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INLEDNINGSANFORANDE

Tomas Franzén, SveBeFo

1995 innebar trettiodrsjubileum av de forsta bergmekanikdagarna, som hélls
1965 1 IVA:s regi. Flera av foredragshéllarna frdn 1965 kom att prégla ut-
vecklingen och debatten i amnet under manga &r. Namn som Ingvar Jane-
lid, Nils Hast, Tor Hagerman, Carl-Olof Morfeldt, Hans Helfrich, Imre Han-
sagi, Rudolf Hiltscher och naturligtvis Sten G A Bergman 4r fér ménga av
oss starkt forknippade med gdngna &rs bergmekanikdagar.

Amnen fran konferensen 1965 som fortfarande har hog aktualitet var berg-
spanningar, klassificering, skalberoende och samverkan mellan berg och
forstarkning i form av bult och "armerad ytbetong". Tio ar senare, 1975, be-
handlades bland annat ingenjérsgeologin, och i det sammanhanget den just
pédbdrjade stora studien under ledning av Hans Helfrich i BeFo:s regi, "For-
undersokningars vdrde och omfattning". Sex stérre undermarksprojekt f5lj-
des upp med sarskilt stdd av Byggforskningsradet. En av anldggningarna var
den attio kilometer ldnga Bolmentunneln, som ldper nira Hallandsdsen. En
viktig erfarenhet frén just den tunneln var svirigheterna att férutsiga be-
hovet av forstirknings- och titningsatgirder i detta parti av den svenska
berggrunden dédr man inte tidigare hade byggt nigra tunnlar.

Samma dr, 1975, presenterades de forsta resultaten av storskaliga férsék med
"stansbelastad" sprutbetong och faltférsok med bultférstirkning, tvd arbeten
som skulle fd stor betydelse med tiden. Jonas Holmgrens demonstration av
vidhéftningens betydelse for sprutbetongens verkan och Sten Bjurstréms
senare utgivna "Riktlinjer for bultférstirkning" har varit vigledande for
praktisk dimensionering av bergférstirkning i en méingd projekt sedan dess.

Vid nésta "jubileumsar", 1985, gav Sten Bergman en resumé &ver de da
gingna tjugo dren och reflekterade Gver den aktuella situationen. En obe-
stridlig utveckling av "baskunskap, teorier, berdkningsmetoder och andra
verktyg i den bergmekaniska arsenalen" hade kommit till stdnd liksom en



forbdttrad produktivitet och kvalitet i brytnings- och byggprocessen. Anda
fanns en kidnsla av att "véra teoretiska insikter och berdkningsmetoder ten-
derar att bli en psykologisk tvdngstrdja, som hindrar oss fran att gora ange-
ligna framsteg. Vi blir 'forsiktighetsbyrdkrater' i stéllet for kunniga och
ansvariga utévare av byggnadskonsten.”

Med hidnvisning till hur man pa sextiotalet hade kunnat f& gehor for en for
den tiden stor spdnnvidd i Riksarkivet (om upp till 25-30 meter i en kors-
ningspunkt) i och med att det visade sig vara funktionellt och ekonomiskt
vdl motiverat, menade Sten att det rimligen fanns behov och goda motiv
for anldggningar med spannvidder om fyrtio eller femtio meter. Likafullt
hade man fortfarande och endast med stor tvekan i ett par fall vdgat sig upp
till drygt trettio meter. "Om vdr kunskap mest anvinds for att undvika ris-
ker och inte for att ta rimliga chanser, dd halkar vi efter i utvecklingen. Det
finns de som hivdar att denna mekanism till en del kan forklara ‘kulturers

rn

nedging och fall'.

Né&gra ytterligare noteringar frdn 1985 drs dag: Ett visionart inldgg presen-
terades av Heinz Turner om geofysik och elektronik som hjalpmedel for att
forutsdga problem vid TBM-drivning. Tekniken var redan da i princip till-
ganglig och en ingdende utvdrdering av modjligheterna har gjorts, men
fortfarande finns ingenting fardigt for praktiskt bruk! - De stora forsknings-
insatserna kring vdrmelagring i bergrum, Avesta- och Lyckeboprojekten,
redovisades ocksd 1985, och det dr virt att notera att trots att energipolitik
och andra omstidndigheter har gjort dessa tillimpningar mindre aktuella for
tillfdllet, s finns en mycket omfattande och intressant dokumentation,
framforallt frdn Avestaprojektet. Métresultaten dr dessutom av intresse fOr
utvecklingen av kopplade hydro-termo-mekaniska processer, ett amne som
behandlas i dagens avslutande foredrag. Varmelagring i berg kan mycket val
fa ny aktualitet i sinom tid. - 1985 var tiden ocksd mogen for det forsta storre
fullborrningsprojektet i landet. Kymmenborrningen pdbdrjades av Skanska
med norsk underentreprendr. Sedan dess har foljt Saltsjotunneln, Ormen,
Klippen och den korta tunneln i Aspd, samtliga tekniskt vil genomférda,
och ddrmed har under ett decennium TBM-tekniken blivit vél etablerad
som ett alternativ till sprangning vid tunneldrivning i hdart berg, i fall dar
tunnelns langd, tvdrsnitt och andra omstdndigheter s& medger.



For att dtergad till Sten Bergmans farhdgor frdn 1985 kan man konstatera att
det stora klivet upp till 6ver sextio meters spannvidd som bekant har tagits -
1 Norge! Gjovikhallen, som fardigstdlldes 1993 infér olympiaden i Lille-
hammer fOrra dret, 4r ett mycket intressant referensobjekt dven for oss.
Hallen ar byggd i ett timligen normalt, delvis ganska uppsprucket, skandi-
naviskt "hdrt berg", och frdgan instiller sig: Har denna stora berghall
kunnat byggas trots eller tack vare nya kunskaper och datoriserade
berdkningsmetoder... Eller var det djirvhet i kombination med en befriande
brist pd byrdkratiskt betingade hdmningar? Demonstrationsvirdet av
modellberdkningarna var sikert betydande och de utgjorde en visentlig del
av beslutsunderlaget. Men en enklare bergmekanisk analys hade rimligen
givit 1 stort sett samma resultat. I bdda fallen dr den springande punkten att
védrderingen av ingdngsparametrar i analysen grundas pd god ingenjor-
geologisk insikt och erfarenhet. Eventuella "byrdkratiska hinder" har
uppenbarligen varit 6verkomliga i Norge.

Utmaningen for dagens (svenska) bergmekaniker dr nu att svara upp mot
de delvis nya, eller i varje fall nyformulerade, krav som samhiillet stéller.
"Samhallet" dr i praktiken direkt eller indirekt var helt dominerande
bestillare och dér ligger forstds ocksd ansvaret for det dvergripande regel-
verket for allt byggande, inkluderande ansvaret for att vdra normer star i
samklang med det europeiska byggdirektivet. "Byrdkratiska hinder" eller
inte, vi kommer inte ifrdn att berganldggningar likavil som annat byggande
skall ha erforderlig "bdrférmdga, stadga och bestindighet". Kraven pa
verifiering av detta maste dock utgéd frdn de speciella férutsittningar som
rdder for byggande i berg! Vid traditionellt byggande kan man bestilla och
foga ihop material och komponenter enligt en given kravspecifikation. S&
icke vid bergbyggande, annat 4n mgjligen i mycket speciella fall som kirn-
avfallsférvaringen. I dvrigt ar vi hidnvisade till att bygga med och i det av
naturen givna materialet och pa basta sitt utnyttja dess egenskaper. Dimen-
sioneringsfilosofin madste anpassas till de lokala férutsdttningarna, och
modifieringar under byggskedet ar ett naturligt eller t o m nédvindigt in-
slag. Att d& pd forhand redovisa sikerhetsnivder, baserade p& t ex partial-
koefficientbetraktelser, kan vara definitionsmaissigt ogorligt! And& har man
byggt ett antal berganlidggningar under tidernas lopp, flera av dem med en
ganska pataglig "barférmdaga, stadga och bestiandighet"... Det betyder att vi
som bergmekaniker har en krdvande - och stimulerande - vetenskaplig och
pedagogisk uppgift att forklara vad som ar specifika forutsittningar for just



berganldggningar och overtyga varlden om att vi arbetar med rimliga
sikerheter, 4ven om vi inte till alla delar kan tillimpa samma regelverk
som giller for annat byggande. Sannolikhetsbaserade resonemang blir sakert
ndédvindiga, och kanske kan bayeseansk statistik med virdering och succes-
siv uppdatering av "subjektiva sannolikheter" vara en framkomlig vag.

Det hir dmnet gdr igen i flera av dagens foredrag, sdrskilt under formid-
dagens session om risk- och beslutsanalys och i féredraget om dimensio-
nering med hjilp av partialkoefficienter. Har har alltsd forskarsamhallet i
samverkan med praktikens folk mycket viktiga uppgifter, som ocksa kom-
mer att vara ett vigledande tema i planeringen av vdra kommande forsk-
ningsinsatser. Man ska samtidigt vara klar over att det kan finnas gréanser
for vad som dr rimliga anstrangningar, eller vad som é&r fornuftigt att for-
soka visa. Dessa grianser kanske i sin tur kan demonstreras med hjilp av
kaosteori eller p4 annat sitt. Det leder mig i varje fall till sist till en vddjan
eller uppmaning:

Lat inte regelverken forsvara eller oméjliggdra en rimlig anvandning av re-
sursen berg, det genom armiljoner stabila urberg, som hittills har kunnat
utnyttjas med stor framgdng i vara skandinaviska lander, en naturresurs
som véasentligt har bidragit till exempel till vdra ldga energikostnader ge-
nom vattenkraftutbyggnaden. De 6vergripande miljomalen om effektivt ut-
nyttjande av véra naturresurser mste fa vara vigledande dven inom berg-
byggandet! Ett tankvirt citat i detta sammanhang kan man finna i Domar-
reglerna 16:17, formulerat av Olaus Petri p& femtonhundratalet:

"Kind sak dr sd god som vittnad".
Den gingse tolkningen av detta bor hallas i minnet, bdde nér vi star infor

uppgiften att formulera regelverket och nér vi har att mota kraven: Det som
dr uppenbart tarvar ingen ytterligare bevisning!



NYTT FRAN ISRM
News from ISRM

Professor Ove Stephansson, Teknisk geologi, KTH, Stockholm

INLEDNING

International Society for Rock Mechanics, ISRM, har till uppgift att pa olika sétt frimja en
virldsomspinnande kunskapsoverforing om den senaste forskningen och forsknings-
resultaten inom bergmekaniken och dess tekniska tillimpningar. ISRM bildades i Salzburg
1962 genom det kraftfulla arbetet av professor L Miiller, och i ar kan saledes var samman-
slutning fira 33-arsjubileum. Det #r viktigt att framhdlla att ISRM 4r en ideell sammanslut-
ning som stods av medlemmarna genom avgifter och sirskilda bidrag. Medlemskapet kan
vara antingen individuellt eller stédjande och kan ske direkt till sekretariatet i Lissabon
eller, som i de flesta fall, genom anslutningen till en nationell grupp. Det totala antalet
medlemmar i ISRM ir strax éver 6000 och antalet nationella grupper &r for nirvarande 64
stycken. Den svenska nationalgruppen av ISRM har ca 190 individuella medlemmar och
drygt 16 stodjande medlemmar. Sveriges deltagande i ISRM handhas av SveBeFo.

KORT OM ISRMs VERKSAMHET

En viktig uppgift for ISRM ir att vart fjarde r arrangera de internationella kongresserna.
Den forsta kongressen holls i Lissabon 1966 och den 8e kongressen kommer att ga av
stapeln i Tokyo detta ar. Varje ar sedan 1968 stoder ISRM internationella symposier och
moten. Sedan en tid tillbaka har man ocksa infort en regel som innebir att varje virldsdel
som omfattas av ISRM har en méjlighet att &rligen arrangera regionala konferenser.

Det mesta av arbetet inom ISRM sker i kommissioner. Under 1992 hade ISRM 26
stycken kommissioner i arbete. I de allra flesta fall leder resultaten fram till forslag om
normer eller testmetoder som sedan publiceras och distribueras till medlemmarna.
Normerna anvinds sedan i de tillimpade delarna av bergmekaniken. ISRM och sirskilt
dess sekretariat har ett mycket vil fungerande samarbete med sina systerorganisationer
som t ex International Commission on Large Dams, International Tunneling Association
och International Association of Engineering Geology. Ett flertal av dessa organisationer
avser nu ga samman och uppritta ett gemensamt medlemsregister och sprida intressanta
uppgifter om organisationernas verksamheter med hjilp av INTERNET-systemet.

Varje ar utser medlemmarna i styrelsen for ISRM vinnaren av Manuel Rocha-priset for
bista doktorshandling som publicerats under aret. I samband med kongresserna utdelas



ocksd Leopold Miuiller-priser for att hedra initiativtagaren till och den forste presidenten
for ISRM.

ISRM-KONGRESSEN I TOKYO 1995

Sverige har fatt mojligheter att redovisa ett axplock forskningsaktiviteter under de
senaste fyra aren. Ett tiotal bidrag om sammanlagt 40 sidor kommer att limnas till
organisationskommittén i Japan for att ingé i proceedings fran kongressen. I likhet med
tidigare &r kommer SveBeFo att publicera de svenska bidragen i en separat publikation.

Trots det hoga kostnadsliget i Japan kommer Sverige att vara vil representerat. I vird-
landet gor man idag stora anstringningar for att skapa bra arrangemang till for oss rim-
liga priser. Genom en massiv sponsorinsats fran japansk industri har detta blivit mojligt,
och kongressens organisationskommitté gor sitt allra yttersta for att tillmotesgd ovriga
ISRM-ldnders 6nskemal om hotell, resor, etc.

Vid kongressen viljs en ny president och en ny styrelse. Det r ocksa ritta tidpunkten att
foresld inrattandet av nya kommissioner for att bearbeta angeligna problem inom berg-
mekaniken och dess tillimpningar.

ISRM NEWS JOURNAL

For att kunna halla sina medlemmar informerade om aktiviteterna inom ISRM och dess
systerorganisationer samt ge en fullodig information om méten och konferenser
publicerades under manga ar en kvartalstidskrift kallad ISRM News. Denna skrift utkom
med néstan 100 nummer under mer 4n ett kvarts sekel. Nér den nuvarande presidenten
for ISRM - professor Charles Fairhurst - tilltridde sitt &mbete 1991 drev han aktivt
fragan om att ersitta News med ISRM NEWS JOURNAL. Det forsta numret av den
forsta utgavan publicerades och distribuerades till medlemmarna i samband med den
forsta EUROCK-konferensen i Chester 1992. Forutom upplysningarna som tidigare
publicerades i News innehéller det nya medlemsbladet d4ven korta 6versiktsartiklar samt
kommentarer och brev fran lasekretsen. Den nya tidskrifien dr pakostad och kriver
darfor ett sponsorstdd i form av annonsintéikter och bidrag for att kunna komma ut som
tankt med fyra nummer per ar. Jag vill hér rikta en vidjan till foretag och organisationer
att bidra med stod till den fortsatta utgivningen av ISRM NEWS JOURNAL. Till varje
enskild medlem i ISRM vill jag passa pa att rikta en uppmaning att limna skriftliga bidrag
till den nya medlemstidningen. Bidragen nér en garanterat stor lisekrets.



EUROCK-MOTEN

I samband med konferensen om bergsprickor i Loen, Norge, 1990 beslutades att de
europeiska ldnderna skulle arrangera arliga bergmekaniska moten for att stimulera
forskningen och utvecklingen av d&mnet. Det forsta EUROCK-motet holls i Chester 1992
foljt av Lissabon 1993 och Delft 1994. Métet i Delft behandlade tillimpningen av berg-
mekanik inom petroleumindustrin. 1995 sker ISRM-kongressen och da arrangeras inget
EUROCK-méte. 1996 arrangerar Tekniska universitetet i Turin under ledning av
professor G Barla ett EUROCK-mote péd temat Prediction and Performance. Detta ir ett
tema som bor locka en betydande grupp svenska bergmekaniker. 1997 ars EUROCK-
mote kommer med storsta sannolikhet att arrangeras av den Osterrikiska nationalgruppen
och anslutas till det arets Salzburgmote.

Norge har pekats ut som lamplig vird for 1998 ars EUROCK-méte och organisations-
kommittén for EUROCK har uppmanat den norska nationalgruppen for ISRM samt SPE
att inkomma med en begaran om att fa arrangera 1998-ars EUROCK med inriktning pa
bergmekanikens tillimpning pa petroleumproblem. Ett slutgiltigt beslut kan ske i sam-
band med kongressen i Tokyo. Sverige bor sikta in sig pa att fa arrangera ett méte ar
2000 eller 2001. Forslag till tema bor diskuteras har hemma under detta ar.

SUMMARY

The international Society for Rock Mechanics (ISRM) is the non-profit organisation that
exists to promote the understanding and application of rock mechanics world wide.
General information of the Society is presented and the organisation of the 1995 ISRM
Congress and EUROCK-konferences are discussed. The Swedish National Group of
ISRM should have a fair chance to host a EUROCK conference early next century. A
suitable team for the conference should be discussed this year to be forwarded to the
EUROCK committee next year.






RISK AND RISK ANALYSIS IN ROCK ENGINEERING

Herbert H. Einstein, Massachusetts Institute of Technology, Cambridge
INTRODUCTION

Engineered structures have to satisfy four criteria:

safety
serviceability
economics
aesthetics

and good engineers distinguish themselves by designing structures
which optimally combine economy, aesthetics and serviceability and
maintain the required safety standards. The question arises if
engineers can be helped by procedures which allow them to formally
develop different solutions to satisfying the criteria but not stifle their
subjective and creative input. Preferably such procedures should
include consideration of the wide variety of technical and non-technical
uncertainties affecting both the performance and the criteria.

Risk analysis and related approaches provide such a procedure:
Performance of a structure can be predicted considering uncertainties; it
can be represented in purely technical terms which can be combined
with economic consequences and hence expressed in economic terms, or
it can be expressed in terms of non-technical and non-economic values.
A basis for comparison with the criteria is thus provided. Since risk
analysis also allows one to consider judgement both in the performance
prediction as well as in the criteria, it does not impede creative
thinking.

Risk analysis is thus a versatile tool in decision making, be these
decisions in form of an engineering design, of selecting particular
construction procedures or more general decisions made by private or
public entities.

In the following lines a few more comments about basic aspects of risk
analysis and decision making will be made. This will be followed by a



detailed discussion of three typical rock engineering applications: slope
design, flow through fractured media and tunnelling. In the
conclusions, a perspective on what has been presented will be provided,
particularly addressing the inclusion of judgement.

RISK ANALYSIS AND DECISION MAKING
Basics on risk analysis

The simplest and best known way to express performance uncertainty
is to describe it in form of a distribution and relate it to a fixed limit
(Fig. 1a) or to a required performance which is also expressed in terms
of a distribution (Fig. 1b). This approach replaces the standard usage of
safety factors. Also rather than working with distributions, one can use
so called reliability diagrams which show how far the predicted
performance, e.g. in terms of its expected value, is removed from the
critical performance (Fig. 2). Reliability can also be expressed
analytically by Hasover's and Lind's (1974) reliability index:

B=g§0x'&Q orXC_TI::((X2 (1)

where X is the critical value of a parameter X, E(X) and ox are the
expected value and standard deviation respectively. This expression is
entirely analogous to Fig. 2 in that the difference between critical and
expected performance is expressed in terms of the standard deviation:
it can be extended to any number of parameters.

So far, predicted performance was simply compared to required
performance but the consequences of malperformance were not
considered. This is done in risk analysis where risk is expressed as
performance uncertainty combined with potential worth of loss:

Risk = R = P[Performance] x Potential worth of loss (2)

where loss can involve life loss, capital loss or non-monetary
environmental effects, for instance. The simplest way in which risk can
be expressed is to set the potential worth of loss equal to the cost of
consequences as one might do for a slope failure:



R = P[Failure] x Cost of Consequences (3)

Risk as expressed in equation (2) and as used throughout this paper is
also used by many others. There are, however, other definitions of risk
such as: risk = "cost of consequences” or = "uncertainties about the
occurrence of an event"; for more details on various usages see e.g.
Ioannou (1989); Vanmarcke et al., (1982); Baecher (1981).

Expressing risk as shown in equation (3) has the disadvantage that it
assumes performance is directly associated with a cost and that risk has
always to be in form of a cost. A more general expression avoiding
these limitations is:

R = P[Performance] x P[ConsequencelPerformance] x u(X) (4)

where P[Performance] expresses the performance uncertainty,
P[ConsequencelPerformance] is a conditional probability expressing the
fact that a given performance may have different consequences, and
u(X) is the utility of a vector of attributes.

A few more comments will help in understanding what this means: For
instance, the "performance” can be a movement of a structure.
P[ConsequencelPerformance] can then be used to express safety, i.e. the
consequence is failure given a certain movement. Another probability
P[ConsequencelPerformance] can be used to express aspects of
serviceability, e.g. the consequence is the occurrence of cracks given a
certain movement. The simplest case for u(X) is that there is a single
attribute X; and that there is a linear relation between utility and cost;
in the above mentioned slope failure example, u(Xj1) = Cy. For instance,
Cj1 can be the cost of cleaning up the debris from a slope failure.
Expanding this somewhat but staying with the same example if there is
now u(X), the vector X may include the attributes X1 = cleanup, X7 =
repairing a road, X3 = replanting. Very important with regard to the use
of utilities is the possibility to have non linear relations with cost, i.e. to
include risk-proneness and risk-aversion as a function of the magnitude
of the consequences. A step further is to use attributes other than those
related to cost in which case u(X) is a multi-attribute utility function
(see e.g. Keeney and Raiffa, 1976, Baecher, 1981).
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From this description it has become clear that risk as expressed by
Equation (4) makes it possible to compare it to any of the criteria
mentioned at the beginning of the paper and to do this in terms of cost
or using other values. Rather than going into more details on risk
analysis at this point, this will be done in the applications later in this

paper.
Decision making

Decision making under uncertainty makes use of risk analysis or
analogous approaches. A possible structure of the decision making
process is shown in Fig. 3 (see also Raiffa, 1964). What one does is to
collect information, establish relations between parameters and
performance (i.e. performance models, or what in engineering is usually
called "analysis") and do this first deterministically and then
probabilistically. The latter results in P[Performance] and
P[ConsequencelPerformance]. Decisions such as selecting a particular
design alternative are then made on the basis of a comparison between
predicted and required performance. A decision may also be the
decision to "update" or change the predicted performance. Updating can
be in form of changing the parameters, e.g. flattening a slope as will be
discussed in the slope example, or it can be a decision to collect more
information. Prior to collecting more information, one may first want to
examine (model) the effect of additional information. - As with the risk
analysis, details of this decision making process will be illustrated in the
applications in which the decision cycle

Collect information including uncertainty determination
Deterministic and probabilistic performance modelling (analysis)
Decisionmaking
Updating (collect additional information, modify

parameters affecting performance)

will be followed with emphasis on the discussion of uncertainty aspects.
Before discussing the applications, a brief discussion on uncertainty
determination 1is necessary.
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Objective or subjective approaches to uncertainty determination

This is a very important issue relating to the argument which is very
often used against the use of probabilistic approaches and thus risk
analysis: "we don't have enough data to do the statistics.”

In objective approaches to determine uncertainty, one uses the classic
relative frequency approach to statistics, i.e. one collects data from a
sample which should be representative of the sample population which,
in turn, should represent the target population. E.g. the friction angle
determined from a number jointed blocks (sample) should represent
the friction angle of joints in an outcrop (sample population) which
should represent the rock mass. Objectively determined uncertainty of
a parameter can then be propagated through models relating the
parameter to the performance e.g. the joint friction angle distribution
can be related to slope stability distribution.

In many cases, particularly in geology, such objective information
collection and uncertainty determination is not possible. One has,
however, based on experience an idea that a feature such as fault may
exist in a rock mass and affect its performance. It is possible to
formally determine such "degree of belief” uncertainties, e.g. the
probability that a fault exists, and include this in the analysis. One can
even go a step further by using subjective relationships between so
called indicators (e.g. surface distortion on a slope) and the performance
probability (e.g. probability of slope failure). Hence, the amount of data
is usually not an issue in subjective approaches.

The discussion on slope design, below, will be subdivided into an
"objective” and "subjective" approach to make these comments clearer.

ROCK SLOPE DESIGN
Information collection and objective uncertainty determination

Slope stability as well as other rock engineering problems such as

tunneling, foundation deformation and flow are strongly affected by
discontinuities. It is, therefore, not surprising that collecting statistical

11



information on joint* geometry is probably the oldest application of
objective uncertainty assessment in geotechnical engineering. First came
the well known methods to collect and represent joint attitudes which
were later followed by procedures to collect and represent the spacing,
the extent (length or size) and the aperture of joints. These methods
have been widely discussed and the selection of particular distributional
forms has often given rise to heated discussions. Dershowitz and Einstein
(1988) summarize these discussions to some extent (see also Grossmann,
1992, for a discussion of biases in data collection). Joint geometry is very
important in the classic persistence problem; rock bridges between joints
have a much higher resistance than the joints, and they have thus a
major effect on slope stability and similar effects on deformability and
flow. Knowing where these rock bridges are located and how long they
are is thus very important (Fig. 4).

Although the distributions of joint attitude, spacing and extent provide
information on the uncertainty of joint patterns, they unfortunately
eliminate an important piece of information. These distributions are so
called lumped models; in other words, one collects data from joints at
different locations in space, but one represents them as if they were
occurring all at the same location (Fig. 5). Spatial correlation is thus
removed.

Stochastic models such as those proposed by Baecher et al., (1978),
Veneziano (1979), Dershowitz (1984) remedy this problem to some
extent in that the spatial character of joint patterns is represented (Fig.
6). However, they are not entirely satisfactory either, since they are
constructed from data which are collected without concern for location.
In particular, the distributions are assumed not to vary throughout the
entire rock mass.

Development of truly stochastic models in which spatial relationships
are collected and represented occurred only recently and is not yet
complete. The model by Lee et al. (1990) captures the spatial, albeit so
far only two dimensional, characteristics such as clustering through
application of a hierarchical procedure:

The terms, "joint", "discontinuity” and "fracture" are used interchangeably in
this paper.
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Figure 4. Jointed Rock and Intact Rock Bridges. The "Persistence
Problem".

"

Figure 5. Lumped Modelling

The Actual Association of Orientation and Location in a) is
Lost in the Lumped Model b)
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Subdivide joint traces into typical sets.

Schematize sets.

Model mid-points of first set; (model can represent
clustering through an inhomogeneous Poisson process,
a parent-child process, or a Cox process).

Model joint trace attitude (any distributional form).

Model joint trace length of first set considering biases (so
far only with exponential distribution).

Model mid-points of second set considering dependence or

independence on first set.

Model joint trace attitude of second set.

Model joint trace length of second joint set (including
dependence on first set).

Model termination probabilities of second against first
set.

Figure 7 shows the application of the hierarchical model to a case (for
more details, see Lee et al., 1990). This model is limited to two
dimensions but was extended to more than two sets and to additional
dependencies between sets by Yu (1993). A somewhat different route
to stochastic joint trace modelling has been taken by Martel et al.,
(1991) and by Gervais et al., (1992) while, for instance, Renshaw and
Pollard (1992) pursued a more mechanistic approach. Dershowitz and
co-workers at Golder (Dershowitz, 1993) in the development of the
computer code, FRACMAN, on the other hand, worked in three
dimensions by expanding the models mentioned earlier through
inclusion of clustering.

Although one is approaching a satisfactory three dimensional
representation of joint patterns and the associated uncertainties, one
major aspect is still unsatisfactory. There are either models which rely
on extensive data collection and geometric modelling or, on the other
hand, models which try to represent the present situation by
duplicating the underlying mechanical genesis. Ideally a combination of
these two approaches is desired, something we have started. By
including a variety of geometric possibilities such as minor rotations
and translations in different directions, one can start with standard
geometric models such as Poisson processes and include geometric

15



(c) Midpoints

Figure 7. Hierarchical Model
Separation of Traces into Two Sets and Their Mid-point
Maps.
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changes which characterize typical mechanisms. It is then possible to
create, e.g. stepped subparallel joints and other geometries which so far
could not be modelled. Figure 8 shows an example of this.

Slope performance (reliability) models, based on objective
procedures

Any of the probabilistic joint geometry models, which are based on
objective assessment of uncertainty, can be incorporated in probabilistic
slope stability models which are often referred to as slope reliability
models. This can be done by combining the probabilistic geometric
models with probabilistic models expressing the mechanical aspects
such as sliding of joints or failure through intact material (a number of
statistical data collections on joint shearing resistance and on joint
stiffness exist, see e.g. Einstein and Dowding, 1981).

An example of a reliability model for jointed rock slopes is that
developed a while ago by the author's research group (see Einstein et
al., 1983). Although limited to two dimensions, it shows well what can
be done: The slope is divided into equal height intervals (Fig. 9) and
possible failure paths consisting of joints and intact rock are
determined. The ratio of the number of failure paths which actually fail
to the number of all possible paths is the probability of failure for the
particular height interval. It is thus possible to produce height versus
reliability (probability of failure) relationships (Fig. 10). This approach
is still only one of the few that can deal with the persistence problem,
i.e. the uncertainty in joint - and intact rock bridge geometry is
reflected in the probability of failure. Other models are those by Call
and his group, e.g. Call and Nicholas, (1978), and a version in which the
above mentioned hierarchical model has been included in slope
reliability analysis has been developed by Einstein and Lee (1992).

When one assumes persistent joints, the problems are considerably
simplified. Consequently, numerous approaches exist in which the well
known deterministic wedge analysis is expanded to a reliability analysis
considering e.g. the variability in joint attitude (e.g. Marek, et al., 1978;
Glynn et al., 1979; Baroudi et al., 1992). What one does is to first assess
the kinematic probability of failure i.e. the probability that a number of
joints can be combined to form a block or wedge that can kinematically
move. Once the kinematically unstable blocks or wedges have been

17
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identified, one examines in a second step the kinetic probability of
failure. In the simplest case, assuming frictional resistance only, such a
kinetic probability would be simply:

Plkinetic] = P[(oc-d)j)>0] (5)

where a=the inclination of a joint and ®j, the joint friction angle.
The overall probability of failure of an individual wedge will thus be:

Pf=P[kineticlkinematic] x P[kinematic] (6)

This is straightforward and so is determining the probability of failure
of a slope containing a number n of independent wedges or blocks:

Pslope=(1-(1-Pf)M) (7)

However, in most cases, the blocks are dependent and require the
application of approaches using systems reliability.

Subjective uncertainty determination and slope reliability
analysis

The best examples for such subjective information collection assessment
and slope reliability procedures are a number of rock fall assessment
methods. They rely on so called indicators, which represent physical
factors but usually integrate several physical components.

The rockfall assessment method developed by the Laboratoire des Ponts
et Chaussées in France (LPC, 1978) is based on two sets of indicators.
One set represents origination of rockfalls (topography, discontinuities,
vegetation and hydrology) and the other set of indicators represents the
fact that some rockfalls may be stopped in the trajectory (topography,
vegetation, artificial protection). These indicators are then subjectively
combined to produce different probability categories (Figs. 11,12).

Such procedures in which indicators are related to natural geotechnical
and related hazards are also used extensively in Scandinavia. Examples
are the quick clay stability assessments in Sweden (Viberg, 1984) and

Norway (Gregersen, 1983) where the indicators can be parameters such

22



€C

FACTEURS
DETERMINANTS

FONDAMENTAUX

DETERMINANTS SECONDAIRES

FACTEURS

Determinatlon du nireav

de rlsqua [ 1" s0itle) ‘

RIsnye Q

DETERMINATION DU NIVEAU DE RISQUE
DANS LA PossIaiTE COUrLE PAS DE FOSSIDIIIE
10KL DE :U[g‘l:,l][[h‘;:‘ l.ﬂlf,(;%',;ﬁ'n',',{””[ DE cllute FAIBLE PRODABILITE DE CIUTE FORTE PROBABNITE DE CHUTE
Sl Bi0C OU PIERRE 0 ' 1 2
TOPOGRAPIE o ! 2 o 1
:'::”lclwm POSSIBILITE D' ARALT VIGLTATION = o_ ' N ° ' 2 d K ’ o '
FmcHnn

VIGUIATION

oML OF FACTIUR AGGRAYANT
OUPART 0U MIHORAKT INDICES |
[ 2 LI ° 2
1 i
[ o ]
12
by
Ocetermination du nlywasu de risquel2' sortte) * msoue LF
1
el
13
Yo
T0RE 0E N,
FACTEUR AGERAYANT HYLROLOGHE —r 11YDNOLOGIE
DEFART s s
AENSEIGHEMIKTS PROYENART DE L'ENQUETE ANTECEDCNTS — AHTECEDENTS)
Datarminatlon
du nlveay
Oelerminatlan du alveaw de rlyque (3¢ sorlie) RISOUE RISOUE
de rlsque
{2% sortle)

Figure 11.

Subjective Determination

of Rock Fall Hazard (LPC, 1978)




Légende Schéma itinéraire type

[ INQ!?ES MORPHOLOGIOUES | [ NATURE DU RISQUE

Eboutemant
Chule de blocs {< 1000 din")

. [ aurete + Chule do pisrres (< 1 don?)
FALAISE NOCHEUSE

r|1||u|m|,]i|1 artihciefle . Chule de blocs et da pierras

—

[ 777 otucer NIVEAU DU RISQUE ]

I" ANE 'q othitiese]

TALUS NOCIHEUX

[:] Faibla
; T matunel 38 royen
TALUS D'EAOULIS '2 888 | i 1 oo
- Tiks éleva
e e Ve \ v Poinl particulitremant dangeraus & court terme
(O  Puint parliculior dans un trongon

avuc couluur Uu nivaau du risnue

EXERMPLE DE LECTURE DE LA CARTE TYPE CI-CONTRE

¥e

» = Talaise rocheuse suimontant v Lalus d'éboulis; risque Irés élevd d'éboulenant dans la falaise
6t nsque moyun Ju chulo de porrus dans 1o 1alus

b~ felnise rochouse avec tisgue moyan d’éboutement el du chuts Je Llocs

¢ - Falaise rochouse suninontant un talus cochaux.

d - Point particulidromunt dangorous b courl lorme

@ - Falmse rochause avec risqua trés élevd du chuts Us blocs sur la parlie gaucha ;

nsque élavd d'eboulernunt sur [a partie droite,

- Talus d'éboulis avec laible risque de chuls de pierres sur 1a partie gauche.
Talus rocheaux aalurel avec risquo moyen do chuta de picrres sue 1a parlio droile.

@ - Point parliculier dans la trongon
h - Talus d’éboulis artilicisl avee risque élevé de chute de Llocs.
V- Synthése du risque sur l'ilinéraire,

"

Figure 12. Rock Fall Hazard Along Highway (LPC, 1978)




as slope inclination and penetrometer resistance. Other examples are
the avalanche risk assessments in Norway. These procedures may
actually be characterized as combined objective/subjective procedures
since many of the parameters can be objectively collected (e.g. slope
inclinations, penetrometer resistance, vane shear strength) while the
relation between these parameters and the occurrence of slope failures
or avalanches is based on experience and often subjective.

Updating

Following the determination of performance probabilities is the decision
which, as mentioned before, can be the selection of one of many
alternatives or it can be the decision to "update”. Updating can be the
modification of a parameter, and the best example with regard to slope
stability is to change slope inclination which in turn will change the
probability of failure. Coming back to the simplest form of risk analysis
one would then have the original risk:

R°=P%xC (8)

where P°g is the original probability of failure with the original slope
inclination and C, for instance, the cleanup cost. This can be compared
with the updated risk:

R =Pfx C (9)

where P'r is the probability of failure with a modified slope inclination.
(The cleanup cost would probably also be different, but this is not
considered here.)

If R°-R' > 'Cost of flattening slope', the stabilizing measure of flattening
the slope is worth undertaking.

FLOW THROUGH FRACTURED MEDIA
Information collection and determination of uncertainties

Flow through fractured media can be modelled with discontinuity

analysis i.e. modelling the geometry of fracture systems and combining
this with modelling of flow through individual fractures. The other
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possibility is to model flow with quasicontinuum analysis. This will not
be discussed here except for stating that determining the representative
equivalent volume for quasicontinuum approaches can, in turn, be
based on probabilistic discontinuous flow models (see e.g. Dershowitz
and Einstein, 1987).

Collecting and representing fracture systems makes use of the same
stochastic procedures described in the context of slope stability. In
addition, it is possible to collect information on the individual fracture
through analogous objective approaches. Fig. 13 shows aperture
distributions of fractures with different roughnesses as determined by
Roberds et al. (1990).

Performance models for flow through fractured rock masses

The stochastic fracture system models and the probabilistic individual
fracture geometry models can be combined to produce probabilistic
rock mass flow models. Some of this has been done by Long et al,
(1985, 1987); Hestir et al., (1987); Dershowitz (1993); Dershowitz and
Einstein (1987). In most cases, parallel plate flow models are used to
represent the individual fracture rather than representations of varying
apertures.

TUNNELING

Stability and deformation of tunnels in rock and flow into such tunnels
can be assessed with approaches which are similar or the same as those
for slope stability and rock mass flow.

To illustrate a different application of decision making under
uncertainty and risk analysis, another aspect of tunnelling, namely
tunnel construction will be discussed here. This will also serve as an
example where one goes beyond simply determining performance
probabilities but also includes the consequences of performance and
associates this with cost and time.
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Information collection and objective determination of
uncertainty

Tunnel cost and time and particularly variation (uncertainty) in cost
and time are affected by geologic-geotechnical factors and by
construction factors. The latter include variable performance of crew
and equipment, repairs and maintenance occurring at variable intervals,
as well as mishaps. In the cooperative research project on the
Continuous Tunnel Boring Machine®*, Professor P. Nelson at the

University of Texas and her students have collected information on
tunnel boring machine performance (Abd Al-Jalil, 1995). Figures 14
and 15 show examples. The data came from construction records and
were objectively collected. Distributions have been fitted and
regression analyses performed. Such data can be used by engineers and
contractors when preparing the engineer's estimate and the bid for a
particular project. In the above mentioned research, the data will be
used to simulate the performance of the Continuous Tunnel Boring
Machine using the Decision Aids for Tunneling (DAT, see e.g. Einstein et
al.,, 1992, 1987) which will be described below.

Information collection and subjective determination of
uncertainties

In tunneling projects for deep lying tunnels but even for shallow
tunnels, the geology along the tunnel is often only partially known.
Figure 16 shows the geology in the Northern section of the planned new
Lotschberg base tunnel in Switzerland. At present one does not know
over which length the formation WD intersects the tunnel and
consequently how long the sections in the other formations will be. This
is very important since the quality of the different formations varies
considerably. These uncertainties need to be assessed together with
construction uncertainties such as those discussed in the preceding
section. The combined uncertainties will affect construction cost and
time and can be presented in form of a scattergram (Fig. 17). Knowing
this scatter, i.e. the distributions, is very important in project
preparation and construction planning.

* The CTBM research involves several universities, MIT (lead), U of Texas at Austin,

U of Missouri, Rolla, U of California, Berkeley.
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In predicting tunnel geology and the associated uncertainties at the
tunnel level, one will have to rely on one's experience. We have
developed and successfully applied several approaches to formally use
this experience (Ashley et al.,, 1982; Chan, 1980). The case presented
here is based on the Markov process and consists of the following steps:

- The tunnel geology is subdivided into homogeneous zones in which
the tunnel geology has similar characteristics. (This does not mean
that the geology is constant).

Fig. 18 shows the subdivision of the new Gotthard base tunnel into
zones.

- In each zone one defines the major parameters such as lithology
(rock type), occurrence of fracture zones, water inflow, etc. One also
defines parameter states such as "granite", "schist”, and "phyllite" for
lithology.

- The mean lengths and transition probabilities of the parameter states
are then subjectively estimated. Specifically, one estimates for
instance, for the parameter lithology, the mean lengths of the states
"granite"”, or "schist", or "phyllite" and the probability with which the
schist will change to either granite or phyllite. Mean lengths and
transition probabilities are the characteristics of the Markov process.
By defining them, (Table 1) one in essence defines the distribution of
the parameter states.

For each of the parameters, this will lead to a distribution of parameter
states along the tunnel, as shown in Fig. 19. Since combinations of
parameter states are related to ground classes (Table 2), one can derive
ground class distributions along the tunnel profile from the parameter
state distribution as shown with lowest line in Fig. 19. Hence, one
describes the uncertainty (variability) in geologic conditions along the
tunnel through subjective estimation of average lengths and transition
probabilities. With the DAT (Einstein, et al., 1992) this can be done
interactively on the computer screen.

Performance modelling

The probabilistic ground class profile is, in the context of the DAT, the
input to a construction simulator. Specifically, the construction of the
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Table 1.  Gotthard Base Tunnel
Estimated Mean Lengths and Transition Probabilities for

the Two Parameters "Lithology" and "Faulting"

Lithology
Zone g:::lslic Schist . [Phyllite Transition Probability
G>S G>P S$-C S>P G->G P.>s
m) | (m | (m]
Aar_1 190 10 -
Intschi | 35 530 10 [.90 .10 .10 90 |.10 90
Aar 2 oo J -- ‘ --
Sd.Schief. | 90 65 = [
Gou Nord | 90 | 30 10 |1.0 00 | .25 75 |1.0 00
Gow Sod | 500 | s0 | 10 [.90 20|70 0 30 |70 30
Lucomagno | 30 70 | 10 [.90 .10 .80 20 |.10 90
Levendna | 5000 | 50 | — | | |
Faulting
Zone | Not "Faulted” & "Faulted”
| o L m
Azl | 1030 | 20 |
Tntschi | . | o
Aer_ 2 | 700 | 10
Sd.Schier. - | 390 | 10:
Gou Nord | 205 | 10
Gow_Siid | 300 | 35
Lucomaeno ‘ 500 | 15
Levendne | 3000 | 15

33



23

Sedoun 1l

Sedmn!  ~ 50

B ~ 1.000m -2 (X
IFensierstollen I '

Amstcg
~1780m ¢a. 800m ca. 1.000m ) Schriigstollen Faido
2130 m
| i -y .
14.400m 2.000mm 4 . -
NORDPORTAL 17.400m : 16:200m  sijppoRTAL
P <) 2.5 %o a9 %o —
ca. 22 ki v .
g e ! ca. 28 km =
| ot l-l_- L Al -1 | B’ TN P ST i 1
£ 7 ¢ Sy g £ &
7 > P 5 J 8 3
o = [ [ 3 2
g °
o
1 i |} ] ] [ |
' - R 1 A )
Tt --E.’q.l- R CE A IR = ?5]_1; “"5\"2:'& a%’ I;kn-q’ 7 W;M T
SSFTG RITERT RS ] o GO ARl BT RS
PoEs s i SR I R B - ]
[} 1 | I I

Ovorburden

N SRR

I 1 1 I 1] [}

! 1 1 I I I L ) 1

! ! LA LY , Ground Class

I | 1 I 1 1 11 I"_

[ ek f W e BN EEE : =
Wi w2 W3 WL W3 WL W2 M2 © M
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Table 2. Parameter State - Ground Class - Association

Lithology | Faulling | Overburden: | Ground Class
Gneiss-'Granite’ not faulied (<1000 m) W]
Gneiss-'Granite’ not faulted (1000-1500 m) M1
Gneiss-'Granite' not faulted (> 1500 m) H1
Gneiss-'Granite’ faulted (<1000 m) W3
Gneiss-'Granite’ faulied (1000-1500 m) M3
Gneiss-"Granite' faulied (>1500 m) H3

Schist not faulied (<1000 m) W2
Schist not faulied (1000-1500 m) M2
Schist not faulted (>1500 m) H2
Schist faulted (<1000 m) W3
Schist faulied (1000-1500 m) M3
Schist faulied (>1500 m) H3

Phvllite not faulied (<1000 m) W3

Phvllite . not faulted (1000-1500 m) M3

Phvllite not faulied (>1500 m) H3

Phvllite faulied (<1000 m} W3

Phvllite faulicd (1000-1500 m) M3

Phvlilite favlied (>1500 m) H3
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tunnel is simulated a number of times through the geology given by the
probabilistic parameter profile. In this construction simulation it is
possible to imitate construction uncertainties which can be subjectively
or objectively obtained (recall Figures 14, 15). Figure 20 e.g. shows an
advance rate distribution which was objectively collected in a TBM
driven tunnel in Switzerland. The result of all this can be used to
produce a scattergram such as the one from the Gotthard Base tunnel
project in Fig. 21. Another possible output is a time distance diagram
with scatter (Fig. 22).

In the newest development (see Halabe, 1995) the capabilities of the
DAT have been greatly enhanced by a so called resource model. Not
only is it possible to determine time and cost distribution but consumed
resources such as materials, crews and equipment and produced
resources such as muck can be modelled including uncertainties. For
example, Fig. 23 shows the production of four different types of muck
produced in a tunnel section (P1 = Production of Class 1 Muck from drill
and blast excavation which can be used as aggregate for normal
concrete; P2 = Production of Class 2 Muck from tunnel boring machines
which can be used as aggregate for shotcrete; P3 = Production of Class 3
Muck which can be used for embankments; P4 = Production Class 4
Muck which is not re-usable). This can be compared with the
consumption of aggregate for normal concrete (V1) and shotcrete (V2).
The muck quantity uncertainties not only include the geologic
uncertainties discussed before but additional uncertainties in that a
particular rock type may produce a range of different muck classes.

These results are quite significant. The time and cost scattergrams or
histograms are essential to risk analysis and decision making. One can
compare e.g. different tunnel alternatives not only on the basis of their
mean cost/time but also considering possible deviations which from a
financing point of view are at least as important as the mean cost, as the
Channel Tunnel has quite well shown. - Another use of such results is
for nisk sharing; small deviations from the mean cost can be carried by
the contractor while greater deviations should be shared with the
owner or perhaps be covered by insurance. The preceding comments
have also indicated that the results can be expressed in terms other
than cost. Time is an obvious way but this is usually also transformed
into cost. The muck quantity is an example for performance assessment
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in non-monetary terms; muck volume itself has a meaning because of
its environmental effects. Other kinds of effects of tunneling on the
physical or social environment can be easily included.

Updating through collection of additional information

The tunnel example provides also the opportunity to demonstrate
updating through collection of additional information; it can also be used
to illustrate the information (modelling) phase (see Fig. 3) with which
one decides if collecting additional information is worthwhile:

For instance, the mean cost of building a tunnel is estimated considering
existing uncertainties (prior probabilities of geologic conditions). One
then imagines drilling an additional exploration boring; the likelihood
functions are estimates of the boring results one would expect from
particular actual conditions. The likelihood function may express the
probability of encountering different joint intensities (high, medium,
low) in the boring, given that the actual conditions were low intensity
jointing. Such a likelihood function is largely objective since one can
obtain it from observing a number of boring logs and comparing them
to the actual conditions encountered when excavating a tunnel. Other
likelihood functions such as relating water in a boring to water inflow in
a tunnel would involve considerable judgement and are thus largely
subjective. The likelihood function cannot only expresses the
probability that the observation represents reality at the boring location
but it allows one to express how well the boring information represents
the geologic conditions over a certain length of tunnel. This aspect of
the likelihood function is largely subjective. Once the likelihood
functions for all the relevant parameters have been established one
conducts a preposterior analysis and obtains posterior (updated)
parameter probabilities. These are used to calculate an updated mean
cost for construction of the tunnel. If the new (posterior) mean cost is
smaller than the prior one, and if the difference is greater than the cost
of the exploratory boring, one would perform this exploration.

In modelling the effect of additional information, one uses the
preposterior analysis with the formal Bayes' updating:
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P[AIBJ.]IP [Bj]

P[BjlA]= O
> P[AIB JP(B ] (10)
=1
where P'[BjiA] = the posterior probability of outcome B;

given that information A has been
obtained

P[AIB;] = the probability that information A is
observed if Bj actually exists (the so called
likelihood function)

PO[B;] = the prior probability of B;

i

Expression in denominator normalizing function

If the preposterior analysis shows that performing additional
exploration is worthwhile, one does so. The additional information can
then be included to "update" in the decision process (Fig. 3). When
discussing slope stability analysis, it was mentioned that updating
through consideration of a flatter slope can be done by simply changing
the performance probability (probability of slope failure) considering
the new slope inclination. Such a simple updating is often not adequate
when considering information obtained from additional exploration.
What one does then is not to directly use the information observed in
the boring, e.g. joint intensity, but to again formulate a likelihood
function.

Another possibility to update tunnel geology is to use observed
geologic/geotechnical conditions in the excavated part of the tunnel to
modify the predictions in the as yet unexcavated part. Again, a
likelihood function expresses how well the observed geology can be
related to the geology of this as yet unexcavated part of the tunnel.
Updating on the basis of observations in the excavated part of the
tunnel has been implemented in the construction management support
module of the DAT (see e.g. Kim, et al.,, 1985; Einstein et al., 1987).
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Additional comments regarding updating

A number of different approaches have been shown with which one can
formally update the risk, and it is worthwhile to recapitulate them and
make a few additional comments:

 Updating can be in form of modifying the variables in the
performance model and then obtain an updated performance
probability (e.g. slope flattening)

e Updating can be in form of changing the relation between
consequences and performance and hence modifying.
P[ConsequencelPerformance]. An example would be building of a
protective gallery which prevents rocks falling onto a road and thus
reducing the probability that the road will be damaged.

o« Updating can reflect additional information (e.g. tests revealed
different friction angle distributions than originally assumed).

