitet (single point)

- Resistivitet (short normal 0.4 m)

- Densitet

- Avvikelsemitning (Boremac D2 och Fotobor)

Malsittningen var fran borjan att anvéinda alla loggarna i samtliga borrhél. Det
visade sig emellertid att Sonic-loggen av tekniska skil inte var anvindbar i de
korta borrhdlen och att densitetsloggen inte gav nigon anvindbar information
om sprangningseffekter i berget. Den anvindes dérfor inte i samtliga borrhal.

Mitningarna utférdes av ABEM och utvdrdering och tolkning av Olle Olsson,
Conterra AB.

Vibrationsmitningar

Mitningarna utférdes i ett 30 m ldngt hammarborrhil med diametern 89 mm
som avsdg att ticka 6 salvor ( tre Siab 1 och tre Siab 2). Fyra mitpunkter i
borrhdlet instrumenterades med accelerometrar och geofoner. Under
mitningarna visade det sig att den vata miljén och elektriska krypstrommar i
tunneln var mera besvdrande 4n vintat samt att accelerometrar dr att foredra
framfor geofoner som sensorer.

Mitningarna utférdes av Nitro Consult AB och SveDeFo. Tolkning och
utvirdering utférdes av Finn Ouchterlony (SveDeFo) och Conny Sjoberg (Nitro
Consult AB).

Optisk borrhilsundersokning

Unders6kning av sprickor utférdes i borrhdlen - fore och efter sprangning - med
hjélp av fyra olika instrument:

- TV-kamera (REES)

- TV-kamera (SKB)

- TV-kamera (Olympus)

- Technoskop (borrhélskikare)
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Olympuskameran har den stora férdelen att den ger firgbilder medan de 6vriga
ger svartvita bilder. Nackdelen dr den begrinsade rickvidden (22 m).
Technoskopet ar enbart en borrhdlskikare och ger inte mélighet till
bildatergivning som de &vriga utrustningarna. SKB-kameran har axiellt synfilt
vilket &r en fordel i kidrnborrhdl medan de Ovriga utrustningarna med sina
radiella synfélt fungerar bittre i hammarborrhdlen som vanligen har mera
ojdmna borrhalsviggar. Mitning och utvirdering utférdes av ABEM.

Geologisk dokumentation

Den geologiska dokumentationen efter varje salva var mycket omfattande.
Forutom normal kartering av bergarter och strukturer ingick ocksa:

- Maitning av djupet i kvarvarande salvborrhal i fronten.

- Kartering av borrpipor i konturen och beskrivning av synliga
sprangskador i anslutning till dessa.

- Detaljerad kartering av alla sprickor - naturliga och nybildade - >20 ¢cm
langs linjer pa tunnelvdggarna och p& den tensade sulan.

- Kérnkartering

Det &r oftast svart att entydigt bestimma om en spricka 4r inducerad av
spriangning eller naturlig, sévél vid tunnelkartering som kdrnkartering.

Den geologiska dokumentationen utférdes av Aspdlaboratoriets undersdknings-

grupp. Sammanstillning och utvidrdering av Rolf Christiansson och Ulrika
Hamberger.

Hydrauliska tester
Hydrauliska tester genomfordes endast i begransad omfattning i detta forsok.

Injektionstester med dubbelmanschert i det 60 m langa kirnborrhalet
parallellt tunneln 3-4 dagar efter utsprangning av samtliga salvor.

Injektionstester med enkelmanschert i samtliga hammarborrhdl i sulan
fére och omedelbart efter varje salva. For tvd av hilen gjordes en
kompletterande test 5-7 dagar efter sprangning.

Injektionstester med enkelmanschett i samtliga hammarborrhal i sulan ¢ 5
man efter féregdende métning.

Mitningarna utférdes av SGAB och utvirdering gjordes av Lars Nilsson VBB-
VIAK.



Undersokning av borrkirnor

Sammanlagt 4tta ¢ 6 m langa kirnborrhal borrades radiellt i vigg och sula for att
mojliggora undersdkning av:

- Mikrosprickor i tunnslip
- Akustisk emission (Kaisereffekt)

Undersokningen av mikrosprickor utfordes av Karl-Axel Kornfdlt och Hugo
Wikman, SGU i Lund. Kaisereffektmétningarna gjordes av Erling Nordlund och
Li Chunlin, Hogskolan i Luled.

Dokumentation av borrning, laddning och springning

I samband med forsoket utfordes en mycket detaljerad dokumentation som bl a
omfattar foljande parametrar:

- Salvhilens exakta position

- Haldjup

- Tandningsfoljd

- Mingden och typ av sprangdmne i varje hél

- Jamforelse mellan konturhilens position vid ansattning och dndpunkt
- Sprangningsresultat

Dokumentationen utférdes och sammanstilldes av Ulrika Hamberger.

RESULTAT

Som ovan nimnts var det huvudsakliga méilet med det utférda forsoket att
studera utbredning och karaktir av skadezonen som bildas i samband med
utspringning av en tunnel di olika sprangningsforfarande tillimpas. En
ytterligare mélsittning var att testa och utveckla metodik for dessa studier.

Resultat frin geofysisk' loggning och vibrationsmitningar visar god
overensstimmelse.

Kombination av resultat frin geofysiska loggar med direkta observationer med
hjalp av olika TV-utrustningar visar en utbredning av skadezonen enligt Figur 4
Inducerade sprickor har dessutom observerats ¢ 2 m fran tunnelns nedre horn
/Olsson 1991/.

197



198

B

B2 Floor

Side wall

Figur 4. Genomsnittliga djup av springningsinducerade effekter. Resultat av geofysiska

mdtningar for de tre olika sprdngplanerna (enligt Olsson, 1991).

Figure 4. Average depth of excavation induced effects obtained from geophysical
measurements for the different blasting schemes applied.

Dessa resultat kan jamforas
vibrationsméatningarna /Ouchterlony m fl 1991/.

med de genomsnittliga resultaten fran

Sula Vigg/Tak
Siab 1 1.3m 0.35 m
Siab 2 1.3 m* 0.35m
Siab 3 1.5m 0.55m

* Omskjutning foretogs i samtliga Siab 2 salvor.

Geologiska observationer

Resultaten av den

geologiska  dokumentationen i

anslutning  till

sprangningsforsoket kan sammanfattas i foljande punkter /Christiansson &

Hamberger 1991/:

kd Kartering av borrpipor efter varje salva visade att endast 50% av
konturborrhdlen var synliga. Framfor allt saknades borrpiporna i
anslutning till hornen och nedre delen av vidggarna samt i hal med

onormalt stor stickningsvinkel.

& 33% av borrpiporna visade ingen eller endast obetydliga skador i Siab 1
salvorna. Fér Siab 2 och Siab 3 var motsvarande procental 35 respektive

19.




* Flertalet springningsinducerade sprickor terfanns runt de bortsprangda
konturhalen.
* De inducerade sprickorna 4r oftast radiellt utgdende frén konturhalen.

Flertalet av sprickorna r 0.6-0.8 m langa, ett fital lingre &n 1 m. Den
lingsta observerade sprickan var 3-4 m.

* Inducerade sprickor - koncentriska eller parallella med uthalliga naturliga
sprickor - observerades ocksd i storre enskilda block.

¥ Den totala frekvensen av naturliga och inducerade sprickor i vdggarna
var i stort lika stor for de tre olika springplanerna. Antalet inducerade
sprickor var dock klart lagre i viggarna pa Siab 3 och i sulan pa Siab 2.

Stora problem med Siab 2 salvorna.

Utspringning av forsokssalvorna gick i stort sett planenligt vad galler Siab 1 och
Siab 3. Av de fyra Siab 2 salvorna misslyckades sprangningen i de tre forsta. I
den forsta detonerade Emuliten inte varfor berget stod kvar i sdvdl vaggar som
sula. Aven i de bada foljande salvorna stod berget kvar i sulan trots att Emuliten
d& hade skarvats med Dynamex. I den fjirde Siab 2 salvan laddades - bl a av
sikerhetsskil - med okad tillsats av Dynamex varvid salvan gick ut
/Christiansson & Hamberger 1991/.

Orsaken till problemen med Siab 2 salvorna ir enligt Nitro Nobel bl a att de
svagare sprangimnenas dimensioner inte &r anpassade till de grovre
borrhalsdimensioner som ofta anvinds idag (48 mm). Detta orsakar urblasning
eller dodpressning av sprangimnet med misslyckade sprangningar som foljd.

Hydrotester

Syftet med injektionstesterna var att undersoka skillnaderna mellan de
hydrauliska egenskaperna i berget nirmast tunnelkonturen fore och efter
sprangning. Resultaten visar att den specifika kapaciteten i allmanhet avtagit for
samtliga salvor utom fér en Siab 3 salva dér okning noterats. De métningar som
utfordes fem ménader efter springningen av testsalvorna bekriftar dessa
resultat. Antalet testsalvor ar dock allt for fi for att dra mera omfattande
slutsatser /Nilsson 1991/. Férhéllandet att borrhélen i sulan ticker mer dn en
salva paverkar sannolikt ocksé resultaten (Fig 5).
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Figur 5. Resultat av mdtning av specifika kapaciteten i hammarborrhdlen i sulan fore
och efter springning av de nio salvorna (enligt Nilsson, 1991).
Figure 5. The specific capacity of percussion boreholes in tunnelfloor before and after

blasting.

Mikrosprickor bildas lingt ut frin tunnelkonturen.

Unders6kning av mikrosprickor har utférts pa tunnslip (30 mikron) fran
borrkdrnor i fyra testsalvor /Kornfdlt & Wikman 1991/. Med mikrosprickor
avses hérvid sprickor i kvartskornen som bedoms vara springningsinducerade.
Resultaten kan sammanfattas i féljande punkter:

% Mikrosprickor noterades i samtliga undersokta prover.