+ Updating in all the cases mentioned above can be done by directly
modifying the parameters or through preposterior analysis using
likelihood functions. The likelihood functions express the
uncertainty involved in including the modified parameters. In the
case of including additional information the likelihood function
expresses the inherent uncertainties of exploration or testing
procedures; in the cases of slope flattening or protective structures,
the likelihood function expresses the uncertainty in the effect of the
modifications (e.g. does the gallery prevent all rockfall damage?)

«  Finally, updating is actually a standard geotechnical procedure
which is used in the so called observational method (Fig. 24). It
recognizes the fact the geologic/geotechnical conditions are rarely
known with certainty and that adapting design and construction to
the actually encountered conditions is a good way to deal with this.

CONCLUSIONS

The discussion in this paper has confirmed that engineering in general
and rock engineering in particular corresponds to a decision making
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process in which one tries to ensure that the performance of an

engineering structure or process satisfies prescribed criteria. Usually,

and particularly in engineering decisions involving geologic and

geotechnical problems, one wants to include uncertainties in the

decision making and make use of risk analysis and related tools. All

this is not simply an abstract notion but there are a number of

procedures which allow one to:

- collect information and determine uncertainties

- model the performance and consequences including uncertainties
and hence assess risk

- make decisions on this basis which can include the selection of a
particular alternative, the modification of particular parameters or
the collection of additional information.

As was shown in this paper, typical rock engineering problems such as
slope design, flow through jointed rock and tunneling can be handled
with these procedures, many of which make use of modern interactive
computerized methods.

The tools for decision making under uncertainty and for application of
risk analysis do thus exist. One can also state that engineers recognize
that there is uncertainty. The question is then, why are these tools not
used more frequently? Two reasons seem to prevail:

- Engineers have the impression that these procedures require an
effort in information collection and modelling which exceeds the
usual

- Judgement seems to be excluded

What has been discussed here should show that procedures exist which,
through use of modern information technology, make their use
reasonably convenient, although improvements are still necessary.
What should definitely have been dispelled is the notion that judgement
is excluded. Just the opposite is the case. Judgement can be formally
included and one can easily examine its effects.
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1 INLEDNING

Ingenjorskonsten r inriktad pa att gora saker. Hiarigenom blir man sténdigt tvungen att
fatta beslut om vad som skall géras, och vanligen kan man inte med fullstindig sakerhet
sdga vad som blir resultatet av beslutet. Méanga beslut gors idag intuitivt och utan att de
mojliga konsekvenserna ér helt analyserade.

Eftersom byggprocessen innehaller manga beslut i olika skeden ir det darfor mojligt att
man oftivilligt kommer att ta risker som man egentligen velat undvika. A andra sidan kan
ett alltfor forsiktigt agerande dir man borde tagit risken, leda till att en anbudsgivare inte
far en entreprenad eller till resurssldseri genom att man gér 6verstarka konstruktioner.
Det giller alltsa att balansera sitt risktagande.

Foreliggande artikel handlar om hur stringent besluts- och riskanalys kan hjélpa besluts-
fattare inom byggbranschen att ta bittre beslut och bittre hantera risker. I Kapitel 2
beskrivs beslutsteori och beslutsprocessen i allminna termer. Kapitlet innehéller dven ett
forslag till hur beslutsprocessen kan struktureras samt en beskrivning av hur besluts- och
riskanalyser samverkar. I Kapitel 3 presenteras ett urval av de befintliga verktyg och
metoder som besluts- och riskanalytikern har till sitt forfogande.

2 BESLUTSFATTANDE

Stora undermarksprojekt innehaller ofta beslutssituationer som styrs av komplexa
héndelseforlopp och samverkan mellan manga tekniska system. Byggandet ér inte heller
en intern affar mellan de traditionella aktorerna (byggherre, konsult och entreprenér)
utan maste integreras med sambhillet i 6vrigt samt géllande lagar och normer. Detta
innebir dels att beslutsfattandet i sig ofta dr svért och dels att det dr svart att skapa en
strukturerad helhetsbild av problemet, vilket 4r nodviandigt for att ta rétt beslut.



For att underlétta beslutsfattandet kan stringent besluts- och riskanalys tillimpas. Dessa
analysmetodiker ar en hjélp vid beslutsfattandet eftersom man dé tvingas strukturera
problemen samt klargora riskerna och diarmed sjélv kan avgéra om man ir villig att ta
dem eller ej. Huvuddragen i en stringent beslutsanalys visas i flédesschemat nedan, Figur
2.1.

Identifiera och beskriv
mdjliga alternativ
Faststill beslutskriterium
Riskbaserat kriterium Preferensbaserat kriterium
y
Ber#kna risken for Rangordna
varje alternativ och alternativen
utvirdera alternativen
Rekommendera
alternativval

Figur 2.1 Flodesschema som beskriver beslutsprocessen.
The decision process illustrated in a flow chart.

For att pd ett enkelt satt askadliggora beslutsprocessen och grunderna i beslutsanalys
presenteras ett exempel med en asna i en vagkorsning, se Figur 2.2

Den beromda dsnan mellan de tva hotapparna har i detta fall ersatts av en dsna som kan
vélja mellan tre vigar. Vig 1 innebar mojlighet att fa tva dpplen, men en bjorn lurar
bakom tridet for att eventuellt 4ta upp asnan. Vig 2 ger utdelning i form av ett dpple,
detta apple har dock legat i solen och kan vara oitligt dven for en dsna. Vig 3 ger
utdelning i form av majs. Forutsittningarna 4r att dsnan foredrar dpplen framfor majs och
den vill naturligtvis inte bli uppéten av bjérnen eller éta ruttna dpplen.



Figur 2.2  Beslutsvandal!
I can’t make up my mind!

Genom att tillampa beslutsteori kan vi hjélpa asnan att vilja den basta viagen. Vilken som
ar den basta vigen beror emellertid pa vilket beslutskriterium asnan anvinder. Vidare kan
ju asnan vara mer eller mindre riskbenédgen, detta kommer ocksa att paverka beslutet.
Beslutskriterier och risk kommer att beskrivas langre fram i artikeln.

2.1 Identifiera och beskriv alternativ

Da man utfor en beslutsanalys ar det viktigt att klargora, bade for sig sjilv och for andra,
exakt vilka alternativ som valet star emellan. Man skall harvid komma ihag att det oftast
finns ett nollalternativ, det vill séga att inte gora nagra forandringar mot den radande
situationen. Det hinder ocksa ofta att det i varje alternativ finns flera beslut som skall
fattas vid olika tillfallen.

Man kan se denna inledande fas, att identifiera och beskriva alternativen, som system-
modellering d4r man analyserar de olika delarna i alternativen och deras inbordes kopp-
lingar och paverkan. Detta arbete innehdller en stor del ingenjorskonst och -kunnande.
Det bor pépekas att pa grund av till exempel specifika forutsittningar, lagar och normer
kan vissa alternativ uteslutas redan i denna inledningsfas. Under identifieringsfasen ér det
viktigt att den som stér infor beslutet deklarerar sina preferenser, forutsittningar och
speciella krav sa tydligt som mojligt s att hansyn till dessa kan tas i den fortsatta besluts-
analysen. Ldmpliga hjadlpmedel som kan anvéndas for att beskriva och strukturera olika
alternativ 4r bland annat feltriad (kvalitativa), hindelsetrad och beslutstrad.
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2.2 Beslutskriterier

For att man skall kunna fatta ett bista beslut krivs ett system for att virdera de olika
beslutsalternativen, man maste ha beslutkriterier. Dessa baseras pa det varde man till-
miter olika mojliga utfall av besluten. Eftersom vi inom undermarksbyggandet arbetar
med material som &r behiftade med osikerhet (jord, berg och vatten) och déir informa-
tionen om materialegenskaper etc. ofta 4r knapp bor vi anvinda ett subjektivt statistiskt
tillvagagangssitt. Detta innebir att vi vill tillgodogora oss subjektiv erfarenhet och
kunskap samt kombinera den med det statistiska underlag som eventuellt finns tillgéng-
ligt. Den bayesianska statistiken ger oss den mojligheten till skillnad fran den klassiska
statistiken.

Om man foljaktligen kan beskriva alternativen i formen av sannolikhet och nytta, dar
nyttan kan beskrivas med ett enhetligt mitetal, kan ett riskbaserat beslutskriterium med
fordel anvindas, det vill siga kriteriet forvdntad nytta, E(u), (expected utility), se till
exempel Hansson (1991). Om nyttan eller sannolikheterna inte pa tillfredsstéllande sitt
kan beskrivas i explicita termer, maste nigot annat beslutskriterium tillgripas, till exempel
ett preferensbaserat kriterium. Ett sddant kriterium rangordnar de olika alternativen, var-
efter beslutsfattaren rekommenderas att vilja det alternativ som rankats hogst.

2.2.1 Riskbaserat beslutskriterium

Vid anvindandet av riskbaserat beslutskriterium (”vilj alternativet med storst forvantad
nytta”) definieras den forvintade nyttan E(u) som:

E(u) = pi*u; + p2X¥us +.... + pa*u,
dédr p 4r sannolikheten for ett utfall och u 4r nyttan.

For att aterknyta till vart exempel om dsnan kan vi anta att 4snan har tillracklig informa-
tion for att anvinda ett riskbaserat beslutskriterium. Vi antar saledes att dsnan vet att
sannolikheten att bjornen ar hungrig och dirmed kommer att dta upp honom &r 10%
samt att det 4r 5% sannolikhet att dpplet pa Vig 2, vilket inte legat i skuggan, &r ruttet
och dirmed virdelost. Beslutsanalysen handlar om att finna den vig som bast uppfyller
kriteriet och dédrmed innebir det for dsnan basta beslutet. Asnans nytta (u) for de mojliga
resultaten av det tre olika vigvalen antas vara foljande:

Tva 4pplen 20
dr bdttre dn
Ett 4pple 15
dr bdttre dn
Majs 10
dr battre dn
Ett ruttet dpple 0
dr bdttre dn
Att bli uppiten -20



Sannolikheten (p) for att bjornen éter upp dsnan &r som sagt 10%, detta kan endast
realiseras om Vig 1 viljs. Applet som ligger pa Vig 2 dr med 5% sannolikhet ruttet
eftersom det legat i solen. Den forvintade nyttan for de olika végarna blir:

Vig 1 0,90%20 + 0,10%-20 = 16
Vig 2 0,95%15 + 0,05*0 = 14,25
Vig 3 1*10 = 10

I detta fall ar Vig 1 det optimala valet, trots den fara det innebir. Rekommendationen till
&snan blir siledes att vilja Vig 1 men dsnan 4r givetvis inte tvingad att folja ridet!

2.2.2 Preferensbaserat beslutskriterium

I vissa fall ar det svart eller omoijligt att sdtta ett gemensamt mitetal pa olika egenskaper
hos ett utfall. Det ir till exempel svart att mita miljokonsekvenser, estetiska egenskaper
och skadekostnader med ett gemensamt matt. I detta fall kan man tillgripa metoder déir
man pé ndgot sitt rangordnar alternativen efter olika (subjektiva) preferenser.

Om &snan i exemplet inte vetat ndgonting om sannolikheten for att bli uppéten av bjornen
eller att dpplet var ruttet, alternativt om han inte kunnat uttrycka vérdet av sitt liv i sam-
ma mitetal som nyttan av att fd dta dpplen och majs, hade den varit tvungen att vilja ett
preferensbaserat beslutskriterium.

Man kan till exempel téinka sig att snan ar forsiktig, tar det sikra fore det osékra, och
viljer Vig 3, det enda alternativ som inte ar behéftat med osikerhet.

23 Utviirdera och analysera alternativen

Nir man &r klar over vilket beslutskriterium som géller for det aktuella beslutsproblemet,
inleds nista omfattande delmoment i beslutsprocessen; utvirderingen och analysen av de
identifierade alternativen.

Om beslutsproblemet faller under kategorin riskbaserat beslutskriterium skall risken for-
knippad med samtliga alternativ beriknas. Om ett preferensbaserat kriterium anvénds,
sker en rangordning av alternativen.

2.3.1 Beriikna risken for varje alternativ och utviirdera alternativen -
Riskanalys

Begreppet risk
Flera gdnger har begreppet risk anvénts i denna artikel. Det ar sdledes pa sin plats att

definiera risk. Risk dr forvintad konsekvens och tecknas:



RISK=P*C

P = Sannolikhet
C = Konsekvens

Av detta foljer att ordet risk i denna strikta mening dr missbrukat. I dagligt tal fsrekom-
mer ordet risk bdde i betydelsen sannolikhet och i betydelsen konsekvens. Man siger ju
exempelvis att det ar stor risk for regn idag”, men menar att sannolikheten for regn &r
stor/storre 4n normalt.

Vad ér riskanalys
Riskanalys innebir en systematisk identifiering av faror och virdering av risken,

definition enligt Raddningsverket (1989). Det innebir att tillimpa ett probabilistisk
tillvigagngssitt for att 16sa problem och i detta sammanhang dirigenom optimera
beslut. Riskanalysen ar enligt detta resonemang en del av beslutsprocessen/beslutsana-
lysen om ett riskbaserat beslutskriterium anvinds. En riskanalys kan delas in i fljande
steg:

1) Identifiera faror
2) Asitt sannolikheter for dessa faror
3) Beskriv och virdera konsekvenser

- Ta hénsyn till riskbeteende och riskbeniigenhet
4) Berikna och beskriv risk

Spridning i risk

Man kan ta hinsyn till riskbeteende genom att 6versitta forlust i kronor till en forlorad
nytta, via en icke linjar nyttofunktion (vanligen anvinds en linjar nyttofunktion, det vill
sdga man arbetar med forvintad forlust i kronor). Att ta fram en icke linjar, for besluts-
fattaren specifik, nyttofunktion kan vara svart. Ett alternativ kan d& vara att i beslutsana-
lysen arbeta med forvintad forlust i kronor och komplettera detta med ett subjektivt
hdnsynstagande till spridningen i mojliga utfall. Detta kan innebira att:

lag forvantad nytta och liten spridning i risk
kan, for en viss beslutsfattare, vara bttre dn
hogre forvintad nytta och stor spridning i risk

Detta dr viktigt att beakta framforallt nir det gller tekniska system dér faror innebir
allvarliga eller katastrofala konsekvenser. Stora kraftverksanliggningar, vissa tunnlar och
bergrumsanliggningar faller definitivt inom denna kategori.

Berékna risker

Att berdkna risken for en viss handelse 4r matematiskt mycket enkelt. En sannolikhet
(sortlos) multipliceras med en konsekvens som ofta, framforallt inom byggbranschen,
uttrycks i ekonomiska termer (kr). Produkten ar risken, foljaktligen ofta uttryckt som en
kostnad (kr). Svarigheterna med att beréikna risken ar siledes inte forknippade med den
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matematiska operationen utan bestar i att &sdtta sannolikheter och kostnader for olika
héndelser.

Sannolikheter for hindelser och utfall kan till exempel baseras pa information fran:

o Provning
o Statistiskt underlag fran verkliga tidigare utfall
o Expertbedomningar

Kostnader som ir forknippade med ett undermarksprojekt ar exempelvis:

o Byggkostnader

o Drift och underhallskostnader

o Icke anliggningstekniska kostnader (till exempel kostnader eller inkomstbortfall till
foljd av skador och brott)

Bygg, drift och underhllskostnader kan uppskattas med hjilp av erfarenhet fran tidigare
projekt (kostnadsdatabaser) eller offertpriser. I de fall en tidigare direkt tillimpbar kost-
nadserfarenhet saknas kan kostnaderna uppskattas baserat pa kunskaper om material-
kostnad, montage etc.. De icke anliggningstekniska kostnaderna ar naturligtvis betydligt
svarare att uppskatta men kan for den sakens skull inte negligeras dd de kan ha stor
betydelse i det totala sammanhanget.

For anlaggningar med lng livslingd bor kostnaderna behandlas enligt teorin om livs-
cykelkostnaden (LCC), se exempelvis Avesta (1989) eller Westin (1989). Normalt
fordelas till exempel byggkostnaderna ut under byggtiden medan drift- och underhélls-
kostnader samt kostnader for eventuella brott forekommer under anlédggningens hela
livstangd.

En fullstandig analys av livscykelkostnaden for en viss konstruktion tar hénsyn till kost-
naderna under en anliggnings forvintade livslingd for material, tillverkning, montage,
drift, underhall, driftstopp, utbyte vid forslitning samt restvirde. Kostnader och intikter
fordelar sig oftast 6ver en lang tidsperiod, varfor de olika kostnadsposterna miste
virderas om till samma tidsperiod innan de blir jimforbara och kan summeras. For att till
exempel idag gardera sig for en kostnad som utfaller en senare tidsperiod behéver man ju
endast sitta av ett lagre belopp pa ett rantebdrande konto. Sambandet mellan de kost-
nadsfaktorer som tillsammans ger livscykelkostnaden kan uttryckas matematiskt enligt:

LI 0 (A, -R))
- I 2 -
LCC=AC+ C+§(l+r)l +JZ| 150)®
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anskaffningskostnad for materialet eller produkten

tillverknings- och/elier montagekostnaden

operationskostnaderna ir i (for kontroll, underhll, drift och stillestdnd)
kostnaden for det j:te utbytet av férbrukat system

restvirdet hos det utbytta eller frbrukade systemet

realrinta = (n-q)/(1+q) dir n=kalkylriinta och q=inflationen

antalet utbyten under livscykeltiden

livscykeltiden fSr anldggningen i ir

Zze "B POR >
Z0ax

| Rt S | O | O I | B

Risk inom undermarksbyggandet ir ett mycket vittomfattande begrepp som kan innebéra
ménga saker. De olika aktorerna i ett undermarksprojekt, till exempel byggherre, konsult
och entreprenor har ocksd olika syn pa risker och beaktar olika typer av risker. Det har
emellertid visat sig att geologiska risker spelar en avgorande roll i ménga fall. Geologiska
risker berdr ocksd ofta, pa ett eller annat sétt, samtliga aktorer i ett projekt.

De héndelser som ir forknippade med geologiska risker ar ofta mycket komplexa, bland
annat beroende pa att jord- och bergmassor i sig 4r komplexa och att materialkéinnedo-
men ofta r forhdllandevis liten. Denna komplexitet leder till svarigheter med att dsétta
sannolikheter for olika hindelser, exempelvis sannolikheten for ett skred eller ett tunnel-
ras. Vidare kan ocksé konsekvenserna (kostnaderna) for dessa hindelser vara svéra att
beddma.

For att forenkla asdttandet av sannolikheter och kostnader kan olika riskanalysverktyg
anvindas. I detta sammanhang dr foljande metoder anvandbara; feltradsanalys, Monte
Carlo-simulering, B-metoden och Point Estimate-metoden. Feltradsanalys anvinds for att
strukturera speciella hindelser och enklare kunna uppskatta sannolikheten for en
komplex hindelse. MonteCarlo-simulering kan anvindas for att simulera handelseforlopp
och darigenom uppskatta kostnader respektive sannolikheter. De 6vriga tvd metoderna
anvinds for att berdkna sannolikheter genom att 1¢sa numeriska uttryck som innehéller
stokastiska variabler.

Utvirdera risker , '

Risker for samtliga identifierade alternativ beridknas for att utgora indata till beslutsana-
lysen. Ofta ér ju syftet med beslutsanalysen att minimera risken (minimera forvéntad
forlust), men hansyn till spridningen i risk kan ocksa behova tas i vissa fall. Foljaktligen
skall de beriknade riskerna utvirderas med avseende pa detta och darefter inkorporeras i
beslutsprocessen.

Men dven om man inte utfor en stringent beslutsanalys kan en riskanalys vara behjalplig
bade byggherre och entreprenér i olika faser av byggprocessen. Med hjélp av en riskana-
lys kan till exempel faktorer som &r viktiga att ta hansyn till vid design eller byggande
identifieras och analyseras. Detta kan i forlangningen leda till en optimering av kvalitets-
kontroller, kvalitetssakring och strategier.
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2.3.2 Rangordna alternativ

Nir man skall vilja alternativ utifrdn ett preferensbaserat kriterium kan man forsoka gora
en direkt rangordning baserad pa de sammansatta utfallen. I praktiska, ingenjorsméssiga
tillimpningar kan det emellertid vara enklare att gora separata jamforelser mellan de
olika alternativen med avseende pa en egenskap i taget. Problem uppstér med denna
metod om ett alternativ inte ir bittre i alla avseenden utan bara i nagot eller nagra. Dd
maste man pa nigot sitt rangordna de olika egenskaperna till exempel genom att ge dem
viktfaktorer. En metod att gora detta dr Analytic Hierarchy Process, AHP.

24 Rekommendera alternativval

Beslutsprocessen avslutas med att nigon form av rekommendation eller underlag for
beslut presenteras for beslutsfattaren. Dessa rekommendationer eller beslutsunderlag kan
hjilpa beslutsfattaren att ta det optimala beslutet vilket forhoppningsvis kommer besluts-
fattaren tillgodo i form av okad vinst eller minskad forlust. En stringent beslutsanalys
leder ocksa till en forbattrad riskhantering framforallt for undermarksprojekt.

3 ANALYSVERKTYG
3.1 Beslutstrid

Beslutsanalys med beslutstrad har beskrivits av bland andra Benjamin & Cornell (1970)
och Ang & Tang (1984). Vid beslutsanalys med hjélp av beslutstrad struktureras proble-
met i forsta hand upp med hjélp av en tradstruktur. Ett beslutstrad bestar forutom av
grenar av beslutsnoder och utfallsnoder. Vid beslutsnoderna finns mojligheten att vilja
mellan tva eller flera alternativ, beslutsfattaren kan foljaktligen paverka utfallet. Vid
utfallsnoderna grenar tridet i olika hidndelser som intraffar slumpmassigt, beslutsfattaren
kan i detta fall inte paverka utfallet.

For varje gren definieras en nytta eller en kostnad, for utfallen definieras ocksé en sanno-
likhet. Sannolikheten for hindelser vid samma utfallsnod maste ha summan 1. For varje
slutnod, det vill séiga varje gren i tridet, berdknas sedan en forvintad nytta eller en
forvintad totalkostnad. Som beslutskriterium viljs ofta att det beslut som ger den hogsta
forvintade nyttan eller den lagsta forvantade totalkostnaden ér det basta beslutet, det vill
siga ett riskbaserat beslutskriterium. I Figur 3.1 visas ett principiellt beslutstrad, aterigen
exemplifierat med hjalp av var numera vilkénda dsna. Overst visas beslutstridet med
indata. Nederst visas tridet som det utvarderats av dataprogrammet med olampliga
vigval overkorsade.
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Figur 3.1
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Principiellt beslutstrad, asneexemplet. Fyrkanter = beslutsnoder, Ringar =
utfallsnoder.

Decision tree illustrating the Donkey's decision problem. Decision nodes
are nolated as squares and chance nodes as circles.

Flera fordelar med beslutstrad kan identifieras, metoden ar med tillganglig programvara
enkel att utfora och resultaten ar latta att forsta. En ytterligare viktig fordel med dator-
baserade beslutstrad ar att stabiliteten i resultaten kan kontrolleras med hjilp av sensiti-
vitetsanalyser.
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Vidare kan spridningen i risken for de olika alternativen analyseras och jamforas. Detta
innebdr att ett alternativ som ger l3g forvantad kostnad men har stor spridning i risken,
det vill sdga att sannolikheten att overskrida den forvintade kostnaden &r stor, kanske
inte 4r béttre 4n en alternativ som ger ndgot hogre forvintad kostnad men mindre
spridning 1 risken.

Detta kan illustreras i ett exempel fran en beslutstridsanalys som genomforts for den
konstruktiva utformningen av Ringentunnlarna. Manga av de systemkombinationer som
studerades 13g nara varandra i forvintad kostnad (vintevirde) men skillnaden i spridning
(risk) var stor. Detta leder till exempel till att skarmdrénering bor viljas framf6r inspruta-
de driner dven om kostnadsskillnaden ir liten, vilket illustreras i Figur 3.2 och 3.3. Dessa
figurer visar sannolikheten att 6verskrida en viss kostnad. En brant kurva ar att foredra
eftersom hoga kostnader d& har sma sannolikheter.

_ Alternativ med skdrmdrénering

N B 1
|
|

50 — —
/Vﬁntevﬁrde 20293 kr

Sannolikhet (%)

19000 20000 21000 22000 23000 24000 25000 26000 27000 28000 29000
Kostnad (kr)

Figur 32  Kostnadsspridning for alternativ med skarmdranering. Forhallande mellan
kostnad och sannolikheten att overskrida denna.
Cost span for an alternative with screen drainage. The diagram shows the
relationship between cost and the probability of exceeding this cost.
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Figur 3.3 Kostnadsspridning for alternativ med insprutade dréner. Forhdllande mellan
kostnad och sannolikheten att 6verskrida denna.
Cost span for an alternative with shotcreted drains. The diagram shows
the relationship between cost and the probability of exceeding this cost.

3.2 Feltrad

Feltradsanalys anvands for att strukturera handelser (kvalitativa feltriad) och enklare
kunna uppskatta sannolikheten for en komplex hindelse (kvantitativa feltrad), se till
exempel Ang & Tang (1984). Feltradsanalyser har anvints i stor omfattning i kirnkrafts-,
elektronik- och processteknikindustrin.

Ett feltrdad bestar av handelser ordnade i en tradstruktur. En topphindelse delas in i
delhindelser i flera steg. Metoden illustreras i Figur 3.4 dédr den komplexa topphéndelsen
(T) delats upp 1 delhindelser (D1 och D2) som kan hirledas till ett antal bashidndelser
(B1-B4). Eftersom sannolikheterna for bashandelserna ér kind eller enkelt kan uppskat-
tas kan sannolikheten for topphéndelsen beriknas genom att sannolikheterna for de
underliggande hindelserna (D1-B4) passerar olika “grindar”. Tva typer av grindar
illustreras i figuren. OCH-grinden innebir att bade B3 och B4 maste intriffa for att D2
skall intréffa. /LLER-grinden innebir till exempel att om minst nagon av B1 eller B2
intriffar, intraffar ocksa D1.
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Figur 3.4  Principiell uppbyggnad av ett feltrad.
Schematic layout of a fault tree.

For att illustrera metodens tillimplighet och mgjligheter presenteras nedan ett par exem-
pel pa feltradsanalyser (delar av risk- och beslutsanalyser) som utforts inom ramen for
Review Teams arbete med Ringentunnlarna.

Inledningsvis redovisas en analys som genomforts for Norra Lankens strackning genom
Bellevueparken framforallt for att identifiera farliga arbetsmoment med olika tunneldriv-
ningsmetoder, Fredriksson et al. (1994) och Olsson & Sturk (1994). Efter det presente-
ras en analys som behandlar insprutade draner for omhéndertagande av inlickande vat-
ten, ett mer uttalat syfte med denna feltradsanalys har varit att uppskatta sannolikheten
for topphindelsen. Analysen har gjorts inom ramen for det Review Team-projekt som
syftat till att uppritta ett beslutsunderlag for beslut om Ringentunnlarnas konstruktiva
utformning, Johansson et al. (1995).

3.2.1 Norra Liinken - Bellevueparken

Norra Lianken kommer att passera Bellevueparken i en betongtunnel. For att bevara
virdefull vegetation, i synnerhet tre stora lindar frn 1700-talet, tillats inte dppen schakt
varfor en jordtunnel maste drivas langs en stracka av 40-50 m innan tunneln gar in i
Bellevueberget. Avsikten med feltridsanalysen (riskanalysen) var att detaljstudera de



faror som &r relaterade till olika drivningsmetoder och som kan leda till skador pa traden.
Resultatet fran analysen ger Vigverket stod nér det géller att:

o Jamfora olika drivningsmetoder vad giller total risk
o Identifiera kinsliga punkter som behdver penetreras i design- och upphandlingsskedet
o Utarbeta ett effektivt kontrollprogram for entreprenaden

Feltradet for drivningsmetoden “Forepoling” det vill siga etappvis spontning och
forstarkning visas i Figur 3.5 - 3.7. Tradet har delats in i ett huvudtréd och tva undertrad
av redovisningstekniska skal. Sannolikheterna for bashéndelserna har dsatts subjektivt
utan stringent metodik for detta, varfor sannolikheten for topphéandelsen “traden skadas”
inte gor ansprik pa att vara en absolut sannolikhet for denna héndelse. Syftet med att
sitta sannolikheter har primart varit att jimfora olika drivningsalternativ. Detta syfte har
kunnat uppfyllas genom att anvanda subjektiva sannolikheter i enlighet med sex
kategorter:

Mycket troligt p=0,75
Troligt p=0,5
Foga troligt p=0,25
Osannolikt p=0,1
Mycket osannolikt p=0,05
Extremt osannolikt p=0,01
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Figur 3.5 Huvudtrid for metoden Forepoling. Topphéndelsen ér ”Lindarna skadas”.
Main fault tree for the tunnelling method Forepoling. The top event is
"The linden trees are damaged”.
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, skadliga jordrorelser for lindarnas dragratter”.

Sub tree, harmful earth movements damages the linden’s major roots.

Deltriad for hindelsen

Figur 3.6
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skadliga jordrorelser for lindarnas sugrotier”.

Sub tree, harmful earth movements damages the linden’s root matrix.

kb

Deltrad for handelsen,

Figur 3.7
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3.2.2 Konstruktiv utformning av Ringentunnlarna

Inom ramen for den beslutsanalys som utforts for att bilda underlag for beslut om kon-
struktiv utformning av Ringentunnlarna har flera feltradsanalyser utforts. En av dessa,
som behandlar funktionsstrningar pa inprutade dréiner, presenteras nedan. I feltridsana-
lysen har den komplexa topphéndelsen delats upp i delhidndelser till dess en detaljniva
som mdjliggjort &sittandet av sannolikheter erhallits. Huvudsyftet har varit att berikna
sannolikheten for den komplexa topphindelsen. Sannolikheterna har sedan anvints i
beslutsanalysen.

I Figur 3.8 presenteras feltradet med topphéndelsen ”Insprutade dréner fungerar e,
Skadorna p insprutade dréner kan vara i form av igenséttningar som ej kan spolas eller
rensas bort. Det kan ocksé vara nedbrytning av drinerna p& grund av frysning, utmatt-
ning eller materialaldring. Sannolikheten for att insprutade dréiner ej ska fungera beddms
vara sd hog som nirmare 0,5 (50%).

Insprutade driner fungerar e| | Insprutade drdner

\gensdtinings- Underhd Karer g
procoms \genséiiinngen

Figur 3.8 Feltrad for hiandelsen, "/nsprutade drdner fungerar ej”.
Fault tree for the top event "sholcreted drains not functioning”.
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3.2.3 Metodens for och nackdelar

I Sverige 4r anvindandet av feltradsanalyser inom undermarksbyggandet nytt. De analy-
ser som genomforts inom ramen for Ringenprojektet har dock visat att metoden ar
tillimpbar dven da jord- och bergmekaniska problem studeras. Négra for- och nackdelar
listas nedan.

+ Ett komplext problem med manga hindelser som interagerar med varandra kan
struktureras sa att en helhetsbild erhélls

+ Trots att exakta sannolikheter (baserade pa statistiskt underlag) inte alltid kan &séttas
for alla bashindelser kan olika analyserade alternativ jamforas och sannolikheter for
topphéndelser beriaknas. Feltrddsanalyser kan sdledes anvindas for att erhdlla indata
till besluts- och riskanalyser

— Ofta asitts for hoga sannolikheter pa lgsannolika héndelser. Detta méste beaktas vid
tradets uppbyggnad eftersom en hog detaljeringsgrad kan leda till en for hog sannolik-
het for topphindelsen. Om man gor jaimforelser mellan olika trad, bor de ha en
jamforbar detaljeringsgrad.

— Anvindandet av subjektiva sannolikheter och expertuppskattningar nér det giller
geologiska och hydrogeologiska system maste bli mer stringent. Detta ér inte ett
problem specifikt relaterat till feltradsanalyser men aktualiseras ofta da denna metod
anvénds.

— Modelleringen av tridet kriver insikt bade i det bergmekaniska problemet och i
feltradsanalysmetodik. Metoden &r inget universalredskap som direkt leder till
16sningen utan &r en konst.

33 Rankingmetoder

En rankingmetod som anvénts till exempel inom geotekniken ar Analytic Hierarchy Pro-
cess, AHP, se till exempel Olsson & Sandstedt (1992). Metoden gar ut pé att rangordna
olika alternativ pa ett sitt som tar hiansyn till beslutsfattarens preferenser genom ett
viktningssystem. Ett stort beslutsproblem maste brytas ner i mindre, 6verskédliga och
gripbara delar. I AHP gor man dérfor dels en problemstrukturering, dels en jimforelse
parvis och slutligen en utvirdering.

Problemstrukturering

Principen for struktureringen &r att man staller upp problemet i en hierarkisk struktur.
Overst finns det mal man vill uppnd, och under det foljer en nivé med de kriterier som
ingdr i milet och som paverkar valet. Varje kriterium kan sedan vara uppdelat i under-
kriterier och sa vidare. P4 detta sétt fir man en struktur med element pa olika nivier som
ser ut som ett upp och nervint trad. Lingst ut pa varje gren finns de handlingsalternativ
man skall vilja mellan for att pa bésta sitt nd det uppstillda maélet, se Figur 3.9.
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Figur 3.9  Baselement i en hierarkisk struktur.
Main elements in a hierachic structure.

Parvis jamforelse

Nir problemet har strukturerats hierarkiskt enligt ovan kan jamforelsen goras. Principen

4r att man for varje niva gor en jamforelse av kriterierna (alternativen) med avseende pé

hur vésentliga de ér for att ett element pa nasta hogre niva. Detta underléttar jamforelsen
eftersom den avser en begrinsad del av hela problemet. Man fér alits en serie av parvisa
jamforelser som sedan kan kombineras.

Vid jamforelsen anvander man en niogradig skala som kan uttryckas verbalt eller
numeriskt. Skalan terges nedan i ursprunglig form, Saaty (1988).

Numerisk skala Verbal skala
1,0 Equal importance of both elements
3,0 Moderate importance of one element over another
5,0 Strong importance of one element over another
7,0 Very strong importance of one element over another
9,0 Extreme importance of one element over another
Utvirdering

Nir samtliga parvisa jamforelser 4r gjorda gors en sammanvégning. Den gors normalt
med dator och ger som resultat en viktad rangordning av alternativen.

3.3.1 Norra Liinken - Bellevueparken

Fore analysen med feltriad, se avsnitt 3.2.1, genomfordes en inledande studie av jord-
tunneldrivningen genom Bellevueparken. Denna studie omfattade dels en "brainstorming"
vilken resulterade i 9 st mojliga alternativ att driva jordtunneln, dels en AHP-ranking av
dessa tunneldrivningsalternativ, se Fredriksson et al. (1994). Forst stalldes en hierarkisk
struktur upp med det overgripande mélet att finna basta metod. P4 nasta hierarkiska nivd
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placerades faktorerna Teknisk byggbarhet, Ekonomi och Omgivning. Dessa delades i sin
tur upp i olika faktorer pé nista nivé och sd vidare. Den anvinda hierarkiska strukturen

redovisas i Figur 3.10.
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Figur 3.10  Hierarkisk struktur for tunneldrivningsmetoder, Bellevue.
Hierarchic structure for tunnelling methods, The Bellevue Park.
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Den parvisa jamforelsen utfordes sedan av 9 experter fran Vigverket och Review Team.
Som resultat erholls den viktade rangordningen mellan alternativen, se Figur 3.11.
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Figur 3.11 Resultat av AHP-analys. Medelvirde for 9 experter.
Results from an AHP-analysis. Mean value based on 9 experts.

Av figuren framgar att de metoder som foredras ér etappvis spontning och forstarkning
(forepoling) samt borrade ror lings hela strickan. De metoder som bygger pa jordfor-
starkning har fatt laga poing. Detta torde bero pa att de av experterna bedoms som
riskabla for traden.

3.3.2 Viirdering av metoden

Foljande for- och nackdelar har upplevts vid anvéndning av metoden:

+ AHP-metodens styrka ligger i den hierarkiska problemstrukturering som gors. Hérige-
nom tappas inte de visentliga faktorerna bort eftersom de kommer hogt upp 1 tradet
innan det har hunnit vixa ut.

+ Den parvisa jamforelsen, som ju gors pa varje niva och med avseende endast pa nista
hogre niva, gor att man inte behover beakta hela problemet pa en gang nédr man skall
kvantifiera sina preferenser.
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+ Utvirderingen ir litt efRersom den gors med dator (PC). Om det endast 4r en enda
expert kan den goras interaktivt med datorn.

— Nackdelen ir att rankingmetoder &r helt subjektiva. Problem kan déarfor uppsta nér det
giller vem som #r den egentliga beslutsfattaren. Om kvantifiering av utfall och sanno-
likheter kan goras 4r darfor beslutstrad att foredra.

3.4 MonteCarlo-simulering

Ibland ir det svart eller omajligt att analytiskt losa ett problem dir svaret dr en stokastisk
variabel om #dven indata har formen av stokastiska variabler. Ett sitt att d4 hitta en app-
roximativ 16sning &r simulering, till exempel med MonteCarlo-metoden, se exempelvis
Benjamin & Cornell (1970). Principen for denna ar att man kan teckna ett deterministiskt
samband mellan alla ingdende variabler.

De indatavariabler som &r stokastiska kan beskrivas med sina fordelningsfunktioner. Man
kan slumpvis plocka utfall fran dessa fordelningar, dér utfallen blir en funktion av fordel-
ningsfunktionen for variabeln. Man gor ett stort antal deterministiska berakningar, déar
man som indata anvinder sddana slumpvisa utfall (for varje berakning gors en ny slump-
ning). Varje sdan berikning kan ses som ett stickprov av den sokta stokastiska varia-
beln. P4 detta sitt fas ett stort antal stickprov, som kan aterges i form av ett histogram
och diar man med vanliga statistiska metoder kan bestimma statistiska parametrar som
medelvirde och standardavvikelse.

3.4.1 Simulering av insprutade driner, Ringentunnlarna

En av de osikra posterna nir det géller den konstruktiva utformningen av Ringen-
tunnlarna dr kostnaden for insprutade driner. Detta beror pa den osikerhet som rader
bade vad giller utforandet (installationskostnaden) och driftsikerheten (igensittning,
sonderfrysning etc).

Man kan, som tidigare visats i Figur 3.8, gora en analys med feltrdd for att bedoma
sannolikheten for att en drin slutar fungera, men det 4r svart att asitta indata, i form av
punktskattningar av sannolikheter. For att ge bittre indata har darfor en simulering av
drinkostnaden gjorts med MonteCarlo-simulering. Indata till denna kan stillas i form av
fragor som besvaras genom att man anger ett spann for de olika variablerna. Variablerna
har sa langt som mojligt valts s att det bedomts mojligt att gora en relevant skattning. I
Figur 3.12 visas nagra av variablerna med respektive fordelning.
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Figur 3.12  Ett urval av variablernas fordelningar. Dessa utgor indata till dransimu-
leringen.
Distributions for some of the varibables used as input data to the simula-

tion.

Berakningen gors sé att man dels slumpar fram de forvintade kostnaderna for en drin,
med hénsyn till installation, komplettering, underhall, och reparation/byte. Om detta gors
ett stort antal ganger far man en statistisk fordelning for kostnaderna for en drin, P4
motsvarande sitt kan man berdkna hur manga drianer som kommer att erfordras och fa
forvintat antal beskrivet i fordelningsform. Ur dessa bada fordelningar kan sedan
beriknas totala kostnaden som produkten av pris for en drén och antalet draner. Som
slutresultat far man ett histogram 6ver totalkostnaden och dven for de ingédende delarna;
installation, underhéll och reparation. I Figur 3.13 visas resultatet frin en simulering.
MonteCarlo-simuleringen har gett en totalkostnad for insprutade driner pa cirka 3000

kr/m tunnel.
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Figur 3.13  Totalkostnadens histogram.
Histogram showing the total cost.

Ur simuleringen:erhalls motsvarande histogram for installation och komplettering,
underhall och byte av driner. Medelvirdena av dessa redovisas nedan i Figur 3.14.

complettering

Byte

Underhall

Figur 3.14  Kostnaden uppdelad pa olika aktiviteter.
The total cost divided into different activities.

Som framgér av Figur 3.14 ligger den storsta kostnadsdelen pa byte av dréner. Detta be-
ror dels pa att kostnaden for ett byte 4r hog, dels pé att det i dag réder en stor osékerhet
om dréinernas langtidsfunktion med hénsyn till igenséttning, sonderfrysning och material-
aldrande.
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3.4.2 Viirdering av metoden

Féljande virdering av metoden har gjorts mot bakgrund av de erfarenheter som erhallits
fran hittills utforda projekt:

+ Simulering ir ett kraftfullt verktyg for att 16sa problem som innehaller funktioner av
stokastiska variabler. Metoden 4r ingenjorsmissig och litt att anvédnda.

+ Tillgéinglig programvara finns som typen tilldgg till kalkylprogram, vilket gor att
programmeringen 4r enkel.

— Metoden ir dataintensiv, och komplicerade berikningar kan ta relativt lang tid, ocksé
pa snabba persondatorer.

4 KOMMENTARER

Den praktiska tillimpningen av beslut- och riskanalys som genomforts inom Ringen-
projektet har visat att:

o Det ér uppenbart att det inom undermarksbyggandet foreligger ett behov av hjalp-
medel i form av mer stringenta metoder for att behandla besluts- och riskproblematik.

o En rad metoder for besluts- och riskanalys finns idag tillgdngliga. Genom att dessa
metoder kan arbeta med stokastiska indata kan mer komplexa problem och besluts-
situationer hanteras p4 ett stringent siitt.

o Den arbetsgang for beslutsanalys, dér riskanalysen 4r ett delmoment, som presenteras
1 denna artikel kan vara ett gott stod vid beslutsfattande.

Aven om inte en fullstandig beslutsanalys genomfors har man i metodiken verktyg att

renodla problemstillningar och identifiera kopplingar i tekniska system, dirmed kan man
koncentrera sig pa de vasentliga beslutspunkterna.
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ABSTRACT

Large underground projects often include complex series of events and complex
technical systems. The rock mass, for example, is very complex and associated with large
uncertainties. Consequently, decision problems within underground construction may be
difficult to solve and wrong decisions may lead to unwanted risks. In order to facilitate
decision-making, probabilistic decision and risk analysis can be used. This paper discus-
ses a decision process useful for “underground” decision problems and describe some
available methods for decision and risk analysis. Decision trees, event trees, fault trees,
AHP-ranking and MonteCarlo simulation are the methods presented. These methods
have been applied to specific problems within the Stockholm Ring Road project.
Decision and risk analyses carried out within this project have shown that:

o Decision and risk related problems within underground projects need to be treated
with more stringency.

o Auvailable methods constitute useful tools capable of solving this type of problems also
within underground engineering. However, a complete framework fully adapted to
underground applications need still to be developed.

o The decision process based on a probabilistic approach presented in this paper might
be helpful for decision-makers involved in underground projects.
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SCENARIO DEVELOPMENT METHODOLOGIES
Metoder for att ta fram scenarier

Torsten Eng, Svensk Karnbranslehantering AB

INTRODUCTION

In order to handle properly the complex information involved in a safety
analysis of a repository for radioactive waste, a thoroughly worked out perfor-
mance assessment methodology is needed. An important part of such a
methodology consists of a scenario development procedure.

The basic objective for scenario development is to make sure that the relevant
possible future evolution of the repository is properly considered. One of the
most important aspects of scenario development is that it should aid in
identifying critical issues.

Even if a scenario development strategy will never produce a complete set of
all possible scenarios, one must strive for a reasonable completeness. In this
context, it is extremely important to document all steps in the development. A
transparent documentation makes possible an extensive review and updating
of the relevant scenarios. Such a reviewing process, open to broad groups in
society, is probably the best means of assuring reasonable completeness and
of building up a general consensus on what are the critical issues for the safe
disposal of radioactive waste.

RECENT WORK AT SKB

After the joint basic work on scenario development, which was done already in
1988-1989 together with the Swedish Nuclear Power Inspectorate (SKi)/1/,
SKB has tried several approaches to structure and visualize the large amount
of Features, Events and Processes (FEPs) that will be involved in the
behaviour of a repository system for radioactive waste.

Three different methodologies for representing and visualizing the repository
system have mainly been tried:

- Event or fault tree analysis

- Influence diagrams
- Rock Engineering Systems matrices
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One of the basic views adopted in the joint SKI/SKB work was the invention of
what was called the PROCESS SYSTEM (PS). The PS is defined as "the
organized assembly of all phenomena (FEPs) required for description of
barrier performance and radionuclide behaviour in a repository and its
environment, and that can be predicted with at least some degree of
determinism from a given set of external conditions". A scenario is then
defined by a specific set of external conditions which will influence the FEPs in

the PS.
a) Event or fault tree analysis

After identifying relevant FEPs for the system a logic diagram of possible
combinations of these FEPs is created, see Figure 1.

The fault tree structure has several advantages if the events and processes
are well known or could be estimated with a high degree of certainty. In this
case, the probabilities for each branch can easily be estimated. If the
consequences also are known, the total risk for each branch can be
evaluated.

For long term processes in repositories for radioactive waste, the knowledge
and precision needed to make an elaborate risk judgement with the above
indicated method will not be sufficient due to the relatively small amount of
field data available and the thereby numerically poor statistics. Furthermore
most events or processes that might significantly affect the repository
performance can not easily be expressed in a few well defined states
characterized by binary branches as described in Figure 1. It should be noted
that the knowledge and understanding of the processes involved are high

though.
b) Influence Diagrams

A methodology based on Influence Diagrams with linked documentation has
been developed by SKI in the Site-94 project /3/. This method has also been
tested by SKB in the prestudy for the repository concept regarding long-lived
low- and intermediate level waste /4/.

To construct the Influence Diagram the following actions are needed:

- Definition of the system
- selection of FEPs relevant for the system
- identification of influences between the FEPs

At the same time the above actions are performed a thorough documentation
is made.
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Figure 1. The standard fault tree structure. Logic diagram showing the
possible combinations of five FEPs (two release, R1 and R2, and three
transport phenomena, T1 - T3), from /2/.

Figur 1. Standardiserad feltridsstruktur. Diagrammet visar de mojliga
kombinationerna av tvé utsldppsfenomen (R1 och R2) och tre
transportfenomen (T1 - T3). Fran /2/.

The PS as represented in the Influence Diagram, see Figure 2, contains FEPs
and influences which may affect the behaviour of the repository system and in
the first step no evaluation of the significance of the different FEPs and
influences is made. Each FEP and each influence (each box and each arrow)
are carefully documented in a database.

When assessing the significance of the FEPs and influences and thereby
explaining why some of the FEPs and influences will be of less importance,
the complexity of the diagram can be substantially reduced.

The translation of the information in the Influence Diagrams to scenario
descriptions and calculation cases can expose areas where conceptual
understanding, models and data are presently lacking.
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Figure 2. Part of an Influence Diagram regarding long-lived low-and
intermediate level waste, from /4/.

Figur 2. Del av ett Influensdiagram avseende ldnglivat Idg- och medelaktivt
avfall. Fran /4/.

c) Rock Engineering Systems (RES) matrices

The basis of the RES approach is that one should start with a “top-down'
approach in order to ensure that all aspects of the problem are being covered.
The basic device used in the RES approach is the interaction matrix, in which
the main variables or parameters are identified and listed along the leading
diagonal of a square matrix. The interactions between the parameters occur in
the off-diagonal terms and should always be read in a clockwise convention /5
and 6/. The basic concept was presented by its developer, Dr John Hudson, at
Bergmekanikdagen, 1994.
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After identifying and documenting all interactions in the matrix, a coding
regarding the significance of each interaction can be made to show where the
most important interactions and pathways occur in the system.

The RES approach can be done at different levels of detail. Since a larger
matrix than 13x13 is not recommended for overview reasons, a good way to
enhance the resolution is to divide the PS into subsystems which can be
evaluated separately. SKB has during 1994 made such an approach as can
be seen in Figure 3.

Nearfield

Buffer/
Backfill

Farfield

Biosphere

Figure 3. The RES-matrices applied by SKB for visualizing the total repository
system.

Figur 3. RES-matriser som for ndrvarande anvants av SKB for att visualisera
ett férvarssystem av KBS-3-typ i sin helhet.

An example of a first attempt regarding the RES-matrix for the nearfield (with
intact copper canister) can be seen in Figure 4 /7/.
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Figure 4. A first attempt regarding the RES-matrix for the nearfield (intact
copper canister). From /7/.

Figur 4. Ett forsta forsok till uppstélining av en RES-matris fér ndromradet
(intakta kopparkapslar). Fran /7/.
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CONCLUSIONS

The overall conclusion that SKB has reached after the work with above
described methods is that both the Influence Diagrams and the RES
methodology are fully feasible tools for visualizing the PROCESS system /8/.
They are both helpful tools to explain the reasons and background for the
choice of scenarios which always will be a expert judgement step. However,
as a visualization tool and through its "top-down" approach the RES
methodology has somewhat more advantages. At present the documentation
procedures and databases available with the Influence Diagram method are
though outstanding. Hence, a combination of the best parts of the two
methodologies may constitute a suitable new methodology for developing the
background material needed to make scenario selections in safety
assessments.
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SAMMANFATTNING

Ett djupforvar for radioaktivt avfall innefattar en stor mangd ténkbara
egenskaper processer och héndelser (FEPs) som i den langa tidsskalan kan
tinkas inverka pa sakerheten. En vésentlig del av den sakerhetsanalys som
sedan lange utvecklas pa SKB &r darfor framtagning av en lamlig metodik for
att visualisera linkar och samband mellan FEPs och dérmed ge ett underlag
f6r val av scenarier som &r sa heltdckande som mojligt.

Vid arbetet med framtagning av detta underlag &r det mycket viktigt att
dokumentera varje steg i utvecklingen. En vél genomford dokumentation
medger att materialet kan kontrolleras och uppdateras allteftersom ny kunskap
tillférs inom karnavfallsomradet. Dokumentationen ger ocksa mojligheter fér en
bred insyn i avfallsprogrammet vilket troligen ar det béasta séattet att fa
acceptans for vilka fragor som verkligen ar viktiga att belysa rérande
sakerheten i ett djupforvar.

De visualiseringsmetoder som pa senare tid anvants av SKB infor framtagning
av scenarier och berékningsfall &r féljande:

- Handelsetrad
- Influensdiagram
- Rock Engineering Systems (RES) -matriser

Saval Influensdiagram som RES-matriser lampar sig for att visualisera lankar
och samband mellan FEPs i ett férvarssystem for radioaktivt avfall. En viss
t5rdel kan dock ses i visualiserings-principen for RES-matriserna. Den
bakgrundsdokumentation som finns framtagen till Influensdiagrammen &r dock
fér narvarande helt dverlagsen. Av detta foljer att en kombination av RES-
matriser och den dokumentationsmetod som tagits fram i samband med
Influensdiagrammen kan vara en ldmplig metodik for att ta fram erforderligt
bakgrundsmaterial infor val av scenarier vid sékerhetsanalysarbete.
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THE FACTORS INVOLVED AT IMMERSED TUNNEL-ROCK TUNNEL
CONNECTING LOCATIONS FOR THE STOCKHOLM RING ROAD -
USING ROCK ENGINEERING SYSTEMS (RES)

Tunnelanslutningarna f6r Ringen vid Saltsjén - En tillimpning av RES-metoden

Ove Stephansson, Engineering Geology, KTH
John A Hudson, Rock Engineering Consultants, UK

INTRODUCTION

The objective of the study reported here was to study the rock engineering and
safety aspects of the submerged tunnel-rock tunnel linking options for the
Stockholm Ring Road at Biskopsudden and Finnboda using the Rock
Engineering Systems (RES) methodology. The tunnel linking options were the
Bergskdrmmetoden (Rock Plug method), Bigsittsmetoden (Coffer Dam), and
Amerikametoden (American method). The intention was to complete the
following items of work.

1. To identify the relevant variables associated with the rock mass, the
submerged tunnel and the interface between them in terms of the linking
construction techniques and consider the range of potential variation of
these variables.

2. To establish the interactions between these variables using the RES
interaction matrix presentation.

3. To code the significance of the interactions (and the level of information
concerning the variables and the interactions) using the Expert Semi-
Quantitative (ESQ) method of coding the matrix components.

4. To consider the hazard pathways associated with each method at each
location and hence make a preliminary relative evaluation of the tunnel
linking techniques and specification of the key parameters and knowledge
required for each technique.

From information concerning the likely options to be used, we concentrated on
the rock plug method at the Finnboda site and the American method at the
Biskopsudden site. It is emphazised however that the study methodology
could have been easily be extended to encompass other options and other rock
conditions.
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ROCK ENGINEERING SYSTEMS (RES) INTERACTION MATRICES
AND THE ASSOCIATED STATE VARIABLES

Interaction matrices will be completed for four considerations with an example
shown here. We will use the same state variables for each one (these are the
main variables governing the problem). The first study is an initial 'yes'/'no’
coding to study the interactions in 'first-pass' mode to ensure that the variables
are adequate. Next we use a more sensitive coding with five classes called the
Expert Semi-Quantitative (ESQ) method. This is applied to the generic matrix
for the three cases of

Rock Plug method at Finnboda

American method at Finnboda, and

American method at Biskopsudden.
The anticipated preferred options were chosen from information in Arbetsplan
of the Osterleden, Teknisk PM Sanktunnel under Saltsjén. During the work we
have also been studying Technical Reports about rock stresses and rock mass
characterization at the two sites. In this preliminary study, we have also
analysed the two alternative schemes at the Finnboda location.

The first step is to consider the groups of variables that will dominate the
tunnel linkage engineering and then to generate the individual leading
diagonal variables for the interaction matrix. The groups of variables included
were as follows: Rock Properties, Site Properties, Project and Construction
Aspects, Loading and Time Dependent Factors.

Given that the site and method at the site are fixed (apart from the possible of
there being being two main construction methods), what are the variables? In
general, there can be many variables in a rock engineering problem. However,
here some of these have already been fixed. For example, the tunnel
dimensions, orientation and location are fixed regardless of the construction
technique — so it is not necessary to include these as variables. We considered
the following:

Geology, Rock Type, including rock strength ROCK TYPE

Rock Compressive Strength (ROCK TYPE)

Rock Stress (Principal stresses and their orientations) ROCK STRESS
Discontinuity Geometry (Number, orientation, including presence of faults, e.g
at Finnboda) DISCONTINUITY CHARACTERISTICS

Discontinuity Mechanical Properties (DISCONTINUITY CHARACTERISTICS)
Rock Mass Quality, (Note that the rock is bad 10 m near surface, Q <4)Q

Rock Mass Permeability (Main fracture zones, effect of grouting) ROCK MASS
PERMEABILITY

92



In-Rock Disturbed Zone (Distance around rock tunnel damaged by excavation)
ROCK EXCAVATION DAMAGE

Surface-Rock Disturbed Zone (Distance into rock surface damaged) (ROCK
EXCAVATION DAMAGE)

Water Content (100% saturation) (NOT INCLUDED, FIXED, BUT
IMPORTANT FOR COFFER DAM)

Main Slope (Dip, Dip Direction, Height) SLOPE/TRENCH GEOMETRY

Rock Tunnel Diameter (32 m) (NOT INCLUDED, FIXED)

Rock Tunnel Height (6 m) (NOT INCLUDED, FIXED)

Overburden (40 m) NOT INCLUDED, FIXED)

Submerged Tunnel Diameter (30 m) (NOT INCLUDED, FIXED)

Submerged Tunnel Height (6 m) (NOT INCLUDED, FIXED)

Submerged Tunnel Deformability, Strength, Yield (NOT INCLUDED, FIXED)
Plug Size (10-15 m) (NOT INCLUDED, FIXED)

Trench Size (varies) (NOT INCLUDED, FIXED)

Trench Slopes (Dip 800 and dip direction) (NOT INCLUDED, FIXED)
Blasting Inside Rock (NOT INCLUDED, FIXED)

Blasting Rock Surface (NOT INCLUDED, FIXED), Grouting GROUTING
Rock Surface Reinforcement, slope & trench ROCK SURFACE REINFORCE
Rock Tunnel Support, in the linking region TUNNEL SUPPORT

Submerged Tunnel Anchoring, bolt down, tie down TUNNEL ANCHORING
Backfill Over Submerged Tunnel (NOT INCLUDED, FIXED)

Cast Concrete Component NOT INCLUDED, FIXED)

Permanent Seal (NOT INCLUDED, FIXED)

Height of Water (NOT INCLUDED, FIXED)

Rock Deterioration ROCK DETERIORATION

Support Degradation SUPPORT DEGRADATION

Water Chemistry (IN ROCK DETERIORATION & SUPPORTDEGRADATION)
Risk/Hazard (includes e,g, ferry accident, terrorism, rock slide))
PERTURBATION.

The variables selected in the list above are relisted below and are the ones used
along the leading diagonal of the generic interaction matrix for the RES
analysis. It should be remembered that this interaction matrix has implicit
fixed parameters in the background, i.e. those labelled as fixed in the preceding
list. The emboldened letters are the abreviations for the variables which have
been used in the matrix presentation.

RT: ROCK TYPE Rock Characteristics
RS: ROCK STRESS

DC: DISCONTINUITY CHARACTERISTICS

Q: Q

RMP: ROCK MASS PERMEABILITY
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STG: SLOPE AND TRENCH GEOMETRY Site Characteristics
G: GROUTING Project/Construction
RED: ROCK EXCAVATION DAMAGE

RSR: SLOPE AND TRENCH ROCK SURFACE REINFORCEMENT

TS:  TUNNEL SUPPORT IN LINKING REGION

TA: TUNNEL ANCHORING

RD: ROCK MASS DETERIORATION Long-term Performance
SD:  SUPPORT DEGRADATION

P: PERTURBATIONS

THE INTERACTION MATRIX

The first step is to code the matrix with just a binary coding: an 'x' if one
variable influences another and an 'o' if there is no significant influence. The
matrix below in Fig. 1 has been coded in a binary way to provide a 'first-pass'
indication of the interactions and whether the matrix variables do indeed allow
characterization of the rock, site, project and long-term variables.

Rock Slte Project 1"%':%
] [*] [} o o [} X b 4 o 5
o ] [} o X o ] o o 4

©c 8 5 5 4 5 5 5 8 9 4 7 9 O[E=74 |

Fig. 1 Binary coding of interaction matrix for initial assessment of interactions.
Fig. 1 Bindr kodning av interaktionsmatrisen for forsta ansatsen av interaktioner.
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In Fig. 2 the Cause-Effect co-ordinates shown in Fig 1 are plotted in Cause-
Effect space to show the interactive intensity and dominance.

Support Slope and
Degradation —— Trench Rock
10 | Surface Rein-
T I™J_ forcement
Tunnel ™~y S|
Support ,a Rock Stress
8
Effect Rock Mass Deterioration —
6 — Slope and | Rock Excavation
Trench Q / Damage
— Geometry
|| Q\ )
4 T i N ~ Grouting
Tunnel Rock Mass \
Anchoring Permeability \\ Discontinuity
2 Characteristics
0 Roclk TXPC Perturbations
0 2 4 6 8 10
Cause

Fig. 2 Cause-Effect plot for the 14 variables used in the tunnel linking problem.
Fig. 2 Orsak och verkan for de 14 variablerna som anvénts i problemet med
tunnelanslutningarna.

In the plot in Fig. 2, the interactive intensity is given by how far up the heavy
diagonal line the variable is plotted. The dominance is given by how far away
from this C = E line the variable is plotted: positive if to the right of the
diagonal, and negative if to the left of the diagonal. The bold cross plotted at
(5.3,5.3) is the mean of the cause-effect co-ordinates and the centre of gravity of
the plotted points.

Note how the variables with the highest interaction intensity are furthest up the
heavy diagonal, i.e. Rock Excavation Damage, Discontinuity Characteristics,
Grouting, Support Degradation, Rock Stress and Q. Note also that the variables
with the highest dominance are the furthest to the right of the heavy diagonal,
i.e. Rock Excavation Damage, Perturbations, Rock Type, Discontinuity
Characteristics and Grouting.
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This intitial matrix coding and the conclusions presented and discussed above
confirmed that indeed the chosen variables do adequately characterize the
nature of the problem. This meant that we did not have to modify the variables
and could proceed to the more sensitive Expert Semi-Quantitative coding
which is

0 - No interaction, 1 - Weak interaction, 2 - Medium interaction, 3 - Strong
interaction, and 4 - 'Critical' interaction. We also underlined coding numbers
of particular significance for the construction method being considered, see Fig.
3.
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Fig. 3 Expert Semi-Quantitative coding of interaction matrix for Rock Plug
method at Finnboda.

Fig. 3 Semikvantitativ expertkodning av interaktionsmatrisen for
bergskdrmmetoden vid Finnboda.

Here the most interactive variables are Discontinuities, Rock Excavation
Damage, Grouting and Q. The most dominant variables Rock Type,
Discontinuity Characteristics, Perturbations and Rock Excavation Damage.
This type of analysis was conducted for the other construction method-site
options and we were able to also plot the changes from one method to another.
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FURTHER ANALYSIS FOR HAZARDS USING ‘KERNEL VARIABLES’

We were able to obtain further data on the sites and the methods. We found
that there is much more potential for slope instability on the south facing rock
slope at the Djurgdrden side. There is potential for plane failure sliding and
wedge failure. We also clarified the construction steps for the linking option
methods on the two sides of the crossing. As a consequence, we reduced the
number of variables to the seven key or ‘kernel’ variables as follows:

ROCK STRENGTH
DISCONTINUITY GEOMETRY
GROUTING
BOLTING
WATER INFLOW
SLOPE FAILURE
CONSTRUCTION
7
Rock
S Properties
Governing
Failure
Engineering
Variables
| |<1t . Hazards:
i SRR Pathway
I e Endpoints
I AlLLRE o
—_— — INITIATOR
S ON VARIABLE

Fig. 4 The 7-variable kernel interaction matrix used to study the kernel of the
tunnel-linking problem, with an example hazard path illustrated for
‘Construction affects grouting, bolting affected, leading to reduction in
rock strength and slope failure’.

Fig. 4 Interaktionsmatris med sju variabler med ett exempel pa en fara fOr att

konstruktionen paverkar injekteringen och bultningen som kan leda till
reduktion av héllfastheten och orsaka slintinstabilitet.
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To assess the hazards it is necessary to study all the pathways in the matrix in
Fig. 4. This provides a checklist of all potential mechanism pathways from
which the hazard can be evaluated. Thus, the steps in the hazard analysis are

i) List all matrix pathways from the. Construction initiator and

ending with water inflow/slope failure;

ii) Assess the hazard significance of all pathways; and

iii) State the main hazard mechanisms and subjects requiring study.
A Table indicating how all the pathways can develop is shown below.

Initiator CONSTRUCTION, Matrix Box 7, leading to

Path 735 | Grouting | Water Inflow
Path 736 Grouting | Slope Failure
Path 7356 | Grouting | Water Inflow  Slope Failure
Path 7365 | Grouting | Slope Failure i Water Inflow
Path 7346 : Grouting Bolting Water Inflow
Path 7346 : Grouting Bolting Slope Failure
Path 73456 | Grouting Bolting Water Inflow { Slope Failure

leading to more complex paths such as Path 734126.

The kernel matrix is first coded by the ESQ method as shown below in Fig. 5.

Variable numbers

Rock
Properties
Governing

Failure

Engineering
Variables

Hazards:
Pathway
Endpoints

"INITIATOR
ON  VARIABLE

Fig.5 The kernel matrix used for the hazard analysis coded by the Expert Semi-
Quantitative (ESQ) method to indicate the significance of the interactions.

Fig. 5 Interaktionsmatris kodad med semikvantitativ metod for analys av faror
som kan intrdffa med konstruktionsmetoden.
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It is now possible to identify the main pathways which are potential hazard
pathways because the link between the variables in the pathway should be
strong (i.e. coded with values of 3 or 4). These pathways are shown in the
Table below.

Potential Hazard Pathways
(Pathways start at variable 7, Construction, and
Low significance pathways have been eliminated)

25 26 235 246 Discons. to water flow/slope failure
35 325 326 3246 | Grouting to water flow/slope failure
46 425 426 4235 Bolting to water flow/slope failure
5 516 5146 Water inflow to slope failure

6 Slope failure

There are longer paths that can be developed from these 16 elemental paths,
but this is the information enabling the identification of the hazard and the
following conclusions.

1. The discontinuity properties are the single most important feature of the
rock mass, being involved in 10 of the 16 mechanism paths leading to
water inflow or slope failure. It is crucial to have reliable knowledge
about their orientation and persistence. As noted earlier, the potential for
rock failure is much stronger at the northern side of the crossing.

2. The rock strength, in the sense of weak zones of intact rock, can play a
part in two of the hazard paths, and more detailed information is
required, espedially at the Nacka side where there is evidence of weak
zones in the tunnel linking vicinity.

3. Both rock-engineered components, the grouting and the bolting, play a
part in the hazard paths, separately and in conjunction. There should be
an in-depth consideration of the design of these two components and their
interaction.

4. Water inflow can lead to slope failure indirectly via path 75146 and path
751426 (and other compound paths). Thus water inflow should not only
be considered a hazard in its own right but as an indirect initiator of slope
failure.

Thus, using the RES approach, the variables, mechanisms and hazards have
been systematically studied, although it is emphasized that the hazard analysis
is preliminary: further detailed work on the choice of state variables, the
interactions and the pathways refines the approach. Also, it would be helpful
to conduct the analysis explicitly taking into account the uncertaintly associated
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with the variables and their interactions, perhaps formally using ‘ESQ-
probabilities’ or indeed probability distributions for the individual information
content of the RES matrix.

CONCLUSIONS

1.

The rock strength should be studied further, i.e. the location and
characteristics of weak zones. Also, the influence on water inflow via
such weak zones is critical. The influence of the weak zones on the
bolting efficacy and the potential for slope failure should be examined.

More extensive mapping and characterization of the discontinuities in the
tunnel linking regions and in the slopes above is crucial. The
discontinuities govern both water flow through the rock and slope
instability. Preliminary analysis of slope instability shows that the
northern side has apparently large potential instability in terms of the
kinematic feasibility of the rock blocks. This means that detailed and
reliable information on the orientation, intensity, persistence and nature of
the discontinuities should be one of the first priorities for further work.
Moreover, the discontinuity properties have a direct and strong effect on
grouting, bolting and water inflow. All these need to be further examined
in the light of the hazard pathways.

The key engineering options are the way in which the main contruction
operation (i.e. the excavation) is carried out and the grouting and bolting
operations: these are the true variables in the sense that they can be
designed to avoid the potential hazard pathways being possible. Thus,
the grouting option which has such a dramatic effect on the
discontinuities should be reviewed in the light of the interactions with the
other variables, see the line of interactions in the second row of the matrix
in Fig. 5.2.

Similarly, the bolting design should not only be developed on the basis of
direct support but also in the light of the need to alter the discontinuity
properties so that the interactions in the second row of the matrix in Fig. 5
are minimized. There should also be an in-depth consideration of the the
interaction between grouting and bolting.

We have noted that apart from water inflow being a hazard by itself, it
can also lead via a further weaking of the already weak zones to an effect
on the bolting efficiency and thus indirectly to slope failure and also
directly to slope failure.
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6. There are many potential mechanism paths leading to rock slope failure
above the linking regions with Djurgérdssidan appearing to have more
slope instability potential because of the adverse discontinuity geometry.

7. Most of the interactions in the last row of the hazard matrix in Fig. 5 are
either strong or critical. This means that the construction process can
have a significant effect on all the variables. There should be an
evaluation of how excavation will affect the rock strength, discontinuities,
grouting, bolting, water inflow and slope stability. Also, during
construction, there should be a monitoring programme which will
provide diagnostic evidence of the direct effect of excavation on the
variables.

8. A method for comprehensive hazard analysis has been developed which
entails developing a different hazard matrix and coding the interactions
(i.e. how one thing leads to another) in terms of their liklihood. Then, by
also considering the degree to which one has to accept a hazard from the
engineering point of view and the consequence of the hazard occurring,
an adversity index for the hazards can be compiled - indicating their
significance. This will be the subject of future publications but was
stimulated by the work on the Stockholm Ring Road tunnels
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SAMMANFATTNING

Rock Engineering System (RES) dr en metod att studera orsak och verkan hos de
ingdende variablerna eller parametrarna for ett undermarksprojekt. Metoden kan
tillimpas pi alla olika delar och enhetsoperationer i ett projekt - frin
férundersokning och projektering till 6vervakning av stabiliteten hos den firdiga

anldggningen.

I det inledande skedet av en analys med RES-metoden identifieras de viktigaste
variablerna for det aktuella objektet. Variablerna grupperas ldngs
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huvuddiagonalen i en matris. Antalet variabler dr godtyckligt men brukar vara 7
till 13 stycken. Direfter analyseras orsak och verkan for var och en av de mojliga
interaktionerna i hela matrisen. For att karaktirisera styrkan i interaktionerna
tillimpas olika kodningsmetoder dir den enklaste bestar i att bestimma att en viss
orsak och verkan existerar eller ej till att analysera sambandet med slutna
analytiska 16sningar. Foér Saltsjstunnelanslutningarna har tillimpats en
semikvantitativ kodning av interaktionerna med fem klasser.

For tunnelanslutningarna vid Finnbodavarvet och Biskopsudden har
konstruktoren foreslagit bergskdrmsmetoden resp amerikametoden. En forsta
tillimpning av RES med 14 variabler visade pa betydelsen av god slédntstabilitet
for amerikametoden vid Biskopsudden. Eftersom manga av de forst valda
variablerna visade sig vara fixerade, kunde vi reducera antalet till 7 stycken for
den fortsatta analysen av méjliga och sannolika risker. Frdn den nya matrisen och
en analys av mojliga “pathways” for de aktuella interaktionerna kunde vi fastsld
att diskontinuiteternas geometri 4r avgorande for projektet och att dessa maste bli
bittre kinda. Bergmassans hllfasthet och sirskilt svaghetszonema vid
Finnbodavarvet ingdr i flera av riskpassagerna i matrisen. Interaktionen mellan
injekteringen och bultforstirkningen visade sig ocksa vara en viktig interaktion.
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DIMENSIONERING AV SPRUTBETONGDRANER I TUNNLAR UTSATTA FOR
LUFTTRYCKSVARIATIONER VID TAGPASSAGE.

The Design of Shotcrete Drains in Tunnels Subjected to Fluctuating Air Pressure from
Passing Trains.

Jonas Holmgren, Inst. for Byggkonstruktion, KTH

Inledning

Den konventionella utformningen av en drin utgérs av en meterbred cellplastskiva, som
ar tackt med armerad sprutbetong. Armeringen utgors ofta av ett nit. Eftersom
fiberbetong numera ofta anvinds som enda armering, forefaller det onddigt att foreskriva
sdrskild armering i samband med drénerna. I samband med att frigan om drdnernas
utformning vickts hos Banverket beslots att utreda vilka belastningar som dréanerna
utsitts for vid tagpassager.

40 + 20mm

T i e . J},J/ ."'I-'I\'\..,_'\'\'\"__
= T | 1) ( W 7 v
)\ "\_ )\
=l 2
/f
150mm. 1000mm 150mim

Fig. 1. Utformning av drin i sprutbetongforstarkning. @Vattenforande spricka.
@®Bergyta. ®Plastror. @Cellplast. ® Plattsting + expanderbult. ®Ev. avjimning med
bruk. @Sprutbetong - 40 mm fiberarmerad + 20 mm oarmerad.

Fig. 1. Shaping of a shotcrete drain. @Water bearing crack. @Rock surface. @Plastic
pipe. @Foamed plastic. &Steel band + expanding bolt. €Mortar adjustment.
@Shotcrete - 40 mm steel fibre reinforced + 20 mm unreinforced.

I denna rapport redovisas resultat frin métningar av lufttrycksvariationer 1
jarnvigstunnlar, nir tdg kor igenom. Vidare redovisas resultat av berdkningar avseende
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verkan av dessa lufitrycksvariationer pa den sprutbetong som técker drinerna.
Féltmétningar av sprutbetongskiktets respons pa lufttrycksvariationerna har ej gjorts.

Lufttrycksmaitningar.

Mitningar utfordes i tva tunnlar. Den ena ér beldgen vid Fjaras och ér en cirka 100 m
lang enkelsparstunnel. Den andra vid Jonsered &r en cirka 200 m ling dubbelspérstunnel.
Cirka 20 m fran tunnelmynningen installerades tryckgivare enligt figurerna nedan.
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Fig 2. Placering av givare i Fjarastunneln,
Fig 2. Locations of gauges in the Fjdrds tunnel.

Givarna var av piezoresistiv typ och av fabrikat PCB 113 M66. Mitforstirkare av typ
PCB 494M2-1 anvindes for métpunkt 1. Denna givare hade den minsta avdriften av de
anvinda givarna, varfor endast matvérden fran denna anvéndes i utvirderingen. Man
kunde dock bedéma att de andra givarna visade samma nivier som nummer 1 under den
visentliga fasen,varfor det inte fanns anledning att férsoka anvinda givare 2 och 3.

Datainsamlingen gjordes i ett atta-kanalers Paragon system av fabrikat HP-3566A/67A.
Bandbredden var 800 Hz, samplingsfrekvensen 2048 Hz och mattiden 50 sekunder.

Radata reducerades till 4096 mitvirden per kanal med ett tidssteg pa 0,0078 sekunder i
programmet Labview och fordes dirifran ver till Windows-urklippsfiler. Dessa fordes
over till Excel, dir vissa behandlingar gjordes. Fran Excel 6versattes data till ASCII-
format, for att vissa berékningar skulle kunna géras i Mathcad.

Exempel pa registreringar aterfinns i Fig. 4 nedan.
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Fig. 3. Placering av givare i Jonseredstunneln. Tag mot Géteborg kor pa det vénstra
sparet i figuren.

Fig. 3. Locations of gauges in the Jonsered tunnel. Trains for Gothenburg run on the
left track.

Luftrycksvariationer vid tigpassage i Fjarastunneln
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Fig. 4. Exempel pa registreringar. Notera driften i virdena hos matningen frin
persontagspassagen.

Fig. 4. Examples of recordings.
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I Tabell 1 aterfinns en sammanstillning av gjorda mitningar, samt vissa tillhorande data.
Materialet ér for litet for statistisk bearbetning, men f6r den som vill studera tendenser ar
det sammanstillt i ett antal olika diagram nedan. (Fig. 5 - 7.)

Matning Tagtyp Antalvagna Hastighet|Max. tryc Max. sug [Max. tryckd iff
o km/tim Pa Pa Pa
Fia1 Person 8 75 263 80 343
Fia 3 Gods 14 a0 25 394 419
Fia4 Gods Ejreg. 70 422 207 629
Fiab Gods 11 85 464 94 558
Fia6 Person 7 105 159 630 789
Fia7 Person 3 110 894 638 1532
Jon1 Gods Gbg Ejreg 80 156 244 400
Jon3 Person, Gbg -8 80 154 159 313
Jon4 Person, Sthim Ejreg 100 303 237 540
Jon7 Person, Sthim | 8 106 375 364 739
Jon8 Pendel, Gbg 3 110 662 453 1115
Jon9 X2000, Sthim - 5 130 396 438 834
Jon11 X2000, Gbg 5 130 394 511 905
Tabell 1. Sammanstillning av gjorda métningar.
Table 1. Compilation of recordings.
Bdda tunnlarna, godstag
700 — e
600 4— 1 | _}_ = =
* ]
500 i
4 A Max. tryck
:‘: 400 A - ¢
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£ 300 |- — . _
3 ! ¢ Max. tryckdiff,
200 | | - . R
—
100 f— ; - | ; I
ol |4 | ! |
60 70 80 90 100 110 120 130

Hastighet, km/h

Fig. 5. Sammanstilining av maximalvirden for godstag.

Fig. 5. Compilation of maxinmum pressure values for goods trains.
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Lufttryck, P

Fig. 6.

Fig. ¢.

Lufttryck, P

Fig. 7.
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Sammanstillning av maximalvérden for persontdg.

Compilation of maximum pressure values for passenger trains.
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Compilation of maximum pressure values for all trains.
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De tendenser, som kan skonjas 4r att godstag ger hogre tryck dn persontdg vid samma
hastighet. Trycknivaerna blir hogre vid hogre hastighet utom for X2000.

Teori.

En drén i en sprutbetongforstarkning betraktas som en enkelspind sprutbetongplatta med
fast inspénning langs kanterna. En meterbred strimla av denna platta behandlas som en i
bada dndar fast inspénd balk. Det beaktas alltsa inte att sprutbetongplattan egentligen ar
svagt krokt. Den cellplast/mineralull e.dyl, som ligger mellan sprutbetongen och berget
anses inte paverka balkens svingning in mot berget. Balken utsitts for en i tiden
varierande last, som beror pa lufttrycksvariationerna, nir ett tag passerar genom tunneln.

Lufttrycksvariationerna ar uppmitta enligt foregaende. Mitningar av en
sprutbetongplattas rérelse har inte gjorts inom ramen for denna begransade utredning. I
stéllet beraknas den inspanda balkens rorelse teoretiskt. Det maximala utslaget ligger
sedan till grund for en dimensionering, dir den maximala bojdragspanningen med
beaktande av utmattningsrisken blir avgoérande for valet av sprutbetongplattans
dimensioner.

VAR N R RERAL

v(X, t)

Fig. 8. Antagen sviangningsform for enkelspind sprutbetongplatta, utsatt for
lufttrycksvariation.

Fig. 8. Assumed vibration shape for a shotcrete slab subjected to fluctuating air
pressure.

For den dynamiska analysen viljs en utbojningsform, som ar likformig med den for en
motsvarande balk belastad med statisk, jamnt férdelad last. Inverkan av tiden uttrycks
genom att formfunktionen, y(x), multipliceras med en tidsberoende funktion, Z(t).

Man erhaller v(x,t) = y(x) - Z(t)
n x2 X 2
dar W(x) = 2z (1 - E)
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I Clough - Penzien /1975/ visas att balkens svingning kan behandlas som svdngningen
hos ett enfnhetsnradssystem genom inforande av generaliserad massa, m”*, generaliserad
dampning, c*, generaliserad styvhet, k*, samt generaliserad last, p*.

Harvid giller m*=m { [w(x)]? dx = _6%
L 4EI
=EI [Ty"(x)]2dx = 713
0
= a(® Syt ax= L
0

Man erhaller nu differentialekvationen

m* Z(t) + c* Z(t) + kK* Z(t) = p*(t)

Belastningen, p*(t), varierar pé ett oregelbundet sitt. Losningen erhalls ur Duhamels
integral, som i det dampade fallet ger

fp () e -Su(tr) sin p(t-t) dt

20 =4 o)D )

Genom att inféra uttrycken for m* och p* samt att dividera q(t) med q,,y erhalls
foljande uttryck for Z(t)

2 .
Z(1) = - dwas

t

dar IM)lJmﬂémﬂmmﬁﬂm
O J Qmax
0

Det maximala utslaget ar av intresse

Genom rumsderivering av utbdjningsfunktionen tva ganger erhélls
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.2,
Vimax T 2 “max

Maximal bojspéinning i balken erhalls ur

Ed Ed 2 _ Ed 21qx _Ed2Iqy,¢ _E 21qax
=79 Vimax~™ 7 12 Zax = 1.2 m max ~ ]2 pd max — p 1.2 Dmax
Maximal tvérkraft erhélls ur

12 21 Ed2q;5a¢
Vinax = EI V" inax = 13 Zmax = pL3 Dax

Maximal vidhéftningsspinning erhélls ur

Vi
Ovidh = 0,025

enligt Holmgren /19927,

Berikningar.

D(t) evaluerades numeriskt for uppmatta tryck - tidforlopp och med en antagen relativ
ddmpning pa 5 %. Hirvid utfordes berdkningar for olika egenfrekvenser (5 - 100 Hz) hos
en tankt konstruktion, som utsitts for den aktuella lasten. Vid varje berdkning uppsoktes
konstruktionens maximala svar (utbojning). Harigenom erhélls ett responsspektrum for
den aktuella last - tidkurvan.

For beridkningarna gjordes en rutin i Mathcad. Fore korningarna i Mathcad reducerades
data i LabView, s& att en méitserie pa 32 sekunder kom att besta av 4096 métvarden.
Detta innebar ett tidssteg pa 0,0078 sekunder. Enligt Clough - Penzien /1975/ bor
tidssteget vid den numeriska berdkningen inte vara storre én en tiondel av
konstruktionens egensvingningstid. Det innebdr att data egentligen inte dog for
berikningar dver cirka 20 Hz egenfrekvens. Trots detta gjordes berédkningar upp till 100
Hz egenfrekvens i ett forsta steg. Nér responsspektrum konstruerades visade det sig att
samtliga métningar gav responsspektra, som var i stort sett rita linjer i ett log-log-
diagram. Det visade sig ocksa att samtliga rita linjer sammanfoll sa gott som fullstandigt.
Efter 50 Hz delar sig linjerna och en narmare granskning av de beriiknade
utbdjningsforloppen visar att dessa ser orimliga ut for 100 Hz. For att préva hypotesen
att den normerade responskurvan ar en rit linje dven tor hogre frekvenser d4n 50 Hz togs
de dominerande fyra sekunderna av en matning ut, vilket gav 4096 mitvérden och ett
tidssteg pa 0,00098 sekunder. Fér denna métserie gjordes responsberikningar fran 20 Hz
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upp till 250 Hz egenfrekvens. Dessa berdknade virden anslot mycket val till de réta linjer
som berdknades med tidssteget 0,0078 sekunder for egenfrekvenser fran 5 Hz upp till 50

Hz.

Normaliserat responsspektrum. alla matningar
5 % relativdampning

1 10 100 1000
0.1
0.01
Normaliserad 0.o01 g
respons, M&
mf{Pa*kg 0.0001 i
0,00001 %ﬁ
0000001 i
0.0000007

Egenfrekvens. Hz

Fig. 9. Normaliserad respons for enkelspand sprutbetongplatta utsatt for
lufttrycksvariationer i tunnel fran forbipasserande tag. Berdknade kurvor for alla

maitningar.

Fig. 9. Normalized response spectrum for a shotcrete slab subjected to fluctuating air
pressure in a tunnel from passing trains. Response curves are calculated theoretically
from all recordings of the air pressure.

Av de utforda berdkningarna kan man dra slutsatsen att den normerade responsen foljer
funktionen

Dmax: 1O-(1.57 + 1,76 logh) K}g)%
Den svingande balkens egenfrekvens erhalls ur
f=-@-=L\/E;= I 03141\[E
2 2m \Ym ‘ L2 \/p
Med E = 32 GPa och p = 2200 kg/m3 fér betong K40 erhalls

d
f=3934§ Hz
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-(7,89 + 1,76 log d - 3,52 log L))

och Dax = 10
Egenfrekvens
- Sva‘,Sm 0,7‘5m 'I,O’m 1,25m 1.F:0m 1,7’5m
180 [ / / ,/
160 / / / / / - 20m
140 /| A ] "
120 / / / // /
Frekvens, Hz 100 / / // -/ /
80 // // B _— e
60 // /// =
40 //% ._’______---/
20 ,/%4_ __,//
0 = 4
0 0,02 0,04 0,06 0,08 01 0,12 0,14 0,16

Skiktjocklek, m

Fig. 10. Egenfrekvenser hos enkelspand sprutbetongplatta vid varierande tjocklek och
spannvidd.

Fig. 10. Natural frequencies for shotcrete slabs of different spans and thicknesses.

.

Maximal bdjspanning i sprutbetongdridn vid tdgpassage i tunnel
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Fig. 11. Maximal bojdragspénning i enkelspind sprutbetongplatta utsatt for
lufttrycksvariationer fran tagpassage i tunnel. Maximalt tryck = 1 kPa.

Fig. 11. Maximum bending tensile stress in shotcrete slab subjected to fluctuating air
pressure in a tunnel from passing trains. Peak pressure = I kPa.
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Ma ximal vidha fmingsspad nning i sprutbetongdrdn vid thigpassage i tunnel

0,20 - B )
.......... Spv3.0m
015 | | B — -
—————————————————————— 1.5m
Spanning, MPa 0,10 B et M N
N S 0,5 m
005 4 — i ~
0,00 | B
° 0.04 0.08 0.12 e

Sprutbetongens skiktjocklek, m

Fig. 12. Maximal vidhaftningsspinning mellan berg och enkelspind sprutbetongplatta
utsatt for lufttrycksvariationer fran tdgpassage i tunnel. Maximalt tryck = 1 kPa.

Fig. 12. Maximum adhesion stress at the interface between the rock and the shotcrete

slab subjected to fluctuating air pressure in a tunnel from passing trains. Peak pressure

= [ kPa.

Insdttning av det empiriskt framtagna uttrycket for Dy, 1 uttrycken for Gy, och Gy;qn
ger berdknade kurvor for dessa spanningar enligt Fig ... och ... om qy,,, sétts till 1kPa,
vilket ar nagot hogre dn det hogsta, uppmitta trycket (persontag 110 km/h).

Enligt BBK 79 tillats en bojdragsspanning pa maximalt 0,93 MPa for betong K40 vid
antal lastvéxlingar storre 4n 109, Inverkan av fiberarmering beaktas ej. Det ir inte
klarlagt om fibrer bidrar till 6kad utmattningshallfasthet.

Ur villkoret

E2lq... ~789+176lgd-3.52logL)
o,93~106=5—Lq5‘m 10

erhalls dimensioneringsdiagrammet i Fig.13 nedan.
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Fig. 13. Erforderlig tjocklek hos sprutbetongskikt éver drin vid varierande bredd.
Forutséttning Betong K40, mer dn 1000000 lastvixlingar.

Fig 13. Required thickness of shotcrete layer over a drain as a function of the span.
Concrete C40 and more than 1000000 load fluctuations assumed.

Av diagrammet i Fig. 11 framgar att vidhiftningsspinningen troligen inte dr
dimensionerande vid normal vidhiftningshéllfasthet, eftersom denna kan forvintas ligga
pé cirka 0,5 MPa. Vid daliga vidhiftningsforhallanden bor dock sarskild forankring av
sprutbetongen intill drianen utforas.

Diskussion av uppnidda resultat.

Mitningarna av lufttrycksvariationerna ér relativt fa. Exempelvis saknas hoghastighetstig
i maximal fart. Likasd saknas métningar fran moten mellan tva tdg i en dubbelsparstunnel.
Man kan dérfor inte utesluta att hogre maximaltryck dn 1000 Pa kan férekomma i
ogynnsamma situationer. For breda driner kan det mojligen ocksa ha betydelse om
trycket varierar over drinens bredd.

Dimensioneringsdiagram, dir maximal bojdragspénning och maximal
vidhéftningsspéanning finns redovisade, har berdknats pa grundval av antagande om
utbdjningsform hos sputbetongplattan samt om ddmpningens storlek. Eftersom inga
rorelsematningar har gjorts gar det inte att uttala med sikerhet att inte hogre moder 4n
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den lagsta kan exciteras eller att relativa ddmpningen ér just 5 %. Det finns vidare inga
mojligheter att uttala, huruvida antagandet att sprutbetongplattan &r fri att svinga at bada
hall, 4r helt korrekt i alla situationer.

Ovanstiende fragor borde belysas ytterligare genom mera omfattande faltmatningar.

Med beaktande av reservationerna ovan visar undersdkningen att dagens praxis med en
meter breda driner och 60 mm sprutbetong K40 stimmer forvanande val med mitningar
och berdkningar.

Referenser.

Clough, R W & Penzien, J, "Dynamics of Structures”, ISBN 0-07-01 1392-0, McGraw-
Hill, Inc., 1975.

Holmgren, Jonas, "Bergforstarkning med sprutbetong”, ISBN 91-7186-298-6, Vattenfall
Vattenkraft, Stockholm 1992,

Summary.

The fluctuations of the air pressure from passing trains were measured in one single track
tunnel and in one double track tunnel. The recordings were used for the dynamic analysis
of a shotcrete slab which covers a drain. 13 records were analyzed. The peak pressure
was below 1 kPa in all records.

Recordings from high speed trains in maximum velocity were not possible to obtain. The
meeting of two trains in a tunnel is not recorded either. Thus the possibility of higher
peak pressures than | kPa cannot be excluded.

Assuming a vibration shape of the shotcrete slab and 5 % damping design curves were
calculated. It is to be observed that no acceleration recordings were taken of real
shotcrete slabs in the tunnels.

The presence of steel fibre has not been taken account for in the strength calculations
since some research indicate that fibres do not affect the fatigue strengh of concrete.

The adhesion stresses in the interface between the rock and the shotcrete should not
cause problems in ordinary cases. If the adhesion conditions are doubtful extra anchorage

has to be provided for.

The investigation shows that today’s standard of one meter wide and 60 mm thick
shotcrete over drains astonishingly well corresponds with the calculated values.
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Comparison between prediction and outcome at Aspd Hard Rock
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Gunnar Gustafson, Chalmers University of Technology

Roy Stanfors, R Stanfors Consulting

Peter Wikberg, Swedish Nuclear Fuel&Waste Management Co (SKB)

1 INTRODUCTION

SKB plans to start deposition of spent fuel within about 15 years from now. The design
work for a canister encapsulation plant is under way. Feasibility studies for repository siting
are in progress in cooperation with two (September 1994) municipalities. An extensive
research, development and demonstration programme will support the detailed design and
licensing of the encapsulation plant and the deep repository.

The geoscientific research of the Swedish Nuclear Fuel and Waste Management Co (SKB)
is related to crystalline rock environments. The Swedish concept for the disposal of high-
level nuclear waste involves an excavated repository at a depth of 500 m. The most
important properties of the rock volume hosting a nuclear waste repository are: long-term
mechanical and chemical stability, low groundwater flow and low transport capacity of
radionuclides from the repository up to the biosphere.

In order to prepare for the siting and licensing of a spent fuel repository SKB decided to
construct a new underground research laboratory.

In the autumn of 1990, SKB began the construction of the Asp6é Hard Rock Laboratory
(Aspd HRL) near Oskarshamn in the south-eastern part of Sweden. A 3.5 km long tunnel
has now been excavated in crystalline rock down to a depth of approximately 450 m, see
Figure 1-1. The operation phase of the laboratory will start in 1995, and research
concerning the disposal of nuclear waste in crystalline rock can then continue in the Aspo
HRL.

The pre-investigations for the Aspo HRL started in late 1986. The pre-investigation phase
involved extensive field measurements (from ground level as well as from boreholes) and
analysis, aimed at characterizing the rock formation with regard to geology, geohydrology,
hydrochemistry and rock mechanics. Intermediate reports on the investigations were
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published in 1988, 1989 and 1991 /Gustafson et al, 1 988, Gustafson et al, 1989, Wikberg
et al, 1991, Stanfors et al, 1991, Almén and Zellman, 1991/.

Prior to excavation of the laboratory predictions for the excavation phase were made. These
predictions, published 1991 /Gustafson et al, 1991/, are based on data collected during the
pre-investigations conducted between 1986 and 1990. The predictions concern five key
issues: geological structures, groundwater flow, groundwater chemistry, transport of solutes
and mechanical stability. These predictions are made in three scales: site scale (100-1000 m),
block scale (10-100 m) and detailed scale (0-10 m).

A large amount of data has being collected during the excavation, for example piezometric
levels in about 150 borehole sections in boreholes around Aspd HRL, inflows to the tunnel,
mapping of lithology and fractures and inward leakage characteristics. Groundwater
sampling and measurements of hydraulic properties of the rock along the tunnel have also
been made.

One of the stage goals for the Aspd HRL (see below) is: Verify pre-investigation
methodology. Demonstrate that the investigations at ground level and in boreholes provide
sufficient data on essential safety-related properties of the rock at repository level.

Comparisons between the predictions and observations were made during excavation to
verify the reliability of the pre-investigations.

Figure 1-1. The 3.5 km long access tunnel and the shaft to Aspé HRL down to a depth of
approximately 450 m. The last 400 m of the tunnel was bored with TBM.

Den 3.5 km ldnga tillfartstunneln och schakten ner till Aspélaboratoriet ner till ett djup av
ca 450 m. De sista 400 m av tunneln borrades med en TBM.
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The final evaluations of model and method capability are under way and will be completed
in 1995.

There is a strong international interest in the work with participation from Canada (AECL),
Japan (PNC, CRIEPI), Finland (TVO), France (ANDRA), Switzerland (NAGRA), the
United Kingdom (NIREX), and the United States (USDQOE).

2 SITE INVESTIGATION FOR A DEEP REPOSITORY
2.1 How will the site investigation results be used?

The purpose of pre-investigations or site investigations is to:

- demonstrate whether a site has suitable geological properties

_  obtain data and knowledge concerning the bedrock on the site so that a preliminary
emplacement of the repository in a suitable rock volume can be done as a basis for

constructability analysis
- obtain the necessary data for a preliminary safety assessment, which in Sweden shall
serve as support for an application under NRL (the Act Concerning the Management of

Natural Resources) to carry out detailed site characterization

- obtain data for planning of detailed site characterization, which is done in conjunction
with the construction work down to repository level.

It is thus important to show that pre-investigations provide reasonable and robust results.

The reliability of the pre-investigations can be tested during the detailed characterization.
The work at Aspé is thus a "dress rehearsal" for the site investigations and the detailed

characterization for the Swedish deep repository.

2.2 What should be achieved in site characterization?

Site characterization shall provide an understanding of the site to:

Demonstrate the existence of features (structures and processes).
- Justify division of the properties into domains.

- Make parameter estimations as an input to model realizations. (The estimation also
support the division into domains and to prove the existence or non-existence of
features).
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Demonstrating or rejecting the existence of important features is of the utmost importance
in the characterization programme. Properties may have to do with be lithology, chemical
processes, structural features etc. At the outset of characterization it is important that the
programme be broad so that unexpected properties can also be detected.

Division of properties into domains can be done for e.g. lithological bodies and
groundwater composition such as fresh or saline water, or be applicable to the geometry of
structural features.

The relevance of each feature, domain and parameter should be assessed by both the
engineer and the safety assessor.

23 Constructability versus safety assessment

The engineer basically divides the rock into two families. "Good rock" implies that the rock
can be excavated without any sealing or support work. "Bad rock" means that the rock
needs grouting or reinforcement by steel and/or concrete.

It is argued that this very simple division is of great importance. Rock bolting with steel bars
provides a connection between the backfill of a deposition drift and a possible disturbed
zone; shotcreting will interfere with the required close interaction between the backfill and
the host rock over thousands of years due to the deterioration of the concrete leaving a gap
between the backfill and the rock; pre-grouting of deposition tunnels will make it difficult
to obtain accurate values of transmissivity at canister positions.

The chemical inventory for a deep repository could include some 1000 tonnes of cement,
maybe some 100 tons of nitrogen compounds (residues from blasting agents) and some
minor inventory of oil, cellulose etc. The backfill material will include huge amounts of
oxygen to be consumed in the closed repository.

Based on the site investigations a constructability analysis /Bdckblom et al, 1994/ should be
performed so that the safety assessment can give an account of the repository "as built" even
prior to construction.

The engineer's wish to avoid "bad rock" is an advantage both for the engineering and for the
safety of the repository. It will also simplify the safety assessment. The engineer's wish to
find "good rock" can be an advantage. However there is a need to check for stress or
thermomechanical problems that may appear in very good (unfractured) rock. Thus,
ordinary engineering practice will be of the utmost importance in the licensing process for
a deep repository. Utilizing centuries of knowledge supports confidence building for the site
characterization and engineering of the repository.

The safety assessor sometimes asks for alternative models to be presented. This is not
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always acceptable to the engineer responsible for the layout of a facility. He must e.g. be
certain that no major water conducting fracture zones are present at the underground
facility; he thus needs a "best estimate"” where the safety assessor would prefer alternative

models.

3 THE APPROACH TO SITE CHARACTERIZATION AT ASPO

3.1 Investigation strategy

A basic description of the site characterization approach can be found in /Bdckblom et al,
1991/. Site characterization is a multi- and inter-disciplinary task that necessitates integration
in data acquisition, evaluation and presentation of results.

In order to facilitate such integration, four basic decisions were made for the site characteri-
zation.

- to divide the characterization and interpretation into distinct stages

- to devise models on several geometric scales (regional >> 1000 m, site scale 100 - 1000
m, block scale 10 - 100 m and detailed scale 1-10 m)

- to select key issues related to the geological-structural model, groundwater flow,
groundwater chemistry, transport of solutes and mechanical stability

- to integrate and facilitate integration of data collection and data interpretation

The integration of all data was to some extent facilitated by having few principal
investigators with broad responsibilities.
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Geological-structural | Groundwalter Groundwater Transport of Mechanical
model flow chemistiry solutes stability

tL> Subject Prediction Estimate Measured variable Validation basis

Figure 3-1. The predictions concern five key questions: geological structures,
groundwater flow, groundwater chemistry, transport of solutes and mechanical stability.
These predictions are made at three scales: site scale (100 - 1000 m), block scale
(10 - 100 m) and detailed scale (0 - 10 m).

Prediktionerna omfattar fem huvudfrigor: geologiska strukturer, grundvattenflide,
grundvattenkemi, transport av losta dmnen och mekanisk stabilitet. Dessa prediktioner dr
i tre skalor: site skala (100 - 1000 m), block skala (10 - 100 m) och detaljskala (0 - 10 m).

3.2 Verification of pre-investigation methodology

Both a "validation" and a"verification" strategy have been devised.

The validation strategy /Béckblom et al, 1990/ comprises three basic elements

- asystematic comparison of prediction and outcome

- ajudgement of whether the predictions are good enough

- ascrutiny of underlying structures and processes

The Aspd Principal Investigators thought it best that the judgement of the outcome as a
“success" should be made by other interested parties. Such judgements have been passed by
the Asp6 Scientific Advisory Committee and by Swedish authorities in their review of the

work. Publishing of the results is part of this validation strategy.