* Dir finns ingen tydlig korrelation mellan frekvensen av mikrosprickor
och avstdndet till tunnelkonturen (1-6 m).

* I tvd prover frdn en borrkdrna ¢ 45 m frin tunnelvdggen pétriffas flera
mikrosprickor.

* I 5 prover frin ett tidigare utfort kimnborrhal pa Aspd - ¢ 1500 m norr
om forsoksstrickan - noteras inga mikrosprickor.

Berget "minns" tidigare chockupplevelser:

Med hjélp av den sk Kaisereffekten har forsok gjorts att uppskatta utbredningen
av de storningar (frédndringar i bergarternas inre struktur) som uppstir i
samband med spriangning. Kaisereffekten 4r ett akustiskt emissionsfenomen som
baseras pd upptickten att vissa material, som t ex berg, har en férmaga att
minnas den maximala stressnivd som det utsatts fér vid springning. Enaxiella



kompressionstester pa ett antal prover frin borrkdrnor har vid detta forsdk
anvints for att bestimma Kaisereffekten.

Forsoken visar att det tycks vara méjligt att skilja mellan stort och ostort berg
med denna metod. Eftersom allt for f4 tester utfordes for att nirmare bestimma
utredningen av springningseffekterna gors enbart en uppskattning av denna
/Nordlund & Li 1991/,

Sula Vigg
Siab 1 1.04 m 0.75 m
Siab 2 1.66 m 0.22 m
Siab 3 1.19 m 0.93 m

SAMMANFATTANDE RESULTAT OCH SYNPUNKTER

H Springskador i form av nya inducerade sprickor och dppning av gamla
naturliga sprickor kan upptickas och skadezonens djup bedomas med
hjalp av geofysisk loggning och TV-granskning i borrhal.

4 Vibrationsmitningar i samband med sprangningen 4r ett bra komplement
till den geofysiska loggningen.

* Effekter i form av nybildade mikrosprickor, 5-10 m in frén
tunnelkonturen, har kunnat konstateras vid mikroskopiska studier av
tunnslip fran borrkérnor.

l Genom studier av Kaisereffekten tycks det vara mojligt att skilja mellan
stort och ostort berg.

i Hydrotester tyder pa att vissa relativa férandringar uppstar 1 bergets
hydrauliska egenskaper ndrmast tunnelkonturen i samband med
sprangningen.

* De inducerade sprickorna ar oftast kortare &n 0.8 m och utbreder sig

mestadels radiellt fran konturhdlen. Den totala frekvensen av nybildade
och naturliga sprickor i tunnelviggarna &r i stort sett densamma for
samtliga tre sprangplaner.

% Praktiskt sett tycks det vara rimligt att uppn& en skadezon pd 0.3-0.5 m i
viggarna for samtliga tre springplaner. Vad sulan betrdffar varierar
skadezonen mellan 1-2 m med de hogsta véirdena for Siab 3. P& grund av
omskjutningar erhélls missvisande resultat fran Siab 2.

= Med idag tillgingliga springmedel, som inte &r anpassade till
salvborrhilens allt grovre dimension, tycks det vara mycket svért att
uppnd mindre skadezon i sulan in 1-1.5 m i samband med effektiv
tunneldrivning.
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ol Noggrann uppféljning av spriangresultatet visar att avvikelser i
konturhélens riktning och lokala geologiska faktorer kan ha vil si stor
betydelse foér skadezonens utbredning och karaktir som laddningens
storlek. Liknande erfarenheter redovisas av Cunningham & Goetzsche
/1990/.

= Det dr viktigt att undersokningen betraktas mot bakgrunden av att den
endast omfattar nio salvor och att den utfoérts i samband med ordinarie
drivning av en tunnel. Storsta virdet torde dirfor ligga i den test av
delvis ny metodik som foretagits.

REFERENCES

Béckblom, G. & Ericsson, L.O., 1992: The Aspd Hard Rock Laboratory; some
Notes on the current status. - Bergmekanikdagen 1992, BEFO,
Stockholm

Christiansson, R. & Hamberger, U., 1991: Blasting Damage Investigation in
Access Ramp, Section 0/526-0/565 m. No. 1: Tunnel Excavation and
Geological Documentation. - Progress Report, 25-91-12, SKB,

Stockholm.
Cunningham, C.V.B. & Goetzsche, A.F., 1990: The Specification of Blast
Damage Limitations in Tunnelling Contracts. - Tunnelling and

Underground Space Technology. Vol. 5. No. 3.

Kornfélt, K.-A., Wikman, H., Nordlund, E. & Li, C-L., 1991: Aspd Hard
Rock Laboratory. Blasting Damage Investigation in Access Ramp,
section 0/526 - 0/565 m. No. 4: Optical examination of microcracks in
thin sections of core samples and Acoustic emission of core samples. -
Progress Report, 25-91-15, SKB, Stockholm.

Li, C-L., Nordlund, E. & Stephansson, O., 1988: Determination of Stress and
Damage Levels of Rock Using Acoustic Emission and the Kaiser Effect.
- LuH research report TULEA 1988:5, Luled University of Technology.

Miki, K., 1985: Determination of fracturing in Remaining Rock through Core
Drilling (in Swedish). - SveDeFo report DS 1985:5. Stockholm.

Nilsson, L., 1991: Aspd Hard Rock Laboratory. Blasting Damage Investigation
in Access Ramp, section 0/526 - 0/565 m. No. 5: Hydraulic tests. -
Progress Report, 25-91-16, SKB, Stockholm.

Ouchterlony, F., Sjoberg, C., Johansson, S.-E. & Nyberg, U., 1991: Aspd
Hard Rock Laboratory. Blasting Damage Investigation in Access Ramp,
section 0/526 - 0/565 m. No. 3: Damage zone assessment by vibration
measurements. - Progress Report, 25-91-14, SKB, Stockholm.

Olsson, O.,1991:Aspd Hard Rock Laboratory. Blasting Damage Investigation in
Access Ramp, section 0/526 - 0/565 m. No. 2: Geophysical
Investigations in Boreholes. - Progress Report, 25-91-13, SKB,
Stockholm.

Rosengren, L., 1986: Smooth Blasting with Gurit and Reduced ANFO in the
Laisvall Mine. (in Swedish). - LuH report, 001E, Luled University of
Technology.



Sjoberg, C., Larsson B., Lindstrom M. & Palmgvist K., 1977: Blasting Method
for Controlled Fracture Extension and Improved Safety Underground. (in
Swedish). - ASF project. No. 77/224. Nitro Consult AB, Stockholm.

SUMMARY

SKB plans to make studies of the "disturbed zone" created by blasting during the
excavation of the Aspd Hard Rock Laboratory.

The initial part of this project has now been completed. It was aimed at studying
the distribution and character of the blasting damage around the tunnel contour
created using a number of different blasting schemes. This blasting damage
investigation involved the use of three different blasting schemes, called Siab 1,
Siab 2 and Siab 3.

The blasting damage around the tunnel contour was studied using several
different methods both in boreholes (geophysical logging, TV-logging and
hydraulic testing) and directly on the tunnel walls and floor. Vibration
measurements were made during blasting using accelerometers placed in a
borehole along the gauge section. Eight short holes were cored in the floor and
in one of the walls after the test rounds had been blasted. Samples of the cores
were taken from each hole for measurement of the Kaiser effect and
examination of microcracks.

Based on results from geophysical borehole investigation, the TV-log and
vibration measurements the depth of the damage zone is estimated to be 0.3-0.6
m in the walls, where the lowest values were obtained for Siab 1 and Siab 3.
The extent of the zone in the center of the floor was 1.0 m for Siab 1, 1.4 m for
Siab 2 and 1.7 m for Siab 3.

Bad drilling precision seems to be the major reason for the development of blast
induced fractures in the contour.
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PROBING AHEAD OF TBMs BY GEOPHYSICAL MEANS
Geofysisk forsondering framfér TBM

Gunnar. Nord, M.Sc. and Par. Olsson, M.Sc., Skanska AB, Stockholm,
Tor Lasse By, Ph.D., Norwegian Geotechnical Institute, Oslo

ABSTRACT

In this paper the potential of geophysical probing
methods in TBM tunnelling is discussed. Modern TBMs
have made it possible to tunnel through a wide range
of geological conditions. However, the development
towards more complicated machines has raised prices
and often causes delays before the machines can start
operating properly. If a reliable probing system were
available the machines could be given a simpler design
and the tunnelling process could be continuously ad-
justed to the prevailing ground conditions without
jeopardizing safety. Geophysical investigation methods
such as seismics and radar now offer the possibility
of monitoring ground conditions ahead of the tunnel
face. An analysis of a number of TBM projects has
shown that if certain requirements on the range and
time of the investigations are fulfilled, probing can
be integrated into the tunnelling cycle.

INTRODUCTION

The recent development of TBMs has made it possible to
tunnel through a wide range of geological conditions.
In order to widen the market, great efforts have also
been spent on the development of machines for mixed
ground conditions. The machines designed for the
Strait crossings in Europe are good examples of the
scope of present capabilities. However, these highly
advanced machines have also brought disadvantages in
the form of high costs, technical difficulties and
delays related to the complexity of their design.

With a reliable probing system capable of providing
information on changes in ground conditions ahead of
the face, the machines could be given a simpler de-
sign. The information could be used to continuously
adjust the tunnelling activity to the prevailing
ground conditions without jeopardizing safety. Pre-=
parations for adequate support and grouting activities
could be made in advance and in soft or mixed ground
the TBM advances could be optimized by always selec-
ting the right tunnelling mode.