The "verification strategy" is depicted in Figure 3-2.
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Figure 3-2.  Strategy for verification of pre-investigations.
Strategi for verifikation av forundersokningarna.

Evaluations of models and methods are under way and will be finalized in 1995.
The evaluation work will e.g. comprise evaluation of:

- ability to prove the existence of features (structures and processes) and non-existence
of features

- ability to divide properties into domains

- reliability of parameter estimations

The evaluation will deal both with the actual results and the experiences gained using the
characterization approach.

4 PRE-INVESTIGATIONS

The pre-investigation phase was divided into three stages: siting stage (1986-1987), site
description stage (1987-1988) and prediction stage (1989-1990). An overview of the
investigations performed in the different stages and the evaluation of the pre-investigations
was published in 1991 /Wikberg et al, 1991, Stanfors et al, 1991, Almén and Zellman,
1991/.

123



4.1 Geology

Geological investigations during the pre-investigation phase started with regional surveys
with airborne geophysical measurements (magnetic, coaxial EM, radiometric and two-
station VLF) over a large area (2500 km?). Gravity measurement and some ground
geophysical profiles complemented the aero-geophysical survey on the islands of Avré and
Aspo and in the Laxemar area. Lineament analysis were performed by interpretation of
digital terrain models. Fracture mapping and special tectonic studies were carried out with
the main goal of describing the geometry of the fractures and characterizing the main sets
of tectonic zones identified as lineaments in the area. A number of percussion boreholes
were drilled to obtain preliminary information of the bedrock composition and the hydraulic
properties of the shallow portion of the bedrock.

In the siting stage detailed magnetic and electric mapping of the entire island of Asp6 were
performed in order to investigate and delineate the local tectonic setting of the island. Very
detailed mapping of the solid rock and fractures was performed along cleaned trenches and
on outcrops. Three coreholes (two about 1000 m deep and one about 500 m) were drilled
and investigated, with geophysical logging and detailed core mapping, as a basis for a
preliminary geological and geohydrological model of Aspd.

During the prediction stage the investigations were focused on southern Aspd. Four
additional coreholes were directed towards indicated zones of geological and hydraulic
importance. They were drilled to a vertical depth of approximately 500 m. Due to a late
change in layout, in which the entrance to the tunnel was moved to the Simpevarp area, a
complementary drilling programme was executed aiming at characterizing indicated fracture
zones between the islands of Aspo and HAI6 (Figure 5-1). An almost horizontal corehole,
KBHO02, was drilled from Hal6-Aspo, approximately parallel to the tunnel (Figure 5-2). In
all, during the pre-investigations 35 percussion boreholes (100 - 200 m deep) and 16
coreholes (200 - 1000 m deep) were drilled. The technology used for the investigations in
the pre-investigation phase was published in Almén and Zellman /1991/.
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SKB ASPO HRL SITE AREA

EASTERN, ASPO-SYSTEM (m)

Figure 4-1.  During the pre-investigations 35 percussion boreholes (100-200 m deep) and
16 coreholes (200-1000 m deep) were drilled. (Filled circle = corehole, hollow circle =
percussion hole.)

Under forundersokningarna borrades 35 hammarborrhdl (100-200 m djupa) och 16
karnborrhal (200-1000 m djupa). (Fyllda cirklar = kdraborrhdl, ofyllda cirklar =

hammarborrhal.)
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Figure 4-2. One inclined corehole, KBHO2, was drilled from Halo towards Aspo along
the access tunnel.

Ett ndra horisontellt kirnborrhdl, KBHO02, borrades fran HAlo mot Aspd lings
tillfartstunneln.

4.2 Geohydrology

Geohydrological investigations during the siting stage comprised first a compilation of
available data in data bases (mainly from the national water-well records concerning data
from Kalmar County, area ~ 10 000 km?) and reports from the construction of the nuclear
power plant O III and CLAB (interim storage of spent fuel) facility and later drilling of
shallow percussion boreholes on Aspd, Avré and Laxemar, see Figure 4-1.

During drilling of the percussion boreholes inflow rates and increased fracturing were
estimated and drill cuttings were sampled. Groundwater sampling, airlift tests and
geophysical logging were also made in the boreholes.

Air lift tests were generally performed for 100 m sections of coreholes. Drawdown and
recovery (D + R) were normally approximately I h + 1 h. After drilling the coreholes were
clean-up-pumped for approximately a day and the first estimates of the transmissivity, as
seen from the borehole, and the skin factor from the pumping were made. During the clean-
up pumping the borehole was also flow-meter logged.

Injection tests were performed in some of the coreholes. Injection tests with a 3 m packer
interval were performed with D + R of 10 + 10 minutes. (About 1 200 tests were performed
during the pre-investigations in 7 coreholes on Asp6 and in one corehole on Laxemar).
Injection tests with a 30 m packer interval were performed with D + R of 2 h + 2 h. (65 tests
were performed during the pre-investigations in three coreholes on Aspo and Laxemar). The
tests have been evaluated at transient conditions assuming radial flow. The transient
evaluation has been considered to give better estimates of the hydraulic conductivity (K)
compared to the assumption of stationary conditions as in equation presented by Moye
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/1967/. Transient evaluation have generally given higher values of K. The probability
distribution of K is more or less lognormal for the injection tests.

Interference tests have normally had a D + R of 3 + 2 days but two tests had aD + R of 53
+ 33 days and 92 + 31 days. In 12 out of 20 interference tests the tested section was
surrounded by packers and in the rest the open borehole was pumped. During the first phase
of the pre-investigations about 35 observation sections were available and during the last
tests over 100 observation sections were used for pressure registration. The purpose of the
interference tests was to:

- estimate the transmissivity and storativity of an intersected conductive structure.
- identify the direction of and connection between major conductive structures.
- create data sets for future calibrations of numerical groundwater models.

In the inclined corehole KBHO02, drilled from Halo towards the south of Aﬂspé, it was only
possible to perform three airlift tests. Except for the southernmost part of Aspo there were
only a few geohydrological data for the tunnel part up to chainage 1 475 m, southern part
of Aspo (see Figure 4-1).

4.3 Groundwater chemistry

In the siting stage the hydrological data, as well as geohydrological, were collected from the
well records of the Swedish Geological Survey. The evaluation of these indicated that water
conducting fracture zones in many cases contained saline water, especially near the shore
line of the Baltic sea. These observations agreed with the results obtained from the
percussion holes at Aspo, Laxemar and Avrd. It was however obvious that the freshwater
lens on top of the saline water was thinner at Aspd than it was at Laxemar and Avré. The
reason was probably that the island of Aspd was hydrologically isolated from pressure
gradients due to the surrounding sea.

In the site description stage the hydrochemical investigations in the deep boreholes were
carried out in different campaigns, during borehole drilling, in connection with hydraulic
pumping tests and as separate sampling campaigns. The main results of these investigations
were that the salinity of the groundwater increased linearly with depth and that all water
samples were slightly oversaturated with respect to calcite, probably because of an ongoing
mixing of water of different compositions. Isotopic data indicated that the water below a
level of about 500 m was not affected by trans- and regressions of the Baltic sea since last
glaciation, about 12000 years ago.

In the prediction stage all investigations were focused on southern Aspo. Hydrochemical
data were collected in connection to the drilling and were used to identify specific chemical

characters of the groundwater of the different fracture zones.

The final co-evaluation of the results from the two previous and this stage resulted in a set
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of specific predictions of what was to happen to the groundwater conditions, the
groundwater chemistry both in the tunnel and in the monitored deep boreholes on Aspé.
These predictions were based on corresponding predictions of the geological conditions,
bedrock types and fracture zones.

5 THE PREDICTED GEOLOGICAL/STRUCTURAL MODEL

The geological pre-investigations resulted in a geological/structural model of the Asps-Halo
area. The rock types in the area are mostly of granitic compositions (Smaland granite and
Aspé diorite). Minor inclusions of mafic rock types (greenstone) are common within the
granite. Fine-grained granite occurs as well defined dykes and more irregular veins
intersecting the older rocks. The fine-grained granite is often strongly deformed and
fractured. A few pegmatites occur within the granite. Shear zones, resulting from different
intensities of deformation, are present in all degrees. Sometimes up to Metre wide mylonites
occur.

There are several fracture zones of differing character in the area. A nearly orthogonal
system of fractures and fracture zones occurs in the N-S and E-W directions. There is also
a system of fractures and fracture zones forming an orthogonal system in the NE and NW
respectively. Some subhorizontal fractures were also predicted. A structural model of the
target area is shown in Figure 5-1. Between Aspd and HAlo, just outside the southern
shoreline of Aspd, some major fracture zones of regional extent occur. These fracture zones
(NE-1, NE-3 and NE-4) strike in the NE direction and can be up to 50 metres wide. Larger
fracture zones striking EW-ENE were also identified during the pre-investigations (EW-1,
EW-3 and EW-7). EW-5 is classified as a gently dipping fracture zone dipping below Aspé.
Some minor fracture zones and fractures forming en-¢chelon pattern were identified striking
in a NS-NNW direction. Some of these fractures and fracture zones were found to be highly
water conductive, according to interference tests.
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Figure 5-1.  Geological/structural model of fracture zones and waterbearing structures

on southern Aspé based on results from the prediction stage.
Strukturmodell av sprickzoner och konduktiva strukturer pd sodra Aspo baserad pa resultat

fran prediktionsfasen.
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6 DOCUMENTATION AND MEASUREMENTS DURING
EXCAVATION

6.1 Geology

To "Verify pre-investigation methods" (Stage goal 1) a large number of data was collected
during the excavation work. The general geological mapping of the tunnel was carried out
continuously in direct connection with each new round excavated. Rock type distributions
were observed as well as structures like folds and fracture zones. Fractures longer than
1.0 m were documented together with fracture minerals, lengths and orientations were also
observed.

Finally the bedrock stability was documented according to the Rock Mass Rating (RMR)
proposed by Bieniawski /Gustafson et al, 1991/. Photographing in colour of each working
face and the walls exposed by the last round was also performed.

The general routine mapping was complemented by line mapping for documenting the 50-m
blocks. The line mapping provides more detailed information concerning fracture frequency
data (fractures >0.3 m) along a scan line.

The structural model has been updated and improved in different stages parallel to the
evaluation of the tunnel documentation. The data from this documentation during excavation
are evaluated and compared with the predictions of the bedrock made prior to the start of
construction.

6.2 Geohydrology

Inflow rates and leakage characteristics were estimated for fractures with water flowing into
the tunnel.

Approximately every fourth round two 20 m long probe holes were drilled about 4 m from
the tunnel face, one in the left wall and one in the right wall. During the drilling the inflow
of water and the rock composition were estimated. After the drilling a pressure build-up test
was performed. Generally the packer was mounted 5 m into the borehole (D + R of 30 + 30
min).

The piezometric levels of the groundwater in the Asps, Avrd and Laxemar areas were, and
are, measured manually or automatically in a large number of boreholes drilled from ground
level. The percussion boreholes, generally 100-200 m deep, contain 1-3 measurement
sections. The coreholes, which are up to 1 000 m deep, have up to 6 measurement sections.
Some of the boreholes drilled from the tunnel are also equipped with packers and connected
to the monitoring system in the tunnel.

The pressures in the probe holes were measured approximately twice a year manually.
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The total amount of water needed for the drilling etc. and the total amount of water pumped
out of the tunnel were, and are, measured at tunnel chainage 700 m. The air-velocity,
humidity and temperature are also measured for the air flowing in and out of the tunnel at
approximately tunnel chainage 700 m.

Dams and weirs were constructed along the tunnel. There are a few dams and weirs in
tunnel section 700 - 1 600 m and in the spiral of the access ramp there are a dam and weir
at every corner of the spiral.

Dilution measurements were made in some of the corehole sections. Dilution measurements
were made before starting excavation of the tunnel and were now repeated for some of the
borehole sections when the tunnel face passes a specified tunnel chainage.

Salinity measurements were made in several of the coreholes and probe holes in the tunnel.
The salinity of the water at the weirs and the amount of water flowing out and in at chainage
700 were also measured.

6.3 Groundwater chemistry

Groundwater samples have been collected from a large number of locations in the tunnel
between 700 and 3500 m. Most samples are from probing holes 20 m deep at an angle of
20 - 45 degrees out from the tunnel. Water samples were collected immediately after the
drilling of the probe holes. The other sampling points are grouting holes, coreholes and one
conducting spot on the tunnel wall. During the grouting of a major water conducting
fracture zone, NE-1, seven adjacent boreholes were carefully monitored for changes in
groundwater composition, especially regarding pH changes.

All samples were analysed for bicarbonate, chloride and pH. On the basis of the results from
the first sampling campaign, some boreholes were selected for renewed sampling. This
second sampling campaign was more carefully done than the first one. Many more
parameters were also analysed in these samples. At the time of sampling the water was on-
line filtered through a 0.45 micron membrane and preserved for specific analyses.

Changes in the groundwater chemistry are used as indicators of solute transport, caused by
the drainage into the access tunnel. The natural tracers Tritium and Oxygen-18 are also
used. In addition to this, groundwater flow rates and hydraulic head measurements were
utilized in the study of five selected borehole sections, straddling conductive fracture zones
on the Aspé island.

7 RESULTS FROM COMPARISONS OF PREDICTIONS AND
OUTCOMES

The evaluations of the pre-investigations and associated predictions were presented prior
to the start of the excavation work in Wikberg et al /1991/, Gustafson et al /1991/, Stanfors
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et al /1991/ and Almén and Zellman /1991/. Some supplementary work has also been
reported in Rhén et al /1992/ and Smellie and Laaksoharju /1992/.

Based on the ongoing evaluations some of the results are discussed below.
7.1 Existence of features (structures and processes)

The bedrock at Aspé is lithologically heterogeneous. Based on evaluation of significance the
rock is basically divided into five different lithologies. One of these, the fine-grained granite,
is much more fractured than other rock types and was assumed to be more water-conducting
and thus would be of interest both to the engineer and the safety assessor. The existence of
the fine-grained granite was predicted and has been confirmed.

The existence of several major fracture zones was predicted. Fracture zones intersecting or
close to the tunnel have been confirmed. To avoid confusion a nomenclature for fracture
zones and reliability (Certain, Probable, Possible) was developed /Bdckblom, 1989/. One
subhorizontal zone classified as "Possible" has not been found. The existence of minor
fracture zones was predicted. Their existence has been confirmed.

The existence of saline water was predicted and its existence has been confirmed.

A process that was not predicted is oxygen consumption (reducing conditions) due to
bacterial activity /Banwart et al, 1994/.

As an example of showing the existence of features, the possible interpretation of the
importance of fracture zones (or rather interpreted discontinuities) based on different
investigation methods is discussed.

Fracture zone characterization

Fracture zone interpretations are made with different methods in different stages during an
investigation. In the early stages of an investigation, lineament interpretation and airborne
geophysical survey are generally performed. From these studies it is not possible to tell of
which importance the interpreted discontinuities have for processes as mechanical stability,
groundwater flow etc. The importance of the discontinuities must be based on detailed
survey of each discontinuity in order to find the characteristic parameters that are of interest
for the processes studied. A classification scheme must be coupled to the process studied
— and thus related to safety analyses, constructability etc. An example is given below.

The fracture zone EW-1 was early indicated by the initial airborne geophysical survey,

Figure 7-1, and the lineament interpretation. Ground geophysical investigation confirmed
the more detailed extension of the EW-1.
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Figure 7-1. Aerogeophysical interpretation of the Simpevarp area.
Flyggeofysisk tolkning av Simpevarpsomrddet.

In the first drilling campaign a cored borehole (KAS04) - in-clined 60° SE - crossed the zone
and later during the construction phase a corehole was drilled from the tunnel (KA1755A).

The fracture zone EW-1 is very well documented topographically (50-100 m wide
depression in the ground extending many hundred metres), geophysically (low-magnetic and
low resistivity zone 200-300 m wide), geologically (outcrops in trench with mylonites and
crushed sections) and in boreholes (mylonites and many highly fractured and altered sections
in drilling cores). Indicated by VSP and radar. Fracture zone EW-1 can be regarded as the
northern part of the about 300 m wide low-magnetic zone (Aspb shear zone), tending NE,
which divides Aspé into two main blocks.

Borehole data mainly support the prediction of EW-1 as a complex fracture zone comprising
two intense highly fractured branches - partly mylonitized - in very divergent rock mass.
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As can be seen in Figure 7-1 the fracture zone NE-1 was interpreted as minor compared to
EW-1. During the drilling of the boreholes KAS09, 11, 14 and KBHO2 it was found that
NE-1 was partly highly fractured or crushed and partly clay-altered. The transmissivity was
predicted to 0.8 « 10™ to 8 « 10" m?/s. Later the investigations from the tunnel and also the
great difficulties during the excavation through NE-1 clearly indicated that out from for
example the constructability and groundwaterflow point of view, NE-1 was a much more
important zone compared to EW-1.

7.2 Division into property domains

Due to the heterogeneity of the lithology it was considered inappropriate to predict the
loacation of fine-grained granite. This proved to be a wise decision. Even after construction
work, such a prediction is not appropriate. However, the average volume (%) of fine-
grained granite was predicted.

The dip and strike of the most important fracture zone NE-1 was predicted and the outcome
showed small deviations. One major fracture zone. NE-2 has a complicated dip. Parts of the
zone dip north, other parts of the zone dip south. As the zone was considered to be of
minor importance ( a true prediction!) few investigations were made to determine the exact
geometry of the zone. The outcome is that the zone dips south instead of north as
predicted.

The strike of the minor fracture zones were predicted, but not their exact location. The
strikes and dips of the minor fracture zones tending NNW have been confirmed to conform
to the predictions. The location of three of the NNW structures (NNW-1, 2 and 4) was
found to be approximately as predicted.

The groundwater chemistry was predicted to be composed of different bodies with higher
salinity at greater depth. This has been confirmed.

7.3 Examples of parameter estimation

The final evaluation is made during 1995 and below some examples of the parameter
estimation are shown.

Transmissivity of fracture zones

Considering hydraulic properties it is possible to obtain a satisfactory estimate of the
transmissivity of a fracture zone if pumping or air-lift tests are performed in a borehole
intersecting the zone and the fracture zone is well defined. However, generally there are just
one or two tests in a fracture zone and it is therefore impossible to describe any heterogene-

ity or depth dependency (see Table 7-1).

The following definition of the relative error is used: APE = Absolute Percentage Error =
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‘2‘-100(%)

O = observed value
P = predicted value

Table 7-1. Transmissivity of water-bearing zones for tunnel section 700 - 2874 m.
Absolute Percentage Error.

Tunnel Zones Outcome (T) Predicted (T) APE (Log,, T)
section

(m) (m?/s) (m’/s) (%)
+10° «10°
700-1475 EW-7 0.6 14 26
700-1475 NE-4 34 35 0.3
700-1475 NE-3 43 14 14
700-1475 NE-1 45 15+15 5
700-1475 EW-3 0.5% 0.05 19
1475-2265 EW-5 - 2 -
1475-2265 NE-2 0.66 0.4 4
1475-2265 NNW-1 4.4 1.5 11
1475-2265 NNW-2 5.8 4.0 4
1475-2265 NNW-4 30 4 25
2265-2875 NNW-1 -** 1.5 -
2265-2875 NNW-2 -** 4.0 -
2265-2875 EW-5 - 2 -

*  Uncertain value, probehole just outside zone.
**  Supplementary investigations are performed autumn 1994 in order to better define NNW-
structures.

Lithology

On site scale it seems possible to make a useful prediction of the distribution of the main
rock types Aspo diorite and fine-grained granite, but it seems to be more difficult to predict
the distribution of greenstone and the more exact amount of Smaland granite in relation to
the amount of Aspd diorite. With regard to uncertainty in the predictions, the errors in the
predictions are within the associated confidence interval, except for greenstone and Smaland
granite. the distribution of greenstone was overestimated. The reason for the rather big
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deviation in the amount of greenstone is probably the very irregular occurrence of this rock
type, see Table 7-2.

Table 7-2.  Lithological distribution in tunnel, prediction and outcome.

Lithological Prediction (P) Outcome (O) Error [O-PI
unit (%) (%) (%)
Smaland granite 20(x5%) g, 28 8

Aspo diorite 56(£5%) 604 55 |
Greenstone 8(£3%) 00 3 5
Fine-grained granite 14(x3%) 54, 14 0
Mylonite-hybridized 2(£1%) gy, 0 2

It also seems possible to predict the distribution and mean number of rock boundaries
between rock types, such as fine-grained granite and greenstone which appear in the form
of dukes and bodies with distinct contacts with the wall rock.

Hydraulic conductivity

The statistical distribution of the hydraulic conductivity in tunnel section 1475-2874 agrees
with the predictions considering the 95 % confidence intervals for the point estimate of the
geometric mean. The outcome of the point estimate is somewhat lower than predicted.
(Predictions were based on 3 m injection tests and the results were scaled up to about 14 m,
which was the test length along the tunnel.) For the first part of the tunnel where only a few
investigations were performed the predictions does not correspond to the outcome.

Table 7-3. Hydraulic conductivity (K) at site scale test. Scale = 14 m

Prediction Tunnel Geometric Lower Conf. Upper Conf.  Standard No. of
=P section mean (GM) limit 2.5% limit 97.5% dev. samples
Outcome (GM) (GM) s(Log,o(K))
=0 (m) (m/s) (m/s) (m/s)
P 0700-1475 9.8E-10 3.5E-13 2.8E-06 1.65
1475-2265 1.1E-09 4.3E-10 2.9E-09 1.2
2265-2874 1.4E-09 5.7E-10 3.4E-09 1.2
0) 0700-1475 6.46E-07 2.57E-07 1.60E-06 1.55 62
1475-2265 7.24E-09 2.75E-09 1.91E-08 2.03 93
2265-2874  6.76E-10 2.14E-10 2.24E-09 2.16 74
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Table 7-4 Hydraulic conductivity site scale - Absolute Percentage Error

Tunnel section APE APE
Log, K s(Log,,K)
(%) (%)
0700 - 1475 45.5 6.5
1475 - 2265 10.0 40.9
2265 - 2874 34 44 .4
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Figure 7-2. Hydraulic conductivity in tunnel section 2265 - 2874 m. Site scale. Test scale
14 m. GM = geometric mean, S = one standard deviation, RE = outcome/ prediction of

geometric mean.
Hydraulisk konduktivitet for tunnelsektion 2265 - 2874 m. Siteskala. Testskala 14 m. GM

= geometriskt medelvirde, S = en standardavvikelse, RE = utfall/prediktion av geometriskt
medelvirde.
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Groundwater chemistry

The predicted composition of the groundwater in major fracture zones and the salinity in the
zones is different from the observation. The reason for this is unknown. There are, however,
different possible explanations as mixing ahead of the tunnel front and/or incorrect
conceptual models.

In Table 7-5 are listed the main ion concentrations of analyses of water samples taken in
tunnel section 2751-2772 m, representing the fracture system NNW.

As a comparison the values predicted for the water composition before the start of the
tunnel construction are also given in Table 7-5. For EW-5 only the predicted values are
given since that fracture zone has not been observed in the tunnel.

In Table 7-6 the predicted and the measured salinity of the water sampled in conductive
zones are presented. It can be seen that the observed salinity is generally larger than the
predicted one. One reason for this could be that the steady state conditions assumed in the
numerical modelling have not been established.

Table 7-5. Observed and predicted concentration of main constituents, redox
constituents and pH. Predicted values are in italics.

Conductive  NA* K* Ca®* Mg* Cr HCO- SO/f Fe' pH Eh
zones mg/1 mg/l mg/l mg/l mg/l mg/l mg/l mg/1 - mV

NNW-4 800 7 800 40 2500 170 120 0.3 7.7 -290
predicted +300 +5 +300 +30 +1000 %70 +80 +0.3 +0.3 +25
NNW 2300 9 2600 68 8400 12 170 0.1 7.9 -
2751-2772 +200 +2 +400 +8 + 600 2 +20 +0.05 +0.2

EW-5 1300 5 1200 30 4100 70 150 0.3 7.8 -300
predicted +300 5 +300 +30 + 800  +20 +50 +0.3 +0.2 +25
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Table 7-6. The predicted and the observed salinity of the fracture zones
encountered in the tunnel section 2265-2874 m.

Zones: Salinity

Zone Section" Predicted salinity [Sgx(%o)] Measured
[m] Skin™ =0 Skin* =10

NNW-2 2260-2280 7.0 7.0 8.3

EW-5 2450-2510 7.7 7.8 11.2

NNW-1 2240-2660 11.3 11.0 16.2

NNW-2 2720-2750 8.9 9.2 12.5

NNW-4 2860-2940 8.2 8.3

Salinity estimated with a numerical groundwater flow model /Svensson, 1991/.
approximate section for zone according to numerical model.
skin for tunnel, zones excluded.

a

8 SOME EXPERIENCE FROM THE ASPO SITE CHARACTERIZA-
TION
8.1 General

The site characterization approach as described above has been useful. The idea of dividing
the investigations into different stages, scales and key issues has simplified the evaluation
work considerably and further use of this approach is advocated.

Due to the lithological heterogeneity, it seems that block scale predictions were not as
useful as site and detailed scale predictions.

Constructability analysis should be added as a key issue to ascertain a good coupling
between site characterization and the engineering work.

Based on a general site investigation strategy, the site specific strategy shall not be fixed
until some preliminary field work has been evaluated, remembering €.g. that major fracture
zones can be low-conductive and minor fracture zones can be highly conductive.

In the pre-investigation phase it was difficult to determine:

- The exact position and orientation of minor subvertical fracture zones (e.g. NNW-
structures at Aspd).
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The detailed character and importance of subvertical fracture zones.
The relative importance of the different subhorizontal fracture zone indications.

The location and distribution of minor rock units at depth (e.g. greenstone lenses and
veins of fine-grained granite).

The validity of the theoretical model of the scale dependency of hydraulic properties.

The hydraulic properties of minor rock types.

The absolute water pressures in boreholes at great depth due to varying salinity with
depth.

The groundwater chemistry in low conductive rock masses.

There is a need for a more stringent methodology for assessment of the accuracy of
measurement and evaluation methods.

The need for appropriate classification systems should not be underestimated. The fracture
zone classification used has been useful /Bdckblom, 1989/.

The nomenclature for theories, models and conceptual models was found out to be
confusing. A nomenclature for SKB work has now been established /Olsson et al, 1994/.
The basic elements of the nomenclature are depicted in Figure 8-1.
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GROUNDWATER FLOW MODEL OF ASPO SITE
Stochastic continuum model

Scope:

Natural flow, flow to laboratory tunnel, cross-hole tests (calibration)

Process description

Continuity equation (mass rate)
Equation of motion (Darcy's law including density driven flow)

CONCEPTS DATA

Geometric framework and parameters

3D box divided into: Size: 1.9x1.5x1.3 km

2D fracture zones, planar with limited extent Zone geometry from geologic model (descriptions
(location, orientation, size) basis for selection of "important zones")

Rock Mass Units (location of boundaries) Regular grid of 20 m cubes

Subvolumes (cells) between fracture zones Spatial distribution of 5 rock mass units (RMU)

with 50 m thick slabs (with depth)

Material properties

Zones: Transmissivity (T} T and K from hydraulic borehole testing
Subvolumes: Hydraulic conductivity, isotropic Stochastic distribution of K from borehole testing
K)
Salinity field

Spatial assignment method
Transmissivity: Deterministic assignment Transmissivity: single- and cross-hole testing
Hydraulic conductivity of cells: log-normal Stochastic distribution of K from borehole testing

distribution based on RMU, depth.
K and o dependent on cell size

Boundary conditions

Upper: fixed infiltration rate on Aspd, constant Infiltration data
head at sea and peat areas Salinity of Baltic Sea, salinity measurements in
Lower: no flow boreholes

Side: prescribed pressure (hydrostatic)
Salinity: prescribed initial conditions, linear
increase with depth

Tunnel: skin for rock and zones, presribed
pressure (athmospheric)

Numerical tool
PHOENICS

Output parameters

Pressure, density
(derived parameters: flux, salinity)

Figure 8-1. Basic elements of SKB model nomenclature. Example: Groundwater flow

model.
Huvudelement i SKBs modellnomenklatur. Exempel: Grundvattenflodesmodell.
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Three major drilling campaigns were carried out at Asp6 prior to construction. The first
three holes basically showed most of all the important general characteristics of the rock
to be found at Aspo. These three holes also provided a good basis for parameter estimation
of both average values and the variance of the parameters. The second and third campaigns
(11 deep cored holes) were basically useful for increasing confidence in the geometry of
major fracture zones and learning more about the minor fracture zones at Aspo. The
geometry of the major fracture zones was very important for the layout of the Aspo
facility, to ensure that it was located in good rock.

8.2 Some practical considerations

The increase of the salinity of the groundwater towards depth is considered to give a more
or less stagnant groundwater at deeper levels, which is considered favourable from the
safety assessment point of view. However, the salinity becomes a problem concerning all
equipment used as the water is highly corrosive.

Another practical problem is the water pressures. It has not been uncommon that you get
more or less the hydrostatic water pressures even in rather short boreholes in the tunnel.
In our case this means that in the TBM-tunnel water pressures up to about nearly 40 bar
have been measured. This has to be considered when designing equipment for grouting,
characterization in boreholes and instrumentation of boreholes.

The combination of high pressures and high transmissivities in fracture zones has also
caused large inflow rates (up to 1000 - 2000 I/min) from the borehole during drilling and
hydraulic testing. In these cases it becomes very difficult to perform both the drilling and
tests in the borehole.

9 CONCLUDING REMARKS

Evaluation of the Asp6 work is under way and will be reported late 1995. This evaluation
concerns the scientific results as well as the experiences gained. Altogether the work will
be of great interest for the implementation of deep repositories in Sweden and elsewhere.

Some concluding remarks regarding the site investigation strategi:
- Dividing the investigation strategy in to stages, scales and key issues was useful
- Predictions useful for engineering were adequate

- Constructability analysis should be a key issue in the future
- Investigation strategi shall be flexible

142



ACKNOWLEDGEMENT

The Aspo work has been executed with several experts from Sweden and from abroad.
Their dedicated efforts have been most appreciated and have provided inspiration and
enhanced the quality of the work in many ways.

SAMMANFATTNING

For att prova och utveckla undersokningsmetoder som behovs for lokaliseringen och
tillstdndsprovningen av ett djupforvar for slutforvar av anvént kdrnbransle har SKB beslutat
att bygga Aspolaboratoriet.

Forundersokningarna for Aspolaboratoriet startade 1986. Forundersokningsfasen
omfattade undersdkningar fran markytan och i borrhél, med syfte att karakterisera berget
geologiskt, geohydrologiskt, grundvattenkemiskt och bergmekaniskt.

Innan byggandet av Aspolaboratoriet startades gjordes prediktioner for byggfasen av
laboratoriet. Dessa prediktioner, publicerade 1991, baseras pa forundersokningsdata fran
perioden 1986-1990. Prediktionerna omfattar fem huvudfrégor: geologiska strukturer,
grundvattenflode, grundvattenkemi, transport av 16sta dmnen och mekanisk stabilitet.
Dessa prediktioner ir gjorda i tre skalor: byggplatsskala (100-1000 m), blockskala (10-
100 m) och detaljskala (0-10 m).

Byggandet av Aspolaboratoriet startade hosten 1990. Jamforelsen mellan prediktioner och
observationer har gjorts under byggfasen med syfte att verifiera férundersokningarnas
tillforlitlighet. Utvirderingen av forundersokningsmetoderna pégér och planeras att
slutrapporteras under slutet av 1995. I artikeln redovisas exempel pé jamforelser mellan
prediktioner och observation samt nagra generella erfarenheter. Som exempel kan det
nimnas att det var svért att bestaimma foljande:

- Exakta positionen och orienteringen av subvertikala, hydrauliskt betydelsefulla smala
zoner (t ex NNW-strukturer pa Aspd).

- Detaljkaraktiren och betydelsen ur byggbarhetssynpunkt av subvertikalzoner.
(Indikationer pa méjliga breda zoner behover inte indikera att zonen ir av betydelse.

Detaljundersokningar krivs for att klarldgga betydelsen ur olika synvinklar).

- Relativa betydelsen av olika indikationer pa subhorisontella zoner. (VSP, reflek-
tionsseismik, borrning).

- Position och fordelningen av mindre bergartsenheter pé storre djup (t ex gronstenslinser
och oregelbundna géngar av finkornig granit).

- Hur skalningen av hydraulisk konduktivitet skall goras med hénsyn till volyms-
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elementen i hydrauliska modeller.

- Hydrauliska egenskaper for bergarter som forekommer i underordnad méngd och/eller
som upptrider som mindre bergartsenheter (t ex linser och smala géngar)..

- Det absoluta vattentrycket i borrhdl pa storre djup pd grund av vattnets
salthaltsforandring mot djupet.

- Grundvattenkemin i ldgkonduktivt berg.

De generella erfarenheter frin undersokningsstrategin &r att:

- Indelningen av undersokningarna i steg, skalor och huvudfragor var till stor nytta.
- Byggbarhet bor tillfogas som en av huvudfragorna.

- Prognoserna for byggverksamhet var i stort korrekta och tillrickliga.

- Undersokningsstrategin skall vara flexibel.

Maénga praktiska erfarenheter har erhallits i samband med undersdkningarna:

Den 6kade saliniteten mot djupet skapar korrosionsproblem i tunneln. Det &dr ddrfor
viktigt att vélja lampligt material for all utrustning.

- Hoga vattentryck, upp till ndra 40 bar pa 450 m djup, har uppmiitts néra tunneln. Detta
maste beaktas nir man utvecklar utrustning for injektering, tester i borrhél och i-
nstrumentering av borrhal.

- Kombinationen av hoga transmissiviteter och hoga tryck har ocksa gett mycket hoga
infléden (1000 - 2000 /min) vid nagra tillfillen. I dessa fall 4r det mycket svért att borra
och att undersoka i borrhélen.

Aspolaboratoriet har ront stort internationellt intresse och idag medverkar Canada
(AECL), Japan (PNC, CRIEPI), Finland (TVO), Frankrike (ANDRA), Schweiz
(NAGRA), Storbritannien (NIREX) och USA (USDOE) i forskningen. Sannolikt kommer
organisationer frin Tyskland att ansluta sig till forskningsarbetet under 1995. Det inter-
nationella deltagandet i forskningen har varit och kommer att vara mycket virdefullt.
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BROTTMEKANISMER UNDER INTRANGANDE VERKTYG I BERG
MECHANISMS OF ROCK BREAKAGE UNDER INDENTATION LOAD

Kou Shao-Quan, Lindqvist P-A and Tan Xiang-Chun
Division of Mining Engineering, Luled University of Technology, S-97187, Sweden

ABSTRACT

The main purpose of the present paper is to discuss the mechanisms of rock breakage
under indentation load. Fracture systems in rock under indentation are presented here
based on a large number of experiments. The influence of the mechanical properties of
the rock is discussed, and the main factors governing the indentation events are
summarized. Based on the discussion, a functional relationship relating the indentation
depth and the various quantities characterizing the physical event, namely the shape and
the size of the indenter and the properties of the rock, etc., is established. This provides a
new and more profound understanding of the physical mechanisms of rock indentation
phenomena. This functional relationship combined with the experimental data results in
several equations. A new definition of the so-called stamp strength in rock indentation is
suggested based on the equations. A modification to the rock strength obtained in a
uniaxial compression test makes it possible to predict the indentation depth when carried
out deep underground. Formulas for predicting threshold values of the piston impact
speed and the drilling speed in percussive drilling are derived by using the deduced
equations. It is believed that the present analysis can also contribute to the improvement
of excavation tools.

1. INTRODUCTION

Full face boring, percussive drilling, and drag bit cutting are nowadays the most
frequently used mechanical excavation methods for medium or hard rocks. These
methods have been greatly improved by the development of more powerful and efficient
machine systems during the last decades. However, the basic mechanisms involved in the
mechanical excavation of rock are still not fully understood. Rock indentation by a bit is
the fundamental mechanism in most mechanical excavation methods. The bit is forced
into the rock, and the rock near the bit is crushed into small or large fragments, leaving
subsurface cracks in the remaining rock wall. Therefore, the investigation of indentation
mechanisms is important for improvement of rock excavation methods.

Rock indentation is actually the interaction between the rock and the indenter. In order
to understand the indentation process, three aspects must be dealt with. They are the
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characteristics of the indenter, the properties of the rock and the environmental
conditions of the indentation process. The mechanical tools can in most cases be
assumed to be rigid during the interaction between the tool and the rock since the rigidity
of the tool is normally much higher than that of the excavated rocks. The tool can,
therefore, be simply represented by a distributed load along the tool-rock contact
boundary. The samples of a controlled indentation experiment in the laboratory are
normally prepared so that the radial displacement of the rock under indentation is
approximately equal to that induced in a semi-infinite rock body under a given load. In
this way the samples can be treated as a semi-infinite rock mass. The crack pattern is, in
general, governed by macro mechanical properties of rock if the characteristic sizes of
the micro structure are smaller than the indenter. The micro structure of the rock plays
an important role only in determining the details of the cracks. A general discussion of
the concepts of the indentation mechanisms was given by Kou et al. (1994) in a previous
work based on a careful analysis of the experimental data (Lindqvist et al., 1994) and an
extensive literature investigation (Tan et al., 1994).

The main purpose of the present paper is to discuss the mechanisms of rock breakage
under indentation load. Rock fracture systems under indentation are presented based on
experimental facts. The mechanical properties of the rock under compression are
important in the analysis, and they are first discussed briefly. The main factors governing
the indentation event are thus summarized. On the basis of these discussions, a functional
relationship between the indentation depth and the various quantities to characterize the
physical event, such as the shape and the size of the indenter and the properties of the
rock, etc., is established. The functional relationship combined with the experimental data
results in several equations. Relationships between load, rock property parameters, the
diameter of the indenter, and the indentation depth in rocks are finally obtained. As
examples of practical application of the deduced equations, formulas relating the drilling
speed to percussive force or piston impact speed for various kinds of rock, the threshold
values of the impact speed and drilling speed in percussive drilling, and the so-called
stamp strength in indentation tests, etc. are discussed.

2. ROCK FRACTURES UNDER INDENTATION

From numerous experimental results, a general picture of fractures in rock under
indentation can be summarized as in Fig. 2-1 (Lindqvist et al., 1994). Underneath the
indenter there is a zone of loose and partly compacted rock fragments, a crushed zone,
and a cracked zone. In many cases we may also observe rock comminution just
underneath the indenter. Outside the cracked zone there are basically three systems of
cracks: median cracks, radial cracks, and side cracks. Sometimes Hertzian cracks are also
observed in rock under indentation with an axially-symmetric indenter. Many details
could be added to this simple description, but the account offered does include the
general effects.
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Loose and compacted i Crater
fragments R ;

Crushed zone Cracked zone

Median crack

Fig. 2-1 General picture of cracks in rocks under indentation.

The size of the crushed or the cracked zone and the lengths of various kinds of cracks
are mainly dependent on the load magnitude and the macro mechanical properties of
rocks, but they are also influenced by the geometry of the indenter, which introduces a
different load distribution. The micro structures of the rock have less influence on the
fracture process and the crack pattern as compared to the macro mechanical properties if
the characteristic sizes of the micro structure are smaller than the indenter.

3. ROCK BEHAVIOURS UNDER COMPRESSION

Typical complete stress-strain relationship of structured coal are shown in Fig. 3-1 (Kou
et al., 1990). They are typical for various kinds of rocks and rock-like material, although
they were obtained from the experiments using the so-called structured coal. From the
triaxial test results it is clear that:

1. The relationship between stress and strain is approximately linear below the stress
o,, which is defined as the onset of dilatancy. Non linear volumetric expansion
additional to linear compression occurs at a stress higher than o, and finally leads
to volumetric strain decreases with increasing stress. The stress will continue to
increase until it attains a maximum value, which is very similar to the limit (or
ultimate) strength in metal deformation.

2. Beyond the limit strength, the rock material can still have load-bearing ability, i. e.,
even if the load is reduced to zero the rock material can not be disintegrated
without extra force. However, beyond the limit strength is an unstable region of the
compression test since further deformation can continue with decreasing load. The
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descending part of the stress-strain curve is called the post failure region, and this
phenomenon is known as strain-softening. The post failure region corresponds to
localisation of the strain started from a weak point in the test specimen. During the
course of strain concentration, a shearing and slipping band is gradually formed
This band is initiated at the weak point and intersects the specimen at a certain
angle with its axis. Rock dilatancy continues to develop in this unstable process.

| @ @ (@
}: ¢
13
]
et r
- r
2 d d os yield strength
< a. limit strength
o, residual strength

Strain

Fig. 3-1 Typical stress-strain curves of structured coal under triaxial compression (Kou
et al, 1990). (1) Elastic region, (2) initial damage region, (3) post failure region, (4)
shearing and slipping region. The stresses corresponding to the letters d, ¢, and r in the
figure are yield strength (defined as the onset of dilatancy), limit strength, and residual
strength, respectively.

3. The bearing ability of the rock material does not decrease to zero with increased
deformation in the post failure region but decreases to a certain value instead,
which symbolizes the end of the rock disintegration in the shearing band.
Afterwards, the deformation of the rock specimen localizes mainly in the band and
the two parts of the specimen separated by the band are stress relieved. The stress
keeps nearly constant on the axial stress-strain plane with increasing strain and so
does the volumetric strain. The rock behaviour in this case is much like perfectly
plastic material in the theory of plasticity for metal. The mechanism of deformation
in the band is the same as the case with granular material and so is the dilatation.
This stress is defined as residual strength. It is caused by dilatation of the granular
rock in the band and friction between the grains. It is obvious that the deformation
of the specimen in this case will be mainly due to the relative slipping of the
granular rock in the band.

4.  Fig. 3-2 shows typical stress-strain curves for sandstone in triaxial compression
(Bieniawski, 1968). From the figure one may notice that all three strengths increase
with increasing confinement. This phenomenon might be called confining stress
hardening, and it is completely different from metal behaviours. It seems reasonable
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from the test (Bieniawski, 1968) to assume that the three strengths, i.e., yield
strength, limit strength, and residual strength, have linear relationship with the
values of confining stress.

Stress (IbZin?)

] 2 4 -] [] 10 12 14 16
Strain (107 in’in)

Fig. 3-2 Typical stress-strain curves for sandstone in triaxial compression (Bieniawski,
1968). '

We may now define the physical processes in the indentation with some simplification:

1.

2.

Rock material behaves elastically in the far-indenter-field, where the main long cracks
propagate.

The initial damage region is due to the growth and formation of microcracks during
deformation, and it, therefore, corresponds to the cracked zone.

In the post failure region, the damage of the rock material has already amounted to
such a level that no extra stress can be sustained by the material and, therefore, this
corresponds to the crushed zone.

In the shearing and slipping region the material is disintegrated into granular rock
fragments without any cohesion between them, and this region corresponds to the
zone of loose and partly compacted rock fragments.

The boundaries of these zones vary with increasing indentation load.

The crushed zone (sometimes together with side cracks) forms a crater after removal of
the indenter. Among the various fractures, the indentation depth plays an important role
in the evaluation of rock excavation efficiency and the improvement of cutter design. We
shall therefore concentrate on discussing the indentation depth for the rest of this paper
so that the mechanisms of rock breakage under indentation load can be definitely
explained.
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4. SIMILARITY ANALYSIS OF INDENTATION DEPTH

In this paper we treat static indentation exclusively and, therefore, time is not being taken
into account. Two indentation events are considered to be similar if corresponding
characteristic physical quantities, such as stress, strain, etc., lie at corresponding spatial
locations. This statement implies that the corresponding states of the fractures lie at
corresponding locations in the rock specimen and, therefore, corresponding
(dimensionless) indentation depths should be the same for similar indentations.

We shall discuss the indentation depths in various rock types caused by various kinds of
indenter. In general, this is a very complex problem. In order to be effective in the
analysis, the problem must be simplified.

4.1. Assumptions

1. Rigid indenter. In general, in an indentation test the Young's modulus of the
indenter material is three to five times higher than that of the rock. Therefore, in the
analysis the indenter can be treated approximately as a rigid body and characterized
only by its geometrical shape without necessity of taking its material properties into
account. According to this assumption a hemispherical indenter can, for example, be
characterized by the diameter of the cylinder, d; and the diameter d' of the
hemispherical head surface with its centre on the central axis of the cylinder.
Diameter d' can be represented by a non dimensional quantity d; defined by
d =d /d. Similarly, a truncated indenter can be characterized by d and d;, where d
is the diameter of the cylinder and d; include two non dimensional parameters; one is
to characterise the diameter of the truncated hemispherical surface and the other is
related to the diameter of the ending circular plane. In the case of a cylindrical
indenter the only characteristic parameter is its diameter. In short, the indenter can
simply be described by d and d;. Obviously, the tool slenderness (height/diameter)
has no influence on rock fracture in normal indentation events close to actual
practical use.

2. Semi-infinite rock mass. Under this assumption the geometrical similarity between
rock samples is satisfied automatically. It is, therefore, possible to characterize the
rock mass only by its material properties without the necessity of consideration of the
geometry.

3. Static load. The word "static" or "quasi-static" implies that the time of response of
rock indentation is not important. In this case the density of rock, p, namely the
inertia, has no influence on the results.

4. [Isothermal. Temperature effects will be neglected. This is possible since the elevation

of the temperature in the rock is rather low and makes no significant influence on the
mechanical properties of material for either the rock or the indenter.
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5. Homogeneous and isotropic rock material. Due to this assumption no inhomogeneity
material scale need to be considered in the analysis, and the mechanical properties of
rock material are not a function of the coordinates.

6. Constitutive similarity for different rocks. For constitutive similarity, we mean that
the various rocks may have different mechanical properties, but they have identical
scaled strength and stiffness properties so that stress normalized by the
corresponding Young's modulus is identical for all strains for these rocks, i.e.,
similarity exists in the stress-strain curves or constitutive properties.

4.2. Similarity Analysis of Indentation Depth

Based on the above assumptions, the pertinent physical parameters that control the
"near-field" phenomenon of rock indentation can be given in Table 4-1.

Table 4-1 Physical parameters governing indentation depth

No Parameter Dimensions Description

1 F F Maximum indentation force

2 Characteristic ~ size  of
indenter

3 d; 1 Other nondimensional
geometrical parameters of
indenter normalized by d

4 dg L Grain size

5 ¢ FL-2 Compressive  strength  of
rock

6 o; 1 Stresses normalized by
compressive strength

7 E FL-2 Young's modulus

8 G FL-! Critical energy release rate

9 p L Penetration depth

The first parameter is the indentation load magnitude. The next two parameters are
related to the indenter geometry, which is related to the load distribution. The next five
characterize the rock material, and the last one is the response parameter. The geometry



of the rock sample is not necessarily considered due to the assumption of a semi-infinite
rock mass. Maximum force F and characteristic size of the indenter d are chosen as
fundamental dimensions for the indentation process.

We assume there is a physical law of the form

f(F.dd.,d,o,o0,EG,p)=0, 4-1)
which provides a relationship between these quantities. Only seven independent
dimensionless products can be formed from the nine quantities. There is an equivalent
physical law between the independent dimensionless quantities according to the well-
known n theorem in similarity analysis (Baker, et al., 1978). The relation between the
seven T terms can be written as follows:

d

L N
d o,

’ 2
cd' od

1’7’ i ) (4-2)

d
The dimensionless quantity, 78 should not be included for homogeneous and isotropic

material since -d—g approaches zero, and o, and e will disappear for the rock materials

c

with a constitutive similarity between them. Eq. (4-2), therefore, becomes

F G
cd*’ od

c 4

P_ s ;
5=/ ). (4-3)

Eq. (4-3) is a functional relationship, which characterize the indentation. The term d,
requires geometrical similarity between different indenters. The so called corresponding

R The characteristic material property is specified by Gd' The

¢ 4

force is denoted by

term g is used to explain the corresponding indentation depth. This functional

relationship will be examined and calibrated by experiment.

S. BRIEF DESCRIPTION OF EXPERIMENT

Four types of rock, namely Kallax gabbro, Bohus granite, Ekeberg marble, and Lemunda
sandstone, were tested for indentation by using two displacement controlled rock
mechanics testing machines, Instron 0-100 kN and Instron 0-4500 kN, with maximum
loads ranging from 15 to 150 kN. A detailed description of the experiment was published
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elsewhere (Lindqvist et al., 1994). Only a brief description concerning our above
assumptions will be noted in this paper.

Three types of indenters used in the indentation tests, namely hemispherical, truncated,
and cylindrical, are shown in Fig 5-1. A constant indentation rate of 0.05 mm/s was used
for all experiments. This is approximately corresponding to 1x 10~ of the wave speed of
rock material and, therefore, the assumption of static load can be well satisfied. The
dimensions of the rock sample were selected to avoid if possible crack propagation
longer than half way through the sample for the strongest rock type loaded to 100 to
150 kN. The samples were cast in steel tubes using prefabricated cement named Betec.
This is a fast hardening cement that expands about one percent during hardening. As the
steel tube is short and open in both ends, no significant stresses were expected to build
up in the samples by the expansion of the cement, but the samples were confined in a
manner similar to the confinement provided in a semi-infinite rock mass during the
indentation process.

Hemispherical Truncated Cylindrical
r=13.2 r=13.2
\é/ $8.0
®120 ¢80
$12.0

Fig. 5-1 Indenter types used in the experiment.

The main mechanical parameters of the four types of rock are given in Table 5-1. From
this table, one may notice that the ratios o,/E, are 2.82, 2.38, 1.90 and 2.08
respectively for the above rock types, which gives an idea about the deviation of the
constitutive similarity assumption for these rock types.

It was assumed that the tested rocks were isotropic. This should be true if the grains and
crystal have a random orientation, as for gabbro and granite, leading to an apparent
isotropy. In the laboratory scale, the samples of marble displayed no preferable direction,
but the sandstone specimens had some anistropic characteristics. However, the
assumption of isotropy could still be a good approximation in ordinary laboratory
dimensions. The rocks can be treated as homogeneous materials if the dimensions of
inhomogeneity are much smaller than the characteristic dimension of the contact between
the loading system and the rock. This will be discussed further in section 7.1.
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In short, the experimental conditions can basically meet the above assumptions, and the
quantitative results obtained in the experiment will be analyzed by similarity methods.

Table 5-1. Mechanical properties of tested rocks!

Mechanical properties | Kallax Bohus Ekeberg Lemunda

gabbro  granite marble sandstone
Uniaxial compressive |279+8 152.8+13.3 160.4+14.5 55.1£15.9
strength, 6, (MPa) | (5[] (6)121 (6)121 42
Young's modulus 98.9+3.6 64.1+3.8 844126  26.5%5.5
E,' (GPa) ()i (6)21 (6)21 (42
Critical energy release | 51.3+7.2 100-110  40.5+6.6 113449
rate, bending test, (1)l [4] (4)3] (4Bl

G (Jm?2)

6. NONDIMENSIONAL RELATIONSHIP FOR INDENTATION DEPTH

It was found from the experimental data that the dimensionless quantities -5— and %

O-C
can be combined to form one quantity, and the dimensionless physical law can, therefore,
be further simplified as

pG F
= fld.—=), 6-1
Lo S( ,,chz) (6-1)
where the rock's response to indentation is —‘l;i, the external force is - and the
c O-C

parameter d, represents the requirement of geometrical similarity between different
indenters. If we restrict the discussion to any one of the applied indenters, the
requirement- of geometrical similarity between the indenters is satisfied automatically.
Based on this discussion, the experimental results can be rearranged as shown in Fig. 6-1
to 6-3 for hemispherical, truncated, and cylindrical indenters, respectively.

I'The figures in the brackets [ ] indicate the data resources: [1] Vutukuri et al., 1983,
[2] Holmberg and Forslund, 1989, {3] Ochterlony, 1986, and [4] Div. of Rock
Mechanics, Luled Univ. of Tech., 1993. The figures in the parethesises () indicate the
number of tests for the corresponding average value.
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Analyzing the dimensionless data in terms of the functional relationship Eq. (6-1), we
obtained three semi-empirical and semi-theoretical equations for rock indentation
response by different indenters as follows:

for hemispherical indenter

£(i) *10° = -1.265+2.239( F =) with r=0.973, N=20, (6-2)
d od od
for truncated indenter
p G * 6 F g — -
—(—)*10° =-3.633+1.263 with r=0.960, N=15, 6-3
¢l G (6-3)
and for cylindrical indenter
£(i)*lo6 =-15.99+2.692( F 7)  with r=0.884, N=12. (6-4)
d od od
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Fig. 6-1 Indentation depth vs. force in nondimensional form for hemispherical indenter.
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Fig. 6-2 Indentation depth vs. force in nondimensional form for truncated indenter.
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Fig. 6-3 Indentation depth vs. force in nondimensional form for cylindrical indenter.
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These formulas are valid when the force F is so large that the right sides of the formulas
are not negative, which means that the indentation depth p is equal to or greater than
zero. In the above expressions, r is the correlation coefficient and N the number of data
samples. The variables in the equations are in SI units, i.e., the force is in the unit of N,
the stress is in Pa, energy release rate is in J /m’ and the length in m.

Different shapes of indenter will cause different load distribution along the contact
surface between indenter and rock. This will affect the indentation depth, especially since
indentation depth is a near-indenter-field phenomenon. This statement is expressed by the
three equations for three different types of indenter.

It is worth noticing that both the intercepts and the coefficients in Eqs. (6-2) to (6-4) are
independent from the rock types and the size of the indenter diameter. In principle the
semi-empirical and semi-theoretical formulas, Eqs. (6-2) to (6-4), are valid for various
types of rock under an indentation with various diameters of the above-stated indenter
and various magnitudes of indentation force. Therefore, these formulas can have wide
applications. The values of the intercepts and the coefficients are of the empirical part of
these equations and are obtained from the particular tests.

7. DISCUSSIONS
7.1 Stamp Strength

As stamp-load bearing experiments offer a simple and effective means for studying the
strength of rock under triaxial conditions, Wagner and Schumann (1971) suggested
defining a stamp strength. According to their definition, the stamp strength was the
applied average stress over the contact area of the stamp at which failure first took place.
In their discussions, they did not take into account the influence of the indentation depth.
However, the indentation depth did affect the results according to the data presented by
Wijk (1989) and, therefore, the stamp strength obtained in such case was not a true
material property. We could modify their definition by using the above results.

Replacing F/d? in Egs. (6-2) to (6-4) by _7:_0, one can obtain the following formulas:

for hemispherical indenter

PG ye10°=-1265+1759(-), (7-1)
d O'cd o,

which gives 2 20.72 when p approaches 0;
1o

4
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for truncated indenter

25 ) x10° = 3.633+0.992(-Z), (7-2)
d O'cd g,

which gives 2 =3.66 when p approaches 0,

and for cylindrical indenter

PG )10 =-1599+2.114(2), (7-3)
d od p

c c

which gives 2 =7.56 when p approaches 0. These critical values of 2 define the

o, o,

.. . O . "
stamp strength of the rock for various indenter shapes, i.e., —Z-. This definition excludes

4

the effects of indentation depth and could be treated as a material property.

The above results state that the ratios between stamp strength and compressive strength
are different for different types of indenter. Among the three types, the cylindrical
indenter needs much higher average stress for starting to penetrate rock than a truncated
or a hemispherical indenter with the same size diameter. A hemispherical indenter, on the
other hand, needs the smallest average stress. It should be noticed that the critical stress
in rock for a hemispherical or a truncated indenter given by Eq. (7-1) or (7-2) is an
effective value over the cross-section area of the cylindrical part of the same indenter.

The effect of the indenter size on the stamp strength was discussed by Wagner and
Schumann (1971), Cook et al. (1984), Pang et al. (1989) and Wijk (1989), and some
others. Wagner and Schumann (1971) found that this strength was affected by the size of
the stamp after more than 90 experiments conducted with flat-ended cylindrical stamps
of diameters ranging from 3.8 mm to 30.5 mm and that at large stamp diameters the
bearing strength tends towards a constant value of approximately four times the uniaxial
compressive strength of rock, i.e., o,,/0,~4 . They attributed the size effect to the
inelasticity of the lateral expansion of rock at failure. Wijk (1989) also discussed the
same problem, and he thought that o, / &, ~ 13 was a fairly representative value. In the
above discussions we suggested, differently from Wagner and Schumann (1971), to
attribute the size effects to the influence of the rock inhomogeneity, which means that
there should be no size effect if the rock material were homogeneous.

The rocks can be treated as homogeneous materials if the dimensions of inhomogeneity
are much smaller than the characteristic dimension of the contact between the loading
system and the rock. There are several different kinds of inhomogeneity in rock
specimens of laboratory scale. Among them are the various mineral compositions, grain
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boundaries, pre-existing microcracks and pores, etc.. In general, most of the pre-existing
microcracks and pores in rocks are along the grain boundaries. Therefore, the most
important inhomogeneity dimension in the laboratory scale is the grain size. The Kallax
gabbro had a mean grain size of 0.9 mm. The Bohus granite had a mean grain size of
around 1.8 mm to 3.4 mm but large potassium feldspar grains up to 10 mm were,
however, reported. Dolomite was the dominating carbonate mineral of the Ekeberg
marble. Its mean grain size was 0.27 mm with a range from 0.02 to 0.98 mm. Another
component of the marble was amphibole which had grain sizes varying from 0.05 to 0.1
mm. The mean grain size of the Lemunda sandstone was 0.35 with a variation from 0.05
to 1.09 mm. The characteristic dimensions of the indenters used in our experiments
(Lindqvist, et al., 1994) were 8 and 12 mm respectively. A parameter named
nondimensional grain size, dg/a’, is introduced, where d,, is the characteristic size of grain
of the rock. The rock material is isotropic if d,/d tends to zero. In general, the ratios
between the grain size and the diameter of the indenters were smaller than 0.1. It can be
concluded that the rocks could be treated as approximately homogeneous. Therefore, the
stamp strength given above would not deviate too much from the values obtained by
much bigger diameters of indenters than were presently used. However, an indenter
would sense to feel a big block if it acted on a grain with nearly the same size as the
indenter diameter. This would not normally happen in the laboratory test due to the
careful selection of rock types, the sample, and the indenter sizes. However, the Bohus
granite might have a larger deviation from the assumption of homogeneity compared to
the others and the marble the smallest deviation among these four types of rock. This
deduction can also be confirmed by the results obtained by Wijk (1989).

7.2 Effect of Confinement on Indentation Depth

Confinement is an important factor affecting the rock fracture under indentation. We may
simply modify the Eqs. (6-1) to (6-3) to include its influence. If the confining stress is not
too high, the failure criterion in triaxial compression can be quite accurately given by:

0,=0,+40,, (7-4)

where o,, 0, and o, are triaxial compressive strength, uniaxial compressive strength,

and confining stress, respectively. This linear relationship can be simply derived by using
the Taylor series. It has also been verified by experiments (for example, Kou et al., 1990,
Bieniawski, 1968). According to the experimental results, the coefficient q for structured
coal (Kou et al., 1990; Kou et al., 1993) can vary between 1.3 to 3.9, and it was set to 5
for Sierra granite by Cook, et al. (1984). Unfortunately we did not have knowledge
about the effect of confining stress on energy release rate until now and simply set it as
invariant. In this way Eqs. (6-1) to (6-3) can be rewritten as follows:

for a hemispherical indenter
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Bl G |ej0f=_1265+2.239 N — (7-5)
d|(o,+q0,)d (0y+q0,)d

for a truncated indenter

Pl__@ _ *10° =-3.633+1.263 Lz . (7-6)
d|(o,+qo,)d (o, +q0,)d

and for a cylindrical indenter

Pl—0C *10° = -15.99+2.692 —F—z ‘ (7-7)
d|(o,+q0,)d (0, +90,)d

According to these equations, the bearing capacity of rocks will increase depending on
the depth from the earth surface. For example, the critical bearing capacity of Bohus
granite is about 1155 MPa on the earth surface. Underground at a depth of 300 m from
the surface, where 20 to 25 MPa of extra confining stress could be achieved due to the
tectonic pressure according to the test at Aspo Laboratory (SKB, 1994), the critical
bearing capacity of the same rock can reach 1.65 to 1.82 times that, i.e., 1911 to 2100
MPa. In the above deduction, q was set to 5 and o, = 152.8 MPa. The critical bearing
capacity was obtained while the indentation depth p approached zero in Eq. (7-7). From
this argument we may deduce that: firstly, the indentation depth predicated by Egs. (6-2),
(6-3), or (6-4) is to be overestimated if the indentation is carried out underground;
secondly, there is a possibility of increasing the penetration depth by reducing the
confining stress, for example, when the indenter works in the neighbourhood of a free
surface or of any other weak plane. There are more examples to show the effect of the
confining stress: the crack inflects towards the rock surface due to less confinement from
the upper side of the crack; a quasi-static indentation process can transform to dynamic
due to a very quick release of the confinement, and it is also the reason for the
transformation of indentation mode from stability to instability; the median/radial cracks
can split the specimen into pieces before the formation of rock chips at the surface due to
low confinement; the lengths of the cracks in a given rock induced by a given load may
change quite a lot due to different confining stresses; the lengths of cracks might be
greatly suppressed when the tools (or blasts) work in deep underground and even in the
cases where the action from the neighbour tools (or blasts) holes offer an extra large
confinement (Kou, et al., 1994); the lengths of cracks might be very long when the
cutters or button bits work in the area close to joints, free surface, or other weaknesses;
a much more effective breakage can be achieved in rock cutting by tools (or rock
blasting) if multi-free surfaces around the cutter (or the borehole) can be created so that
less confinement is realised; etc.
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7.3 Selection of Indenters

One can see from Eqs. (6-2) to (6-4) that a sharper indenter needs a smaller threshold
force in the same rock. In general, a spherical indenter is therefore more effective than a
cylindrical one. As an example, an indentation test in Bohus granite to a maximum force
of 200 kN will produce different indentation depths for different indenters with a
diameter of 15 mm. The calculated depths are 3.85 mm, 1.22 mm, and 0 mm for
hemispherical, truncated, and cylindrical indenters, respectively, according to Eqs. (6-2)
to (6-4). However, in most cases the assignment of a simple index of sharpness will not
be so straightforward. A hemispherical indenter is more efficient at low loads compared
to the other two but the situation might be changed at high loads. According to these
deduced formulas, an originally sharp indenter with a worn tip penetrating into rocks
may act much like a blunt indenter, and the threshold force to penetrate rock will,
therefore, be increased. Conversely, an originally cylindrical indenter can wear to a shape
much like a truncated or even a hemispherical one and its threshold force can, therefore,
be decreased: This should be considered by designers of drill bits.

7.4 Threshold Values of Impact Speed and Percussive Drilling Rate

Let us discuss a simplification of percussive drilling. Assume that the rock drill has a flat-
ended cylindrical piston and a flat-ended cylindrical integral drill rod with the same cross
section area Ag. The piston strikes the rod with a speed v and blow frequency f. At the
other end of the rod, N buttons each with cross section area Ay, are attached. Due to the
impact of the piston, the bits penetrate the rock underneath. We will estimate the
threshold value of the impact speed to break the rock and the rock drilling rate for
specific impact speed v and blow frequency f by using the above formulas. In order to do
so, several further assumptions will be made:

o The piston and the drill rod are made of the same drill steel,

e One-dimensional assumption is valid during the whole analysis;

+ Dirilling steel, hard alloy for buttons, and rock can be regarded as fully elastic when
considering wave propagation and reflection,;

» The contact between the rock and the button is perfect;

« All buttons have equal effectiveness during drilling;

o The indentation process is considered to be quasi-static.

The impact of the piston on the drill rod will generate a compressive wave with the stress
magnitude oy in the rod and

o1 =2 (o)., (7-8)
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where (pc), is the elastic impedance of the drill steel. Only part of the stress wave will be
transmitted to the buttons, and the rest will be reflected back to the rod from the
interface between the rod and the buttons when the stress wave propagates to the other
end of the rod. By a similar consideration, the stress in the rock o, can also be
calculated, and then the magnitude of the indentation force F induced by each button in
the rock can be expressed as

44 1
F=A4o, = e —(po),v, (79
it [(pc),+1][(pc),+k]2 ’
(ee), (pc),

where the parameter £ is the ratio between the total area of the buttons and the cross-
section area of the rod, i.e.

NA,
y

£ ]

k= (7-10)

and (pc), and (pc), is the elastic impedance of the buttons and of the rock, respectively.
Assuming that the failure of the rock can be determined solely by the maximum stress in
the rock, and by replacing the force F in Eq. (7-9) into Eqgs. (7-5) to (7-7) we may obtain
the threshold value of impact speed for a particular indenter as follows:

for a hemispherical indenter

V hem = 0. 72[("6)" +1][(’”)‘ +k:| e (7-11)
(p0), (oc), 2(pc),
for a truncated indenter
r (m)b (m) o-c
ru = 3.66 1 '+ k , 7-12
” [(,x), d }[(pc),, " ]2<pc), e

and for a cylindrical indenter

Vo = 7.56[(’“)‘5 +1}[(’”)' +k] Lo, (7-13)
(pc), (pc), 2(p0),

These equations show that the threshold impact speed depends on the rock strength, the
wave impedances of the three different materials (particularly the ratios between the
different impedances), the area ratio between the total area of the buttons and the cross-
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section area of the drll rod. The rock strength is confining-stress dependent, as
expressed in Eq. (7-4). This means that larger critical impact speed is needed when the
drilling hole becomes deeper and deeper. The dependence of the critical impact speed on
the shapes of buttons shows the necessity of regrinding buttons when the buttons are
worn during drilling since a drill bit with a spherical head will gradually become flat-
ended, which is closer to a truncated or a cylindrical indenter, and needs a higher critical

impact speed.
The drilling rate B can then be expressed

for a hemispherical indenter as,

B = 1.759 %107 4 2(00), (v =V em)d’ f ’ (7-14)
ch),, H}{ (pe), k] G
(pc), (pe),
for a truncated indenter as,
B = 0. 99?_* 107° « 2(p0), (v v )d: f ’ (7-15)
[(pc)b+1 (P"‘)wk] G
(pe), (e,
and for a cylindrical indenter as,
B, = 2.114*10°° *2(pc),(v—v"m)d2f_ (7-16)
l:(pc)b +1:|[([x).' +k] G
(pe), (pC),

They are valid when v>v". These three formulas can be used to estimate the drilling
rate by putting in impact speed and blow frequency of the piston, the area of the drill rod,;
wave impedance of the button, the drilling steel, and the rock; energy release rate of the
rock; the diameter of the button; and the number of buttons on the bit.

8. SUMMARY AND CONCLUSIONS

The experimental data for rock indentation presented by Lindqvist et al. (1994) are
analyzed in this paper based on a model, the fundamentals of which are briefly described
in sections two and three. The key assumptions are that the crushed zone under
indentation corresponds to the post-failure region of the rock material under
compression as shown in Fig. 3-1, and the boundary of the crushed zone is therefore
characterized by the limit strength of the rock. Together with the assumption of
constitutive similarity, this leads to the conclusion that the compressive strength and the
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energy release rate of rocks are the most important mechanical properties to determine
the rock indentation depth. Nondimensional relationships between indentation depth and
the indentation force [Eqs. (6-2) to (6-4)] have been established by using similarity
methods. The relationships depend on the rock properties, diameter of the indenters, and
the indenter shape. Good agreement between the model and the experimental data is
obtained.

Based on Egs. (6-2) to (6-4), a more precise definition of the so-called stamp strength
than that first given by Wagner and Schumann (1971) is suggested. According to the
present definition, the influence of indentation depth can be excluded. The relationship
between the stamp strength and the ordinary compressive strength of a specific rock is
also indenter-shape dependent. Calculated stamp strengths are 0.72 o,, 3.66 o, and
7.56 o, for hemispherical, truncated, and cylindrical indenters, respectively according to
the experimental results (Lindqvist et al, 1994), where o, is uniaxial compressive
strength. The equations describing the threshold impact speed relevant to a specific rock
[Egs. (7-11) to (7-13)] are also derived. This gives a possibility to determine the
minimum impact speed in designing rock drilling.

Based on Egs. (6-2) to (6-4), three formulas for predicating the percussive drilling rates
have been obtained [Egs. (7-14) to (7-16)]. According to these formulas, the
hemispherical indenter is the most effective of the indenters tested, followed by truncated
and cylindrical indenters within the load range of practical use. The formulas also stress
the importance of regrinding blunt indenters.

One of the key parameters of mechanical properties of rocks is the compressive strength
in the above-mentioned formulas. A modification to the uniaxial compressive strength
obtained in ordinary rock mechanics laboratories [Eqs. (7-5) to (7-7)] makes it possible
to include the influence of confinement and, therefore, excavation in deep underground
can be taken into account.

From Figs. 6-1 to 6-3, one may notice that the smaller the load magnitude, the larger the
scatters of the experimental data and the deviation from the suggested formulas. This is
rather natural while taking into account the accuracy in the measurement of the
indentation depths: the smaller the depth, the worse the accuracy in the measurement,
especially concerning the relative error. One may also notice that a relatively large
amount of the experimental data are distributed in the range of low levels of load
magnitude. It is desirable to supplement the present experiment with more data of larger
load magnitude, particularly for practical applications. Therefore, the suggested formulas
should be examined by using the data of different types of rock, different sizes in indenter
diameter, and different magnitudes of load.
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SAMMANFATTNING

Syftet med foreliggande artikel ir att diskutera mekanismerna for sonderbrytning di ett
verktyg pressas in i berget. Observerade spricksystem och skadezoner bygger pé ett stort
antal experiment. Dessa experiment beskrivs kortfattat. Betydelsen av bergets mekaniska
egenskaper diskuteras och de viktigaste faktorerna som paverkar intréingningsforloppet
summeras. Baserade pd dessa resultat formuleras funktionssamband mellan
intringningsdjup och de olika parametrar som piverkar intringningsprocessen, frimst
form och storlek pd verktyget samt bergmekaniska parametrar. Denna ansats ger en mer
grundliggande forstdelse for de mekanismer som verkar under intringningsférloppet. En
ny definition av s.k. "stamp strength" foreslds baserad pd foreslagna ekvationer. En
modifiering av den berghéllfasthet som erhdlles vid test av enaxlig tryckhdllfasthet gor
det mojligt att prediktera intrdngningsdjupet under jord d& befintliga bergspinningar
péverkar intrdngningen. Formler hirleds som forutsdger nddvindig anslagshastighet hos
borrmaskinens cylinder och borrningshastighet vid hammarborming. Foreslagen teori
anses ocksd kunna anvindas for att forbittra borrverktyg av olika slag.
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ZEDEX - EN STUDIE I ASPO AV STORDA ZONEN EOR SPRANGD
RESPEKTIVE BORRAD TUNNEL

ZEDEX - An in-situ study at Aspo of the excavation disturbed zone for a TBM and
drill and blast excavation

Olle Olsson, Svensk Kidrnbrinslehantering AB

INTRODUCTION

The excavation of shafts and tunnels in a waste repository will cause a disturbance to
the surrounding rock mass with possible alterations to rock mass stability and
hydraulic properties. The properties and extent of the disturbed zone must be
considered in the design of a repository and in the assessment of its long-term safety.
In addition, the data collected in drifts, which will be used for detailed
characterization of the repository, will be affected by excavation effects.

ANDRA, UK Nirex, and SKB have jointly set up the ZEDEX Project at the Aspo
Hard Rock Laboratory, Sweden, in order to improve understanding of the properties
and extent the Excavation Disturbed Zone (EDZ).! The main objective is to study the
mechanical behavior of the EDZ with respect to its origin, character, magnitude of
property change, extent, and its dependance of excavation method. The project will
also provide a test of equipment and methodology for quantifying the EDZ. The
ZEDEX Project includes tests of "normal” excavation by drill and blast, a smooth
blasting procedure based on low shock explosives, and excavation by tunnel boring.
The results are expected to build confidence in the modelling of the disturbed zone
and to support the selection of excavation methods for repository construction.

EXPERIMENTAL CONFIGURATION

The ZEDEX experiment is performed in two parallel tunnels at a depth of 420 m
below the ground surface. One tunnel has been excavated by tunnel boring and the
other tunnel by drill and blast. The shape of the blasted drift will be circular, except
for the flat floor. The diameter is the same as for the TBM drift, i.e. 5 m. A number
of boreholes have been drilled axially and radially relative to the test drifts to assess
the properties and extent of the EDZ (Figures 1 and 2).

The excavation disturbance is quantified through measurements of:

. acceleration
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* displacements

. P- and S-wave velocity

. hydraulic conductivity

. natural and induced fracturing

. temperature

. acoustic energy release (micro-crack generation)
. stress state

Remote sensing techniques, such as cross-hole seismic tomography and reflection
radar applied from tunnels and boreholes, are used map the spatial change in
properties. Measurements are made before and after excavation in order to quantify
changes in properties due to excavation.

The drilling and instrumentation of boreholes along the TBM test tunnel began in
April 1994, The excavation of the TBM tunnel and measurements in the holes along
this tunnel after excavation were completed in October 1994. Tests in the Drill &
Blast test drift will begin in November 1994 and are expected to be completed by
March 1995.

An integrated analysis will be made of results obtained from the Drill & Blast and
TBM drifts, respectively. The results from each drift will be compared and evaluated
with respect to the expected outcome of the excavation method used. Integrated
analysis of results will commence shortly and is expected to be completed in early
1996 and finally reported in mid 1996.

RESULTS

So far (December 1994), investigations at the TBM drift have been completed and a
preliminary assessment made of the results. The applied measurement techniques
have worked successfully and have provided high quality data when applied in the
harsh underground environment. It has also been possible to perform all planned
measurements and successfully integrate the scientific investigations with normal
construction work.

The ZEDEX experimental volume is located in Asp6 Diorite, intersected by a few
steeply dipping aplite dikes. The rock quality is rather uniform throughout the
investigated volume and is rated as class B in the Q-system. The seismic
measurements show an average P-wave velocity close to 6 km/s.

The magnitude of the main principal stress (0,) is estimated to approximately 32

MPa at the ZEDEX site. The direction of ¢, is approximately NW and horizontal.
The magnitudes of ¢, and o, are estimated to 17 and 10 MPa, respectively.
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Acoustic Emission (AE) monitoring was made when TBM excavation was stopped
overnight at 9 m, 15 m, 22 m, and 25 m measured from the start of the TBM tunnel.
When the TBM stopped at 9.0 meters the majority of the recorded and subsequently
located AE activity (232 events) defined a narrow zone directly in front of the
positon of the TBM face. Additionally other events were located around the tunnel,
generally within 1 meter of the tunnel perimeter and ahead of the tunnel face.

Convergence measurements were made at TBM-tunnel lengths of 9 m and 24 m. The
results indicate predominantly horizontal convergence (3.6 mm and 1.3 mm,
respectively) in both sections, with little displacement in the vertical direction. This
pattern of displacements is consistent with the in situ stress measurements which
indicate a horizontal to vertical stress ratio of about 3:1. The magnitude of the
displacements is also consistent with expected magnitudes of the mass modulus.

Hydraulic pressure build-up tests in C4 and C5 showed a general decrease of
permeability after the excavation. Hydraulic tests in radial boreholes did not show
any notable induced effect by excavation on matrix permeability.

CONCLUSIONS

The ZEDEX Project is still currently in progress and results have not yet been fully
analyzed. However, the preliminary analysis of the results indicates that the
measurable changes in properties induced by excavation of the TBM tunnel are
comparatively small.
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Figure 1 Experimental configuration for the ZEDEX Project, plan section.

Figure 2  Vertical section showing location of boreholes in relation to test drifts.
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SAMMANFATTNING

Byggande av schakt och tunnlar i ett djupférvar for anvént kdrnbriinsle kommer att
orsaka en stérning p& omgivande berg som kan medféra minskning av bergets
stabilitet och foridndrade hydrauliska egenskaper. Sddana forindringar av bergets
egenskaper och utstriackningen pd den stérda zonen méste beaktas vid utformningen
av ett djupforvar och utvirderingen av dess langsiktiga sikerhet. Dessutom pdverkas
métningar och observationer som gors i tunnlar av den storda zonens egenskaper och
utbredning. For att belysa dessa frigor har ANDRA, UK Nirex och SKB gemensamt
organiserat ZEDEX-projektet som genomfors vid SKB:s Aspolaboratorium beliget
norr om Oskarshamn.

Projektets mél dr att studera den storda zonen med avseende pd orsaken till
forandringar i bergets egenskaper, fordndringarnas storlek, storda zonens utbredning
samt dess beroende av brytmetod. Projektet innefattar ocks4 test av utrustning och
teknik for att kvantifiera den storda zonen. ZEDEX-projektet innefattar test av
"normal” drivning medelst spriangning, forsiktig springning och tunnelborrning.

ZEDEX genomfors i tvd parallella tunnlar belidgna 420 m under markytan. En tunnel
har borrats med TBM och en har spriingts. Bida tunnlarna har cirkulér profil och 5 m
diameter. Ett antal undersokningsh8l har borrats dels lings med de bida tunnlarna
och dels radiellt. Den storda zonens egenskaper har kvantifierats genom métning av:

acceleration
bergrorelser

- seismisk hastighet
observation av naturliga och inducerade sprickor
temperatur
akustisk emission frdn mikrosprickbildning
bergspénningar

Dessutom har seismik och radar anvints for att beskriva rumsliga férindringar i
bergets egenskaper.

ZEDEX péborjades i april 1994 med borrning av understkningshal och mitningar i

dessa. TBM-borrning genom férsoksomrédet genomfordes i juni. Undersokningar for
den sprangda tunnel genomfors under perioden november 1994-mars 1995. Direfter
foljer utvirdering och slutrapportering som beréknas vara klar i borjan av 1996.
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TBM borrning av tunnlar vid Klippens kraftstation.
(geologi, undersokningar, design och byggande av kraftstation och TBM tunnlar)
TBM drilling of tunnels at the Klippen Hydropower station.

Per Erik Soder, Vattenfall Hydropower AB, Ludvika
Anders Lundqvist, Kraftbyggarna Entreprenad, Kista
Nils-Olof Sundin, Avd for Bergteknik, Hogskolan i Luled, Luled

BAKGRUND

Layouter och tunneldrivningar for Klippens kraftstation har tidigare (se ref. lista)
presenterats. Detta foredrag kommer att ge en mer utforlig beskrivning av borrningsarbetet i
Klippen. Vidare gesen kort sammanfattning om stationens och dess data. Kraftstationsbygget
pégick mellan varen 1991 och hésten 1994.

Allmént
Klippens kraftstation 4r beldgen i den 6vre delen av Umedlven. ca 30 km fran den norska
grinsen. Agare ir Vattenfall AB. I figur 1 ges ldget av kraftstationen.

Kraftstationen 4r beligen omkring 560 m 6h. Nirmaste samhille dr Hemavan. Terringen
omkring stationen &r bergig med hojdskillnader upp till 400 m.

Figur 1. Léget av Klippens kraftstation SEFNTLG ver-
Location of Klippen Hydropower plant “"“"'"Gi“"_)i:‘“%
|
INLOPPSTUNNEL L-: )
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Den installerade kapacitieten dn 28 MW, med en érlig produktion av 97 GWh. Kraftstationen
dr placerad i berg. Den sammanlagda lingden av in- och utloppstunnlar dr omkring 11 km . I
figur 2, ges en ldngdsektion av tunneln fran intaget till utloppet.

Bergforhallandena bedomdes som bra till mycket bra och bergmassan bestir mestadels av
gnejser (omvandlad glimmerskiffer).

Vattenfall Hydropower AB var ansvariga for design och layout av kraftstationen iklusive
tunnlar.

Kraftbyggarna Entreprenad AB gav ett sidoanbud att borra tunnlarna med TBM. I samrad
med entreprendren fordndrades layouten sa att fordelarna med en sldtare tunnel med mindre
berguttag 4n en konventionellt driven tunnel kom mer till sin ratt. Forandringar av
péslagspunkter, tippareor, maskinstationslayout och svallutrymmen gjordes.

Uppfdljning och anaiys av drivningdata har utforts av Hogskolan i Luled, avd. for bergteknik,
som ett SveBefo projekt.

Figur 2. Lingdsektion av kraftstationen
Longitudinal section, Klippen hydropower plant
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UNDERSOKNINGAR

Undersokningar layout - geologi

Undersokningar av geologi och design parametrar i samband med valet av layout for
kraftstationen bedomdes med bas i fallhojd, placeringsmdjligheter for stationen, placering och
storlekar av tunnlar.

De ovan givna parametrarna beddmdes med avseende péa optimal nytta av. TBM tunnlarna.
Foreslaget utfraktssystem anvinde endast tillfarter vid utloppet och kraftstationsomrédet.

I samband med upphandling utférdes drivningsprognoser baserat pa respresentivt borrkérne
material, seismiska refraktionsmitningar, topografiska kartor och maskinspecifikationer.

Drivningsprognos TBM borrning

For bedomning av TBM borrningen gjordes tva prognoser. En prognos gjord i Trondheim
1987 och en i Luled 1990. Den forsta prognosen visade att det med en matningskraft av 200
kN i det relative hardborrade berget ej skulle vara lonsamt med TBM borrning. Vid forsdken
i Luled gjordes intringningstest och slitagetest (CAI) vilka bla anvindes vid védrderingen om
TBM borrning skulle utforas. Testerna gav typiska virden enligt figur 3. For att bestimma
intringningen av bryrullarna per varv, multipliceras TBM:ens matningskraft med Ps1. Skalan
for CAI gar mellan O till 6. Héga virden desto storre slitage tex. kalksten 1.0, granit 5.0.

Under drivning utfordes bergmekaniska studier for att bestimma limpliga
bergforstiarkningsméngder, respektive maskinuppfoljningar.

Figur 3. Bergmekaniska prognoser av intringningsdata och slitagevirde baserat pa
laboratorieforsok av typbergarter. Forecast of indentation- and abrasiondata
laboratory values on typical rock.

PLATS BORRHAL| BERGART | INTRANGNING | SLITAGE
PBI CAl
(mn/kN) (1/10 mm) |
~ {uTLOPP 11 | Grsvart skiffer | 0,055 2.9
MASKINSTA- | C3/70° |Glimmergnejs 0.039 1.8
TION
23/45° | Gnejs 0.035
22 Granitisk gnejs 0.015
22 Gnes 0.040
ALVKORSNIN | E2/45° | Glimmergnejs 0.024 4.6
G .
INTAG | All Glimmergnejs 0.037 2.8
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Geologi/Bergmekanik .

Stor bergtickning for delar av tunnlarna innebar att de flesta undersdkningar utfordes da
tunnlarna 13g nira markytan. Jimnheten hos geologin i omrddet gjorde att detta vara mojligt.
Seismiska métningar och kirnborrning utfordes i viktiga stationsdelar sdsom: intaget,
dlvkorsningen, maskinstationsomradet och utloppet. Undersdkningsresultaten visade
huvudsakligen pa bra berg. Jimsides med framdriften av TBM och 6vriga tunnelarbeten
utfordes bergmekanisk kartliggning for bestimmande av permanentsékring.

Design kriterier

Vid den exiserande dammen byggdes intag till kraftstationen, en call km lang tunnel
utfordes sedan med TBM. Alternativa layouter studerades. De innefattade bide nya dammar
och andra tunnelplaceringar, dessa forslag forkastades pga miljohdnsyn.

Tidiga stationsforlag forutsatte konventionell tunneldrivning.

Anvindningen av TBM ger en slétare tunnelyta dn vid borrning och sprangning. Hydrauliska
och ekonomiska dverviganden resulterade i att ett mindre tvérsnitt behoves for TBM
alternativet. I figur 4 ges fallforlusterna for en TBM tunnel av 33m? och en spingd tunnel av
45 m? som bedémdes som likvirdiga. Rent fallférlustméssigt motsvarar er 33 m? borrad
tunnel ca 50 m2 borrad och spriangd tunnel.

Figur 4. Fallforluster for en TBM borrad tunnel och en borrad/springd tunnel med samma
ekonomiska data. (tvérsnitt 33 m? och 45 m?) Headlosses for a TBM tunnel and a
drill/blast tunnel with equal economical data. (crossection 33 m? and 45 m?).

5 METER FALLFURLUST PER KM

SPRANGD TUNNEL 43m2

BORRAD TUNNEL D=6.5m

5 5 10 15 20 25 30 35 40 45 50 55 60

FLODE m3/s
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Di design av maskinsal och angrinsande tunnlar gjordes, anvindes en l6sning som tog hénsyn
till utnyttjandet av TBM borrade tunnlar. For att inte paverka maskinsals arbetena
(installationsarbeten etc), drevs TBM tunneln vid sidan av maskinsalen. Se
maskinstationsomradet i figur 5.

Figur 5. Layouten for stationen, forbifart for TBM vid Maskinsal respektive svalltunnlar,
Layout for the power station, bypass tunnel fot the TBM and surge tunnels.
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Forbifartstunneln anvindes ocksa som en del i svall utrymmena for att anvéinda alla tunnlar
optimalt. Lutningar pa tunnlarna valdes med bas i modellférsok av svallsystemet. Tester av
vattenvigarna gjordes i Alvkarlebylaboratoriet genom att anvinda hydrauliska modeller.
Svallningsberéikningar och svallkapacitet testades och verifierades.

D4 bergmasse forhéllandena forvintades vara bra till mycket bra bestdmdes att vattenvdgarna
skulle utforas utan betonginklddnad. Bergforstirkningar var forutsagda genom seismiska
indikationer och kérnborrningar. Omkring 10 % av tunpellingden forvintades vara av sdmre
bergkvalité som behdvde bergforstirkning. Indelningar i olika bergkvalitéer baserades framst
pa seismiska undersokningar.
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BYGGVERKSAMHET

Tunnelsystemet borrades fran utloppskanalen, med omtag och ny utfraktstunnel vid
maskinsalen for inloppstunneln. For att i storsta mojliga grad undvika vatten vid stuff drevs
merparten av tunnlarna i liten stigning efter ett forsta dyk omedelbart néra tunnelpaslaget.
TBM drivningen utfordes med ett J6.5 m Atlas Copco/Jarva MK27. Kraftbyggarna valde
nya utvecklade brytrullar som av tillverkaren bedomdes klara matningskrafter upp till 335
kN/brytrulle. Borrmaskinen utrustades med bakrigg med magasinering for utfrakt och RHS
tag. Téget dr byggt for att med hjilp av en mittskena och friktionsdrift kunna kéra i lutningar,
upp till 20°. Tunnellutningar upp till 6° drevs. Kurvradier var ca 350 m, hér var det bakrigg
som satte begrinsningar. En hel del svarigheter méttes och 16stes under projektetsgang. De
var framst koncentrerade till bakrigg och utfraktningssystem.

Berg och drivningsprognoser
I figur 6 visas en jamforelse mellan drivningsprognosen och motvarande resultat frin
drivningen lings hela tunnelstrickan.

Figur 6. Jamforelse mellan drivningsprognosen och motsvarande resultat frin drivningen
langs hela tunnelstrickan.
Comparision between the advance forecast and actual excavation data.
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Drivningsuppf6ljningar

Uppf6ljningar av matningskraft, indriftshastighet och utnyttjandegrad for TBM gjordes dels
manuellt dels med automatisk registrering. Matningskrafter som utnyttjades vid drivningen av
tunneln var under de forsta 4000 m ca 200 kN per brytrulle, for att senare kas till ca 250 kN.
Vid borrningen under dlven minskades matningskraften drastiskt. Under de sista 2000 m
anvindes en matningskraft mellan 200 till 250 kN. Se figur 7.
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Figur 7. Berdknat medelvirde per vecka for matningskraften.
Average weekly thrust.

300

@ |Utlopp J " Intag _J

E Jl -: JJJ"'PiLLJL I

- 3 J-
g 200 n"Lp!"'I If'—._u-. EHJJ 1= Il
: AN T LG
=

(]

2

g 100

% BSPavsnitt

=2 . E_iﬁ_sﬁu‘cu Umed alv

0 2000 4000 6000 8000 10000
Léngd fran paslag (m)

Framdriftshastigheten varierar mellan 1 till 3 m/tim lings tunnelstréickan, se figur 8.
Indriftshastigheten &r ndgot hogre efter 4500 m vilket delvis beror p4 att en hogre
matningskraft utnyttjades

Figur 8. Beriknat medelvirde per vecka for indriftshastigheten (npr) vid borrning
Average weekly net penetration rate (npr) during boring.
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Utnyttjande graden vid borrning varierar mellan 20 till 60%, se figur 9. Vid drivningen av
utloppstunnlens forsta 3000 m 6kar successivt utnyttjandegraden for borrning fran under 20%
till ca 50%. Orsaken till den langa inkdrningsperioden beror friamst pa forbéttringar i det nya
transportsystemet. Den ldga utnyttjandegraden for tunnelavsnittet 8000-9000m beror pa
omfattande injekteringsarbeten. Vid drivningen av slutdelen av tunneln har utnyttjandegraden
paverkats av langa transportstrackor (>3 km).

For att f6lja upp bergets borrbarhet har ett borrbarhetsindex lings tunnelstrdckan beridknats
baserat pd indriftshastighet, matningskraft per brytrulle och borrhuvudets varvtal, se figur 10.
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Figur 9. Beriknat medelvirde per vecka for utnyttjandegrad av TBM
Average weekly utilization of the TBM when boring.
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Figur 10. Berdknad borrbarhetsindex vid drivning baserat pa indriftshastighet, matningskraft
per brytrulle och borrhuvudets varvtal.
Calculated boreability based on advace rate, thrustforce per cutter and cutterhead
rotational speed.
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SAMMANFATTANDE SLUTSATSER

Under drivningen med TBM visar resultat av borrningen, métningar av borrparametrar,
tinnelkartering och brytrullar relativt god korrelation med forvéntningarna baserade pé
forstudierna. Att det trots det tagit lingre tid 4n beridknat skylls pa bristande intrimmning av
utfraktsystemet samt att en h6g matningskraft ej kunnat héllas framst p& grund av geologiska
forhallanden med blandat berg i stuff som lokalt gav hoga brytrullelaster, med okat slitage
som f6ljd varfor lagre last tillgreps for att reducera brytrulleférbrukningen.

Den generella forvintningsbilden 6ver variationer i geologin visade sig dock vara relativt bra.
Fordelningen av bergartstyper var mycket lika. Dock missades variationerna i mindre skala
som gav upphov till de drivningstekniska svarigheterna. I figur 11 ges en bild dver forvéntade
geologiska forhillanden och bergarter patriffade vid tunnelborrningen for utloppstunneln.
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Figur 11. Bild &ver forvintade geologiska forhdllanden och bergarter patriffade vid
tunnelborrningen . Blandningen av bergarter pd stuff gav lokalt reducerad indrift och
stort slitage.

Picture over expected geological condition and the ones encountered during
drilling. The mixed face condition gave locally reduced advance and high cutter
consumption.
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Baserat pd karteringar i tunnlarna bestdmdes bergforstirkningarna. En tidig indikation pd
méngder av bergforstirkning och ldget f6r de olika zonerna fanns fran seismik och
kidrnborrning. Cementingjutna bergbultar och sprutbetong anvindes som bergforstirkning.
Endast ett fatal zoner i tunnlarna forstérktes. Totalt ca 700 bultar installerades (0.064 bult/m
tunnel). Det &r troligt att anvdndandet av TBM reducerat behovet av bergforstarkningar i det
skiffriga berget. ;

Vid korsningen med Umeilv si patrdffades vattenbidrande zoner med relativt stort inlickage
initiellt. Injektering titade lickagen. Bergforstirkning i form av bult och sprutbetong
anvindes i anslutning till dessa zoner.

Design

De TBM borrade tunnlarna uppvisade fallférluster i samma storleksordning som beriknat.
Svallforsok isamband med igangsittningen av stationen visade bra éverenstimmelse med
bade berikningar och modellfrsdken i Alvkarleby.
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TBM-borrningen
TBM borrningen har relativt sett fungerat bra. Svarigheter med att upprétthalla hog
tillgdngligheten pa de ingdende systemen TBM, bakrigg och utfrakt samtidigt féreldg dock.

Tillgdnglighet av TBM for drivning beror av de ingédende systemens totala tillgidnglighet.
T.ex. hade TBM en tillgénglighet av 80% inkl. brytrullebyte, bakrigg av 90% osv... vilket
innebar att tid tillgéngligt for borrning var 34% da samtliga system och péverkan av yttre
forhéllanden tagits med. Jimforelser mellan prognoser och drivningshastighet visar att
drivningsresultaten dessutom ej uppnadde forvintade véirden. Tva faktorer bedoms paverka
detta i storst grad. Dels dr lasten per brytrulle, ca 50 kIN l4gre last dn forvéntat, och dels var
tillgdngligheten hos utfraktsenheterna ligre. Enbart en 6kning av matningskraften skulle
teoretiskt kunna innebara att indriftshastigheterna ckar till 3.18 m/h istéllet for 1.99 m/h.
(prognosen var baserad pd 3.17 m/h). Bland négra detaljer som forbittrades under projektet
som ocksa resulterat i hogre tillganglighet dr

Brytrullar - sadelkonstruktion-materialval

Loken - styr och reglersystem/hydraulmotorer/boggies/drivenhet for

friktionsdrift

Rals, infidstningar och mittskena

Logistik - reparation av flera system samtidigt for att oka tillgdngligheten

Logistik - skiftbyten etc...

Som ett exempel kan ndmnas
Brytrullarna - i utloppstunneln var sadel konstruktionen ej bra. Den medf6érde onodigt manga
axelbrott. Forindring utférdes infor borrningen av inloppstunneln, och problemen minskade.

Klippens utrustning hade viss tid bra tillginglighet, sddan veckor var indrifterna i
storleksordningen 130-140 upp till 200 m/vecka. Genomsnittlig indrift var for samtliga
tunneldelar 305 m/méanad.

Referenser
I SveBefo rapport, forf. Nils-Olof Sundin, Anders Lundqvist, Fullborrning av Klippentunneln
idappland, ges en mer ingdende analys av uppfoljningen av drivnings data.
Andra avrapporteringar av Klippens projektet har skett vid:
Luciaméte 1992 - Atlas Copco
Water Power & Dam Construction 1992
Tunnels & Tunneling dec 1992
Tunnels & Tunneling dec1993
Bergspriangningskonferens 1994
Luciamoéte 1994 - Atlas Copco
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SUMMARY

TBM drilling showed rather good correlation with the expectation based on geological
prediction and boring parameter tests perfomed on drillcores. Average advance was 305
m/month. It took longer time than expeceted mainly due to difficulites in the haulage system
and the fact that as high cutterforce as predicted could not be applied to cutters. The mixed
face conditions with locally overloading of the 300 kN discs and cutters was the reason..
Lower load was thus applied in order to reduce cutter wear, with negative influence on the
advance rate.

The general expection on the geology showed good correspondence to the forecast, what was
missed was the variations in the local scale with bands of quartz, granite and pegmaitie
abundantly occuring within the gneissic rock mass.

Cement grouted rockbolts and shotcrete were utilized as rock support. Only few zones were
intersected by the tunnels and supporte. Totally abt. 700 bollts were installed (0.064 bolt/m
tunnel). It may be plausible that the smooth TBM tunnel at least to some degree reduced the
requirements for rock support in the schistosisty gneissic rock mass.
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TBM-BORRNING I ASPO - ENTREPRENADMASSIGA OCH
BERGMEKANISKA ERFARENHETER.

TBM-boring at Aspé - Experience from the Contractor's and Rock mechanical
aspects

Pir Olsson, Skanska Stockholm AB
Gunnar Nord, Robbins Europe AB
Emnt Biichi, Geotest AG, Schweiz

Inledning.

Under sommaren 94 utfordes en 420 m l&ng TBM tunnel vid Aspélaboratoriet.
Arbetet utfordes, med ett lyckat resultat, av Skanska p3 uppdrag av SKB.

Ursprungligen planerade SKB att utféra alla tunnelarbeten vid Aspdlaboratoriet med
konventionell springteknik. Utvecklingen av tunnelbormingsteknik under senare &r
har visat att TBM—-tekniken kan vara den dominerande tekniken vid en framtida
utbyggnad av ett djupforvaret. SKB beslutade darfor att prova TBM—teknik vid de
avslutande tunnelarbetena vid Aspélaboratoriet.

Att genomfora en TBM-tunnel vid Aspolaboratoriet ansigs vara en mycket riskfylld
aktivitet.

I samband med anbudsgivningen och den senare beredningen av arbetet genomfdrde
dirfor Skanska en riskbedémning som i forsta hand omfattade geologiska och
bergtekniska riskomrdden. Vid denna tidpunkt fanns erfarenhet frén utférandet av den
forsta delen av Aspdtunneln vilket var mycket virdefullt.

Avsikten ar att hdr kortfattat diskutera nigra riskomriden samt visa hur genom-
férandet anpassades till dessa.

Detta féredrag redovisar dven resultat frin penetrationstest och fran ett forsék med att
variera cutteravstindet pd maskinen som genomfordes i samband med projektet.

Forutsittningar for TBM~tunnel enligt forfrdgningsunderlag.

I forfrégningsunderlaget lamnades féljande huvudsakliga férutsattningar for TBM-
aktiviteten.
- tunneldiameter min 4.5 m
- cirkular layout med radien 150 m,
— start vid tunnelsektion 2/600 m, nivd -340 m och
slut vid nivd -450 m
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- montering av TBM under mark

- granitisk bergrund, tryckhdllfasthet 150-250 MPa,
— litet riskavsténd till zonen NE-1

— kraftigt vattenforande N-S strukturer

- ca 2000 I/min infléde pd forsta 2600 m tunnel

- hydrostatiskt vattentryck nigra meter frin tunnel.

Baserat pd dessa forutsittningar bedomdes en rad frige—-stillningar som sarskilt
kritiska;

- layout, mojlighet att hdlla 150 m kurvradie ?

- avstdnd zonen NE-1 ?

- vatteninfléden vid tunnelfront, sondering,
injektering ?

- sméllberg ?

- bergforstarkning ?

- sikerstillande av drinagesystem i hela tunneln ?

- utnyttjandegrad ?

— indrift ?