During the seventies and eighties geophysical methods
have developed considerably. Seismic methods and radar
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technique have proved that geophysical methods can be
applied as a serious investigation tool in various
tunnelling activities.

In order to investigate the potential of geophysical
investigation methods in connection with TBM tunnel-
ling, a development project has therefore been initi-
ated by Skanska AB. The project is backed by funds
from the organization for Swedish civil and Building

Contractors.

The project is being performed jointly with Scandin-
avian experts on geophysical investigation methods,
and contacts have been taken with some of the leading
TBM manufacturers around the world.

Geophysical probing methods

Geophysical probing methods for surface investigation
are fairly well accepted today. In a large number of
tunnel projects conventional refraction seismics are
performed as an important ground investigation. How-
ever, tunnel probing by means of geophysical methods
is rather new. Development has been carried out in
connection with conventionally excavated tunnels. In
particular, borehole probing techniques ahead of the
tunnel face by means of seismic, radar and electrical
methods have been developed (By, 1987, 1989), (Schwarz
1972), (Cosma 1990), (Olsson 1990) and (Lile 1990).

An introductory summary of the present state-of-the-
art on modern processing technique and conventional
tunnel probing procedures is presented below. The
geophysical methods that will be discussed are radar
and seismics.

Tomographic analysis

Modern data technology has given new opportunities for
data processing. Methods such as computerized geo-
physical tomography (CGT) now offer new possibilities
for both presentation and interpretation. The CGT
analysis can be performed on data from both seismic
and radar measurements.

The general idea behind tomographic reconstruction is
that information about properties of the interior of a
region can be obtained through measurements at the
boundary, (Olsson 1990). In general the transmitter
and receiver are located at the boundary of an area
and each ray connecting transmitter and receiver can
in principle be considered as representing the average
of a measured property of the rock along the ray. In
order to obtain an estimate of this property at a
given point it is necessary that the rays have differ-
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ent directions and hence different information con-
tent, Figure 1.

In the analysis, the plane between the boundaries is
divided into a number of cells and the line integral
is calculated as a sum where the contribution from
each cell is considered in proportion to the length of
the ray within each cell. The problem transforms into
a matrix equation which is solved by the interactive

method.

Figure 2 shows the set-up from a seismic survey of a
subsea road tunnel. The investigation was performed
with the receivers on the seabed and the transmitters
in a borehole. In Figure 3 a geotomographic plot shows
the distribution of geophysical parameters in the
investigated area.

As mentioned before, the CGT can be performed on data
from both seismic and radar measurements. A short
presentation of the two methods is presented below.
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Figure 1. Generalized cross-hole tomography geometry with decom-
position into cells and an example of a ray pattern.
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Figures 2 and 3. Set-up (left) and tomographic plot (right) from a
subsea hole-to-surface investigation.



210

overview of the seismic methods

The seismic technique is based on the different seis-
mic velocity of rock determined by its elastic proper-
ties. By monitoring contrasts in seismic velocities,
different rock types and fracture zones can be identi-
fied.

According to the types of waves used for interpret-
ation there are two types of seismic surveys

- transmission surveys, where the waves cross the
investigated volume and their parameters are
changes according to body properties and

- reflection surveys, where the waves are reflected
on the interface of different units.

The transmission surveys provide more quantitive in-
formation on the rock quality while the reflection
surveys are more accurate for determining the position
of well-defined subsurface "objects".

The basic survey set-ups for borehole seismics are:
single hole, surface-to-borehole (VSP) and cross-hole.

In single hole measurements both the source and re-
ceiver(s) are placed in the same hole. In transmission
mode the lateral coverage is limited to the rock in
the immediate vicinity of the borehole. These tests
are also know as sonic logging. In reflection mode
this set-up provides a very efficient way of detecting
planar sheets (geological interfaces, fractured zones)
and local anomalies (faults, cavities).

In TBM tunnelling, the tunnel itself can be regarded
as the "borehole" and transmitter and receivers are
placed along the tunnel wall behind the face, (Wester-
dahl 1991). This method has been tested in a TBM-bored
waterway tunnel for the Norwegian State Power Board.

VSP (Vertical Seismic Profiling) generally means a
seismic survey where detectors (or alternatively sour-
ces) are placed in boreholes and the sources (or de-
tectors) are located on the free surface.

This type of set-up has the advantage of increasing
the lateral range in transmission mode by moving the
source (or detectors) along the surface still using
only one borehole. Tomographic reconstruction can also
be applied. In reflection mode, the same interpret-
ation technique can be used as with single hole. In
underground applications the VSP set-up could be use-
ful when the rock is probed in a transverse direction
to the tunnel.

In a cross-hole survey a minimum of two boreholes is
needed, one for placing the source and one for the
receivers. The investigated area extends in the plane
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section between the boreholes. If more boreholes are
used the method allows three-dimensional prediction of
the structure.

Figure 4 illustrates the geometrical layout of this
procedure with two boreholes. Figure 5 shows a typical
tomography plot from a cross-hole survey ahead of the
Oslo tunnel.

The radar concept

The radar method is based on propagation of radar
waves through the ground. Radar waves are electro-
maghetic waves and respond to electric properties such
as electric conductivity of the rock. In a limited
frequency band radar waves can propagate appreciable
distances through certain rock and soil. Other wave
phenomena which behave in a similar way to radar are
sound and light.

2500 2813 3125 3438 3750 4063 4375 4688 5000 {m/s)

P-WAVE VELOUITY

Tunnel face

Weakness zone

Crosshole tomography
for fracture detection

s ;.j.'.'Q(i '\ .
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Fracture 20ne

Borehole Borehote
signal recewver signal source

Figures 4 and 5. Layout (left) and tomographic plot (right) from a
cross-hole survey in the Oslo tunnel.

In general radar will be used according to the prin-
cipal techniques already discussed for the seismic
methods.

There are a number of ways of applying radar while
excavating a tunnel either by TBM or by drill and
blast. For example, single hole reflection measure-
ments can be made from a probe hole through the tunnel

front.

Single hole measurements can of course be carried out
from holes through the side of the tunnel. This has
been done for one subsea road tunnel in Norway.

By developing special antennas, it would be possible
to do reflection measurements by moving a transmitter-
receiver array along the tunnel. The radar array could
either be moved along the side of the tunnel or be
applied at the tunnel front, Figure 6. An interesting
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alternative would be to put the receiver in a short
(2-3 m) radial hole from the tunnel and to put the
transmitter either to the side of the tunnel or at the
tunnel front, Figure 7. Putting the receiver in a
short hole would reduce noise and give better quality
of data. It is important to note that the last two
configurations do not require any long boreholes in

order to perform the measurements.

Transmitter

Figures 6 and 7. Alternative position of transmitter and receiver
for radar measurements.

Seismics versus radar - complementary techniques?

The main differences between the two methods are the
range, the ground condition dependence and the speed
of acquisition.

Radar is used for typical short range surveys, i.e.
tens of meters. In this area the resolution (wave-
length) depends on the frequency of the transmitted
electromagnetic waves and the speed of these waves in
the rock. Lower frequencies give longer range but less
resolution. :

Generally it is advised to use seismic methods for
evaluation in wet, saline environments and radar in
dry rock, sand, rockfill etc. with low salinity.

The best radar performance is recorded in solid dry
granite, well-grained dry sand and glaciers within the
permafrost zone.

Seismic methods have to be chosen for long distance
(>100 meters) surveys and within geomaterials such as
clay, crushed and altered rock with wet, low resistiv-
ity material in the fractures and in seashore areas or
for seabed investigations.

Integration of the probing into the tunnelling cycle

When introducing a new activity at the tunnel front it
is believed that it will benefit the tunnelling opera-
tion as a whole. What can be achieved by probing has
been described above. A discussion follows on the
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efforts that have to be spent on performing the prob-
ing, and an analysis of the time losses at the face is

included.

The items on the cost side are the investment in the
equipment, its running cost and the cost of delays
caused by the activity at the tunnel face.

The development costs for a prototype of a properly
functioning geophysical probing tool are estimated to
be in the range of USD 1 million. This means that the
investment is fairly modest in comparison with the
value of the information that is generated. Experience
from the use of high-tech instruments in the mining
environment is not always the best. However, TV cam-
eras have frequently been used and it has been poss-
ible to make them operate. The most extreme conditions
on a TBM are found behind the cutter head where the
instruments are likely to be installed. Therefore
special care has to be taken to isolate the tool from
vibration, dust and falling rock. A safe location that
has been considered is the inside of the gripper pads,
at least for one part of the instrument. A well-chosen
place for installation of the instrument will mean
that the running costs are marginal, as there is al-
most no wear on equipment of this type.

Analysis of stoppages

So far it has been assumed that the geophysical in-
vestigation will take place only when the TBM is stan-
ding still. This means that boring has to be stopped,
or that probing has to be carried out during normal
stoppages. To investigate the possibility of perform-
ing probing work during such stoppages, shift reports
from three different projects have been analysed, i.e.
two projects comprising 1 km of tunnel each and a
third project of 3 km which has been split up into
three 1 km stretches. All projects have been carried
out in hard rock.

The stoppages have been analysed with respect to:

(1) length in time,

(2) frequency of occurrence as regards time and
distance

(3) character.

In most of the shift reports the stoppages are grouped
in a similar way. Generally there are up to 8 differ-
ent reasons for stops in a boring operation. It has
therefore been easy to compare the three projects.
Depending on their duration, the stoppages are separ-
ated into three groups, i.e. durations of up to 0.5
hour, between 0.5 and 1 hour and more than 1 hour. How
these stoppages are distributed in projects no. 2 and
4 is shown in Figures 8 and 9. Stoppages of less than
5 minutes have been ignored in the analysis as they
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are mostly related to minor adjustments which are
known to be of short duration.

DISTRIBUTION OF STOPPAGE TIME DISTRIBUTION OF STOPPAGE TIME

62%

N
\§
o
1/2 HSUR TO MORE THAN 1 HOUR 1/2 HOUR TO ™ MORE THAN 1 HOUR
1 HOl 38%

26% 1 HOUR

12% 28%

Figures 8 and 9. Distribution of stoppage time in project no. 2

(left) and no. 4 (right).

The distribution of the stoppages for all projects is
shown in Table 1. The distribution varies somewhat
especially in the case of projects 3-5 which are sep-
arated stretches within the same project.

If the probing operation takes exactly 0.5 hour, it
can only be performed during 28-66% of the stoppages
and if it takes 1 hour, during 14-38% of the stop-
pages. If stops of 0.5 hour or 1 hour do not occur
frequently enough, the probing activity will hamper
the performance of the TBM. The frequency of the var-
ious stoppages has been studied and the results from
projects no. 2 and 4 are presented here. In project
no. 2, covering all types of stoppage, 97% of all
stoppages of more than 0.5 hour's duration occurred at
distances of less than 33 meters and in the case of
all stoppages of more than 1 hour's duration, 97%
occurred at distances of less than 35 meters. Thus the
difference between stoppages of 0.5 hour and 1 hour in
this case was very small, Figures 10 and 11.

In project no. 4 the corresponding figures for stop-
pages of more than 0.5 hour show that 98% of all stop-
pages occurred at distances of less than 34 meters;
for stoppages of more than 1 hour's duration the fig-
ures are 95% and 64 meters, Figures 12 and 13.

Project Stoppages
No. <0.5 hr 0.5-1.0 hr >1.0 hr
1 67% 19% 14%
2 62% 12% 26%
3 72% 14% 14%
4 34% 28% 38%
5 45% 22% 33%
(Average 56% 19% 25%)

Table 1. Distribution of all stoppages for all projects.
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Figures 10 and 11. Distance between stoppages of more then 0.5

hour's duration (left) and more than 1 hour's
duration (right) in project no. 2.
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12 and 13. Distance between stoppages of more than 0.5
hour's duration (left) and more than 1 hour's

duration (right) in project no. 4.

Simulation of tunnelling

For a better understanding of what the disturbances
will mean, data from project no. 5 have been used to
create a simulation model. In the model the various
activities occur as frequently as in the relevant case
and the duration of each activity has been randomized
from the durations of the activities registered in
project no. 5. In the simulation only one rate of
penetration has been applied, in this case 2.2 meters-
/hour. Thirty simulations were performed to check that
the model gave about the same result as the actual
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case. Probing was performed in the following way.
Three activities of generally long duration were se-
lected and probing could only be done during these
activities. The excavated length between each probing
had to be less than 50 meters but more than 40 meters.

The simulation starts at chainage 0 and as soon as one
of the three activities occurs after chainage 40 prob-
ing is performed. If the duration of the defined prob-
ing time is longer than the activity time, the excess
time is added to the project time.

In a 5 km project simulated according to "project 5"
more than 100 and less than 125 probings have to be
done if complete coverage is desired. The extra time
required to perform the project due to probing depends
on how long it takes to carry out each probing. The
results from three specified times are given in Table
2. It should be noted that there is no linear correl-
ation.

Probing time Project time Extra time
hrs hrs hrs
0 5600 -
0.5 5608.1 8.1
1.0 5624.1 24,1
2.0 5697.9 97.9

Table 2. Project time for simulation of 5 km of
tunnelling including time losses due to
probing.

The loss of a day or less on a 5 Km project is a very
small expenditure and can almost be ignored. A loss of
four days can be accepted but is not recommended and
this means that the manufacturer must aim at producing
an instrument that can carry out the probing within an
hour.

Flexibility of the tunnelling methods

When tunnelling, valuable flexibility is gained by
being able to adjust the tunnelling method to the
various ground conditions. In fact this flexibility to
alter the tunnelling technique to match conditions
ahead of the face as indicated by the probing is the
only way to benefit from probing activities. The right
treatment must be applied if failure in the ground is
to be avoided, and it is often necessary to be ready
well in advance. The drill and blast method has in the
past been considered superior to the TBM technique
when it comes to altering the excavation method during
tunnelling in hard rock. It has therefore become an
ambition amongst TBM manufacturers to improve the
flexibility of TBM tunnelling. A record has been kept



of installations and design variations made over the
past few decades such as various types of simple
shielding in the roof, elongation of the TBM to create
more room for support work, expandible cutter heads to
allow for support ahead of the cutter head etc.

There are numerous cases of ground collapsing above
the TBM, causing months of delay. The advantage of
knowing what is ahead of the tunnel face is self-evid-
ent in those cases. A common problem is dealing with
large water inflows which may also cause instability.
The obvious precaution in this case is to apply grout
ahead of the tunnel face.

Problems may be avoided by a slight deviation of the
tunnel route if this does not interfere with the func-
tion of the tunnel. If this option is used the probing
range must be extended up to 100 meters or the fre-
quency of the probing operations must be increased in
order to avoid the obstacle if it is of moderate size.

The ultimate probing system

Probing by drilling ahead of the tunnel face is a
well-proven technique today and it is used on some
projects, albeit not frequently. The limited use of
this method is assumed to be due to its cost. Geo-
physical probing on the other hand is thought to have
the capacity to replace drilling ahead of the face to
a certain degree and in other instances offers probing
at attractive prices.

Ultimately it is envisaged that there will be a prob-
ing system equivalent to aircraft radar and ship
radar. The system will continuously record the ground
conditions ahead of the tunnel face while the TBM
excavates its way through the rock.

One possibility would be to use the TBM drillhead
noise as a seismic source, thus establishing a con-
tinuous signal. Drillhead noise is, however, an un=
explored source although registration of this has been
going on for years.

An idea for the the future is to design the radar and
seismic systems to fit within the TBM's gripper pads.
This design would secure the utmost contact with the
rock and a rapid and continuous installation would be
established.

However, the realization of a continuous probing sys-
tem depends on the development of both hardware and
software. The system must also be designed so that the
interpretation of the data can be cone by ordinary
members of the tunnelling crew. Given modern process-=
ing techniques it is most likely that this requirement
can be nmet.

217
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SUMMARY

Tunnelborrmaskiner utnyttjas i alltmer komplexa berg-
forhdllanden. TBM-metoden &r mindre flexibel &n t.ex.
borrning-sprédngning. Det betyder att risken for att
mobta forhdllanden som kan dventyra ett tunnelarbete i
form av férseningar och ®kade kostnader &r stdrre. Vid
borrning-springning kan man relativt enkelt skaffa sig
kdnnedom om férhdllandena framfoér tunnelfronten genom
s.k. pilothdlsborrning. Samma teknik kan sjédlvfallet
tilldmpas vid TBM-drivning men det &r inte alls lika
enkelt. Det innebdr bl.a. stopp i framdriften om inte
sdrskilda arrangemang gdres for att undvika detta. Ett
sitt att mdta en komplex berggrund &r naturligtvis att
gbra sin TBM mera komplex sd att den kan hantera ett
brett spektrum av bergférhdllanden. Det betyder att
maskinen blir dyrare och sannolikt tar det l&ngre tid
innan man f4r den att fungera till sin fulla kapaci-
tet.

Hade man tillgdng till ett palitligt system fO6r under-
s6kning av bergfdérhdllandena framfdr tunnelfronten
skulle man kunna ge TBM ett enklare utfdrande, och
kontinuerligt anpassa drivningstekniken efter for-
hdllandena utan att f6r den skull &ventyra s&kerheten.

Radar- och seismiktekniken har potential att kartléagga
féorhdllandena framfér tunnelfront och sa har skett vid
ndgra projekt dir borrning och spradngning har tillam-
pats. F6r att analysera vilket hinder ett kontinuer-
ligt anvdndande av fdrsondering med radar eller seis-
mik betyder har ett antal TBM-projekt studerats. FOr-
sondering har dir gjorts som en integrerad del av det
simulerade drivningsforloppet.
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BERQSPANNINGSMATNINGAR I SYDOSTASIEN - RESULTAT OCH
TILLAMPNING

Rock Stress Measurement in the South East of Asia

Anders Carlsson, Rolf Christiansson, Per—Erik Soder
Vattenfall HydroPower AB
Box 800, S-771 26 Ludvika

INLEDNING

I mitten av 1960-talet borjade man inom Vattenfall att intressera sig for
bergspanningsmétning och som férsta metod valdes den av Leeman
utvecklade doorstopper-metoden (Leeman 1964). Metoden forbattrades i
tekniska detaljer och dessutom introducerades en efterkalibreringsmetod for
mitkroppen for att mojliggéra provning av varje tdjningsgivares rétta
funktion. P& si sitt uppnaddes stor teknisk sékerhet med metoden. Senare
infordes en kombinerad metod som  bestod av dels en vanlig
hélbottenmitning och dels en métning av ldngsspanning genom friborrning
av en rorkirna forsedd med invandig tojningsgivare (Hiltscher 1976). Denna
metod tillimpades inom Vattenfall frén 1971, men metoden gav inte den
tredimensionella spinningstensorn utan enbart spidnningarna i ett ortogonalt
Xyz— system.