Maojligheten att hantera dessa frgestillningar skulle f& avgorande betydelse pd sévil
genomforande av tunnelarbetet som pé design av TBM. For projektet valdes en ny
Atlas Copco Jarva MK 15 med bakrigg levererad av Fosdalen.

Hantering av identifierade riskomrdden

Layout

Den i forfrgan foreslagna layouten bedémdes av Skanska som mycket riskfylld.
Erfarenheterna av att driva TBM i kurva med radien 150 m samt i detta fall dven i
13-14 % lutning saknas praktiskt taget idag. Konsekvenserna av att ¢j kunna hélla
150 m kurvradie skulle medfora risk fér omedelbar kontakt med den kraftigt vatten—
férande zonen NE-1. Denna zon passerades vid den konventionella tunneldrivningen
och medférde d& mycket omfattande titningsarbeten.

Den cirkulira layouten innebar ocksd att tunneln under en ldngre stricka skulle vara

orienterad i de ndrmaste parallellt med vattenforande N-S strukturer med f6ljd att
stora titningsinsatser kunde bli nédvéndiga pé lingre tunnelstrackor.
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Figur 1A. Alternativa layoutforslag lamnade av Skanska under
anbudsskedet.

Figur 1B. Geologisk struktur inom omradet for TBM—tunnel
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I figur 1A visas nigra av de layoutforslag som ldamnades av Skanska. I figuren visas
dven den ursprungliga, cirkuldra, layouten. Figur 1B visar den geologiska strukturen
inom omrédet.

Den layout som avslutningsvis valdes visas i figur 2 och bedomdes som gynnsam ur
bl.a féljande aspekter;

— sikerhetsavstindet till NE-1 okades till ca 50 m

- minsta kurvradie 6kades till 250 m

- vattenférande N-S strukturer korsas vinkelrétt

- oforindrade forutsattningar for forskningsprogram.

— den konventionella springningen av ca 500 m
tunnel samt montagehall erbjod tid for design och
leverans av en ny TBM

— férsta 200 m av tunnel i 13% nedlut, sista 200 m svagt uppfér,
0,5% motlut

Figur 2. Slutlig layout f6r TBM—tunnel.

Den slutliga layouten visade sig vid genomforandet vara vél motiverad. Problem
uppstod inledningsvis med att hélla 250 m kurvradie. I den forsta delen av kurvan
var medelradien ca 470 m for att i senare delen av kurvan vara ca 230 m.

Orsaken till styrproblemen &r svart att entydigt forklara.

Mekaniska bister med for 18gt stillda grippertryck kan vara en viktig orsak.

Det 4r dock tveksamt om detta ensamt har varit orsaken. Sannorlikt har 4dven faktorer
som inkéming och samspel mellan operatdr—laserstrile och utsittare—laserstrale haft
en avgbrande betydelse. Forh3llandena for styrningen méste ocksd anses som
generellt svira d3 TBM och bakrigg samtidigt befunnit sig i bdde vertikal- och
horisontalkurva.
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Sondering och injektering

Erfarenheter frdn den konventionella tunneldrivningen visade att stora vattenfléden
kunde forekomma lokalt och darfor vara svira att identifiera. I figur 3 redovisas
resulatet frdn borrningen av en injekteringsskdrm i den konventionella tunneln. Dér
framgdr att 11 av 13 hdl &r helt torra eller ger mycket sm3 mangder vatten medan tva
hél ger vardera ca 500 |/min.
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Sekt 2900 /
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[X4 8 X \
o + ' '
%0 + ' ‘
Eaun 3 x X 2 9 x |
8 250
3 118 12 11
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Figur 3. Uppmiitt inldckning ur injekteringshal vid injektering i konventionell tunnel.

For sonderings— och injekteringsborrning vid TBM-drivning hade tvi st COP 1238
borrmaskiner monterats bakom borrhuvudet. Dessa maskiner kunde borra en skirm
runt tunneln samt &ven rakt fram genom borrhuvudet i tta férbestéimda positioner.

Det sonderings— och injekteringsprogram som upprittades innebar att kontinuerlig
forsondering med minst 4 hél skulle genomféras. Om nigot enskilt hél gav en
inléckning pd > 5 I/min eller att den totala inlickningen frin fyra h3l 6versteg 10
Vmin skulle ytterligare fyra hél borras varefter injektering skulle genomforas. Efter
injektering av stérre vattenfléden dn >50 1/min skulle kontrollhil borras.

For en tinkbar katastrofhdndelse d@ TBM “en borrat in i en storre vattenforande
spricka fanns &ven en poluretanbaserad injekteringsmetodik forberedd pa
arbetsplatsen.

Den upprittade filosofin f6r sondering och injektering fungerade mycket bra vid
tunneldrivningen.
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Innan tunneldrivningen borrades ett 200 m 1angt harnborrhél i centrum av den
blivande tunneln. Information frin detta hdl var virdefull och utnyttjades som
kompletterande uppgifer till dvrig sondering.

Sonderings— och injekteringshdl placerades normalt bakom borrhuvudet. Stora
vattenfléden bedomdes vara enklare att hantera bakom borrhuvudet samtidigt som det
ur bormingssynpunkt var gynnsamt. Lyckade forsok gjordes ocksd med att borra
sonderingshal genom borrhuvudet.

Enskilda vattenfloden p4 upp till 120 I/min uppmittes vid sonderings— och injek-
teringsarbetet.

Total injekterades 229 m, eller ca 56% av TBM-tunnelns langd. 15 injekteringar
genomfordes, varav 3 ominjekteringar.

Sonderings— och injekteringsarbetet genomfordes vanligtvis nattetid eller i samband
med storre driftstopp, vilket medférde att dverlappet mellan sonderingar och
injekteringar var stort. Den sammanlagda lingden av injekteringskamrama (ej
ominjekteringar) uppgick till 322 m.

Det titningsresultat som uppndddes motsvarar vil de generella krav som finns for
anliggningen. Med tanke p3 att tunnelns forsta del drevs i medlutning och att
dérigenom allt inlickande vatten inner till stuff kunde titningsambitionen ur
drivningssynpunkt varit hégre.

Injekteringen genomf6rdes med cementbaserade injekteringblandningar med en
mindre tillsats av accelerator (Natriumklorid) &n planerat. Injekteringsutrustningen
var placerad ca 70 m bakom stuff vilket fick till f6ljd att blandningar med stdrre
tillsats av accelerator fastnade i slangama p8 vig fram till stuffen. Temperaturen var
upp mot 40 C vid delar av bakriggen vilket ytterligare férkortade
injekteringsblandningarnas brinntid.

Smillberg

TBM-tunneln genomférdes ca 400-450 m under markytan. For att bedoma
sannorlikheten for smillberg fanns underlag frdn laboratorieprovning av bergarter
samt en rad genomférda bergspanningsmitningar inom omradet.

En analys visade att smillberg av mindre intensitet kunde uppstd i diorit och
Smaélands granit pa nivan 400 till 500 m djup.

I samband med utférandet av den konventionella tunneln hade ej sméllberg
observerats.
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Den bedomt 13ga sannorlikheten f6r smillberg gjorde att inga sirskilda 8tgérder
genomfdrdes for att mota smallbergsproblem.

I samband med TBM-drivningen gjordes inga observationer av smillberg.

Bergforstiarkning, bultning och sprutbetong.

I samband med den konventionella tunneldrivningen genomfordes kontinuerligt en
bergklassificering. Berget var generellt av mycket god kvalitet med undantag for
vissa zoner. I storleks—ordningen 90-95 % av berget klassificerades som bittre 4n
"Fair" med en tonvikt pd "Good".

Utefter den konventionella tunneln utfdrdes i princip ingen driftsforstirkning av
berget. Selektiv bultning utfordes lokalt vid t.ex spinnviddsékningar fér lastnischer
samt vid markerade zoner dar berget uppvisade en blockighet. Sprutbetong hade
endast utférts som permanentforstiarkning i anslutning till markerade zoner.

Sannorlikheten fér en omfattande driftsforstirkning i samband med TBM-drivningen
bedémdes som mycket liten. Inga sirskilda forberedelser gjordes dirfér pA TBM och
bakrigg for forstarkningsarbeten.

TBM-driften genomfordes utan ndgon form av driftsférstérkning.

Drinagesystem

Risken for ett stérre pumphaveri beddmdes som uppenbar samtidigt som konse—
kvenserna av ett avbrott, med drinkt TBM som f6ljd, skulle vara forédande.

Ett fungerande pumpsystem bedémdes som mycket viktigt for projektets genom-
forande.

For att sdkerstélla elmatning till pumpsystemet i tunneln gjordes en sirskild 6ver—
enskommelse med OKG om en prioriterad reservmatning vid ett utslag av den
normala elmatningen. Som tidigare ndmnts var det totala inlickaget till tunneln redan
innan starten av TBM driften ca 2000 liter/min.

[ tunneln etablerades dubbla pumpsystem, dels for att klara tillfilligt stora infléden

till tunneln, dels for att ha ett reservsystem vid normal inlickning. Systemen
dimensionerades totalt for ett infléde pd maximalt 4000 I/min.
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Driften av dessa system visade sig vara svar att uppritthélla beroende pé det stora
slaminnehdllet i drinagevattenet frén tunneln samt tekniska problem pga en felaktig
motorventil samt utformningen av pumparnas kylning.

Problem med drinagesystemets tillforlitlighet forekom under hela tunneldrivningen.
Vid ett tlifdlle uppstod en akut situation di delar av bakriggen stod under vatten.
Inga skador uppstod dock vid detta tillfille.

Indrift

Med hilp av NGI's foreslagna metoder, leverant6rens uppgifter samt ett konservativt
synsitt gjordes en beddmning av maskinens nettoindrift vid ostérd borrning. En
forvintat hdrd bergart med liten sprickfrekvens gav en bedémd nettoindrift pa

ca 2 m/tim.

Resultatet av tunneldrivningen visar att en nettoindrift p4 ca 1.36 m/tim uppniddes. .
Indriften kommer ocks3 att behandlas i den bergmekaniska delen av detta foredrag.

Det avgoérande skilet till den l3ga indriften forklaras med cutterproblem samt till viss
del psykologiska faktorer. Redan efter ca 30 m borrning intréffade ett strre cutter—
haveri med blockeringar pa ca 10 cuttrar som méste bytas. Ytterligare cutterhaverier
intrdffade pd den inledande delen av tunneln utan att maskinens fulla kapacitet

utnyttjades.

Cutterproblemet skapade en stor osikerhet hos TBM-operatoren som dven under den
senare delen av projektet, nir rétt typ av cuttrar anvindes, strivade efter viss ater—
héllsamhet till att utnyttja maskinens fulla kapacitet.

Utnyttjandegrad

Vid beredningen av arbetet gjordes en beddmning av vilken utnyttjandegrad som
kunde forvantas f6r borrningen.

Hiénsyn togs da sarskilt till att projektet som helhet endast bestod av ett uppstart—
skede, tunnelns lutning, de omfattande titningsarbeten som kunde bli aktuella samt
att en enkel utlastningsldsning valts.

Utlastningen genomférdes med en hjullastare som bar massorna upp till ett omlast—
ningsutrymme vid TBM-tunneln start. Utlastningen hade en begrinsad kapacitet och
skulle vid stora indrifter och ldngre bérstricka orsaka betydande véntetider. Projektets
omfattning motiverade dock ej en satsning pé ett ulastningssystem med en storre
kapacitet.
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Definitionen av begreppet utnyttjandegrad varierar mellan olika projekt och dirmed
ocksd mdjligheten att jamfora projekt med varandra. For Aspoprojektet bedomdes en
utnytttjandegrad pd 30 % vara mojlig att uppnd. Bedomningen var konservativ och
forutsatte en normalskiftgdng pd 72 tim/vecka.

Inget serviceskift bedomdes vara nddvindigt.

Tunneldrivningen kom att drabbas av omfattande storningar orsakade av tekniska fel
pd TBM och bakrigg, i forsta hand elektriska och mekaniska fel, samt en stor cutter—
forbrukning mht den korta tunnellingden. Den storsta enskilda felkillan var den
frekvensomvandlare, VSD, som maskinen utrustats med.

Tidsférdelning v 26 - v 37
inkl. helg v 27

Owrigt 11,1%

OwmgTBMS3%
N ;/ Borrning 30.7 %

Driftfel TBM « Bakrigg 19,9 %

Utlastning 1,3 %

Cultrar + Omlag 208 %
Sondering » injektering 10.9 %

Bild 4. Uppnddd utnyttjandegrad, bedknat pd 72 tim/vecka.

Forvintade storningar frén sonderings- och injekterings- arbeten forekom i liten
utsréckning. Redan i ett tidigt skede etablerades ett nattligt serviceskift for
sonderings— och injekteringsborrning samt cutterbyten.

Injekteringsarbetet utfordes dven till viss del samtidigt med pgiende tunnelborming.

Den léga nettoindriften under projektet innebar att vintetid pga utlastningen endast
intrdffade under borrningens sista tvd veckor.

For projektet uppndddes en utnyttjandegrad p& ca 30 % om tiden for nattskiftet ¢j
inrdknas.

Overensstimmelsen med prognosen stimmer vad giller storleken pé
utnyttjandegraden, medan intaffade strningar visar stor avvikelse frén prognos.
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Veckoindrifter v 24 - 37
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Figur 5. Veckoindrifter.

I figur 5 visas uppnadda veckoindrifter under projektet. Veckoindrifterna &r ca 10 m
lagre an forvéntat beroende pé att nettoindriften endast uppgick till 1.36 m/tim, mot
forvéntat ca 2 m/tim.

Diskussion

Riskanalysen som genomférdes i samband med TBM-aktiviteten vid Aspo—
laboratoriet grundades pd allmin bergteknisk erfarenhet. Inom det bergtekniska
omrédet finns idag omfattande och val vil dokumenterad erfarenhet. For Aspo—
projektet géller ocksd att projektets inrikting gor att det geologiska underlaget for
beddmningar av sirskilt hog kvalitet. Det dr darfor inte anmérkningsvart att de
bergtekniska beddmningarna avseende t.ex smallberg, bergforstarkning och tétning
visar god 6verenstimmelse med erfarenheterna frén utférandet av TBM-tunneln.

De omréden som orsakade de storsta problemen vid genomférandet kan néstan ute—
slutande hénvisas till bristande tillforlitlighet i tekniska system (elektriska och
mekaniska).

For att i framtiden kunna gora genomarbetade riskanalyser for dessa system krévs ett
mer omfattande underlag och andra erfarenheter &n vad som finns tillgéngligt idag.
Detta géaller sirskilt for moderna analysmetoder som till stor del baseras pé statistiska
samband.

Ménga av de komplicerade tekniska system som alltmer utnyttjas i samband med
bergarbeten utnyttjas idag inom andra applicationer och industrigrenar. For att 6ka
erfarenheterna frdn dessa system finns darfor orsak att soka information frdn andra
branscher.

En forutsdttning &r att det i projekten etableras erfoderlig kompetens inom

teknikomréden som tidigare ej varit direkt férknippade med tunnel- och
undermarksbyggande.

10
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BERGMEKANISKA ASPEKTER

De bergmekaniska aspekter som skall behandlas dr knutna till sonderbrytning av
berget.

Det bergmaterial som man erhéller vid tunneldrivning med TBM betraktas i allmin-
het som mindre anvindbart i for byggnation. Orsakerna till detta ir en hég andel
finmaterial samt materialets ogynnsamma kornform. Det forligger alltsd en 6nskan att
kunna prducera ett mera anvindbart sten—material for betongproduktion och vig-

byggnad.

Att uppnd en bittre penetration per varv med cutterhuvudet ir ett standigt &ter—
kommande 6nskemal.

Det ar darfor naturligt att prova méjligheterna att kunna mota dessa tvd 6nskemal.
Aspb 4r en arbetsplats dir man har mycket vil dokumenterat berget. Vidare ar
tunnelbygget en laboration i stor skala med andra ord en utmirkt miljo for tester av
TBM teknikens méjligheter.

Avstandet mellan cutters dr stindigt foremal for diskussion. Vad har det for effekt pé
penetration, cutterférbrukning och kornstorlek hos det lossbrutna berget? Beslut togs
darfor redan under byggnation av TBM att forbereda cutterhuvudet med extra
cuttersadlar for att kunna testa maskinen med variabelt cutteravstand.

Genomforande av forsok med variabelt cutteravstind.

De cuttrar som &r av intresse for studieum av variabelt cutteravstdnd befinner sig i
den centrala delen av cutterhuvudet. Den delen utgér cirka 70% av cutterhuvudet. I
partiet nirmast centrum gér det inte av utrymmesskil att laborera med cutteravstin—
den sd i realitetn 3terstir 60%. Bendmner man avstindet mellan cutters i normalt
utférandet 100% s& ger detta ingrepp méjlighet att prova avstinden 150% och 200%,
och det betyder i absoluta métt 86 mm, 129 mm och 172 mm respektive.
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ser ut pi en standard Mk1S som anvindes i Aspo. ;
Cutterhuvudet ar helt plant. Det har en central

del samt 4 ekrar allt i massivt stil som framgar
av figur 1. Huvudet 4r normalt utrustad med 34
cuttrar med diameter av 17 tum (432 mm) som é&r
fastade vid huvudet med s.k. sadlar. Utplaceringen
av sadlama kriver stor noggranhet for att fi en
god balans hos huvudet.
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Man indelar cuttrarna i tre grupper

v RN
~ center cutters totalt 4 st il =
- front cutters totalt 22 st = i
- perifericutters totalt 8 st \\\\\\\\N_u
Perifericuttrarnas axlar ges en succesiv 6kad vinkel %\
i forhdllande till borrhuvudets plan for att ge en rundad '-‘é\\‘ -§
6verging mellan tunnelfront och vigg. 3 af,fl',\Q ﬁ
A :
Mera i detalj hur cutteruppsittningen var vid férsken = ym——p ot
framgér av tabell 1 nedan. Hur det i praktiken kom att T_:,?} ] / 2
gestalta sig framgér av figur 2a, 2b och 2¢ nedan. = 3 / §
===} = :
Figur 1. Tvérsek-
tion Cutterhuvud
Version Antal cuttrar Antal cuttrar | Tunnel yta borrad
med 6kad med 6kad spacing
total front(endast) | spacing

A  100% 34 22 0 0 0

B 150% 30 18 9 9.94 62.5

Cl 200% 32 20 3 2.39 15.0

C2 200% 28 16 l 9.34 59.0

Tabell 1. Tekniska aspekter pé de tre olika versionerna
Technical aspects of the three versions
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Figur 2a Figur 2b
standard spacing 6kad spacing
100% = 86 mm 150% = 129 mm

Genomférande av testprogrammet

dubbel spacing
200% = 172mm

Under testerna med de olika cutteravstinden genomfordes en uppf6ljning av ett antal

relevanta parametrar och de framgir av tabell 2 nedan.

TBM data

* tryck kaft (bar)

* strdomstyrka cutterhuvudmotor
* varvtal cutterhuvud

* tid for borrning av ett slag

* vibrationsmétning av TBM

Cutter data for varje position

* cutter ring tremperatur

* cutter hub temperatur

* cutter ring bredd vid bergkontakt

Tunnel face data
* sprardjup i tunnelfront mitt parallellt och tvirs skiffrighet
* kartering tunnelvéggar (gjordes senare)

— = .

Testerna genomfordes under Augusti 1994.

Med 150% avstind borrade man 9.5 meter och med 200% avstind borrade man 4.5

meter.
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Test resultat

Viktigt for trovardigheten hos testresultaten

ar att testbetingelserna dr desamma. Maskin—
parametrarna har man mycket god kontroll 6ver
medan bergférhallandena kan vara hogst variabla. 37300
Efterfoljande kartering som har utférts av SKB
visar mycket smé variationer i bergférhéllandena.
Bergarten dr densamma och sprickavstinden for
att de genomgdende sprickorna dverstiger nistan
undantagslost 1 m. Antalet totalt registrerade
sprickor 6ver en 50 meters stricka &r cirka

60 stycken. Sprickkartering 6ver aktuellt ansnitt z \\

\

framgér av figur 3 hirintill. De bergmekansika / Vh (\ ”- \ /QY\
avvikelserna mellan testplatserna anses s smé < %}i?/ /&ﬂ

att de inte kan beaktas. D k&_ ) % % Lw_ (_ ,:@
Indriften av borrhuvudet for varje varv &r ett N

matt pd maskinens avverkningsformaga i de aktuella
bergforhdllandena. Ju stérre last man lagger pd
cuttrarna desto storre blir indriften. Ett antal

s.k. indriftskurvor har konstruerats pa basis av
testresultaten.

Tunnel o0 57
direction fractures

Fig. 3. Bergkartering SKB
Mapping rockconditions SKB

Fors6k med de studerade cutteravstdnden har inlagts i samma diagram i figur 4
nedan. Som framgdr av figuren har cutterlasten varierats mellan 80 kN och 210 kN
per cutter. Indriften har angivits i meter/timme eftersom det foreligger en liten
variation i varvtal, (8,54 - 8,87 RPM). Ansittes varvtalet 8.66 varv/minut, vilket
gillde for prov med cutteravstdnd 200% sa erhdller man de penetrationer mm/varv
som angivits pd den undre skalan.

Thrust Test
225.0
o
Fig. 4. w0 - —
Jamforelse av matningskraft 1750 o
tester med olika cutter spacing, = ° B
men lika rpm pd cutterhuvud. o =
_ 1250 b = —
Comparison of thrust tests with z 00 ai o
different cutter spacings but o )
similar rpm of the cutterhead. 750 o Spacing 100%: (e 6,54 = 2.24mVs
® Spacing 150%; rpm: 8.87 = 2.24avs
. A Spacing 200%: fpem 8,66 = 2.27mVs
250
0.0
0 05 1 1.5 2 25 3
m/h
1,0 1,9 2,9 3,8 4,8 5,8
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Négon entydig slutsats om att cutteravstindet inom aktuellt spann skulle ha ndgon
inverkan pd indriften kan inte styrkas. Det klart hogre indriften vid 150% spacing kan
inte forklaras av det hogre varvtalet (4%).

Den enda rimliga forklaringen 4r variation i bergforhéllandena, men en sidan var-
iation kan inte avldsas ur karteringen. Enskilda storre sprickor kan ge denna effekt
ndr matstrickoma ej &r stérre 4n 5-10 meter.

Det 4r kan konstateras att penetrationen ir 4mm per varv redan vid cutterlasten 210
kN. Det brukar normalt inte uppnds i granitiskt osprucket berg med en enaxlig tryck-
héllfasthet i storlekshordningen 240 MPa, forrin vid nivin 240 kN. Skillnaden kan
synas liten men bésta extrapolering ger en indrift som &r cirka 30% storre eller 5.2
mm vid denna cutterbelastning. Var kan d forklaringen till denna avvikelse sokas.
En mojlig forklaring &r den grovkristallina karaktirer hos Asp3 dioriten. I tabell 3a
och 3b nedan har angivits testresultat frin enaxliga tryckfoérsék samt pointload—
forsok. Pointload resultaten visar ett medelvirde pé

7,5 MPa med en relativt liten spridning.

Det ger en relation av drygt 30 mellan tryck och

indrirekt draghdlifasthet. Vanligtvis ligger denna

relation kring 20. Forsoksserien dr dock kort och

man skall vara forsiktig med att draga for

ldngtgdende slutsatser. water content of the sample
oven dried:
air dried: X
water saturated
Cross tensile
test No. section strength
Is 50
cross F strength | average (mm?] (MPa]
lab. No. | test No. section remarks
[mm?] [kN] [N/mm?) | [N/mm?] 1 1352.0 9.0
3349/1 1 1320 286.3 216.9 ratio length/diameter = 2:1
3349/2 2 1320 341.0 258.3 " | 2 1352.0 8.0
3349/3 3 1320 356.6 270.2 "
3349/4 4 1320 327.0 247.7 b 3 13520 8.2
3349/5 5 1320 352.6 267.1 250.0 b
4 1352.0 6.5
Tab. 3a. En-axlig tryckhéllfasthets test resultat d 1066.0 7.0
Unconfined compressive strength results r fi66.0 ’6
7 1066.0 8.9
Slutsatsen vad betriffar indrift vid utokat
cutteravstind mellan frontcutters 4r det synes Tab. 3b. Pointload

inte ge ndgon minskad indrift vid samma cutterlast test results
vilket innebér att den totala tryckkraften pa
borrhuvudet har reducerats.
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Effektiv bergavverkning

En frdga som man stiller sig 4 om man uppnér en effektiv bergavverkning med 6kat
cutteravstdnd. Uppfattningen 4r att om man har fér liten cutterlast s3 maste man néta
upp djupa spér i cutterbanorma innan man fir utslag av bergchips. (se fig 5)

Vid Aspb utfordes mitningar av spardjup i de cutterbanor vars avsténd kom att
varieras och man erhdll da resultat som framgér av figur 6 nedan

S Standard  situation  with

i PR a - .
wﬁﬁ S AT ITTFTT LLLE regular chipping process

Typical cutting grooves re-
sulting from insufficient cut-
ter load

Flg 5. Typlska tviarsektioner genom cutterspﬁren Tunnel Face: typical cross-sections showing the depths of cutting grooves

Spacing: 100% Dala: 23.08.94
Mean: 12.0 sd:78 N:26
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Fig. 6. Djup hos cutterspér vid olika cutteravstand
Depth of the cutting grooves for different cutter spacings - histogram of the measured values,
with indicaiton of mean values, standard deviation (sd) and number of measurements (N).

Man kan dé konstatera att nigon signifikant forandring av spardjupet har inte kunnat
konstateras vid dkning av cutteravstindet till 150% medan diremot 6kning till 200%
har betytt en vésentlig 6kning av sprdjupet. Det har i det nirmaste fordubblats. Man
kan for den skull inte direkt avfiarda detta som ineffektiv borrning utan att ha gjort en
analys av hur djupet skall uppfattas i forhéllande till sparvidden. Denna analys
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kommer inte att géras hér. Likasd kommer e¢j heller nigon analys att goras av hur
cutterlasten fordelas p& cutters nér avsténdet inte dr detsamma 6ver hela cutterhuvu-
det. Det finns anledning att komma tillbaka till dessa frégor. Det 4r uppenbarligen s3
att de cutters som har ett storre spiravstind méste taga en storre last, eftersom
cutterhuvudet 4r mycket styvt.

Nagon métning av cutterlasterna har inte utforts i detta fors6k. S&dan uppmitning har
utforts tidigare och man kunde di konstatera att medelbelastningen 6kade med cirka
25% nér cutteravstdndet férdubblades. Nigon fordndring i den genomsnittliga
toppbelastningen kunde dock inte observeras.

Ett indirekt sitt att méita om cutters har utsatts fér storre skillnader i last 4r att mita
temperaturen pd dem. Metoden &r grov och endast indikativ. Vid 6kning av cutterav—
stind till 150% kunde man inte notera ndgon signifikativ temperaturfériandring hos de
cutters som har 6kat avstdnd. Vid avstdnd 200% erhdll man cirka 60° pd dessa cutters
medan cutters med standardavstind erholl S0°.

Maskinen vid Aspd ir utrustad med VFD vilket stir for variable frequency drive.
Denna utrustning ger mojlighet att pa elektrisk vig variera varvtalet. Normalt byggs
TBM med ett nominellt varvtal som ger en periferihastighet av 2,5 m/sec for TBM
med 17" cutters. Man stridvar mot att 6ka den hastigheten men det finns faktorer som
begriansar ndmligen belastning pd cutterlager samt effektivitetn p& avverkningen.

I syfte att studera effekten pd avverkningen genomfordes férsok med variabelt varvtal
for att studera variation av indriften. Tyvirr erhélls ej repetitiva forhillanden varfor
virdena ej kan anses relevanta. Men for att visa for effekten visas istillet resultat av
liknande forsok ifrdn Klippen. (se fig nedan)

TBM thrust test

Klippen
mm/rev
7.5
[ © [ 6 rpm]
5ol @ [3:75 rpm]
25}
0 | L L 1 1 L L
8.6 11.4 14.3 17.9 21.4 226
ton/cutter
Fig. 7. Samband belastning pé cutter och indrift vid 2 varvtal

Thrust tests at 2 RPM
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Percentage passing (by weight)

Sammanfattning cutteravstind och indrift

Testerna med 6kat cutteravstdnd upmuntrar till fortsatta férs6k d& man inte erholl
ndgon minskad indrift. Avverkningen forefaller rent visuellt vara effektiv &tmonstone
upp till 150% avstind och likasd synes detta avstind inte ge ndgon forh6jning av
cuttertemperatur vilket tolkas som ej besvirande belastning pé cutters.

Vinsten med Okat cutteravstind skall vara minskat cutterslitage samt mindre erfor-
derlig tryckkraft och vridmoment. Aspdf6rsoket ar dock for litet for att bekréfta detta.

Cutteravstind och storlek hos lossbrutet berg

TBM tekniken &r i jimforelse med konventionell tunneldrivning belastad med att
eftelimna ett bergmaterial som man har svart att hitta anvindning for. Man skickar
ofta materialet p3 tipp. Onskan &r att f3 ett grovre stenmaterial som samtidigt har en
béttre kubicitet. Vid testerna med det 6kade cutteravstindet tog man tillfallet i akt att
studera foréndringar hos det lossbrutna bergmaterialet.

Tva tester gjordes och test no. 1 bestod i att det lossbrutna bergmateiralet siktades
dels med standardsiktar och dels med stavsiktar. I test no. 2 plockade man storre
chips och maitte upp dess tre axlar.

Med standardsikt erh6ll man siktkurva enligt figur 8 nedan. Med standardsikt miter
man b-axeln pd det lossbrutna bergbitarna. Axlarna definicras som i figur 9.

Sieve size [mm]

Figur 8. Siktkurva (b-axis, standardsikt)
Siev Curves (b-axis; standard sieves)
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Percentage passing (by weight)

Fig. 9. Definition av axlars hos bergchips.
Definition axis of chips

Man kan konstatera att 6kat cutteravstdnd definitivt medfor en Okning av bergmateri-
alets komnstorlek. Mycket markant dr denna 6kning for avstindet 200% diir halten
finmaterial (silt och mindre) har kraftigt reducerats. Forindring av kornstorlek vid
150% avstand &r inte alls vad man kunde férvinta vid en linjir interpolation mellan
100% och 200% avstdnd. Varfér s8 inte &r fallet &r inte uppenbart. Men resultat har

en klar korrelation med spérdjupen efter cuttrarna vid de skilda cutteravstinden.
(se ovan).

Resultat av stavsiktnignen for att bestimma C-axeln p& material grévre 4n 2,5 mm
framgdr av figur 10 nedan. Aven hir kan man konstatera en markant Okning av C-
axelns lingd eller chipsets tjocklek for cutteravstand 200%.

Sand ] Gravel

100

90

- ) -

80 =

70 /._.-':'“--.' . /,,

60 —:‘Spacing 100%‘37/‘_{ ........ : P i

50 s

40 / =

30 4Spacing 150%/ ==

20 g HEES
Y i

10 4Spacing 200%

0 1 L] 1 T T T L) ll L T L) T
1 2 4 6 g8 10 20 30 40 50 70

Sieve size [mm)]

Figur 10.  Siktkurvor (c-axel, = 2.5 mm)
Siev Curves (c-axis, rod-sieves, = 2.5 mm)
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Samma jakttagelser kan goras for cutteravstind 150% vid stavsiktsom som vid
standardsikt. Uppenbarligen sker en tillviixt pd alla dimensioner hos det vid lossbrut-
na bergmaterialet vid okning av cutteravstdnd. Betraktar man t.ex. fraktionen storre
4n 28 mm s3 har den 6kat frdn 6% vid avstdnd 100% till 17% for avstidnd 150% for
slutligen hamna p4 30% for avstdnd 200%. Detta &r visentliga 6kningar som gor det
mojligt att plocka ut material for krossning till betong ballast.

Ur varje méngd stenmaterial som tagits for varje cutteravstdnd har man plockat ut de
50 stérsta chipsen. De har mitts upp manuellt med avseende pd axlamas storlek och
resultaten framg3r av tabell 4 nedan. Man kankonstatera att det har skett en vasentlig
tillvéxt l4ngs alla axlarna. Ser man s till C-axeln vilken 4r den mest intressanta s3
kan man konstatera en mer in 50% tillvixt hos denna for en 6kning av avstdnd frin
100% till 150%.

Medelvirde, baserad p4 ca. 50 chips per avstind
Meanvalues, based on appox. 50 chips per spacing

Spacing [%] 100 150 200
Standard

| storst (a) axel(medeltal) [mm)] 142 2517 426

medel (b) axel (medeltal) 72 113 154

minsta (c) axel(medeltal) 22 35 58

Tabell 4.  Stora chips
Large chip—dimensions

Néigon signifikant férdndring av komformen hos de stora chipsen kan man dock inte
observera de ir fortfarande stingliga och flisiga. Man maste séledes krossa materialet
for att det skall kunna anvédndas for betongtillverkning.

Sammanfattning kornstorlek och form
* Storleken av chips star i direkt proportion till cutteravstdndet
* Mingden finmaterial sjunker med 6kande cutteravstidnd. Mt p& b-axeln for
fraktioner 0-4 mm kunde nedanstdende utveckling konstateras
100% cutteravst. 0-4 mm utgér 44%
150% cutteravst. 0-4 mm utgoér 39%
200% cutteravst. 0-4 mm utgér 19%

* Vid c-axelmitning i sikt kan man konstatera att ex.vis méngden stenmaterial med
tjocklek stérre 4n 28 mm hade f6ljande utveckling
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100% cutteravst. 28 mm utgdr 6%
150% cutteravst. 28 mm utgdr 15%
200% cutteravst. 28 mm utgdr 30%

* Man kan konstatera att det gr att hdja kvalitén p& det lossbrutna bergmaterialet
och det synes kunna ske utan att indrift pverkas negativt. Ej heller synes vid ett
forsta pdseende cutterslitaget 6ka. Dessa senare antaganden méste dock vidimeras i
ytterligare tester.

Summary

Contractual and rockmechanical experience gained at the TBM—excavation at the
Aspd test site.

This paper covers two topics which only have the Aspé test site in common. The
first paper covers essentially the assessment of risks involved in the project. In
general the Contractor considered the TBM—excavation as a very risky project, and
there were some issues that were given special interest and they were;

- Lay-out; the capability to maintain a curve radius of 150 m

~ Proximity to a major waterbearing zone with high waterpressure
— Wateringress at tunnelface probing and grouting

- Rockburst

- Utilization, penetration and support

Those risks are discussed one by one and the actual outcome is also given.

In the second part the interest is focused on the rockmechanical aspects related to the
cutting of the rock. Cutter spacing of the face cutters have been varied between 1.5
and twice the normal spacing. The results with respect to penetration, cutterload and
grainsize distribution is presented and also briefly discussed. In general it can be said
that the testing of wider spacing of the cutters gave encourraging results which is
likely to be followed by further testing at least in hard rock.
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DIMENSIONERINGSGRUNDER FOR BERGFORSTARKNING
Design of rock support

Hakan Stille, Kungl Tekniska Hogskolan

Dimensionering av bergforstarkningen kan utga fran tva typer av barande hu-
vudsystem. Den ena typen dr barande huvudsystem av berg, dir sjilva berg-
grunden utgor det bdrande elementet. Den andra typen av system utgdrs av
berg och bergférstarkning i samverkan, vilket innebér att ett stabilt valv er-
halles i samverkan mellan berg och bergférstirkning. Typ av bdrande system
bestdms av belastningssituationen (yttre lasten och geometrin) och den fore-
kommande bergkvalitén.

Utglidning av enskilda block i en i 6vrigt kompetent och stabil bergmassa &r ett
exempel pa den forsta typen av barande huvudsystem. Spanningsinducerad
overbelastning som leder till fortskridande ras 4r exempel pa den andra typen
av barande huvudsystem. Bergkvalitén kan inom ramen for forstiarkning med
sprutbetong indelas i tvd huvudgrupper: berg med god vidhiftningsformaga
mellan berg och sprutbetong samt berg med délig vidhiftningsférméga.

Forstarkningen skall i princip dimensioneras enligt Boverkets konstruktions-
regler, BKR-94. Dimensionering skall i princip utga fran krav i brottgrinstill-
stand och brukgrinstillstdnd och sker normalt utifrdn partialkoefficientme-
toden.

Brottgrénstillstind innebdr att en barande konstruktion skall utformas och di-
mensioneras sa att sikerhet mot materialbrott och instabilitet dr betryggande.
Byggnader skall dven utformas s att riskerna till f6ljd av fortskridande ras &r
ringa. I BKR-94 anges krav pé sdkerhetsnivaer for dessa olika situationer och for
olika risker for personskador.

Bruksgrinstillstdnd innebér att en byggnadsdel skall ha sdan styvhet att de-
formationer eller forskjutningar vid avsedd anvindning inte inverkar menligt
pd dess funktion eller skadar andra byggnadsdelar.

Risk for instabilitet féreligger vid hoga bergspanningar och skivigt berg . Risk

for fortskridande ras kan foreligga vid vissa belastningssituationer och berg-
kvalitéer.
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Normalt stills inga krav pa storsta tillaitna deformation eller forskjutning for en
forstirkning med avseende pa tunnelns funktion eller risk for skador pa andra
byggnadsdelar. Detta innebdr att man normalt ej beh6ver beakta bruksgrans-
tillstdndet.

Dimensionering enligt partialkoefficientmetoden innebér att man skall sdker-
stilla att den dimensionerande béarféSrmégan ar storre an den dimensionerande
lasteffekten. Varje ingdende variabel skall darvid forses med en partialkoeffi-
cient som skall beakta dels osikerheten i variabeln, dels dess betydelse for det
aktuella lastfallet. Vidare skall variabeln beakta den sikerhetsniva lastfallet ifra-
ga kraver.

For enkla lastfall som vid exempelvis forstarkning av enskilt block i en for
ovrigt stabil bergmassa kan man klart skilja pa barférmégan och lasteffekten.
Barférmagan kan vara bultens barformaga och lasteffekten utgors av blockets
tyngd. Vid s&dana fall kan man relativt enkelt anvdnda sig av partialkoeffici-
entmetoden.

For mer komplexa forhallanden, som nédr barande huvudsystemet ér berg och
forstarkning i samverkan, kan man ej lika litt separera barformégan och lastfal-

let. Vid dessa férhallanden kan den sa kallade B-metoden anvédndas. Denna

metod ir en stokastisk metod dir B anger vald sdkerhetsnivd. Metoden utgor
den teoretiska basen till partialkoefficientmetoden.

Ovan beskrivna metoder kan tillimpas pé brottgransdimensionering i normala
fall. Vissa problem féreligger dock dels genom att flertal bergforstarkningar
dimensioneras idag p& basis av empiri och ej berdkningar, dels pa grund av
svarigheter att beskriva lastfall sdsom pétvingade deformationer.

Boverkets konstruktionsregler dr i forsta hand uppréattade for huskonstruktio-
ner. Detta innebir att deras definitioner av begrepp som exempelvis byggnads-
del och fortskridande ras ej kan direkt dverforas eftersom dessa ord i bergbygg-
nadssammanhang har andra betydelser.

I BKR-94 ir begreppet olyckslaster knutet till risken for fortskridande ras.
Exempel pa olyckslaster dr brand, explosion etc. Vid barande huvudsystem
berg syns ej risk for fortskridande ras foreligga och ddrmed behover ej olycks-
laster i ovan betydelse anvindas.

Vid barande huvudsystem berg och forstirkning i samverkan kan en tunnel-
kollaps uppkomma vid brand eller explosion. Nagon risk for personskador pa
grund av en tunnelkollaps synes ej foreligga, eftersom tunneln och skador kan
inspekteras fore man later ménniskor vistas déri.
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Det enda behovet att beakta olyckslaster och fortskridande ras ar for det fall en
tunnelkollaps leder till skador pa omgivningen, dvs tredje man. Sjilvklart kan
byggherren om han s& 6nskar skérpa kraven om det &r totalekonomiskt for pro-
jektet.

Det dr ocksé viktigt att man vid dimensioneringen beaktar om redundans finns
i det aktuella belastningsfallet och att relevanta seghetskrav stills pa bergfor-
starkningen. Seghetskrav kan vara viktigt att beakta om patvingade deforma-
tioner kan forekomma eller att man Onskar Gka sidkerhetsnivan vid de lastfall
dér lasten minskar med utbdjningen.

SUMMARY

Design of rock support is an important part of the design of an underground
project. For concrete and steel structures the design shall be based on the partial
coefficient method according to Eurocode and the new Swedish code (BKR-94).
It is also proposed from the Swedish authorities to use the partial coefficient
method for the design of rock support. In the paper some aspect on the problem
of using the method for tunnel design is discussed.
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CORROSION TESTS ON CEMENT GROUTED ROCK
BOLTS

Korrosionstester pa bergbultar

Seija Sundholm, HUT/Laboratory of Rock Engineering
Olof Forsén, HUT/Laboratory of Corrosion and Material Chemistry

ABSTRACT

Today's people recognize underground constructions not only as mines but more
as subway tunnels, swimming pools, parking lots, storage places and shopping
arcades, all of which have been planned for permanent and everyday use. The
expected life-time of the structures will be presented in hundreds of years rather
than in tens of years. Recently the question of the long-term performance of rock
bolts has frequently been asked in connection with the latest building plans as the
builders want to have sufficient guarantees of the stability of the underground
constructions.

Mostly when people speak about the long-term performance of rock bolts, they
refer to possible damage caused by corrosion leading to reduced supporting
capacity. Cement grouted rebar is widely used as permanent support due to the
protective properties of the cement. When grouted rock bolts are installed it is
assumed that the rebar/steel strand is in the middle of the hole and completely
covered with cement. However in practical situations there are discrepancies like
the bolt steel is eccentrically in the hole or the grouting is not uniform. Everything
causing non-uniform grouting creates a risk for corrosion.

1. INTRODUCTION

As there are no simple and unambiguous solutions to the problem, how different
types of rock bolts behave in a certain environment we have to combine infor-
mation obtained from laboratory tests and experience collected from the field.

The Laboratory of Rock Engineering has carried out research work concentrating
on the corrosion of rock bolts in form of research projects and other studies since
1983 /1,2/ in cooperation with the Laboratory of Corrosion and Material Chemistry.
The difficulty in this field of research is that the propagation of corrosion is very
time-dependent, the corrosion process is not stable but can change its character as
the conditions develop due to the reactions taking place between the rock boits and
the environment. There is only little documented and published information or
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precise data available on actual cases of such problems. When speaking about
corrosion in rock bolts we are dealing with a problem not necessarily present today
but after initiation maybe after 10 or 50 years. The required information to predict
the rock/bolt interaction within time has to be based on long-range research and
cannot be obtained in months.

2. FIELD SURVEY
The survey was performed among rock bolts, which were overcored originally to
examine the quality of work, the actual contact between bolts and the rock to be

supported, and the need for quality control with respect to the long-term
performance of rock bolts.

Table 1. List of all overcored rock bolts /3/.

TYPE OF ROCK MINE NUMBER OF LEVEL pH AGE
BOLT OVERCORED (m) (years)
ROCK BOLTS
1 180 28 1.5
Pyhéasalmi 1 210 42 25
CEMENT 1 240 31 1.5
GROUTED 2 300 32 7
REBAR Vihanti 5 325 20
Kotalahti 4 300 10
Vuonos 3 160 14
2 220 12
RESIN GROUTED | Keretti 4 165 28 2
REBAR 2 250 2
2 180 2.8 1.5
SPLIT SET Pyhéasalmi 4 240 6.2 1
2 galv. 240 6.2 1
Hammaslahti 2 325 7 1.5
SWELLEX Hammaslahti 5 300 7.2 2
Keretti 2 165 3 2

The field survey concentrated on overcoring a total number of 41 installed rock
bolts of different age from six different mines, the oldest bolts being 20 years old
(table 1). The bolts were overcored in one piece ( max. 2.4 m) using a & 150 mm
diamond drill bit. The visible ends of the bolts were often bent and sometimes led to
misinterpretations and shorter samples than the actual rock bolt. The core samples
were cut into shorter pieces, split in halves and photographed. Corroded pieces
were cleaned to examine the damage Information conceming some of the
overcored samples is presented in table 2. The first column in the table tells the
number used for identification and the age of the sample in years from the time of
installation till the time of overcoring. The second column tells in which part of the
rebar corrosion damage have been observed. The measuring starts from the free
end of the bolt. In the third column the measurable reduction in thickness is
presented. The fourth and fifth columns describe the length of the sample obtained
by overcoring, and that length of the rebar which was covered with unbroken
grouting. Most of the measurable damages on the rebars appeared along the first
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30-50 cm. In the beginning of the hole the rock is often more fractured and the hole
is not filled with grout completely. Low pH-value in itself does not necessarily mean
extensive corrosion, if the grouting is properly done. Samples from Pyhasalmi mine,
where the overall conditions are difficult and corrosive, showed little damage on the
rebar apart from the first 30-50 cm because of intact grouting.

Table 2. Corrosion damage in the rebars.

MINE/SAMPLE EXAMINED REDUCTION | LENGTH LENGTH OF
PART OF IN REBAR OF THE INTACT
REBAR (cm) | THICKNESS | SAMPLE GROUT (cm)

. (mmyi%) | (cm)

PYHASALMI

1 (1.5 years) 250 25-250

2 (7 years) 0-35 50% 120

3 (2.5 years) 210 30-200

4 (7 years) 200 60-170

5 (1.5 years) 150 0-140

VIHANTI

6 (20 years) 0-11 2 180

7 (20 years) 0-18 25 190 no grouting
18-33 25
7891 1

8 (20 years) 0-14 3 190
114-126 0.5

9 (20 years) 0-12 3 180 no grouting
92-100 3

10 (20 years) 0-12 5.5 165 80-165

The results emphasize the meaning of good quality in the actual grouting work.
Only 25% of the examined groutings were considered intact if the possibly missing
first 30 cm are neglected and those samples which are not obtained as whole, but
have good grouting along the sample length are included.

3. LABORATORY TESTS IN RUNNING WATER /4/

The sampies were prepared grouting ©16 mm rebars or £15.2 mm steel strands
with cement in &120 mm rock cylinders. There were two artificial 6 mm and 12 mm
wide cracks in each sample. There was no grout around the bolt steel in the crack.

The test was started placing 12 rebar samples each in its own container in running
synthetic sea water, the temperature during the whole test was the room
temperature. The containers were coupled in two parallel circuits, in the other circuit
the pH was adjusted to 7 and in the other one to 3.5.

The total exposure time was 10 months with two dry periods after 1 month and
additional two months. After both the first two wet periods one sample from both
series was split to evaluate how the corrosion had progressed. After the last
exposure period two samples from both series were split. The split samples were
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replaced after the first and second exposure period with new steel strand samples
to maintain the water flow unchanged.

In the neutral circuit the corrosion damage on the rebar and steel strand was very
little but the corrosion had propagated on the rebar under the grout in both cracks
and there could be noticed increase in the amount of corrosion products between
the grout and the rebar after the last exposure period. In the other circuit with lower
pH-value distinct corrosion was noticed already after the first exposure period and it
propagated with increasing rate during the following exposure periods. After 10
months test the reduction in the rebar thickness was 4.5 mm. Corrosion had also
intruded between the grout and rebar. It did not develop deeper during the test, but
the rebar had not only corroded in the cracks but started corroding under the grout.
Corrosion appeared to attack the steel strand sample very aggressively. After nine
months exposure period the reduction in the steel strand thickness was 5§ mm at
the most.

4. TESTS IN THE SALT FOG CHAMBER /5/

The samples were exposed in a salt spray chamber at Marine Materials, Norway.
After being exposed to salt fog, the samples were treated and evaluated in Finland.
Nine test samples were prepared altogether. & 20 mm and 300 mm long rebars
were grouted with cement in granite cylinders. There were three types of samples,
three of each: 1. Poorly grouted rebar, no cracks in the rock, one end open, 2.
Poorly grouted rebar, two cracks in the rock, 3. Well grouted rebar, two cracks in
the rock.

Test method used was the salt spray test according to the Standard ASTM-B117
/6/. The samples were placed in a chamber, where a solution containing 5%
sodium chloride was fed. The temperature in the chamber is 35 + 2°C and the pH
of the solution was 6.5-7.2. One of each sample type was taken from the chamber
after 183 days, 6 months, exposure to see if the corrosion had started. The rest of
the sample remained in the chamber for another 6 months totalling 371 days of
exposure. After the samples were removed from the chamber they were split in
halves, photographed and then chemically cleaned from corrosion products to see
the damage caused to the rebar.

Rebars which were poorly grouted in sound samples with one end open were all
corroded on the free surface. The poorly grouted upper end was in every sample all
covered by rust indicating immediate beginning of corrosion. In the cleaned rebars
only small local corrosion was seen visually on the ribs. As the samples were in an
upright position with the poorly grouted end open the fog would condense in the
empty space filling it with time. After the not grouted part of the rebar became
completely submerged the rate of corrosion seemed to be retarded.
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The poorly grouted rebars in rock cores with two cracks and both ends sealed
showed extensive corrosion. In the sample which was exposed for 6 months visible
local corrosion was observed up to the upper end of the bar on that side which was
not in contact with cement. In the crack and at one point near the upper end of the
bar the rib had locally corroded away. The other two samples showed after 6 more
months strong corrosion around the upper cracks on the poorly grouted surface.
Rebar thickness of 18 mm and 17 mm were measured in the damaged area.

The well grouted samples which demonstrate the expected quality in practice, were
generally in good condition, but early stage of corrosion could be noticed in the
vicinity of the cracks in all three samples.

5. SUMMARY

Cement grout is considered as protective layer against corrosion for a rebar if
intact. The protective properties are however reduced considerably if there are
defects in the grout which coincide with fractures in the rock serving as flow
channels for corrosive media. Problems seem to concentrate on that end of the
rebar which is closest to the open space. In the beginning of the hole the rock is
often more fractured and the hole is not filled with grout completely.

When the rebar is locally attacked the consequences can be very serious. After
relatively long initiation period the damage can be caused in an accelerated rate.
The cement cover can delay the initiation of the corrosion process, but after the
cement has lost its protective properties the corrosion can propagate rapidly. Even
if the rebar is completely covered with cement, it seems not to be able to sustain
local attack of corrosive media permanently.

The resuits presented in this paper represent mostly very corrosive environment,
which means that the initiation of corrosion can be noticed after a relatively short
exposure period. However they clearly indicate the problems that we may be facing
in the future. Still it seems that corrosion is not seriously considered untill something
happens. If there existed a reliable method to control the quality of the supporting
elements, the possible risks caused by reduced quality would not be so empha-
sized.

SAMMANFATTNING
Inledning
Flere av nuvarande underjordiska konstruktioner har planerats for permanent och

alldaglig anvandning. Den berdknade livsldngden for dessa konstruktioner &r
hundratals ar i stéllet for tiotals &r. P& senare tid har man dock ifragasatt langtids
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uthalligheten for bergbultar i samband med de senaste byggnadsplanema sasom
en tillracklig garanti for underjordiska konstruktioner.

Laboratoriet for bergteknik har tillsammans med laboratoriet fér korrosion och
materialkemi utfort forskningsarbete 6ver bergbultars korrosion. Forskningen har
narmast konsentrerats till att omfatta laboratoriotester och faltutvérderingar. Proble-
met inom detta forskningsamrode ar att korrosionsangreppet ar mycket tids-
betonat, korrosionsprosessen &r inte stabil och kan andra karaktdr nar den
omgivande miljon férandras som en folid av reaktioner mellan bergbuiten och
omgivningen. Over dessa aktuella fall existerar endast nagra f& dokumenterade
och publicerade informationer eller exakta uppgifter. Nar man talar om korrosion i
bergbultar har man att géra med ett problem som inte nédvandigtvis existerar i dag
men troligen efter en tidsperiod pa 10 eller 50 ar.

Faltutvarderingar

Utvarderingen géllde narmast bergbultar, villka ursprungligen anvandes till for att
vardera kvaliteten av monteringsarbetet, som innefattar den aktuella kontakten
mellan bultar och berg som bér foérstirkas, och behovet av kvalitetskontroll med
hénsyn av langtids kontroll pa bergbultar. Faltvarderingarna bor ses som en
sammanstailning éver totalt 41 installerade bergbultar med olika aldrar fran sex
olika gruvor, de &dsta bultama var 20 &r gamla. De flesta matbara korrosions-
angreppen av bultmaterialet befinner sig langs de forsta 30-50 cm. | bérjan av halet
ar berget oftast sprucket och dessutom &r hélet inte komplett fyllt med cement.
Resultaten av utvarderingen visar att lagt pH i sig sjalv inte nédvandigtvis for-
orsakar en kraftig korrosion, om gjutningen &r vél gjord. Bultama fran Pyhasalmis
gruva, dér de allmanna férhallandena ar svara och korrosiva, uppvisade sma
skador pa betongjamet for de férsta 30 till 50 cm ty om cementgjutningen eljest var
i sin helhet intakt. Resultaten betonar meningen av god kvalite vid cement-gjutning
av bultar. Endast 25% av de utvarderade bultgjutningama kunde betecknas som
intakta om man méjligen fransag de forsta 30 cm och dessa prover vilka inte kunde
erhallas som hela, men har en god gjutning langs providngden har ven inkuderats.

Laboratorietester i rinnande vatten

Proven var preparerade genom att gjuta @16 mm betangjam eller &15.2 stalsvajer
med cement i @120 mm bergcylindrar. | varje prov gjordes tva artificiella 6 mm och
12 mm vida sprickor. Det fanns inget murbruk runt bultstalet i spalten. 12 prov var
placerade var i sin egen karl med genomrinnande syntetisk havsvatten vars pH-
vérde var antagligen 7 eller 3.5.

Den totala exponeringstiden var 10 manader med tva torrperioder efter en manad
och efter darpa foljande tva manader. Efter varje exponeringsperiod kiévs proven
for att varderas huru korrosionen har framskridet. | den neutrala kretsen (pH 7) var
korrosionsangreppet pa betangjdmet inne i den helgjutna bulten obetydligt men
korrosionen hade bérjat pa det oskyddade betangjamet vid bada spaltema. | den
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andra kretsen med det lagre pH-vardet kunde man tydligt pavisa korrosions-
angrepp redan efter den forsta exponeringstiden och korrosionsangreppet fram-
skred med Okad hastighet under den fdljande exponeringsperioden. Efter 10
manaders test hade den ursprungliga diametern avtagit med 4.5 mm fér betong-
jamet och efter 9 manader med 5 mm fér stalvajern. Komrosionen hade alltsa borjat
mellan gjutningen och betangjamet.

Saltdimma test

Prov var ocksa exponerade i en saltdimma kammare vid Marine Materials, Norge.
Efter att ha exponerats i saltdimma behandlades och utvérderades proven i
Finland. Nio testprov var behandlade tillsammans. @20 mm och 300 mm langa
beténgjdm var gjutna med cement i granitcylindrar. Det fanns tre olika typer av
prover, tre av var: 1. Daligt gjutet betangjam, inga spalter i bergcylindem, ena
andan Gppen, 2. Daligt gjutet betangjém, tva spalter i granitcylindm, 3. Val gjutet
betanjam, tva spalter i granitcylindem. Exponeringsmetoden som anvéandes var
saltdimma test enligt standarden ASTM-B117. Proven var placerade i en kammare,
var en Iésningen innehédllande 5% natriumklorid inmatades. Temperaturen i
kammaren var 35+2 C och Iésningens pH-varde var 6.5-7.2.

Betangjémen som var daligt gjutna i de hela proven med en anda dppen (provtyp
1) hade alla korrosionsangrepp pa den fria ytan, det vill siga den daligt gjutna évre
andan var évertackt med rost i alla proven. Pa de betade stalprovens yta kunde
endast en ytlig loka korrosionsangrepp pavisas. Efter det att den icke gjutna delen
av betangstalet blev helt neddrankt i elektrolyten avtog korrosionshastigheten i
jamférelse med dem som endast delvis var neddrankta i elektrolyten. Den daligt
gjutna betangjamet som var i granitcylindern med tva spalter och de bada andoma
slutna uppvisade en intensiv korrosion. Efter 12 manads exponeringstid var den
uppmatta diametern av betongjamet 18 och 17 mm i det omradet som var daligt
gjuten och var korrosionsangreppet hade skett. De vélgjutna proven som mot-
svarar den vantade kvaliteten i praktiken, var i alimanhet felfria, men dock kunde
ett begynnelse skede av korrosion noteras i narheten av sprickor i all tre proven.

Sammanfattning

Cementgjutning anses verka som ett skyddande lager mot korrosion for betangjarn
ifall gjutningen &r felfri. Dessa skyddande egenskaper avtar avsevart ifall det finns
dfekter i gjutningen. Dessa defekter uppstar i samband med sprickning av
berggrunden och de tjanstgér som fiédekanaler fér korrosiva elektrolyter.
Problemen koncentrerar sig till den del av betdngjamet som &r ndrmast den fria
oppningen.

N&r betangjam angrips lokalt av korrosion kan konsekvenserna av detta bii
Odesdigra. Efter en relativt Iang initiationsperiod tilltar korrosionshastigheten.
Cementbelaggningen kan forlanga initiationsperioden fér korrosionsprocessen,
men efter det att cementen har férlorat sin alkalitet begynner korrosionen snabbt.
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men efter det att cementen har forlorat sin alkalitet begynner korrosionen snabbt.
Aven om betangjérnet &r helt betackt med cement tycks den inte alltid helt férhindra
en loka attack av korrosionen i aggressiv miljé.

Resultaten som presenteras i detta papper representerar reultat fran mycket
korrosiv miljé, vilket betyder att begynnelsen av korrosionen kan pavisas efter en
relativt kort exponeringstid. Emellertid utpekar denna forskning tydligt de problem
som vi bor beakta i framtiden. Tyvarr verkar det &nnu som om korrosionen inte
skulle tas pa allvar férran nagonting hander.
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BESTANDIGHET HOS SPRUTBETONG
- EN LITTERATURSTUDIE

Durability for shotcrete - a literature study

Erik Nordstrom, Vattenfall Utveckling AB

L INLEDNING

For att kunna belysa de delar av omradet "Bestiandighet hos sprutbetong” som #r daligt
undersokta, har denna litteraturstudie kommit till. Litteraturstudien skall sedan ligga till
grund for framtida forskning inom omréadet. En del litteratur har hittats, men flera
undersokningar har varit begrinsade med sma forsoksserier. Undersokningen har
omfattat savidl grundmaterial, tillsatsmaterial som tillsatsmedels péaverkan pa
bestdandigheten. De enskilda bestidndighetspaverkande faktorerna har ockséd studerats,
sévil fysiska som kemiska angrepp. Oversiktligt har utférande och provningsmetoder
behandlats. I de fall dir litteratur specifikt gillande for sprutbetong inte har hittats har
paralleller till konventionell betong dragits.

2. MATERIAL

I avsnittet behandlas cement, ballast, armering, tillsatsmaterial, tillsatsmedel och deras
paverkan pa bestdndigheten.

2.1 Cement

I forsta hand paverkar cementens kemiska sammansittning bestindigheten hos
sprutbetongen. Lag halt av C;A (trikalciumaluminat) ger forbittrad sulfatbestdndighet
och lag halt av alkali (K* & Na*) ger minskad risk for alkaliballastreaktioner om reaktiv
ballast férekommer. Frostbestindigheten forbittras ocksa av lag halt alkalier d& man
erhaller en finare och titare luftporstruktur i betongen [Fagerlund -92].
Anldggningscement ( Degerhamn Std P ) har bade 14g halt av C;A och alkali. Det finns
uppgifter om att 1&g C;A-halt skulle ge minskad bindning av klorider och dérigenom ge
okad korrosion, men detta tillbakavisas av [Byfors & Tuutti -94]. I samband med
forstirkningsarbeten kan det dock stdllas krav pd ett cement med snabbare
héllfasthetstillvixt &n anldggningscement har. I en understkning av [Gebler -89]
provades ett cement dir en del av Portlandcementen ersatts med aluminatcement. I
laboratorieforsok med torrsprutning pavisade man sedan god bestindighet mot
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frostbelastning och urlakning, samt bibehéallen tryckhallfasthet. Papekas bor att man i
forsoken inte sprutade nigon referensbetong.

Mingden cement pdverkar ocksa bestindigheten da man genom okad halt kan minska
aterstudsen, men samtidigt 6kar risken for krympsprickor da mer vatten normalt krivs.

2.2 Ballast

Ballasten bor ha tillracklig hallfasthet, vara frostbestdndig och den bor inte vara reaktiv i
alkalisk miljo. Kornstorleksfordelningen och den maximala kornstorleken péverkar
arbetbarheten, paslagstjockleken, dterstudsen och de mekaniska egenskaperna. Dessa i
sin tur pdverkar sprutbetongens bestdndighet.

Alkaliballastreaktioner uppkommer av att ballasten l6ses upp 1 den starkt alkaliska miljo
som rader i betongen. En principskiss for reaktionen visas nedan i fig. 2.1 och om nigon
av komponenterna saknas sker ingen reaktion. Den alkalikiselsyragel som bildas
expanderar vid absorption av vatten och kan da ge uppsprickning i betongen.
Sprickmonstret 4r av typen monstersprickor (mapcracking) och liknar plastiska
krympsprickor, men skiljer sig genom att man kan se en svagt brunfirgad
omvandlingsprodukt i sprickan .

Kalciumhydroxid

Reaktiv
kvarts

Alkalikisel -
syra gel

Alkalier

Ger ibland
expansion

Vatten

Figur 2.1 Principskiss for alkaliballastreaktioner [Lagerblad & Tragardh -92]
Basic sketch for alkali aggregate reactions [Lagerblad & Trigardh -92]

Risken for alkaliballastreaktioner minskas med ett lagalkaliskt cement eller genom

tillsats av ndgot som absorberar alkalierna. Absorbenten kan vara nagon puzzolan t.ex.
vildispergerad silika eller flygaska.

226



2.3  Armering

[ allt storre omfattning har det traditionella glodgade armeringsndtet ersatts av
stalfiberarmerad sprutbetong av savil ekonomiska som utforandemissiga skil.
Korrosion behandlas separat i avsnitt 3.4.

2.3.1 Fiber

Olika typer av fiber har provats som tillsats i sprutbetong och syftet har varit att
forbittra sprutbetongens egenskaper i farskt och/eller hardnat tillstind. Frimst har det
géllt att minska risken for plastiska krympsprickor och att dka brottsegheten samt
begrinsa sprickvidden vid uppsprickning. Glasfiber eller olika typer av plastfiber har
framst en inverkan pa den firska betongens egenskaper, medan stilfiber dven ger ett
betydande tillskott till brottsegheten och begransningen av sprickvidder. Fordelen ur
bestidndighetssynpunkt med fibertillsats jimfort med konventionell armering &r
utforandet (se 2.3.2). Enligt [Opsahl -82] skulle ocksa risken for losskrympning av
sprutbetong och dirigenom "bom" minskas vid fibertillsats, men denna teori ifrigasitts
av [Holmgren -92].

2.3.2 Konventionell armering

Konventionell armering utgérs i1 forsta hand av armeringsstinger eller glodgat
armeringsnit, men dess anvidndning minskar i takt med att stalfiber blir vanligare. Ur
bestidndighetssynpunkt har konventionell armering en nackdel vid utforandet. Vid
felaktigt utforande kan skiktningar och fickor bildas runt armeringen och dirigenom
skapa en inhomogen betong som léttare angrips av nedbrytande faktorer.

2.4 Tillsatsmaterial

Nagra av de tillsatsmaterial som anviénds dr bl.a. silika, flygaska och mald granulerad
masugnsslagg. Vanligast for svenskt vidkommande &r dock silikan. De anvinds for att
ersitta en del av eller tillsdtts utdver cement. De efterstrivade egenskaperna ér bl.a.
forbdttrad arbetbarhet och oOkad tithet. Silika och flygaska &dr puzzolaner som inte
reagerar spontant utan aktiveras av den fria kalciumhydroxiden 1 betongen.
Masugnsslaggen 4r ett latent hydrauliskt material [Ljungkrantz, Moller & Petersons -94]
som aktiveras av nagon typ av alkali t.ex. kalciumhydroxid. Generellt kan sédgas att den
sjdlvldkningseffekt man kan tillgodogora sig vid uppsprickning av betong med fri
kalciumhydroxid, minskar dd de ndmnda tillsatsmaterialen reagerar med
kalciumhydroxiden [Fagerlund -89]. Tillsatsmaterialen ger dock effekter som t.ex.
forbdttrad  bestindigheten mot urlakning. Rena  materialskillnader mellan
Portlandcement och silika resp. flygaska redovisas 1 tabell 2.1.
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Portlandcem. Silika Flygaska
Kompaktdens. (kg/m?) 3.12-3.15 2.16 2.35
Skrymdens.(kg/m?) 1.4 0.20-0.22 1.00
Spec. yta (m¥kg) 250-500 18 000-22 000 300-500
Si0, innehéll 17-25 % 88-98 % 40-55 %

Tabell 2.1 Materialdata fér Portlandcement, silika och flygaska [Burge -93]
Material data for Portland cement, silica and flyash [Burge -93]

2.4.1 Silika

Silikan ftillsitts antingen via de torra materialen eller uppblandat 1 vatten (slurry).
Tillsammans med superplasticerare fis en kohesiv blandning som bl.a. ger minskad
iterstuds. Tillsatsen gor vidhiftningen mot underlaget bittre vid sprutning [Durand,
Mirza & Nguyen -93] och mojliggoér okade paslagstjocklekar samt minskat bruk av
accelerator [Wolsiefer & Morgan -93, Fidjestgl -93].

Den hirdnade betongen fir bl.a. minskad permeabilitet och dérigenom forbéttrad
frostbestindighet [Burge -91, Glassgold -89, Mailvaganam & Samson -87, Morgan & al.
-88, Wolsiefer & Morgan -93]. Om frostskador uppstér 4r nedbrytningsforloppet vildigt
snabbt enligt [Fagerlund -92] se figur 2.2. Vidare ger silikatillsats 6kad bestindighet
mot kemiska angrepp och hogre elektrisk resistivitet enl. [Wolsiefer & Morgan -93]

A: WiC=0,35; S/C=0
B: W/(C+S)=0,54; S/C=0,11
C: W/(C+8)=0,35;S/C=0,19

B
1 /‘ e
) A
: | T
> o
2
0~
0 100 200 300
Antal fryscykler

Figur 2.2 Saltfrystest av icke lufttillsatta betonger med och utan silika. W=vatten,
C=Portlandcement, S=silikastoft [Fagerlund -92].
Freeze-thaw test with salt solution of concrete with and without silica
fume and with no air entrainment. W=water, C=Portland cement,

S=silica fume [Fagerlund -92].
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En nackdel med silika dr okad plastisk krympning och detta gor att hogra krav bor
stillas pd god efterbehandling. Vidare pavisar [Pettersson -92] i en undersdkning pé
bruk uppsprickning p.g.a. expansiv silikagel som bildats nir odispergerad silika reagerat
med den alkaliska losningen. Vid normal dosering av vildispergerad silika har denna
dock en reducerande effekt pa alkaliballastreaktioner [Lagerblad & Trdgardh -92].

2.4.2 Flygaska

I det farska tillstdndet har flygaskan ungefiar samma positiva effekter pa arbetbarheten
som silika d.v.s. Okad kohesion och minskad risk for separation. Den tidiga
hallfasthetsutvecklingen blir dock langsammare och effekten accentueras vid laga
temperaturer.

Bestidndigheten mot sulfatangrepp okar och enl. [Mailvaganam & Samson -87] fas
minskad permeabilitet, forbittrad frostbestindighet och minskad risk for
alkaliballastreaktioner . Sulfatresistensen forbdttras ocksa av flygasketillsats. Hog halt
av flygaska ger dessutom en ligre diffusivitet for kloridjoner [Tuutti -93; Johansson,
Sundbom & Woltze -89].

Variationer 1 flygaskans restkolhalt kan paverka sprutbetongens vattenbehov vid
sprutning. Enligt [Fagerlund -92] kan restkolet vara orsaken till att den naturliga
lufthalten minskar med ca 1%. Vid for stor tillsats av flygaska fds en okad tixotrop
effekt, minskad hallfasthet och okad krympning vid uttorkning [Mailvaganam &
Samson -87]. Enl. [Ljunkrantz, Moller & Petersons -94] okar karbonatiseringen vid hog
halt av flygaska.

24.3 Slagg

Mald granulerad masugnsslagg tillsitts for att erhalla samma effekter som med silika
och flygaska d.v.s. forbittrad arbetbarhet. Masugnsslaggen gor betongen mindre
vattenkrdvande och minskar risken for vattenseparation. Andra effekter dr forbittrad
sulfatresistens och minskad permeabilitet for klorider. P& kort sikt forbittras
frostbestandigheten men den forsdamras pa lang sikt. Anledningen d&r att
vattenabsorptionen 1 luftporsystemet oOkar. Vid frysning i nédrvaro av salt beror
frostbestidndigheten pd méngden tillsatt slagg ddr midngder < 35 % resp. > 65 % ger
forsdmrad bestidndighet [Luther, Mikols, DeMaio & Whitlinger -94]

2.5 Tillsatsmedel

Det finns idag en mingd olika tillsatsmaterial, med olika inverkan pa firsk och hardnad
betong. I sprutbetongsammanhang 4r det vanligast med accelererande tillsatsmedel och
da framst vid vétsprutning. Syftet dr att accelerera bindetiden for att uppna tidig sikring

229



av berg t.ex. Acceleratorer och andra tillsatsmedels inverkan pé sprutbetong och dess
bestidndighet behandlas i de foljande avsnitten.

2.5.1 Acceleratorer

Vid vatsprutning ger acceleratorn som en foljd av den accelererade bindetiden mojlighet
att bygga upp tjockare paslag. Med tjockare paslag fir man minskad skiktning och en
mer homogen sprutbetong vilket ger forbattrad kvalitet. Papekas bor dock att man dven
kan anvinda andra tillsatser for att kunna spruta tjockare paslag t.ex. silika eller
flygaska.

De vanligaste bindetidsaccelererande tillsatsmedlen tillverkas av vattenlosliga salter av
alkalimetaller eller av alkaliska jordmetaller. De mest kdnda ar klorider, silikater,
karbonater och aluminater. Klorider anvinds dock i liten omfattning p.g.a. risken for
armeringskorrosion. I flera undersokningar [Burge -91, Manns & Neubert -92] redovisas
hur olika acceleratorer paverkar bestindigheten. De vanligaste alkalihaltiga ger en
reducering av slut-tryckhallfastheten. Man har ocksd kunnat se en koppling mellan
reducerad tryckhallfasthet och minskad frostbestdndighet [Gebler & al. -92]. Troligen
beror fenomenet pa den 6kade porositeten och 6kade mikrosprickbildningen som fis av
ett accelererat hdrdningsforlopp. Dirfor kan man ocksa konstatera 6kad permeabilitet
vid anvédndning av acceleratorer [Opsahl -85]. Andra effekter av alkalihaltiga
acceleratorer dr Okad uttorkningskrympning med 20-50% bade vid torr- och
vatsprutning [Manns & Neubert -92]. I samma undersokning pévisas férdubblad
krypning vid normal tillsats for torr- & vatsprutad betong och en tredubbling vid hog
tillsats till torrsprutad betong. I forsoken anvindes kalium-karbonat/aluminat-baserad
accelerator vid vatsprutning och natrium-karbonat/aluminat-baserad vid torrsprutning.

De alkalihaltiga acceleratorerna ger arbetsmiljoproblem genom att ge hud- &
Ogonirritation. Dirfor blir anvéndningen av alkalifria kalcium-aluminat acceleratorer allt
vanligare och dessa verkar inte ha samma negativa effekt pa tryckhéllfasthet och
arbetsmiljo. Dock édr undersdkningsmaterialet begransat.

2.5.2 Retarder

Vid intermittent sprutning med vatsprutningsmetoden kan problem uppstd med leverans
av farsk betong. Tillsatsmedel med retarderande tillsats kan da ge en mojlighet till att
"hdlla lager" med betong som kan anvindas vid behov. Med langtidsretarder kan betong
lagerhallas i upp till 72 h efter blandning. Dessa tillsatsmedels inverkan pa
bestidndigheten dr dock daligt undersokta och dérfor krdvs ytterligare forskningsinsatser
pa omradet
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2.5.3 Luftporbildare

Luftporbildarnas funktion i sprutbetong dr att skapa, ett system med sma vil fordelade
luftporer som kan utgdra expansionskérl for vatten som pressas undan vid frysning. Vid
torrsprutning tillsétts luftporbildaren i det torra materialet eller i blandningsvattnet.
Beroende pa att luftporbildare tillsitts eller aktiveras forst vid sprutningen kan man inte
mita lufthalten fore sprutning och det kan darfér vara svart att forutsdga denna.
Motstridiga uppgifter finns kring luftporbildande medels effekt for frostbestindighet i
torrsprutad betong. Enligt ACI 506 R - 90 ger de ingen effekt medan [Durand & Mirza -
93] hivdar motsatsen med hédnvisning till sina forsok.

Vid vatsprutning tillsétts luftporbildare pa konventionellt sitt till betongen i férvidg och
finns alltsd redan i betongen vid sprutning. Allmédnt ként dr att upp till hilften av
luftporhalten forsvinner vid vatsprutning da betongen slungas mot ytan med hog kraft.
Detta har ocksé visats vid ett antal forsok [Durand & Mirza -93, Seegebrecht & al. -89,
Morgan & al. -88, Schrader & Kaden -87].

Precis som for konventionell betong giller dessutom att en Overdosering av
luftporbildare ger en reducering av hallfastheten.

2.5.4 Plasticerare och vattenreducerare

Plasticerande tillsatsmedel har till uppgift att skapa god pumpbarhet utan att oka
vatteninnehallet i betongen. Vid hoga halter av finkornigt material t.ex. silika anvinds
normalt alltid superplasticerare. Vattenreducerare fyller funktionen att sidnka
vatteninnehdllet med bibehéllen arbetbarhet. Effekten av vattenreducerare bor alltsa vara
positiv ndr det géller krympning och sluthallfasthet t.ex. De negativa effekter som vissa
vattenreducerare har 4r att de kan ge en retarderande effekt och/eller reducering av
lufthalt.

2.5.5 Polymerer

Syftet med polymerer ir att forbéttra kvaliteten pa sprutbetong framst i tunna lager t.ex.
vid reparationer. Funktionen for polymererna &r att fungera som "armering" och
forsegling av betongstrukturen och dérigenom goéra den mindre sprod och tidtare. En
ytterligare effekt dr forbéttra vidhiftning till det underlag som pasprutas [Skarendahl -
94]. Det finns en méngd olika polymerer (vinylacetat, akrylat, styrenbutadien, polyester,
epoxi och dispersioner av elastomerer eller latex) och olikheterna gor att deras effekt i
sprutbetong varierar kraftigt [Schorn -89].

Nir polymermodifierad sprutbetong anviénds vid reparation fés ett titskikt som minskar
vatten- och kloridintringning samt bromsar karbonatiseringen da skiktet ar osprucket.
Enligt [Morgan -91, Marusin -90] idr t.ex. latexmodifierad sprutbetong mycket kinslig
for tidig uttorkning dé plastiska krympsprickor uppstar. Nir vil sprickorna har uppstatt
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finns ater en mojlighet till angrepp i den underliggande betongen. Enligt [Morgan -91]
finns det dven estetiska nackdelar med latexmodifierad sprutbetong dad sprickor ser
grovre ut di omrddet bredvid sprickan morknar vid uppfuktning. Polymerens
bestindighet mot den alkaliska miljon i betongen kan ocksd utgdra ett problem.
Ytterligare ett problem med just latexmodifierad sprutbetong rapporteras av [Marusin -
90] och det bestér i att man kan f& en migration av latex till sprutbetongens yta. Detta &r
speciellt olyckligt vid uppeh8ll mellan olika péslag av sprutbetong. Latexskiktet leder
till att vidhéftningen till det nya péslaget forsamras kraftigt och leder till bom.

3. UTFORANDE

Betydelsen av ett korrekt utférande kan inte nog understrykas. Den bést sammansatta
sprutbetongen kan f délig bestindighet genom felaktigt utférande. For stor tillsats av
accelerator vid vétsprutning eller stora variationer av vattentillsats vid torrsprutning
minskar mdjligheterna till att fi en bestindig konstruktion. Déligt omsluten armering
kan bana vig for korrosionsangrepp. For- och efterbehandling bor ocksd vara korrekt
utfort. For att uppné detta skall personalen vara kunnig och vil erfaren. Dessutom skall
forutsittningarna vara sidana att man genom tillgénglig utrustning, material, planering
av arbetsstillet m.a.p. stillningar och liknande, kan tillgodogora sig den kunskap som
personalen besitter.

3.1 Vatsprutning

Frimsta fordelen med vatsprutning ér att betongen ér firdigblandad fore sprutning.
Dirigenom kan man t.ex. kontrollera lufthalten fore sprutning och sedan gora en
uppskattning av lufthalten man kommer att ha efter sprutning. Andra fordelar jamfort
med torrsprutning ir stor kapacitet, liten dammbildning och minskat spill. Spillet dr
sarskilt viktigt vid anvdndning av stalfiber da det innehdller mer fiber dn Ovriga
bestandsdelar och detta dr dessutom en dyr besténdsdel.

Nackdelen vid vatsprutning #r frimst anvidndningen av accelerator. Betongen kommer
ofta fram stotvis och den som sprutar far svart att halla en jimn acceleratortillsats. Det
kan ge ojimn halifasthet och skiktningar i paslaget. En annan nackdel dr att utrustningen
normalt kriver losare betongkonsistenser och dirigenom vattenrik betong. Dessa bada
nackdelar kan emellertid begrinsas genom anvindning av olika tillsatsmedel och
tillsatsmaterial som reducerar erforderlig méngd vatten och accelerator. T.ex. kan
superplasticerare och silika vara en bra kombination. Vid intermittent sprutning kan
betong lagras med langtidsretarder, men deras effekt pd bestdndigheten &r relativt okénd.
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3.2 Torrsprutning

Framsta fordelarna med torrsprutning &r att man kan spruta betong med mycket laga
vattencementtal och att man inte behodver acceleratorer. Man kan dessutom anvinda
torrbruk och utrustning med relativt lag kapacitet, vilket kan vara en fordel vid mindre
reparationsarbeten. Utrustningen &r ocksa léttare att hantera d& den dr mindre och det ger
den bittre atkomlighet i trdnga utrymmen.

Den storsta nackdelen ar att tillsatt vattenmidngd styrs av sprutaren som da gor en
subjektiv bedomning. Om ojidmn tillférsel av torrblandningen uppkommer ger det en
variation av vattenmingden i den fardiga sprutbetongen. Vanligtvis dr spillet storre vid
torrsprutning och sérskilt vid sprutning med fibertillsats.

3.3  Forbehandling

Ytor som skall sprutas maste prepareras fore. Vid reparation av gamla betongytor ir det
av storsta vikt att dalig eller skadad betong avlidgsnas 1 tillricklig omfattning. [Morgan -
91] redovisar en undersokning av ett stort antal sprutbetongreparerade broar 1 Kanada. I
flera av fallen kunde nya skador konstateras i den underliggande gamla betongen, medan
sprutbetongen var oskadad. I vissa fall hade hela sprutbetongskiktet lossnat fran
underlaget.

Andra viktiga faktorer vid preparering dr rengoring t.ex. efter borttagning av gammal
betong, vid beldggningar av jordmaterial eller olja fran dieselavgaser pa bergviggar
m.m. Detta ger bittre forutsittningar for en fullgod vidhiéftning mellan sprutbetongen
och dess underlag. Ytan bor dessutom vara nagot fuktig vid sprutning mot betong
(minskar kapillarsugning) och sa torr som mdjligt vid sprutning av berg. Vid
bergforstarkning dr det darfor viktigt att vatteninldckning dréneras bort vid sprutning for
att eventuellt senare tdtas [Brama -85]. Sprutbetongen skall inte anvindas som tétning.

Vid nytt paslag skall eventuell ytbehandling av det gamla paslaget borttagas (undvik
ytbehandling mellan paslag). Membranhérdare och liknande med vaxbas t.ex. forsdmrar
vidhiftningen avsevirt. Det dr dven en fordel om péslagen kan ske med sa kort
tidsmellanrum som mojligt.

3.4  Efterbehandling

For att sakerstilla sprutbetongens bestidndighet genom en tdt och sprickfri yta maste
efterhdrdningen  vara  korrekt utford. Antingen genom  vattenbegjutning,
membranhirdare eller annan ldmplig metod. Membranhdrdares effekt har ibland
ifragasatts. Sarskilt viktig dr efterbehandling av sprutbetong innehéllande silika, da den
far en okad plastisk krympning [Opsahl -82].
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4. BESTANDIGHETSPAVERKANDE FAKTORER

Om val av delmaterial och materialsammansittning har gjorts pa ett korrekt satt med
hinsyn till tillampning och utférandet sedan &r riktigt, ir grunden lagd for en bestindig
konstruktion. Livsldngden péverkas sedan av en mingd faktorer sdsom vidhiftning,
sprickbildning och olika typer av angrepp sdsom korrosion och frost. Livslingden
forkortas dock normalt inte av ett enskilt angrepp, utan &r ofta en kombination av flera
processer. Sprickor som leder till korrosion och/eller frostangrepp o.s.v.

4.1 Vidhdftning

Sprutbetong anbringas ofta i tunna skikt och krdver oftast full samverkan med
underlaget for att fungera. Samverkan uppnés via vidhiftning eller genom bultning (vid
bergforstirkning). Délig eller med tiden forsdmrad vidhéftning kan ge stabilitetsproblem
eller brott. Faktorer som forsamrar vidhéftningen 4r bl.a. rengéringen av underlaget och
att underliggande skador inte avldgsnats i tillrdcklig omfattning. Om anledningen till
skada ir en alkaliballastreaktion t.ex. kommer sannolikt reaktionen att fortsitta i den
underliggande betongen och riskera att spricka loss det pdsprutade skiktet. En
underliggande kloridhaltig betong kan gora att anrikning av klorider sker i gransskiktet
mellan ny och gammal betong och dérigenom leda till "saltspringning"” och att ddrmed
vidhiftningshallfastheten Gverskrids. P4 samma sétt kan fukttransport och
fuktansamling i grinsskiktet orsaka frostspringning.

Sprutbetongens relativt stora krympning kan leda till spdnningar i gransskiktet som gor
att vidhiftningen upphér om inte sprutbetongen spricker upp. Risken for detta dr storst
vid tjockare paslag eller reparationer och problemet beskrivs av [Schrader -85].
Liknande problem kan uppstd vid stora temperaturgradienter som vid avsvalning efter
hydratation. Sannolikt kan effekterna av temperatur och krympning samverka.

4.2  Sprickbildning

Sprickbildning kan leda till forsdémrad bestindighet mot Kkorrosions-, frost- och
urlakningsangrepp. Sprickbildningen orsakas normalt av rorelser i underlaget eller i
sprutbetongen. Rorelser i sprutbetongen orsakas oftast av plastisk krympning,
uttorkningskrympning eller temperaturlaster och dessa leder oftare till sprickbildning &n
vidhiftningsbrott.
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4.3 Frost

For sprutbetong giller samma principer for frostbestindighet som for konventionell
betong. En skillnad &r att sprutbetong normalt dr betydligt titare genom anvindning av
laga vattencementtal (framst torrsprutning), stor bindemedelsmingd och liten maximal
stenstorlek. En annan skillnad &r att det r svart att fi ett bra luftporsystem efter att
betongen sprutats mot en yta.

Skillnaderna i tillvigagdngssdtt mellan torr- och vatsprutning vid tillsats av
luftporbildare redovisades i avsnitt 2.5.3. Forsok som pdvisar problemen med att
bibehdlla luftporstrukturen i vatsprutad betong och svérigheterna att forutse lufthalten i
torrsprutad betong finns gjorda av [Morgan & al. -92, -88 ; Schrader & Kaden - 87 ;
Seegebrecht, Litvin & Geblier - 89]. Tilliggas bér att man kan fi en omedveten
luftinblandning, utan hjilp av tillsatsmedel, om otillricklig packning av betongen sker
vid torrsprutning [Fagerlund -94]. Det finns ocksd forsok som redovisar frostbestindig
sprutbetong utan luftporbildare [Burge -91]. Anledningen kan ocksi vara att betongen 4r
sé tét och att fuktbelastningens varaktighet inte ir sa lang att kritisk vattenmittnadsgrad
uppnads vid standardprovning. Pépekas bor dock att redan mattlig sprickbildning okar
permeabiliteten dramatiskt och dirigenom 6kas risken for frostskador kraftigt. Ett
vanligt forlopp &r att vatten ges mojlighet att tringa in i uppkomna krympsprickor och
orsaka frostspringning om sprutbetongen uppnatt Kritisk vattenmittnadsgrad.

grad, S

°C

Temperatur, Vattenmaéttnads-

Funktions-
duglighet

0 Tid

Figur 4.1 lllustration av forhdllandet mellan vattenmdittnadsgrad, temperatur och
funktionsduglighet. Vid B intrdffar frostskada da vattenmdtimadsgraden
overstiger den kritiska samtidigt som tillrdackligt ldg temperatur rdder.
[Fagerlund -94]
lllustration of relations between degree of saturation, temperature and
function. At point B a damage occurs when the degree of saturation
reaches the critical one at the same time as a sufficiently low
temperature. [Fagerlund -94]
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I normala fall skiljer man p4 frostbestindighet vid provning med salt- eller sdtvatten och
i vanliga fall 4r bestindigheten simre med salthaltigt ytvatten. Fenomenet beror troligen
pa de osmotiska tryck (tryck uppkomna av skillnader i saltkoncentration) som uppstér
mellan yt- och porvatten i betongen. Skadorna som upptrader 4r oftast ytskador.

Den vanligaste typen av frostskador dr dock enl. [Norsk Betongforening -93] den da
losspringning frin underlaget av sprutbetong p.g.a. vattenforande berg. Dirfor papekar
man vikten av korrekt drinering bakom sprutbetongskikt i zoner med frostbelastning.

4.4 Korrosion

Korrosion av armering i sprutbetong orsakas av samma processer som i konventionell
betong. Sprutbetongen har dock ett bittre skydd mot kloridintringning och
karbonatisering. For konventionell armering ér korrosionsprocesserna vl kinda men for
fiberarmerad betong finns manga oklarheter. I foljande avsnitt behandlas dérfor i forsta
hand stalfiberarmerad betong.

4.4.1 Kloridinitierad korrosion

Kloridernas ursprung kan vara gammalt havsvatten i berg eller bergarter som avger
klorider och halterna behdver inte vara hoga for att ge problem dé anrikning sker nér
kloridhaltigt vatten avdunstar frin en yta. Andra kloridkillor kan vara inldckning av
havsvatten, stink frén tosaltade vigar och anrikning i skvalpzonen pad marina
konstruktioner. Intringningen av klorider sker bade genom diffus inldckning och via
sprickor i sprutbetongen. Kloridintrangningen paverkar armeringens bendgenhet att
borja korrodera. I vanliga cement 4r kloridhalten <0.01 % och vid kontroll bor darfor
virdena ligga hir om inget yttre tillskott har skett. Intringningen bromsas av flygaska
[Johansson, Sundbom & Woltze -89] och sa torde vara fallet dven for masugnsslagg. En
negativ effekt dr dock att troskelvirdet for korrosionsinitiering uppnas snabbare da
halten fria OH "-joner reduceras.

4.4.2 Karbonatiseringsinitierad korrosion

Karbonatisering av betong sker dé luftens koldioxid penetrerar betongen och reaktionen
sker nir betongen ir torr. Reaktionen har f6ljande utseende.

Ca(OH), + CO, + H,0 — CaCO, +2H,0

Genom att pH sjunker i betongen initieras korrosionen dd det passiviserande skikt som
omger armeringen forsvinner. Hastigheten pa karbonatiseringsfrontens rorelse in 1
konstruktionen styrs av relativa luftfuktigheten, koldioxidkoncentrationen, betongens
permeabilitet, mingden karbonatiserbart material och tiden efter gjutning. Sprutbetongs
bestindighet mot karbonatisering bor vara god da bl.a. permeabiliteten dr 1dg (1agt vct).
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4.4.3 Sprickor

Sprickvidderna vid plastisk krympning och uttorkningskrympning blir normalt relativ
smd i sprutbetong. Den hoga bindemedelshalten gor att det finns goda mdjligheter till
sjdlvlakning trots att skikten &r relativt tunna. Det hir innebir att risken for korrosion &r
liten vid normal fuktbelastning. Aven vid nigot grovre sprickor av t.ex. bojbelastning
torde korrosionsrisken vara liten. Om vatten strdmmar genom sprickorna och fororsakar
successiv urlakning av betongen bor sprickrisken dock oka.

Kloridinitierad korrosion i stélfiberarmerad sprutbetong med sprickor borde emellertid
fa ett mycket snabbt forlopp, men ndgot sidant fall har inte hittats i litteraturen. Med
anledning av detta dr det mycket angeldget att utreda risken for korrosion i uppsprucken
fiberarmerad sprutbetong utsatt for genomstrdmmande vatten och klorider. Kunskaper
for detta relativt vanliga fall saknas.

4.4.4 Stdlfiber

Vad giiller korrosion och fiber, finns méanga frigetecken kvar. Dock verkar korrosion av
stalfiber mycket vara en estetisk friga dé fiber i sprutbetongens yta ofta rostar och
limnar en bruna missfirgningar ndr vatten passerar den rostiga fibern. Risken kan
forstds minskas om fiber med ndgon typ av ytbehandling anvinds t.ex. fiber med
zinkoverdrag eller rostfria fiber (typ amorf metallfiber). D4 kromatreducerat cement
anvénds finns det dock en risk for gasutveckling p.g.a. en reaktion mellan cementvatten
och zink [Norsk Betongforenings -93]. Tdnkbart dr ocksi att man fir minskad
vidhéftning mellan cementpasta och fiber p.g.a. ytbehandlingen.

Bestidndigheten hos stalfiber inne i betongen verkar vara god och om korrosion initieras
blir korrosionsprodukterna sa sma att de inte utgor nigon risk for spjilkning. I huvudsak
skyddas fibrerna fran korrosion genom den alkaliska miljon som rider i betongen. En
undersokning av [Mangat & Gurusamy -88] redovisar en teori om att fiber skyddas extra
bra av det omgivande kalkrika skiktet genom sin stora specifika yta ( yta / volym ). Trots
att undersokningarna redovisar kloridhalter som vida 6verstiger de troskelvirden enl.
Hausmanns princip som anses aktivera korrosionen férekommer det ingen.

Fiber i sprickor kan rosta av, men processen verkar vara léngsam och i mindre sprickor
av typen krympsprickor skyddas fibern av den alkaliska miljon som ger upphov till
sjdlvldkning [ Malmberg -94]. I [Malmberg -94] beskrivs en undersdkning av
betongkonstruktioner med stilfiberarmering som utsatts for olika miljobelastningar.
Sprutbetongkonstruktioner pa i kust/havsmiljé undersoktes, dir risk for kloridinitierad
korrosion kunde forvintas forekomma. Generellt redovisades dock laga kloridhalter i
konstruktionerna. En konstruktion dir man gjutit stalfiberarmerad betong pa en brobana
som utsatts for tosaltning hade dock kloridintringning och dér &terfanns ocksa
korrosion. Korrosionen var liten, men dir stdlfiber inte dispergerats kunde mer
volumindsa korrosionsprodukter hittas. Andra typer av konstruktioner som kunde ha
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karbonatiseringsinitierad korrosion undersoktes ocksd, men i alla fallen var korrosionen
mycket begrinsad.

Vidare forskning kring processerna som styr korrosion av stélfiber &r av stor vikt med
tanke p& dess stora anvidndning. Sévil korrosionsinitiering som korrosionshastigheter
m.m skulle behdva undersokas

4.5  Urlakning

Sprutbetongens stora tithet gor att risken for diffus genomléckning av vatten normalt &r
liten. Lickage i fina sprickor kan forvixlas med detta. Betongens formdga att sjilvlika
kan sittas ur spel om ensidigt vattentryck orsakar urlakande vattengenomstrdmning. Om
vattnet 4r mjukt (< 3 tyska hardhetsgrader) dr risken stor [Bodén -92]. Urlakningen i
sprickor orsakar en lokal hallfasthetsnedsittning. Urlakning vid sprickor och
hallfasthetsnedsittningen kan ses i figur 4.2 & 4.3. Vid storre ldckage minskar risken
jamfort med konventionell betong genom att betongen ir tit och bindemedelshalten hog,
men Okar genom att sprickorna dr mer finfordelade (speciellt vid fiberarmering), skikten
tunna och ballasten skyddar sdmre.
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Figur 4.2 Urlakningsgrad av ursprunglig mangd CaO som funktion av avstindet
fran en spricka [Rombén -94].
Degree of leaching of the origin amount of CaO as a function of the
distance from a crack [Rombén -94].

238



* j
2 80 _—
g O Ruettgers
%::‘ 60 \\ N Takemoto
Y. Terzaghi
ié. 40 A AN Trar:ge:'
2 \
5 20 e-Sillstrom
(s o
oL '
0 20 40 60 80
Urlakad Ca0, %

Figur 4.3 Tryckhdllfasthet som funktion av halten urlakad kalk. Sammanstiilining
av resultat fran olika undersckningar. [Rombén -94].
Compressive strength as a function of the amount of leached lime.
Results from different tests [Rombén -94].

4.6  Kemiska angrepp
4.6.1 Syraangrepp

Syraangreppet #4r i forsta hand ett ytangrepp och forekommer tex. vid
svavelsyrabildning i avloppsror eller vid lagring av syror. Angreppet leder till
nedbrytning av betongen och armeringskorrosion.

4.6.2 Sulfatangrepp

Halten vattenlosliga sulfater dr vanligen inte tillrickligt hoga for att orsaka problem for
betong. I bergforstirkningssammanhang kan dock anrikning ske i sprutbetongytan om
sulfathaltigt vatten avdunstar dir. Reaktionen uppkommer dé de vattenldsliga sulfaterna
reagerar med trikalciumaluminatet i cementen och bildar svillande produkter [Fagerlund
-92]. Effektivaste sittet att undvika sulfatangrepp dr genom att begrinsa halten C;A 1
cementen. Anldggningscement har C;A-halten begrinsad till 2 % och det gor den
sulfatresistent. Tillsatsmaterial som silika kan oka sulfatresistensen [Fagerlund -92].

4.6.3 Salter

Som tidigare ndmnts kan salter anrikas i ytan eller i vidhédftningszonen och genom
kristalltillvixt orsaka sprickbildning och avflagning. Skador har rapporterats av
natriumklorid och natriumsulfat. Hoga halter av klorider kan &dven ge reducerad
hallfasthet genom sdmre vidhiftning mellan cementpasta och ballast [Bodén -92].
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5. UTVECKLINGSBEHOV

Av denna litteraturstudie kan man konstatera att det behdvs mer kunskaper angdende
korrosion av stédlfiber i sprutbetong. Sirskilt processerna kring fiberkorrosion i
uppsprucken sprutbetong men dven nir det giller korrosion av fiber i tunna sprickor.
Detta giller bade vid vattenldckage genom sprutbetongen och vid nirvaro av klorider.

Med anledning av de omfattande infrastruktursatsningarna bor ocksd bestidndigheten
mot frostbelastning i kombination med salthaltigt vatten undersokas mer. Detta torde bli
ett vanligt forekommande fall i samband med byggandet av végtunnlar.

For att kunna bedoma en sprutbetongkonstruktions formaga att motsta olika
bestindighetspaverkande faktorer, bor man utreda hur sprutbetongens tithet skall mitas.

6. SUMMARY IN ENGLISH

This study is aiming to compile the knowledge about durability of shotcrete and to
elucidate the areas were further research is needed.

6.1 Materials

The chemical composition of the cement is the main factor for the durability of
shotcrete. Low C;A-content increases the sulphate resistance and reduces the risk for
alkali aggregate reactions. The aggregate should have sufficient strength, be resistant to
frost action and not be reactive to alkali. The gradation and the maximum aggregate size
also effects the durability by effecting the compaction, the permeability, the mechanical
properties and the rebound.

Fibres are gradually replacing the conventional net reinforcement due to economy and
performance criterias. The fibres give effects like reduced plastic shrinkage, increased
toughness at failure and limited crack widths. With conventional net reinforcement it is
more difficult to make a homogeneous concrete with no discontinuities.

Most commonly used additions are silica fume, fly ash and ground granulated blast
furnace slag. They are used to achieve good workability, reduced permeability, higher
resistance to leaching and chemical attack and reduced risk for alkali aggregate
reactions. Though there might be a risk for reactions between undispersed silica fume
and alkali. All these puzzolans react with the free content of calciumhydroxide in the
shotcrete and this reduces the possibility of "self-repairing” small cracks.

Most commonly discussed additives are accelerators and air entrainers. Accelerators are
used to achieve early strength development and to build up thicker layers of shotcrete.
Thick layers make it possible to achieve a more homogeneous shotcrete with fewer
discontinuities. The most common accelerators contains alkali and it reduces the
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strength of the shotcrete and some results show a connection between reduced strength
and reduced durability to frost action. Another effect is increased shrinkage with up to
50% for both dry- and wet-mix shotcrete. In wet-mix shotcrete it is difficult to estimate
the need for air entraining additives. For wet-mix shotcrete the air content of the
concrete is reduced by up to 50% after shotcreting. Generally the dry-mix shotcrete is
performing well in tests probably due to low permeability and air "locked in" in the
shotcrete when bad compaction occurs. Some authors claim that air entraining additives
does not affect freeze-thaw durability for dry-mix shotcrete.

6.2  Performance

The performance is very important to achieve high durability and the skill of the
personnel is essential. For wet-mix shotcrete the advantage is that the concrete is ready
mixed and can be controlled before shooting. Adding a high amount of accelerator
changes the properties radically and it is difficult to keep the dosage of accelerator at a
constant level. The main advantage of dry-mix shotcrete is the possibility of making
shotcrete with low w/c -ratio and that accelerators are not needed. When using dry-mix
shotcrete the worker is adjusting the water content manually and this could make the
properties vary considerably. Sufficient preparation of the shotcreted surface is
important. Anything that could reduce the bond has to be removed. When repairing
concrete constructions all damaged concrete must be removed. After shotcreting the
young shotcrete must be protected against drying out to avoid cracking.