Forsknings— och utvecklingsarbetet inom bergspanningsomradet fortsattes
darfér inom Vattenfall och under 70-talet utvecklades en teknik f6r métning
av bergspanningar i djupa vattenfyllda borrhal, ner till flera hundra meters
djup, som medgav bestimning av den tredimensionella spdnningstensom.
Tekniken borjade anvindas inom Vattenfall 1976 med mycket goda
erfarenheter (Hiltscher et al 1979, Scherman et al 1980, Hallbjérn 1986).
Mellan &ren 1976 — 1988 genomférdes cirka 500 métningar och anvéndes
i vattenfyllda borrhal ned till 500 meters djup under markytan. En
modifierad sond anvindes ocksé i lutande och horisontella borrhdl.

En av nackdelarna med utrustningen var den tunga mét— och bérkabel som
férsvirade genomforandet av mitningar, framfér allt pa stora djup och vid
marktransport i svartillgingliga omrdden, d& intc minst i samband med
utlandsuppdrag. En annan nackdel med mitmetoden var, att det inte gick att
mita tojningen under hela Overborrningsforloppet. Man hade endast
mojlighet att mita fore samt efter 6verborrningen. Tiden mellan dessa
lasningar var hela 0.5 till tvd timmar. Under denna relativt ldnga tidsperiod
hann storningar, pd grund av temperaturvariationer samt krypeffekter,
paverka mitningen. Det optimala &r att kunna mita t6jningen under hela
overborrningsforloppet.

Dirfér utvecklade Vattenfall en datoriserad mitsond som mdjliggjorde
kontinuerlig méatning under hela éverborrningen (Hallbjomn et al 1989). Det
blev nu mycket littare att korrigera och finna stérningsmoment under
mitningens ging, vilket gav en mycket sikrare mitning. Metodutvecklingen
innebar ocks3, att man fick en utrustning som blev latthanterlig 4ven under
mycket svara faltférhallanden.



222

VATTENFALLS MATSOND FOR TREDIMENSIONELL
BERGSPANNINGSMATNING

Dagens version av Vattenfalls utvecklade bergspanningssond har tidigare
beskrivits t ex pd Bergmekanikdagen 1989 (Hallbjom et al 1989).

Mitcellen bestér av tre trddtdjningsrosetter med vardera tre givare, monterad
pd plastldppar. Givarvirden registreras av en datorenhet, som sitter hogre
upp pa sonden. Sondens orientering i borrhélet registreras med kompass.
Efter mitning dumpas data frén loggen till en PC for databearbetning och
rapportering. Utrustningens format framgér av figur 1.

Borrning for och montering av sonden samt métning framgar av figur 2.
Givarna limmas med ett akryllim vid bergtemperaturer upp till cirka 10
grader. Vid hogre bergtemperaturer anvands ett epoxilim. Typiska hirdtider
for limning &r tvd timmar for akryl och 8 — 12 timmar for epoxi. Den
Overborrade kdrnan mits med avseende pd E-modul och tvérkontraktionstal
i en biaxial cell. Dessa parametrar anvinds vid utvirdering av spanningarna.

_ l'l.t n et ?ﬁ
‘t'l'l'i’l'o 1 -.

Figur 1. Bergspianningsmétutrustning: borrhélssond och dator.
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Figur 2. Borming fér och méitning med sonden.

Utrustningen &r filtmissigt transporterad i sex kollin med en sammanlagd
fraktvikt av 300 kg. Vid mitning i gradade borrhal tillkommer sténger for
att trycka in sonden.

STATISTIK OVER UTFORDA BERGSPANNINGSMATNINGAR

Hittills har 50 métuppdrag utforts och omfattar mer dn 600 maitpunkter,
varav 14 uppdrag och cirka 110 mitpunkter med den datoriserade sonden.
Av mitinsatserna har cirka 1/3 utférts i minst 100 m djupa borrhdl och den
hittills djupaste mitningen utfordes pd 502 meters djup. De djupaste
mitningarna har utforts i vertikala borrhdl, som ocksd kan sigas vara den
enda mojliga hélorienteringen for rationell hantering av sonden i djupa
borrhdl. Férutom ett antal mitningar i flacka borrhal utférda frin tunnlar har
dven mitningar utforts i lingre flacka hél. Se figur 3 for variationer i lutning
och liangd av hél, som mitts med den datoriserade sonden.

Stora variationer i bergtemperatur forekommer i olika delar av vérlden.
Kunskap om limningsteknik 4r darfér i samband med utlandsuppdrag
fundamental for att lyckas med métningarna. Hittills har métningar utforts
inom temperaturintervallet +5°C till +45°C.
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Figur 3. Lutning och lingd av bergspidnningsmathal métta med
datasonden.

NAGRA ERFARENHETER FRAN BERGSPANNINGSMATNINGAR

Den stora databas som finns frén bergspanningsmatningar med Vattenfalls
unika utrustning omfattar manga skilda geologiska och tektoniska miljoer
(figur 4). Mitningama har utférts i sivdl gammal som ung kristallin
berggrund samt i sedimentirt berg. Variationen i bergmassans sprickighet har
varierat frén extremt sprickfattigt till matningar i stdrre regionala krosszoner.
Generellt sett kan métresultaten uttryckas som beroende av den geologiska
bilden pa den aktuella byggnadsplatsen (figur 5).
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Variation i spanningsbild beroende av varierande- geologi.

I huvudsak kan fyra olika tolkningskriterier urskiljas:

*

Bergarten och bergmassan iar mycket homogen - liten
spridning i mitresultat mellan de olika métpunkterna.

Bergarten dr mycket uppsprucken och stor variation mellan
de enskilda méatningarna kan ofta pavisas dven Over ganska
korta avstdnd i borrhalen.
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& Olika bergarter, med sinsemellan olika elastiska egenskaper,
férekommer i bergmassan. Spanningsvérdena varierar mycket
fran bergart till bergart.

* Bergmassan genomkorsas av forkastningar och/eller mycket
ojamnt fordelad sprickighet. Storre strukturer styr ocksa upp
spanningsvardena lokalt.

Mitningar har gjorts i manga lagen for att bestimma tektonikens inverkan
pd spinningsfiltet inom ett byggplatsomrdde. Resultaten har alltid varit
sannolika, men méste ibland sittas in i sitt ldge relativt tektoniska
férhéllanden for att bli ritt uttolkade. Oftast 4r ndmligen in situ spanningen
paverkad i magnitud och orentering av nirliggande svaghetszoner. Ett
tydligt exempel pa detta dr frn s6dra Kina, som beskrivs nedan, dar
bergspinningsmitningar utforts i nigra naraliggande tektoniska block.
Liknande trender for tektoniska strukturers inverkan pa bergspanningar har
ocksé uppmitts i Forsmark (Carlsson och Christiansson 1986).

For sjalva genomférandet av méitningen krévs, att borrentreprendren har bra
utrustning och erfaren borrpersonal. Normalt har inte detta varit nigot
problem, men i samband med nigot enstaka uppdrag har detta véllat stora
bekymmer.

Den l4ga utrustningsvikten har visat sig vara mycket betydelsefull i samband
med transport upp till mitplatser i extrema terrdngforhéllanden. All
utrustning kan utan storre svarigheter baras for hand.

Mitningar med den nya datoriserade sonden har utférts, forutom i
Skandinavien, i Saudi Arabien, Indien, Kina, Hong Kong och i Malaysia.
Négon utférligare beskrivning kan for nirvarande inte goras pad grund av
restriktioner kring vissa av anlidggningarna. Matningama har utforts med bra
resultat med avseende pd mitningarna som sddana. Ddremot har oftast
tolkningarna ej varit helt enkla.

Guangzhou pumpkraftverk, Kina

Ett pumpkraftverk 4r under byggnad cirka 100 km norr om Guangzhou
(Kanton) i sddra Kina. Kraftverket bestér bl a av en maskinsal 146x22x45
meter samt transformatorsal och mer 4n nio kilometer tunnlar.

Kraftverket ligger helt i granit frdn Juraperioden och ar ur bergteknisk
synpunkt att betrakta som mycket kompetent. De problem som uppstatt
under utsprangningen av anlidggningen ar framst orsakade av leromvandling
och vittring langs hydrotermala kvartsgdngar. Maskinsalen 4r projekterad i
ett block dir bergmassan héller en mycket hog kvalitet (tabell 1).



Tabell 1. Bergmassans kvalitet i maskinstationsomridet, Guangzhou
pumpkraftverk, Kina.

Parameter Value Rating

Rock strength 90 MPa 7

RQD 90 % 20

Joint Spacing 1-3m 25

Joint condition 1 mm 20

Inflow Nil 10

TOTALS 82

Joint orientations favourable 2

ROCK MASS RATING 80

ROCK MASS QUALITY Good-very good

Bergspinningsmitningar utférdes i tvd borrhdl med var utrustning och
personal. Bergspinningsmitningar genomférdes &ven av en kinesisk
mitgrupp. Borrhl ZK-623 ir ansatt ungefir 100 meter sydost om
maskinsalen och borrades fr&n markytan ned till ett djup av cirka 350 m.
Bergspinningsmitningar utférdes p nio olika nivéer. Det andra borrhdlet
BH-8 ir ett brant lutande 100 m lngt hél, som borrades frdn en byggtunnel
strax ovanfér maskinsalen. Totalt utférdes sju métningar pa tre olika nivéer
i det senare borrhalet.

I bagge borrhilen uppmittes storleken av hogsta huvudspanningen till cirka
12 MPa och ir subhorisontell med en riktning av E-W till WNW-ESE. Den
ligsta huvudspénningen &r ocks& subhorisontell och har en storlek, som
ungefir motsvarar halva hogsta huvudspanningen. Den vertikala
huvudspéannningen uppgér till cirka 8 MPa, vilket &r i paritet med den
teoretiska vertikalspanningen pa cirka 9 MPa.

Figur 6 ir en stereografisk projektion av uppmétta huvudspanningar. De
uppmiitta spanningarna pa varje niva har en tydlig spridning avseende svil
riktning som storlek. Variationen i riktning och storlek sammanhénger med
inverkan av storre diskontinuiteter i nirheten av eller i dirckt anslutning till
matpunkterna.
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Guangzhou Borehole ZK 623 Plot of rock
stress measuremenis and faulls.

Guangzhou Powerhouse. Plot of rock siress
measuremants and faulls.

l
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Figur 6. Stereografisk projektion av matta huvudspénningar och storre
forkastningar.

Spanningsrelaterade problem forekom inte under utsprangningen av
maskinsalen eller transformatorsalen. Orienteringen av bergrummen i
férhallande till huvudspinningamas riktning och spénningarnas storlek i
forhallande till berghéllfastheten var hirvid en avgorande faktor. Den hogsta
uppmatta uppétriktade deformationen av taket uppgick till 5 mm och den
hogsta uppmatta deformationen av viggarna dr 9 mm.

Hong Kong

Hong Kong har en relativt 1dng erfarenhet av traditionellt tunnelbyggande i
berg for framst transportindamal. Bergrumsbyggande for olika installationer,
lagring etc dr dock ett relativt nytt begrepp i Hong Kong.

Det finns emellertid exempel pa storre bergrum, bl a tunnelbanestationen
Taikoo, som har en lingd av 250 m, h6jd 16 m och en spannvidd av 24 m.
Under 90-talet planeras ett flertal stérre undermarksprojekt innefattande
storre bergrum. I en studie (SPUN, A Study of the Potential Use of
Underground Space 1989), som leddes av Geotechnical Control Office,
kunde man i utredningen konstatera, att undermarken é&r ett realistiskt och
fullt genomférbart alternativ till konventionell planering ovan mark.
Utredningen fann att undermarksforlaggning erbjuder klara och viktiga
fordelar ur miljésynpunkt.



Inom i stort sett hela Hong Kong-omridet erbjuder de geologiska
forhallandena utmirkta mojligheter fér bergrumsbyggande sérskilt i de
intrusiva bergarterna av vilka framfor allt granit dominerar. Trots att de
vulkaniska bergarterna uppvisar mer varierande egenskaper &n graniterna, har
de flera likartade karakteristika med graniterna sisom &lder och
omvandlingsgrad.

I Hong Kong #r det framfor allt graden och djupet av vittring samt
bergmassans sprickkarakteristika och svaghetszoner och forkastningar, som
styr placeringen av ett bergrum. Djupvittring langs diskreta sprickzoner eller
forkastningar kan ofta forekomma, vilket givetvis i hog grad kan péverka
stabilitetsforhallandena. Subhorisontella sprickor (sheeting joints) som fljer
topografin finns pa ett flertal platser i Hong Kong, vilka framst kan paverka
takstabiliteten. Subhorisontella sprickor som inte foljer markytans topografi
(cooling joints) har ocks3 pétriffats i granitomrdden i Hong Kong. Dessa
sprickor pétriffas ocks3 pa stora djup till skillnad fran de forstndmnda, vilka
uteslutande forekommer relativt ytnéra.

Hong Kong kinnetecknas av extrema topografiska skillnader (cirka 500 m).
Inom ett omrdde av cirka 250 kvadratkilometer bor cirka sex miljoner
ménniskor. Enbart en fjardedel av Hong Kongs yta & mdjlig att bebygga
och d& inkluderar detta dven mycket branta omrdden som orsakat ménga och
svara slintstabilitetsproblem genom &ren. Problemen med sléntstabilitet
sammanhinger oftast med ytvittringen av graniterna i kombination med
nederbdrd.

Under 1990 genomfordes bergspanningsmitningar inom tre olika lagen pé
sjilva 6n Hong Kong. Métningarna ingick som en del av forundersdkningar
for planerade undermarksanliggningar. Métningarna utfordes savél i
kompetent granit som i vulkaniska tuffer och sandstenar med relativ hog
sprickfrekvens. Totalt utfordes 11 métningar i sex borrhél med ett storsta
mitdjup av cirka 145 m.

De horisontella spinningarna var liga, cirka 0.5 till 6 MPa. De ligsta
horisontalspinningarna  ar troligtvis topografiskt paverkade.
Spanningsriktningarna uppvisar stor variation inom Hong Kong 6n. Detta
bedéms i huvudsak bero pd, dels veckstrukturer och dels den lokala
topografin for den enskilda mitplatsen. De horisontella spanningamna &r dock
generellt hogre 4n de vertikala. Detta har ocksé tidigare pavisats som vanligt
forekommande i den sydkinesiska plattan, och &r troligen att hénfora till
tektonisk inverkan (jamfor spanningsfalt i Sverige, figur 7).

229



230

Figur 7. Spanningar i SO-Kina och strukturella element (veckaxlar
och spéanningsriktningar) enligt Chen 1989 samt uppmitta
spanningar i Norge och Sverige enligt Klein och Barr, 1986.

SLUTSATSER

Spanningsvirdena och séttet att méita spanningar tror vi oss ha god kontroll
péd. Svarigheter att tolka de uppmitta bergspanningsvardena kan givetvis
alltid férekomma beroende pa omrddets geologiska och tektoniska historia,
lokala strukturer etc. Dessutom kan en tidig forvédntningsmodell, som
uppstillts for den aktuella anldggningen innan bergspidnningsmétningarna
utforts, medféra svarévervinnliga ldsningar inom en projektgrupp. Det ar
darfor vid tolkningen och utvirderingen visentligt, att utnyttja bésta tinkbara
sakkunskap och erfarenhet och inte minst ett ingenjorsméssigt praktiskt
tankande.

Inférandet av den datoriserade borrhdlssonden har medfort mojligheter att
méita under sjdlva Overborrningen. Detta har i ett flertal fall rdddat
métningarna, da kirnan kan brytas sonder under upptag frn stora djup och
da speciellt om likta sprickor har funnits runt métpunkten.

Vad som ér viktigt att pipeka vid anviandandet av bergspanningsresultat &r
det faktum, att det givetvis inte dr enbart bergspanningamas riktning och
bergspanningsnivaer, som ar styrande vid utformningen av ett bergrum eller
en tunnel. Vid storre byggnadsobjekt diar geologiska fOrutsittningar ar
avgorande for l1onsamhet och vid stora projekt med stor komplexibilitet och
stora krav pa tekniskt underlag for byggnadsprocessen dr dock kunskapen
om bergspanningsnivéer och riktning vérdefull, och ibland helt nddvandig
1 designprocessen.



SUMMARY

A number of rock stress measurements has been carried out by the Swedish
State Power Board (since 1988 the Vattenfall HydroPower AB) during the
past 25 years. In total more than 50 assignements have been performed in
Scandinavia and overseas involving more than 600 measuring points. The
method has successfully been used in water—filled boreholes down to a depth
of 500 metres. The measurements have been made in a great variety of
geological material and geological and tectonic history. The method has been
used in very competent rock masses with few fractures and in heavily
fractured regional faults. The temperature interval within the rock mass has
varied between +5° C to +45°C.

The technique used today for measuring the in situ rock stresses has been
developed by the Swedish State Power Board and incorporates experience
from about 25 years of rock stress measurements and equipment
development. The method uses a computerized triaxial downhole probe
(Borre) which allows continuous measurements of the strain and temperature
before, during and after the overcoring process. Prior to the measurements
the computer of the probe is connected to an external PC and rececives
instructions about time for the start of the measurements and the
measurement intervals. The strain and the temperature values are stored in
the logger unit. No connection with ground surface is needed and overcoring
is carried out with the probe left at the bottom of the borehole. The probe
is during lowering connected to an adapter which contains a compass to give
the orientation of the probe.

The total weigth of the stress measurement equipment is 300 kg and is
packed for active service in six separate boxes which facilitate the handling
of the equipment and transportation. This is especially important in
connection with assignements overseas and in areas with rugged topography.
All the equipment has occasionally been carried by hand to the site due to
lack of access roads.

During the last three years the computerized triaxial downhole probe has
been used for measurements (except in Scandinavia) in Saudi Arabia, India,
China, Hong Kong and in Malaysia involving 14 assignments and about 110
measurements.
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FORUNDERSOKNINGAR FOR JARNVAGSTUNNEL GENOM
HALLANDSASEN

EN METODSTUDIE

Preinvestigations for a railway tunnel through the Hallandsasen Ridge,
Southern Sweden

Fil Dr Olof Andersson, VBB VIAK, Malmo
Civ.ing Hans Jeppsson, VBB VIAK, Malmo
Docent Kennert Roshoff, BEMEK, Villingby

BAKGRUND

For att mota de krav som kommer att stiillas p& det svenska jarnvégsniitet i
och med inférandet av snabbtig planerar Banverket idag for en upprustning
av Vistkustbanan. Detta projekt omfattar bl a en ca 8.6 km l&ng jirn-
vigstunnel genom Hallandssen, mellan Forslov och Béstad, se figur 1.
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Figur 1. Planerad striickning for tunnel genom Hallandsdsen, over-

siktskarta

Figure 1. Location of planned tunnel through the Hallandsdsen Ridge
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Hallandsdsen utgdr, trots sitt namn, en urbergshorst vilken reser sig som
hogst ca 200 m 6ver omgivande sedimentira berggrund pd griinsen mellan
Skdne och Halland. Tidigare erfarenheter, bl a frén byggandet av Bol-
mentunneln, har visat att urberget i horsten kan vara kraftigt uppsprucket
och vittrat. Det har ddrfor funnits anledning att antaga att bergbyggnadsar-
beten i Hallandsdsen kan medféra bdde omfattande och varierande typer
av problem.

Hosten 1989 fick VIAK AB (numera VBB VIAK) i uppdrag av Banverket,
Sodra Regionen, Malmé att utreda forutsittningarna for en jirnvigstunnel
genom Hallandsdsen. Inom ramarna foér uppdraget ingick en bergteknisk ut-
redning.

Mélsittningen med den bergtekniska utredningen var att beskriva de
bergtekniska forutsittningarna s djupgéende

att slutlig tunnelstrickning och alternativa tunnelutformningar kunde
fastldggas

att tillrickligt underlag for erforderliga berdkningar och omfattning av
forstdrkningsarbeten kunde erhdllas

att erforderligt tekniskt underlag fér ansokningar om tillstdnd kunde
erhdllas.

MODELLARBETE

Utredningsarbetet genomfordes till stor del som ett modellarbete i flera
steg. I ett forsta steg arbetades en geologisk och en geohydrologisk modell
fram. Med dessa som grund togs direfter fram en bergmekanisk modell.

For ett f indata till modellerna genomférdes ett filtundersékningsprogram
vilket omfattade

-Berggrundsgeologiska och tektoniska undersékningar
-Geofysiska undersékningar

-Hammarborrningar

-Geohydrologiska undersokningar

-Kérnborrningar

-Bergmekaniska undersékningar

Arbetsgdngen vid modellarbetet kan sammanfattas enligt figur 2.
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Figur 2. Arbetsgdng vid modellarbete, principfigur

Figure 2. Principles of model work (Bergmekanisk = rock mechanical,
Féiltundersokningar = Field data sampling)

Modellarbetet utférdes hela tiden interaktivt med féltundersokningarna s
att modellen kunde revideras efter hand som nya undersokningsresultat
blev tillgingliga.

Med detta arbetssitt kunde ocksa hela tiden filtundersékningarna planeras
utifrin en aktuell modell med maximalt utbyte och effektivitet som foljd.

GEOLOGISK MODELL
Syftet med den geologiska modellen var att f4 en uppfattning om berggrun-

dens uppbyggnad vad giller bergarter, plastiska deformationer och tektonis-
ka svaghetszoner.

Berggrundsgeologiska och tektoniska undersokningar

Arbetet med den geologiska modellen inleddes med berggrundsgeologiska
och tektoniska undersokningar. Dessa omfattade tvd huvudmoment: detalj-
undersokningar i filt och éversiktliga undersékningar med hjilp av speciellt
framtagna kartor.
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Detaljundersokningarna omfattade huvudsakligen sprickkartering pd hillar,
men dven en viss berggrundskartering utfordes som komplement till SGU:s
berggrundskarta éver omradet.

Efter statistisk bearbetning av sprickdata kunde ett antal sprickdiagram tas
fram vilka visade hur de dominerande sprickriktningarna varierade inom
olika omrédden.

De éversiktliga undersékningarna omfattade tektonisk och strukturgeologisk
tolkning utifrin ett speciellt framtaget kartmaterial i skala 1:20.000, vilket
bestod av en topografisk karta och en karta visande magnetisk total-
intensitet.

Den topografiska kartan framstilldes genom bearbetning av LMV:s hojd-
databas. Genom firgsittning av olika hojdintervall framtrader omradets
tektoniska huvuddrag tydligt.

Den magnetiska kartan framstiilldes genom bearbetning av data frdn SGU:s
flygmétningar.

P4 den magnetiska kartan framtrider magnetiska bergarter och strukturer.
Med hjilp av kartan kunde forekomsten av diabasgéngar oversiktligt
karteras och berggrundens veckstrukturer studeras.

Resultatet av de berggrundsgeologiska och tektoniska undersokningarna
sammanstilldes till en geologisk startmodell vilken visar berggrundens
uppbyggnad i stort. I figur 3 visas de tektoniska lineament som ingér i
modellen.
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GREVIE

Figur 3. Geologisk startmodell, tektoniska lineament

Figure 3. Geological start model, tectonic lineaments

Geofysiska undersékningar

De geofysiska undersokningarna planerades med utgdngspunkt frin den
geologiska startmodellen.

Syftet med undersokningarna var att mera i detalj kartera svaghetszoner,
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diabasgdngar, vittringszoner med mera och forsoka bedoma deras kvalitati-
va egenskaper som t ex bredd, stupning och sprickintensitet.

De metoder som anviindes var VLF, geoelektrik (resistivitetsmétning),
magnetometerméitning, refraktionsseismik och slingram. Magnetometer-
miétningarna samt delar av geoelektriken och refraktionsseismiken hade
utférts i en tidigare forundersokning sommaren 1989 och erhoélls som
uppritade filtdata.

Valet av geofysiska metoder styrdes av malsattningen att undersékningarna
skulle ge maximalt utbyte och s mycket information som mdjligt om
forhdllandena i berggrunden. Undersdkningarna omfattade dérfor bade
snabba och billiga éversiktliga metoder vilka anvéndes over storre omrdden
och mer tidskrdvande och dyrare metoder, med hogre detaljuppldsning,
vilka anviindes inom begrinsade omrdden.

VLF ir en kostnadseffektiv geofysisk metod vilken anvindes i stor omfatt-
ning fér att detektera och kartera svaghetszoner. Den totala ldingden av
mitprofilerna uppgick till nira 20 km. Totalt kunde ca 140 svaghetszoner
detekteras och karteras.

Geoelektrisk profilering utfordes lings tunnellinjen. Syftet var att ge ytterli-

~ gare information om detekterade zoner, frimst vad géller bredd, sprick-

intensitet och vittring.

Geoelektriska sonderingar utfordes vid ett antal utvalda punkter lings

tunnellinjen. Syftet var att erhdlla information om sprickighetens variation
med djupet. Sonderingarna visade pa en allmén tendens med avtagande
sprickighet med okande djup mellan sprickzoner.

Magnetometerméitningar utfordes lidngs hela tunnellinjen. Syftet var att i
detalj lokalisera magnetiska bergarter, frimst diabaser. Totalt kunde ca 20
diabasgdngar lokaliseras.

Refraktionsseismik utfordes lings hela tunnellinjen och ldngs nagra tvér-
profiler. Syftet var dels att forsoka bedoma berggrundsytans lige, dels
genom tolkning av uppmiitt gdnghastighet i berget forsdka bedoma sprickig-
heten.

Slingramsmitningar utfordes lings ndgra profiler éver detekterade zoner
med syfte att bedoma deras stupning.

Efter tolkning och utvirdering av geofysikresultaten kunde en mer forfinad
och tiliforlitlig modell presenteras, speciellt vad gillde de tektoniska
svaghetszonerna, se figur 4.
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Geologisk modell visande tektoniska lineament framtagna fran

geologiska, tektoniska och geofysiska undersokningar

Figur 4.

constructed from

Geological model, showing tectonic lineaments,
geological, tectonic and geophysical investigations

Figure 4.
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Hammarborrningar

Syftet med hammarborrningsprogrammet var dels att undersoka strukturer
som kommit fram i de tektoniska och geofysiska undersékningarna och
didrmed kunna verifiera och justera den aktuella modellen, dels att placera
hélen sd att flertalet av dessa kunde utgéra férborrning till kirnborrning.

Hammarborrningsprogrammet omfattade undersokningar i 25 punkter lings
tunnelstrackningen. Utsittning av borrningarna gjordes utifrdn geofysik-
resultaten och den aktuella geologiska modellen. Samtliga borrhél lutades
mellan 15 och 30 grader fran vertikalplanet.

Under borrningsarbetet utférdes kontinuerlig kaxprovtagning samt métning
av borrsjunkning och vattenfléden. Med hjilp av dessa data erhdélls under-
lag att bedéma vissa for den geologiska modellen vésentliga parametrar
som jorddjup, bergartsférdelning, sprickighet, hirdhet och relativ vattenfor-
ing.

GEOHYDROLOGISK MODELL

Det geohydrologiska modellarbetet utfordes med tva huvudsyften, dels att
klarldgga forvintade vatteninlidckage och trycknivder i berggrundsmagasinet
pé tunnelnivén, dels att klarligga effekterna i nirheten av markytan av en

framtida tunnels drinerande inverkan.

Provpumpningar

For att underséka berggrundens hydrauliska egenskaper genomfdrdes ett
provpumpningsprogram omfattande lingre provpumpningar i tvd borrhdl
och kortvariga kapacitetstester i de 6vriga borrhdl dér detta var mojligt,
totalt sex stycken.

Resultatet av provpumpningarna och kapacitetstesterna gav underlag att
bedéma forekomsten av storre vattenférande zoner, hydrauliska anisotropi-
er knutna till sprickriktningarna samt en omradesvis bedomning av berg-
grundens vattenférande formaga.

Matematisk modellanalys

For att studera lickvattenméngdernas storlek till tunneln samt paverkan pd
de marknidra grundvattenforhéllandena genomférdes matematisk modell-
analys med analytiska och numeriska modeller.

Den numeriska modelleringen utférdes med finit-element teknik varvid
resultatet frdn provpumpningarna anvindes fér att kalibrera modellen.

SAMMANSTALLNING AV FORHALLANDENA PA TUNNELNIVAN

Som en forberedelse for det bergmekaniska modellarbetet gjordes en



sammanfattning av de tredimensionella geologiska och geohydrologiska
modellerna i form av en sammanstillning av férhéllandena pd tunnelnivan.
Denna endimensionella modell visade sprickzoners ldge, bredd och typ,
bedémning av vattenflode, bedémning av vittringszoner, diabasgangars lige
och bredd samt berggrundsytans bedémda lige.

BERGMEKANISK MODELL

I forundersékningen har bergmekaniska analyser utforts vilka haft som
malsittning att

- Bedéma storleken av de priméra bergspdnningarna

- Bedoma bergkvaliteten lidngs tunnelstrdckningen

- Analysera olika tunnelgeometrier

- Identifiera bergmekaniska och bergtekniska problem

Den bergmekaniska modellen bygger pd de geologiska och geohydrologiska
forundersokningsresultaten samt speciellt utférda bergmekaniska under-
sokningar omfattande

- Resultat fran sprickkartering pa hillar

- Resultat frdn kdrnborrning och kédrnkartering
- Bergmekanisk klassificering

- Parameterbestdmningar frdn kdrnprover

I denna rapport presenteras endast bedomningen av bergspdnningarna samt
bergkvaliteten.

Bergspidnningar

Négon uppmiitning av bergspanningarna pd Hallandsasen har inte utforts
inom ramarna for denna undersékning. Bergspénningarnas storlek har
dérfor uppskattats med hénsyn till tidigare gjorda uppmétningar i om-
givningen bl a frin Stidsvig, beldget ca 15 km séder om Hallandsdsen, samt
med hinsyn till den geologisk-tektoniska situation som rader pd Hallands-
dsen.

De primira bergspanningarna foljer ekvationen
S, = KS,
dir

Sy
S,

Horisontella bergspédnningen
Vertikala bergspidnningen motsvarande bergmassans
egentyngd

K-virdet varierar normalt mellan 0,5 och 3,0. I Stidsvig dr det bestamt till 2
p& 100 m djup. (Angman 1984, "Bergspanningsmitningar med hydraulisk
sprackning i Stidsvig, Skdne". 1984:035E. Hogskolan i Luled).
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Kirnborrningar

Kirnborrprogrammet omfattade 13 borrhél forlagda lings tunnellinjen.
Kirnborrningarna koordinerades med hammarborrningsprogrammet genom
att hammarborrhélen utgjorde férborrning till 12 av kdrnborrhdlen. Ett av
borrhilen utgjorde ett 250 m 18ngt horisontalhdl borrat i norra pslaget.
Ovriga borrhdl ir lutade mellan 15 och 30 grader frén vertikalplanet.

Kirnborrhdlen ir placerade sévil i anslutning till indikerade svaghetszoner
som i relativt bra berg for att erhdlla en representativ kirnprovtagning.

Kirnorna ir karterade enligt ISRM:s rekommendationer. Alla kirnor ar
bergklassificerade med Q-indexsystemet. Resultatet frdn borrhdl KB 9
presenteras i figur 5.

Bergmassans egenskaper

En sammanfattning av resultatet av hillkarteringen och kdrnborrningen ger
en bild av de berggrundsgeologiska forutsittningarna.

Dominerande bergart i tunnelnivd dr gnejs. Amfibolit/diabas forekommer
med varierande inslag frdn nigra dm tjocklek till flera meter i form av
gdngar eller smala skikt. De ligger ofta parallellt med gnejsens foliation.

Vittring och kemisk omvandling férekommer lokalt och ir i de flesta fall
knutna till nigon spricka. Lokalt ir bergmassan starkt genomvittrad med
bl a lerbildning.

Uppsprickningsgraden varierar starkt. RQD-virdet 4r ett métt pd detta.
Virdet kan viéxla snabbt mellan 0 och 100.

Genom hillkarteringen har ett antal sprickgrupper ursk‘iljt's. P& grundval av
sprickornas orientering har tunnelstrickningen indelats i tre sprickomraden;
Sodra, Mellersta och Norra omridet. Dessa motsvarar ungefirliga tunnel-
avsnitten 0-3000 m, 3000-6000 m och 6000-8600 m riknat frdn sédra

paslaget.
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Varje delomréde innehdller i huvudsak 5 dominerande sprickriktningar.
Dessa ér listade i tabell 1.

Tabell 1 Huvudsprickriktningar inom Norra, Mellersta och S6dra om-
riadet. Uppmiitning fran hillkartering, strykning/stupning

Sédra omradet Mellersta omradet Norra omridet
N55W/70E NS/90 N70W/90
EW/45-70N N60W /90-70N N35/90
NS/90 EW/90 N50W/90-70N
N15W/90 N30E/90-70N N25E/90-70N
N30E/70-80E N15W/70W-70E N50E/90-70N
NSOE/90 N45E/90 N85E/90-70N
N30E/20NW Horisontell

Sprickornas egenskaper ir bestdmda i samband med besiktning av de olika
hillarna och i samband med kérnkarteringen.

Generellt kan sédgas att sprickorna normalt har en ytrdhet som ligger ligre
dn ett JRC-viirde av 5, dvs relativt plana sprickor med liten ytrdhet. Ytrdhe-
ten minskar ytterligare nir mineralfyllnad finns pa sprickytan. Kéirnkarte-
ringen har visat att dominerande mineralfyllnader dr klorit, kalcit, biotit
och lera.

I flera fall observeras vittring i sprickplanen. Vittringen medfor att sprickan
och bergmaterialet runt sprickan dr omvandlad till lera eller grus.

Sprick- och krosszoner uppvisar i huvudsak samma orienteringar som
observerade sprickor.

Zonernas egenskaper har kunnat studeras i de fall dir kdrnborrningen
penetrerat en krosszon.

Kirnkarteringen har visat att zonerna i stort kan indelas i tre huvudtyper:

1. Sprickzon bestdende av individuella titt liggande sprickor;
RQD =0
2 Krosszon bestdende av ett omitbart antal riktningar och in-

dividuella sprickor; vittring och lerbildning kan férekomma

3. Mekaniskt och kemiskt omvandlad zon bestdende av vittrings-
produkter; grusvittrad eller helt omvandlad

Bergmekaniska bestimningar av det intakta bergets egenskaper har utforts
pa bergartsprover frin kirnborrningen samt fran block i samband med
ytkarteringen.
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Analysen omfattar:

- Punktlastindex med omrikning till enaxiell tryckhélifasthet
. Draghadlifasthet

- Elasticitetsmodul

- Tvérkontraktionstal

Resultatet av testningen presenteras som medelvirden for de tvd domine-
rande bergarterna i tabell 2.

Tabell 2 Parameterbestimningar

Bergart Enaxiell Draghall- E-modul Tviirkon-
tryckhall- fasthet (GPa) traktionstal
fasthet (MPa)

(MPa)

Gnejs 147+ /49 | 88+/-1 56+ /-11 0.22

+/-0.08

Amfibolit | 126+/-59 | 7.9 55+ /-23 020

+/-0.04

Bergmassans kvalitet

Med underlag frdn den geologiska karteringen, bergklassificeringen fran
kidrnborrningarna och de geofysiska métresultaten har bergmassans kvalitet
prelimindrt bedomts lidngs tunnellinjen.

Bergklassificeringen baseras pé indata foretridesvis fran resistivitets-
métningar (geoelektrik) och seismik. VLF har anvints for lokalisering av de
olika zonernas ligen. Resistivitetsmétningarna har gett viss information
avseende svaghetszonernas karaktdr,

Q-index beddms variera mellan Extremt Ddligt berg (0.01<Q<0.1) till
Ganska Bra berg ( Q>4). Lokalt finns partier dir Q<0.01.

RESULTAT

Négot sammanfattande resultat, som visar hur de framtagna modellerna
verkligen lyckats foérutséiga férhdllandena pé tunnelnivan, gér ej att presen-
tera idag eftersom tunneln dnnu inte dr byggd. Byggstart dr emellertid
planerad till 1992.

Den anviinda modelleringsmetodiken, dir modellerna arbetats fram stegvis
och med inlagda kontrollpunkter, gor dock att man kan forvinta sig att
modellerna i stora drag beskriver verkligheten.
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SUMMARY

The Swedish National Rail Administration, Banverket, is planning for an
upgrading of the swedish railway net to make it possible to use high speed
trains. This project includes an 8.6 km long railway tunnel through the
Hallandsdsen Ridge in Southern Sweden, see figure 1. The ridge is built up
from crystalline rock known from earlier investigations to be partly very
fractured and weathered.

In 1989 VIAK AB (now VBB VIAK) was entrusted with the task of performing
a study of the possibilities to construct a railway tunnel through the Hallands-
dsen Ridge. This study was also to include a rock mechanical study.

The study was performed as an extensive modelling. In a first step a geological
and geohydrological model was completed, see figure 2. These served as a base
for a rock mechanical model.

The modelling was performed interactively with an extensive field data samp-
ling so that the actual model was continually revised. With this way of working
the field data sampling could also be planned out from an actual model.

Geological and tectonic investigations were made in order to obtain a geologi-
cal start model, see figure 3. After having made an extensive geophysical survey
it was possible to present a more detailed tectonic model, see figure 4.

Pumptests were completed to get indata to the geohydrological model.

As a preparation for the rock mechanical model a one-dimensional model of
the assumed conditions at the tunnel level was constructed from the three-
dimensional geological and geohydrological models.

The rock mechanical model is based upon the geological and geohydrological
surveying results and specially performed rock mechanical investigations
comprising

- Results from fracture mapping of outcrops

- Results from core boring and core mapping

- Rock mechanical classification

- Determination of parameters from core samples.

A part of the rock mechanical modelling was the estimation of the rock quality
expressed as Q-index. The estimated Q-index varies considerably along the
tunnel, from below 0,1, indicating extremely bad rock, to above 4, indicating
rock with a rather fair quality.

At present is it not possible to judge how well the presented models correspond
to the real conditions as the construction of the tunnel has not yet started.
However the construction is planned to start in 1992.
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