6.3  Factors affecting durability

Interaction between the concrete/rock and the shotcrete is essential. Insufficient
interaction could lead to failure or stability problems. Debonding can occur if the
surface cleaning is insufficient and if the shrinkage or load is high. Cracks can be caused
by movements due to shrinkage or temperature differences. They might affect the
resistance to corrosion, frost action and leaching.

Corrosion in shotcrete is activated by chlorides or by carbonisation. Chlorides could
come from eg sea water in rock or from splashing of thaw salts from roads.
Carbonisation is a reaction between carbondioxide from the air and the calcium
hydroxide in the shotcrete. Low w/c-ratio gives high resistance to corrosion and
carbonisation. Corroding fibres at a surface cause an unwanted aesthetical effect. Fibres
inside the shotcrete are well protected and mostly the corrosion of the fibre is limited.
Some authors claim that this is due to the lime rich coating that is protecting the fibre
well since it has a large specific area. Fibres in small cracks also are generally well
protected of the environment in the shotcrete, and the "self-repairing" effect is of great
importance. The corrosion products only get voluminous if the fibres are undispersed.
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Shotcrete can resist frost action fairly well due to the low permeability. A common
damage is though debonding due to frost action in the boundary between shotcrete and
rock if water is transported from the rock.

Leaching can occur if water pressure at one side of the shotcrete cause water to flow
through cracks. Leaching causes a local reduction of strength. Chemical attack could be
of acids, sulphate or salts e.g. Acids cause surface damages in the shotcrete and
reinforcement corrosion. It could be obtained when storing acids or in waste water
pipes. Normally the sulphate contents in Swedish soils are too low to cause a reaction. A
concentration at the surface of the shotcrete when water containing sulphate evaporates
is though possible. Different kinds of salts could concentrate at the surface or at the
boundary in the shotcrete and a growth of crystals could cause cracks and spalling.

6.4 Further research

Better knowledge about corrosion of steel fibres in shotcrete, frost action with presence
of salt and evaluation of methods for measuring permeability is needed.
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INTRODUCTION

The Uri Hydroelectric Power Project is situated in the State of Jammu and
Kashmir in north-western India. The power station is supplied with water from
the Jhelum River which has its springs in Kashmir and flows through the
Kashmir Valley into Pakistan where it becomes a tributary to the Indus River.
The project is designed as a run-of-the-river scheme. The water is diverted
from the river and lead from the head regulator and desilting basins into an 11
km long headrace tunnel and the 200 m high pressure shafts. After passing
the four turbines in the machinery hall the water is lead through the draft tubes
and the 2 km long tailrace tunnel back into the river.

The project is owned by the National Hydroelectric Power Corporation Ltd,
NHPC. The construction of this hydro power project is undertaken on a turn-
key basis by a consortium involving Skanska International Civil Engineering
AB and NCC International AB for the civil works, SWECO AB as the designer,
ABB Generation AB for the electric works and Kvaerner Boving Ltd for the
mechanical works. Skanska and NCC have formed a subsidary company for
their joint undertaking called Uri Civil Contractor AB. Skanska is the leader of
the consortium. The work was started in 1990 and the project is scheduled to
be completed in May 1997. A general description of the project has been
given by Heiner et al. 1993.

The excavation of the machinery and transformer halils started in May 1993
and was completed in January 1995. In the present paper, observed rock
instabilities and measures taken for the machinery hall and adjacent tunnels
will be discussed. The discussion involves the lay-out of the caverns, the
structure of the rock and the stress situation. It demonstrates a case where the
instrumentation of the rock mass has played an important part in the adopted
active design concept.

247



DESCRIPTION OF THE POWER HOUSE COMPLEX
Lay-out

The power house complex consists of a machinery hall (37 m high, 136 m
long and 22 m wide), a transformer hall (26 m high, 142 m long and 17 m
wide), and of a gate hall (17 m high, 100 m long and 8 m wide). The
machinery hall and the transformer hall, which are discussed in the following,
are separated by a 30 m wide rock pillar. This pillar is perforated by two bus
bar tunnels, an entrance tunnel, an access tunnel and four draft tubes. The
transformer hall is situated downstream of the machinery hall. Upstream of the
machinery hall there are two vertical pressure shafts, each of six metres
diameter, which are diverted into four horizontal penstocks, each leading into

Figure 1 The lay-out of the powerhouse compiex.
Layout for kraftstationen

1 Gate hall 4 Access tunnel
2 Transformar hall 5 Bus bar tunnels
3 Machinery hall 6 Draft tubes

F4 Entrance tunnel
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one of the four turbines. Downstream of the machinery hall, four draft tubes
lead the water under the transformer hall into the tailrace tunnel. The access
tunnel passes through the transformer hall into the unloading bay in the
machinery hall and continues on the upstream side of the hall (Fig 1).

Rock Conditions

The rock in the power house area is of volcanic origin, a basaltic lava which
has been metamorphosed under high pressure into a green schist. Because
of the high-grade metamorphosis, the rock mass has developed a prominent
foliation. The foliation is dipping 600 to 800 in a northerly direction and is
striking perpendicular to the caverns. The thickness of the bands varies from
one centimetre to one metre, and the more thinly foliated parts are phyllitic
and slickensided. There is also a set of widely spaced vertical joints which is
striking sub-parallel to the caverns, and joints of different directions, dipping

around 450,

The prominent foliation yields an anisotropic rock. The orientation of the
tunnels and caverns in relation to the direction of the foliation is therefore

- important. The major caverns have been oriented perpendicular to the
foliation in order to gain maximum advantage of the rock strength. This results
in that most of the tunnels between and around the caverns have been driven
parallel to the foliation.

The intact rock strength can be up to 100 to 150 MPa but the closely spaced
foliation in combination with clay coatings and phyiliitic parts yields a fairly
weak rock mass. This rock mass has, however, turned out to have an ability to
stand some considerable plastic deformations.

The three-dimensional stress situation in the area has been determined
during the pre-investigations by overcoring. The magnitude of stresses can be
seen in Table 1. The maximum principal stress is oriented more or less
parallel to the slope of the mountain which yields a maximum stress parallel to
the axis of the caverns, dipping in a northerly to north-westerly direction, the
minimum principal stress is also parallel to the caverns, dipping in a southerly
direction and the intermediate principal stress is sub-horizontal and
perpendicular to the caverns.

Table 1. The magnitude of the principal stresses, MPa

C1 76 - 18,3
G2 1,4 - 9,0
03 0 - 558
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transformer halls
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While excavating a single rock opening, the stress field in a zone extending
approximately 1.5 diameters of the single opening into the rock mass is
affected. However, the power house area is a multi-cavern system with a
number of smaller and larger openings, resulting in a rather complex induced
stress situation. After excavating the machinery and transformer halls the
remaining pillar inbetween has been subject to substantial stress
concentrations. At the levels of the bus bar tunnels and the draft tube tunnels
the stresses have been further intensified (Fig 2).

FEM calculations have been performed in order to establish the magnitude of
the deformations to be expected. The calculations have been done in two
stages. Prior to the excavation a general calculation was performed. After
gaining more knowledge about the behaviour of the rock mass a detailed
computation was executed. In the latter calculation a detailed analysis of the
designed support was carried out. Comparisons of the measured and
calculated deformations have been performed in order to detect deviations
from the expected behaviour of the rock mass.
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Figure 2b  The maximum principal stress around the machinery and
transformer halls
Storsta huvudspénningens orientering runt maskin- och
transformatorhallarna

1 Entrance tunnel 3 Draft tubes
2 Bus bar tunnels 4 Access tunnel

Instrumentation

Both the machinery hall and the transformer hall have been instrumented with
rod extensometers, which measure the relative movement between a point
inside the rock mass and the surface. In the machinery hall, three sections
have been installed with six measuring points in each section. In each point
the movements were measured at a depth of 5, 10 and 15 metres. In the
transformer hall, rod extensometers were installed at two sections, each
containing five measuring points. At each of these points the relative
movements were measured at a depth of 5 and 10 metres. These rod
extensometers have proved to work well and the obtained results have been
easy to interpret (Fig 3).

The cast-in-place roof lining in the machinery hall has been instrumented with
concrete stress cells. In three sections along the hall, tangential as well as
radial stresses have been measured in the centre line of the roof and in the
abutments (Fig 4). The results obtained from these instruments have been
questionable and hard to interpret, probably due to the following reasons.
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Figure 3 The location of rod extensometers
Stangextensometrarnas placering

During the casting of the concrete, the cells in the concrete might shadow the
vibration, leading to improperly vibrated concrete next to the stress cells.
Furthermore, the cells measuring the radial stress have to be installed on an
even surface which is made of mortar. The mortar is not of the same stiffness
as the surrounding rock or concrete. Finally, the lining is cast against an
uneven rock surface. This uneven surface results in a lining which is varying
in thickness.

The deformations in the tunnels, leading into the machinery hall and the
transformer hall, have been monitored by tape extensometers which measure
the convergence of the openings. Normally, only the horizontal movements
have been measured. Measurements with tape extensometers have turned
out to be a simple and accurate measurement method which yields easily
interpreted results. The measurement sections in the power house area have
mainly been used in order to determine whether the installed support has
been sufficient.

Optical measurements of the vertical and horizontal movement have regularly
been carried out on the downstream as well as the upstream crane beam in
the machinery hall. The obtained accuracy has been +/- 5 mm for the
horizontal and +/- 1 mm for the vertical movement. Even though the accuracy
was not perfect with this method, the surveying yielded a good picture of the
movements since many points could be measured easily and frequently.
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Figure 4 The location of concrete stress cells in the machinery hall roof
lining
Lastcellernas placering i maskinsalens betongtak

OBSERVED INSTABILITIES AND REQUIRED ROCK SUPPORT
Tunnels entering the Machinery and Transformer Halls

The machinery hall and the transformer hall are both aligned perpendicular to
the foliation, hence all the tunnels entering the caverns are aligned more or
less parallel to the foliation, which is dipping around 70° towards north. In
these tunnels two different kinds of failure mechanisms have been observed.
Both of them can be explained by the structure of the rock mass, combined
with the direction of the stresses.

The maximum principal stress has a dip towards north. Consequently, the
induced tangential boundary stresses are at their highest in the northern
abutment and the diagonally opposite wall-invert corner of these tunnels
(Hiltscher et al. 1979) (Fig 5).

In the northern abutment, where the foliation is tangential to the tunnel, the
tangential stresses will be more or less parallel to the discontinuities in the
rock, caused by the foliation. If an angle of friction of 450 is assumed to exist
between the foliation surfaces and if the foliation is dipping 700, it is seen from
Fig 6 that a risk for sliding along the foliation occurs in a zone 250 from the
centre line down to a point 700 from the centre line.
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Figure 5 Stress concentrations arise in the rock, in the northern abutment
and in the opposite wall-invert corner
Spanningskoncentrationer upptréder i norra anfanget och i det
motsatta hornet

Because of the shape of the tunnel, the induced stresses are at their highest in
the corner diagonally opposite the northern abutment. Since the foliation is
here less tangential, and because of the proximity of the invert, buckling has
usually taken place here, sometimes followed by sliding higher up on the wall.
These two kinds of failures have taken place in all the tunnels entering the
halls (Fig 7).

The effect of these two mechanisms is naturally increased with increased
stress and increased size of the tunnel. It has been observed that the failures
are more pronounced within a reach of one and a half diameters of the
machinery hall and the transformer hall, respectively. The most severe
problems have been encountered in the bus bar tunnels and in the part of the
access tunnel located in the pillar between the two halls.
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Figure 6

Figure 7
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The access tunnels in connection to the machinery hall have been supported
by grouted dowels, fibre reinforced shotcrete and by shotcrete arches. In spite
of the support provided, the tunnels were still converging. In order to stabilise
these tunnels permanently they have been lined with 30 cm thick, reinforced
cast-in-place concrete. Furthermore, the tunnels are being supported by
prestressed cables.

The rock at the draft tube level is subject to an extraordinary stress situation
with an average vertical stress of at least double the initial in situ stress. The
increased stress arises from stress concentrations developed around the
above lying machinery and transformer halls and from the bus bar tunnels.
Because of the close spacing of the draft tubes this area can be looked upon
as a 58 metre wide hall, perpendicular to the machinery hall and supported by
three pillars. The downstream wall of the machinery hall and the transformer
hall are located above the draft tubes. Since deformations of the draft tube
walls could cause damage to the machinery and transformer halls, it was
important that those walls were properly stabilised (Fig 2).

In April 1994, a convergence of the draft tube tunnels of 4 mm/day was
measured. At this time these tunnels were temporarily supported by Swellex
dowels and 6 cm of shotcrete. The rock conditions were rated as fair. Because
of the movement, 4 m grouted dowels with a spacing of two metres were
installed in all the tunnels. Nevertheless, both buckling and sliding continued.
While drilling for rock bolting, it was observed that crushing of the rock was
taking place in the pillars in between the draft tubes. In order to stop these
movements, and the crushing of the pillars, an additional 10 cm of shotcrete
was provided in combination with a systematic rock bolting with 6 m long
grouted dowels spaced 2 m. The dowels penetrated from both sides through
2/3 of each pillar between the draft tubes. After these measures were taken,
the rate of convergence was reduced to an average of 1 mm/week (Fig 8).
Since a complete stabilisation was not achieved in spite of the extensive
support provided, it was decided that the thick and reinforced draft tube linings
should be cast as soon as possible, starting with the invent.

Machinery Hall and Bus Bar Tunnels

The excavation of the machinery hall was started on May 15, 1993 and was
planned to be carried out in six stages in accordance to Fig 9. After completion
of stage two the concrete roof was cast and the rod extensometers were
installed at the upper level. Stage three was started on March 18, 1994. The
second level rod extensometers were installed as soon as possible after
blasting. After completion of stage three the movements measured in the
machinery hall were of a magnitude of a few millimetres.
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Figure 8 Convergence of the draft tube tunnels. After providing additional
support of shotcrete and dowels, the rate of deformation was
considerably reduced
Konvergens hos vaggarna i sugréren. Efter extra forstarkning
med bult och sprutbetong minskade deformationshastigheten
betydligt

The blasting of stage four started on April 8, 1994 and was completed on May
6. On the invert level of stage four the two bus bar tunnels and the entrance
tunnel were blasted between May 20 and June 2. During the last week of the
bench excavation some movements occurred in the downstream wall. By the
time the benching was completed, a relative movement in the order of 40 mm
was measured in the second level 15 metres extensometers in the
downstream wall. The wall was at this time supported by 6 m long dowels with
a spacing of 2 m and by 5 cm of fibre reinforced shotcrete. This reinforcement
was supplemented by 9 m long dowels spaced 2 m. However, the movements
did not cease.

The movements were now kept under close observation but they were not
judged to be of such a magnitude that the excavation had to be entirely
stopped. The deformations caused by the excavation of the bus bar tunnels
were closely monitored. While excavating the bus bar tunnels the movement
of the machinery hall downstream wall, measured on the 15 metres
extensometers, reached values between 80 and 120 mm . Simultaneously,
movements of only 6 mm were measured in the upstream wall of the
transformer hall.
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Figure 9 The excavation of the machinery hall was planned to be
executed in six stages
Utspréngningen av maskinsalen var planerad i sex steg

Considering the size of the bus bar tunnels it is clear that the remaining pillar
was subject to some considerable stress concentrations. The bus bar tunnels
are located parallel to the foliation and signs of sliding and buckling showed
up shortly after the excavation. A horizontal convergence of 1 mm/day was
measured. By the time the excavation of the bus bar tunnels from the
machinery hall was finished, the movements of the downstream wall of the
machinery hall (but not those of the bus bar tunnel walls) had more or less
stopped.

The levelling of the crane beam revealed that a settlement of up to 20 mm had
taken place by the time the excavation of the bus bar tunnels in connection to
the machinery hall was completed. The settlement was continuing but with a
decreasing rate. The largest settlement had developed in the middle of the
crane beam, but even in the ends some settlement did occur. The surveying
also indicated a heave of the floor of the unloading bay.

Based on the deformation measurements, a potential failure mechanism could
be constructed. Two potential mechanisms of failure were conceivable. One
alternative was that the pillar would be sheared off and the other, that the pillar
would be crushed with a following wedge failure. Since convergence was
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measured also in the transformer hall, it was concluded that crushing of the
pillar was the most likely failure mechanism.

It was concluded that measures to stabilise the pillar had to be taken prior to
further excavation. It was decided that, in order to stabilise the downstream
wall of the machinery hall and the bus bar tunnels, prestressed cables should
be installed parallel to the machinery hall wall. In the rock in between the bus
bar tunnels, nine cables were taken all through and anchored on both sides.
In each of the other walls of the bus bar tunnels, nine cables of of 15 m length
were installed. Each of the cables was tensioned to 127 tons. This support
resulted in an immediate stop of the movements in the bus bar tunnels.

Although the movements in the pillar had practically ceased after the
stabilisation of the bus bar tunnels, it had to be decided whether the remaining
1/3 of the machinery hall height could be excavated without further rock
support measures. The excavation of stage 4 (a 6 m high bench) and that of
the bus bar tunnels had resulted in about 100 mm deformation over 15 m and
it was conceivable that the excavation of stages 5 and 6 (in total a benching of
12 m) would yield an additional deformation of at least the same magnitude.

However, a total relative movement exceeding 100 mm over 15 metres had
taken place. It could be presumed, that most of the strength of the rock had
been utilised, and that the wall would stand only minor further movements.
Consequently, an excavation without additional support could possibly lead to
the collapse of the rock pillar between the machinery and transformer halls. If
this should happen, the overall stability of the power house complex would be
essentially jeopardized.Therefore it was decided that 93 cables of 20 to 25
metres length, tensioned to 127 tons, should be installed in the downstream
wall of the machinery hall in four rows in accordance to Fig 10.

This work was started in the beginning of June and continued until the end of
September. The work was slowed down by the fact that the rock mass was
crushed and difficulties were encountered in keeping the holes open. In mid-
August the downstream wall was grouted with cement grout (water-cement
ratio 1). The grouting pressure was kept as low as 0,2 MPa in order not to
initiate any failure. Notwithstanding the low pressure used, the cement
consumption was 53 kg per metre drillhole, indicating that the pillar was
fractured. After the grouting, the difficulties with the drill holes were
considerably reduced.
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Figure 10  The location of prestressed cables in the machinery hall
Placeringen av spannkablar i maskinsalen

After completion of the installation of the prestressed cables, the excavation
continued with stages five and six. The loads in the cables, which had been
tensioned to 127 tons each, were checked several times and the deformations
were measured. The movements of the wall were only a few millimetres and
caused only small additional loads in the cables. While excavating stage five
and six, an additional 15 millimetres of movement were measured in the
second rod extensometer level in the upstream wall of the machinery hall. The
magnitude of these deformations is in accordance with performed FEM-
calculations. The machinery hall during excavation of stage 6 is shown in Fig
11. The prestressed cables can be seen in the downstream wall (right-hand
wall).

Summary and conclusions

In order to measure the deformation of the machinery and transformer halls
and the stresses in the machinery hall roof lining at the Uri Hydroelectric
Power Project, the halls were instrumented with rod extensometers and stress
cells. The extensometers worked well and gave clear and easily interpreted
results whereas the results of the stress cell measurements were difficult to
apply. In the machinery hall in the Uri project the importance of well
functioning instrumentation for measurement of deformations has been
proved.
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Figure 11 Machinery hall during excavation of stage six. The prestressed
cables can be seen in the right-hand wall
Maskinsalen under utsprangningen av steg sex. Spannkablarna
syns i den hdgra vaggen

Considerable movements in the downstream wall of the machinery hall
occurred in the summer of 1994 and it was decided to stop the excavation in
order to enable installation of prestressed cables. In total, 129 cables were
installed. While drilling for the cables it could be seen that considerable
crushing of the pillar between the machinery hall and the transformer hall
had taken place. After completion of the excavation of the machinery hall it
can be concluded that the cables have been functioning well.

261



In the tunnels excavated parallel to the foliation the importance of the structure
of the rock has been demonstrated. Problems with the stability of the
abutments and lower part of the wall has been encountered. The access
tunnel in connection to the machinery hall, and the bus bar tunnels have been
lined and supported by prestressed cables.
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Sammanfattning

Uri ligger i Kashmir som &r en delstat i nordvéstra Indien. Har bygger ett
svenskt konsortium ett kraftverk med 480 MW kapacitet at den indiska staten.
Kraftverket ar ett stromningskraftverk vilket betyder att det inte finns nagon
damm. Vattnet leds av floden och passerar en sedimenteringsbassang innan
det leds in i den 11 km langa uppstrémstunneln och vidare genom de tva, 200
m hoga tryckschakten in till kraftstationen som bestar av en maskinsal, en
transformatorhall och ett luckgalleri vilka f6ljs av den 2 km langa utlopps-
tunneln. Maskinsalen och transformatorhallen ar atskilda av en 30 m tjock
bergpelare men férbundna genom tva tillfartstunnlar och tva
overforingstunnlar.

Bergmassan som hyser kraftstationen ar en metamorfoserad basaltisk bergart.
Till foljd av metamorfosen uppvisar bergmassan en utpréglad foliation
(skiffrighet) som stupar ca 70° i nordlig riktning vilket gér bergmassan starkt
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anisotropisk. Fér att tillgodogora sig mesta majliga hallfasthet av berget runt
hallarna i kraftstationen ar dessa orienterade vinkelratt mot foliationen.

Runt en enstaka tunnel paverkas bergsspanningarna i ett omrade upp till 1,5
tunneldiametrar ut fran tunnelvaggen. | omradet runt maskinsal och
transformatorhall induceras ett komplext spanningsfalt vilket resulterar i att
pelaren mellan de bada hallarna blir hart belastad.

| de tunnlar som gar parallelit med foliationen har véggstabiliteten vallat
problem. Knéckning av foliationsplanen i védggarna samt utglidning av skivor i
anfangen &r vanligt fdorekommande. Problemen &kar i omfattning med 6kad
tunnelstorlek och med ékad spanning. De mest utsatta tunnlarna &r de tunnlar
som genomkorsar pelaren mellan maskinsalen och transformatorhallen,
dessa har tvingats forstarkas genom armerade betongkonstruktioner
tilsammans med spannkablar vilket gett ett gott resultat.

Maskinsalen och transformatorhallen har instrumenterats med stang-
extensometrar av 5, 10 och i vissa fall &ven 15 meters langd. Dessa mater
relativa rérelsen mellan bergytan och instrumentets &ndpunkt. Extenso-
metrarna har fungerat val och gett entydiga och enkelt tolkningsbara resultat.
Maskinsalens vélvda betongtak ar motgjutet mot berg och instrumenterat med
spanningsceller som méter tangentiala sa val som radiala spanningar. Dessa
celler har inte gett nagra tillférlitliga resultat vilket tros beror pa variationerna i
betongens tjocklek samt pa svarigheter i att &stadkomma en representativ
styvhet pa cellernas omgivande betong och cementbruk.

Nar tva tredjedelar av maskinsalens hojd var uttagen, uppkom sa stora
rdrelser i den hégt belastade bergpelaren som skiljer transformatorhalien och
maskinsalen at, att vidare sprangning helt stoppades. Pelarens rdrelser mot
maskinsalen avstannade da de uppgick till totalt en decimeter relativt en punkt
15 meter in i berget. | detta lage aterstod en tredjedel av maskinsalens totala
hojd att spréanga ut. Valet stod mellan att spranga salen férdigt och hoppas pa
att eventuella vidare rorelser hos pelaren inte skulle bli av det allvarligare
slaget eller att genomfora omfattande forstarkningsinsatser. Eftersom stora
rorelser redan &gt rum antogs det att det mesta av berghélifastheten utnyttjats.
Vidare rorelser skulle darfér kunna aventyra totalstabiliteten fér hela
kraftstationen. Darfor beslots att totalt 120 st spannkablar av 15,20, 25 och 30
meters langd skulle installeras i maskinsalen och i éverféringstunnlarna (bus
bar tunnels).

De 20 och 25 meter langa halen borrades med framgang med boomer efter
det att kronan och den forsta stangen forsetts med styrutrustning. Installa-
tionen forsvarades av att pelaren var sa starkt uppsprucken att borrade hal
delvis kollapsade och att bergmassan var s& konduktiv att kablarna ej kunde
injekteras fast, da bruket rann ut i sprickor. Efter att hela vaggen injekterats
kunde installationen pabérjas. Efter det att kablarna installerats och spants
med 127 ton kunde resterande delar av maskinsalen sprangas ut utan nagra
stérre bergmekaniska problem.
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HYDRAULISKA BORRHALSTESTER FOR BESTAMNING AV
BERGMEKANISKA PARAMETRAR

Hydraulic borehole tests for determination of mechanical parameters of
rocks

Jonny Rutqvist och Ove Stephansson

Avd for Teknisk Geologi, KTH

INLEDNING

Porosa och kompressibla material som inneh&ller vitska kan deformeras p&
grund av dndrat vitsketryck. Samspelet mellan mekanisk deformation och
grundvattenfléde bendmns inom geomekaniken kopplade hydromekaniska
processer och har studerats inom teorin f6r poroelasticitet [1]. I bergmassor
bestdende av harda och kristallina bergarter, t ex granit, sker det mesta
grundvattenflodet genom diskontinuiteter sésom krosszoner och sprickor.
Laboratoriestudier [2,3] och faltforsok [4,5,6] i kristallina bergarter har visat att
flodeshastigheten lings en bergspricka ir mycket kinslig for fordndringar i
sprickans 6ppning. De kopplade hydromekaniska effekterna i bergmassan
domineras ddrfor av féden och deformationer i sprickor mellan det intakta
berget.

Kopplade hydromekaniska processer har ront ett 6kat intresse och ir ett viktig
problemomréde fér sikerhetsanalysen av kirnavfallslager i berg [7]. I
faltforsoken i Stripa gruvan (Stripa Site Characterization and Validation
Experiment), var flodet in till en tunnel en tiopotens ligre 4n vad de
geohydrologiska modellerna forutsade [8]. En av orsakerna till det reducerade
flédet kan vara spanningskoncentrationer i bergmassan runt tunneln. Dessa
spanningar gor att vattenférande sprickor Sppnas eller stings vilket i sin tur
kraftigt padverkar den hydrauliska konduktiviteten. Grundvattenfldden i
spruckna bergmassor berdknas med hjilp av datorsimuleringar med modeller
bestdende av tusentals sprickor sammanbundna till ett spricknitverk [9,10]. I
dessa modeller kan man ta hinsyn till de kopplade hydromekaniska effekter
genom ett enkelt samband mellan spanning normalt sprickan och sprickans
transmissivitet. Det dr dock en brist p4 kunskaper om enskilda sprickors
verkliga hydromekaniska egenkaper. Existerande data frin smdskaliga
laboratorietester 4r kanske inte representativt for ett helt sprickplan pd grund
av skaleffekter [11]. Det dr dérfor behov av en metod for hydromekanisk
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karakterisering av hela sprickplan i falt. Hydrauliska borrhalstester kan vara en
metod fOr detta.

Flédesresponsen vid hydrauliska borrhdlstester pd enskilda sprickplan har
studerats i falt och med numerisk analys av Rutqvist m fl [12,13]. Faltforsoken
reproducerades med en kopplad hydromekanisk numeriska modell. Det var
dock inte méjligt att unikt bestimma materialparametrar sdsom sprickans
normalstyvhet utifrdn flddesresponsen. Analysen visade att fem parametrar ar
signifikanta: i) spickplanets radie, ii) sprickans normalstyvhet, iii) initiell
sprickdppning, iv) elastisitetsmodulen pa omgivande berg och v) in situ
spanningen. Det visasde sig dock att endast tvd parametrar dominerar tryck-
flodes responsen vid 1dga floden namligen initiell sprickdppning och sprickans
normalstyvhet. Slutsatsen dr darfor att ett sprickplans normalstyvhet kan
bestimmas unikt om den initiella sprickdppningen ar kind.

Denna artikel beskriver hur normalstyvheten pé enskilda sprickplan kan
bestimmas med hjilp av tva typer av hydrauliska borrhalstester. Den initiella
sprick6ppningen bestdms med ett tryckpulstest. Dérefter Gppnas sprickan
stegvis (hydraulisk Sppningstest) genom att successivt 6ka borrhélstrycket
samtidigt som flodet registreras. Fran detta test kan sprickans normalstyvhet
baklingesberdknas med hjilp av en numerisk modell. Metoden tillimpades pa
sex horisontella sprickor i vertikalt borrhdl beldgna pa ett djup av 80 till 417
meter i granit vid Tekniska Hogskolan i Lulea.

HYDROMEKANISK KOPPLING I ETT ENSKILT SPRICKPLAN

Mekaniska deformationer i bergmassan ar beroende av rddande
effektivspanningar. Effektivspanningen tvérs en spricka (¢’,) har visat sig vara
relaterad till sprickans normalférskjutningen (Av) enligt ett klassiskt
hyperboliskt samband [14]:
6,0, _Av

o, V,—-Av

V,, r den maximalt méjliga slutningen av sprickan vid en initiell
referensspédnning (o°,). Sprickans initiella normalstyvhet kan berdknas enligt:

(D

o V’m
Om normalstyvheten i ekv. (2) inkluderas kan ekv. (1) skrivas:
o, o
Av=—" [1 -—= ) 3)
k. c,

Flodet langs sprickan dr som enligt Darcys lag proportionell mot dess
transmissivitet (T). Transmissiviteten kan relateras till en ekvivalent hydraulisk
sprick6ppning (e¢) genom sambandet [15]:
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e’p,8
T= 20, 4)
ddr w 4r vattnets densitet och w ar vattnets dynamiska viskositet. Den totala
hydrauliska sprickdppningen vid en given normalspanning ar [16]:
e=e +Ae=¢; + fAv 5)
dir e, ar den initiella hydrauliska sprickdppningen vid den initiella
referensspanningen, ¢’ Ae dr férandringen i hydraulisk sprick6ppning som en
f6ljd av en mekanisk normalf6rskjutning Av. Om sprickans ytor vore perfekt
plana och sléta s& kan man anta att Ae &r lika med Av. Men eftersom ytorna pa
naturliga sprickor har en viss rahet sa infors faktorn f [16).

Ekavationerna (3) och (5) ger oss nu ett samband mellan effektivspdnningen
tvirs sprickan och den hydrauliska spricképpningen:

0,~ 01. ’ 6,-
e=e‘.+f’“{l—6"‘]=ei+o"‘(l— "‘) (6)

k B X c,
I ekv. (6) introduceras begreppet sprickans hydrauliska normalstyvhet (x,) som
relaterar effektivspanningen tvirs sprickan till férindringen i hydraulisk

n ni

sprick6ppning:
x, = @)
f

Eftersom faktorn f ir mindre 4n ett innebér detta att den hydrauliska styvheten
4r hogre an den mekaniska. Ekvationerna (4) och (6) ger oss sambandet mellan
effektivspanningen och transmissiviteten enligt:
I- 23 ’ —]
g .
T=T+AT=-H081 5 Cufy Ou (8)
2p, " kil o

n n

Ekvation (8) visar att initiell sprickdppning, initiell hydrauliska styvheten och
initiell effektivspanning ar mycket viktiga faktorer for att definiera ett samband
spannings och transmissivitet for en enskild spricka. Man kan ocksa ersdtta
effektivspanning (c,) i ekv. (8) med totalspanning och grundvattentrycket
enligt:

o,=0,-p )
Detta leder fram till en metod att bestimma sprickans normalstyvhet fran
hydrauliska borrhalstester. Vid hydrauliska borrhalstester kan
effektivspanning minskas i sprickan genom att oka vattentrycket i borrhdlet och
sprickan. Samtidigt kan transmissiviteten och den hydrauliska
spricképpningen beridknas fran flédet. Det kravs dock en numerisk modell for
att analysera testresultaten.

Vattentrycket r ojamnt fordelat dver sprickans plan med det storsta trycket
nira borrhalskanten. Detta medfor ocksa att sprickan Sppnas mest nara
borrhalet dir effektivspanningen minskar mest av vattentrycket. Det flode man
miter vid testerna beror dérfér till stor del p& den hydrauliska
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spricképpningen i sprickplanet ndra borrhalet. Sprick6ppningen &r i sin tur
beroende av ett medelvattentryck i sprickan néra borrhalskanten som dock ar
lagre an sjilva borrhélstrycket. En ytterligare faktor som komplicerar forloppet
dr att den total spanningen (o)) i ekvation (9) inte &r konstant under testet.
Sprickans deformation medfor att det omgivande berget komprimeras vilket i
sin tur medfor att spanningar induceras i bergmassan kring sprickan.

FALTTESTER

De hydrauliska borrhalstesterna utférdes pé sex horisontella sprickor is ett 500
meter djupt borrhal belédget i laboratoriet vid hogskolan i Luled. De testade
sprickorna ar beldgna pd ett djup av 81, 131, 257, 283, 356 och 417 meter.
Bergmassan kring testhdlet bestdr framst av granit och gnejs av mycket bra
kvalitet, forutom nagra sektioner med tét uppsprickning.

Testerna utfordes med Vattenfall Hydropowers mobila utrustning for
hydraulisk sprédckning [17]. Utrustningen medger maétning ner till ett djup av
1000 meter i 56 mm borrhal. Vid hydrauliska tester isoleras sprickan i en 65 cm
lang sektion av borrhdlet med tvd gummimanschetter (Fig. 1).

/ 5/\‘ =\,
pj / Intersectmg joint

Borehole-fracture
intersection

Fracture periphery

Original joint plane

Fig. 1. Geometri vid hydraulisk test p4 enskild horisontell spricka i ett vertikalt
borrhal.

Geometry of hydraulic borehole test of single horizontal fracture in a vertical
borehole.
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Vattentryck och fléden registreras kontinuerligt med tryckgivare (0 - 50 MPa)
och flédesgivare (0.02 - 51/min) p& markytan samt en tryckgivare nere vid
testsektionen. Under 1993 kompletterades utrustningen med en ventil nere vid
testsektionen. Ventilen som &r tryckluftsdriven gor det mojligt att alstra
tryckpulser p upp till 20 MPa pa brakdelar av en sekund. Denna
komplettering innebir att snabba hydrauliska pulstester kan utforas.

Foljan tester utfordes pa sprickorna:1) Pulstest, 2) Hydraulisk spriackning, 3)
Pulstest och 4) Cyklisk hydraulisk 6ppning. Mellan steg 2 och 3 ventilerades
vattnet ut i trycksektionen under en dag och trycket atergick till hydrostatiskt.

Pulstest

Vid ett pulstest, skapas en tryckpuls genom att tillféra en liten volym vatten till
den isolerade borrhalssektionen. Detta borrhalstryck ger en tryckgradient
mellan borrhélet och det omgivande berget. Vatten kommer dérfor att floda ut
fran borrhalet genom den Sppna sprickan samtidigt som borrhalstrycket
minskar. Tryckfallets hastighet beror av de hydrauliska egenskaperna pa
bergmassan i testintervallet.

08 |- 08 |-

Experimental data
06 - 06 |-

o o’
g <
o o
<4 <
04 |- 0.4 |- | Typecurve
T=1.44010° m/s
a=10"
0.2 I~ 0.2
| -
0.0 ! | | ! ENEFIOLP. ST 0.0 i i " — bbnid
0 5 10 15 20 25 102 10" 10° 10' 108
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(@) (b

Fig. 2. Vattentryck som funktion av tiden vid pulstest av den horisontella
sprickan pa 417 meters djup: (a) Faltdata p4 linjar tidsskala och (b)
experimentellt resultat och typkurva pé logaritmisk tidsskala.

Pressure versus time as a result of pressure pulse test on the sub-horizontal

fracture at a depth of 417 metres: (a) Field record on a linear time scale; and (b)
experimental results and a type curve on a logarithmic time scale.
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Figur 2 visar tryck som fuktion av tiden fOr ett pulstest pd 417 meters djup.
Resultatet kan plottas p4 ett diagram med logaritmisk tidsskala och utvirderas
genom passning till typkurvor enligt Cooper m fl [18,19,20] for att utvdrdera
sprickans transmissivitet.

Hydraulisk sprickning och hydrauliska 6ppningstest

Hydrauliska 6ppningstest utférdes i cykler med stegvis 6kat borrhalstryck
(tryckokning) f6ljt av stegvis minskat borrhdlstryck (tryckminskning). Vid varje
tryckniva halls trycket konstant till dess att flodet dr stationart (Fig. 3).
Tryckokningscykler utfordes till ett maximalt flode av 51/min. Under de
efterfljande tryckminskningscyklerna minskades trycket stegvis till dess att
flodet dndrades fran injektering till ett bakflode fran sprickan till borrhdlet.
Resultatet av detta test redvisas i form av borrhélstryck som funktion av flédet.
Figur 4 visar resultatet av de tvd hydrauliska Oppningtesterna pd 417 meters
djup tillsammans med resultat av pulstesterna.

w
w

Well pressure

e

TIME

WELL FLOW, Q

WELL PRESSURE, P

Fig. 3. Registrerat tryck och fléde under ett hydrauliskt ppningstest av
enskild spricka.

A strip chart of well pressure and well flow versus time in a hydraulic jacking
test.

Den forsta pulstesten som ufdrdes fore den forsta hydrauliska sprackningen
indikerade att sprickan hade en hydraulisk sprickdppning av 5 mikrometer och
var isolerad fran andra hydrauliskt ledande sprickor. Under den forsta
hydrauliska 6ppningscykeln uppndddes ett maximalt tryck av 16.5 MPa.
Darefter minskade trycket ldngsamt samtidigt som flodet 6kade. Detta tolkas
som att vattentrycket har 6verskridit draghéllfastheten hos det likta
sprickplanet och att sprickan propagerar utdt. Vid det maximala flodet av 4
1/min erholls ater ett konstant tryck. Detta tolkas som att sprickan inte ldngre
propagerar och att allt det injecterade flodet lacker ut fran den hydrauliska
sprickan till korsande vattenledande sprickor.
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Borrhalstrycket minskades darefter stegvis. Flodet minskade samtidigt men
blev stationidrt under varje trycksteg. Vid borrh&lstryck under 11.5 MPa erhdlls
ett bakflode fran sprickan in till borrhélet.

Det andra pulstestet visade att sprickdppningen hade 6kat fran 5 till 12
mikrometer. Pulstestet bekraftade ocksa att sprickan hade propagerat men
sprickdppningen verkade vara mindre p4 lingre avstand fran borrhalskanten.
Vid det andra hydrauliska 6ppnigstestet erholls ett ligre tryck vid maximalt
fléde pd grund av att sprickan hade propagerat ytterligare. Den punkt dir
flodet véxlar fran injektion till bakflde, benimnd nollflédespunkten, var dock
densamma for bada testerna.

Propagation Intersecting joint

Weli pressure, P, (MPa)

Well flow, Q,, (I/min)

Fig. 4. Faltmitningar och tolkningar av hydrauliska 6ppningtest for enskild
spricka pd 417 meters djup.

Field measurement and interpretation during cyclic hydraulic jacking test on a
single joint at a depth of 417 metres in granitic rocks.
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Figur 5 visar tryck-flodes responsen for tre tryckcykler pa tva av de sex
horisontella sprickorna i samma vertikala borrhél. Resultaten ar fran det andra
hydrauliska 6ppningstestet som utférdes efter det att sprickan hade
propagerats maximalt. I Tabell 1 jamfors nollflédespunkten (zero-flow point)
fran de hydrauliska Sppningtesterna med tillslutningstrycket (shut-in pressure)
fran en traditionell hydraulisk spanningsméitning och med tyngden pé
ovanliggande bergmassa. For fyra av de sex sprickorna stimmer
nollflédespunkten vil 6verens med tillsutningtrycket (shut-in pressure) och
den allmédnna trenden att vertikalspanningen ar lika med tyngden pa
ovanliggande bergmassa.

For sprickorna vid 131 och 283 meters djup &r nollfiddespunkten betydligt
lagre 4n tyngden pa ovanliggande bergmassa. Man kan ocksa notera att vid
dessa djup korsar inte tryck-flodes kurvorna for stegvis tryckokning och stegvis
tryckminskning vid ett noll-flode. Detta indikerar att nollflédestrycket
representerar in situ spanningen vinkelrat sprickan om de tva tryck-
flodeskurvorna korsar varandra vid flédet lika med noll.
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Fig. 5. Resultat av cykliska hydrauliska 6ppningstest p& horisontella sprickor i
granit pa ett djup av: (a) 257 m och (b) 283 m

Field tests of cyclic hydraulic jacking on six sub-horizontal joints in granitic
rocks located at a depth of: (a) 257 m and (b) 283 m.

272



Denna slutsats valideras med hjilp av numerisk modellering i nista avsnitt.
Modelleringen anvénds ocksa for att bakldngesberidkna parametrar sdsom
initiell normalstyvhet, initiell hydraulisk sprickppning och in situ spanningen.
Dessa beh6vs for att fullstindigt definiera sambandet mellan spannings och
transmissivitet i ekvation (8).

Tabell 1. In situ spdnning normalt horisontella sprickor frin hydrauliska
oppningstest, shut-in analyser och teoretiska virden pa tyngden av
ovanliggande bergmassa.

Virgin stress normal to horizontal joints from cyclic hydraulic jacking test,
shut-in pressure analysis and theoretical value from weight of overburden.

Depth Zero-flow Final shut-in Third cycle shut-in Overburden pressure

pressure pressure pressure G =pgz

(m) (MPa) (Mpa) (MPa) (MPa)

81 22 2.3 35 22

131 2.8 35 6.2 35

257 6.5 6.5 6.5 6.8

283 5.2-5.6 59 - 1.5

357 9.5 9.5 10.2 9.5

417 11.5 12.1 - 11.0
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SIMULERING AV FALTTESTER MED ROCMAS

Falttesterna simulerades med programkoden ROCMAS, utvecklad vid
Lawrence Berkeley Laboratory, USA (Noorishad et al, [21,22]). ROCMAS ir ett
finita element program for kopplad flodes- och spanningsanalys av
deformerbart, vattenmattat, uppsprucket berg. Programmet bygger pa en
kombination av icke-stationdr stromningsanalys av kompressibel vitska och
spadnnings-tojningsanalys i formationer med diskreta sprickor och por&sa block.
Kopplingen mellan vitskefloden och mekanisk deformation ar baserad pé Biots
konsolideringsteori [23].

Figur 9a visar en konceptuell modell av den hydrauliska sprickan och dess
omgivning efter den forsta sprackningen. Sprickan har propagerats och korsat
ett antal naturliga sprickor dér det mesta av det injekterade vattned lacker ut.
Figur 9b visar en ekvivalent axisymmetrisk modell av den antagna geometrin
med ett ekvivalent randvillkor vid en ekvivalent radie. Modellen dr rimlig med
tanke pd att flodet dr 6vervdgande radiellt i omrddet néra borrhalet [24]. En
ndgot oregelbunden form pé den yttre randen har darfor inte s stor betydelse
for flodet frdn borrhdlet in till sprickan.

Equivalent pressure
boundary Pr at re

(a) (b)

Fig. 9. Modeller av hydrauliska tester pa en horisontell spricka: (a)
Konceptuell modell och (b) ekvivalent axisymmetrisk modell.

Models of hydraulic injection into a hydraulic fracture: a) Conceptual model
and b) Equivalent axisymmetric model.
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Den konceptuella modellen diskretiseras till en axisymmetrisk finita element
model med borrhélet i dess centrum (Fig.10). Bergmassan som omger sprickan
bestar av solida element med poroelastiska egenskaper. Sprickan ar
diskretiserad med diskontinuitetselement med ett icke-linjart samband mellan
sprickans effektiva normalspanning och normalforskjutning enligt ekvation (1).
Flédet i sprickan berdknas enligt Darcys lag med transmissiviteten enligt
ekvation (4). Den aktuella sprickdppningen ér lika med den initiella plus den
mekaniska normalfSrskjutningen enligt ekvation (5) med faktorn f = 1.

a) | (b)

Fig. 10. FEM modellering av en hydraulisk spricka i berg: (a) Axisymmetrisk
modell av testen och (b) mekaniska och hydrauliska randvillkor.

FEM modelling of a single fracture in rock: (a) Axisymmetric model of the field
test and (b) mechanical and hydraulic boundary conditions.

Modellering av pulstester

Den initiella sprick6ppningen baklingesberiknades med numerisk simulering
enligt Rutqvist [25]. Simuleringarna av pulstesterna visade pa betydelsen av
det intakta bergets permeablilitet och magasinskoefficient. I de flesta fall
domineras testintervallets transmissivitet av sprickan, men
magasinskoefficienten domineras alltid av det intakta berget. Figur 11
presenterar den hydrauliska spricképpningen som funktion av tiden vid 85%
tryckfall enligt numeriska simuleringar av det aktuella testintervallet. Detta
diagram anvéndes for en forsta uppskattning av den initiella hydrauliska
sprick8ppningen vid varje spricka. For sprickan vid 417 meter tog det 0.07
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sekunder f0r trycket att falla 85% (se Fig.2). Detta motsvara en sprickdppning
pa 12 mikrometer enligt diagrammet i Figur 11.
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Fig. 11. Berdknad hydraulisk spricképpning som fuktion av tid vid 85%
tryckfall for ett pulstest pa en spricka och intakt berg med olika
permeabilitet.

Calculated hydraulic aperture as a function of time at 85% pressure decay for a
pressure pulse acting on a fracture and a rock matrix with different
permeability.

Modellering av hydrauliska 6ppningstester

Vid modelleringen av hydrauliska 6ppningstester varierades
ingdngsparametrarna till modellen fér att finna en bista 6verenstimmelse
mellan falttester och simulering. Figur 12 visar resultat frin modellering och
experimentellt resultat for sprickan vid 417 meters djup. Ingdngsparametrarna
for alla de sex sprickorna presenteras i Tabell 2. En parameterstudie av
ingangsparametrarna visar att sprickans initiella normalstyvhet kan bestimmas
vid den fOrsta tryckdkningscykeln eftersom den initiella sprickdppningen ar
kdnd fran pulstestet. Andra parametrar sdsom sprickans radie och
elasticitetsmodulen p4 omgivande bergmassa har liten betydelse under denna
del av testet [26].
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Fig. 12. Basta numeriska 16sning jamfort med faltexperiment p4 417 meters
djup.

Best fit of modelling to field experiments at 417 metres.

Det experimentella resultatet vid den forsta tryckdkningen féljer en numerisk
16sning dér vattentrycket vid sprickans periferi dr lika med det initiella och
hydrostatiska trycket vid det aktuella djupet under markytan. Nar
borrhélstrycket sedan 6kas till nivéer 6ver in situ spanningen 6kas trycket vid
periferin gradvis for att vid maximalt fléde bli lika med in situ spanningen. Vid
maximalt fléde &r sprickan fullstindigt 6ppen Sver hela sitt plan fran borrhalet
ut till periferin. Detta innebdr att effektivspanningen tvirs sprickan och
normalstyvheten ar relativt liten. I detta lige domineras darfor tryck-flodes
responsen av deformationsegenskaper hos det omgivade berget samt av i situ
spanningen. Under den efterfoljande tryckminskningscykeln foljer de
experimentella virdena en numerisk l6sning dér trycket vid sprickan periferi
ar lika med in situ spanningen. Vid flédet lika med noll 4r trycket i sprickan
lika hogt i hela sprickplanet fran borrhalet och ut till sprickperiferin. Darfor ir
borrhalstrycket lika med in situ spanningen vid noll-flde.

En parameterstudie [27] visade att vid testerna p4 131 och 283 meters djup sd
minskade trycket vid sprickan periferi under tryckminskningscykeln. Detta
forklara ocksd varfor kurvorna fran tryckminskningcykeln och
tryckékningcyckeln inte korsade varandra vid flodet lika med noll (se Fig 8).1
dessa fall ger nollflédespunkten en underskattning av in situ spanningen. En
rimlig uppskattning av in situ spanningen kan dock géras genom att
extrapolera en rak linje genom maxfédespunkten och korsningspunkten enligt
Fig 13b.
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Tabell 2. Baklingesberidknade virden pa parametrar med numerisk

modellering och virden erhilina frdn mekanisk testning av borrkarnor.

Back-calculated values of parameters by numerical modelling and values obtained by

mechanical testing of core samples.

Test Initial Initial Fracture Young's Hydraulic In situ stress
depth Normal hydraulic radius modulus permeability of normal to
stiffness aperture rock matrix fracture
(m) (GPa/m) (pm) (m) (Gpa) (m? (Mpa)
Exp. i Mod. Modelling Modelling Exp. | Mod. Model Model
81 300 10 30 5 80 80 1-10°18 22
131 1000 i 150 18 3 80 80 1.10-18 35
257 1000 : 100 18 35 80 80 2.10-19 6.5
283 2000 i 215 12 3 84 80 3.10-19 54
356 5000 i 1000 16 5 80 60 6.10-19 9.5
417 | 10000 1100 12 25 36 30 1.10-19 11.5
o’ o’
ui wi L
N 5
17,3 [9]
\ 1]
w L
& & :
= 3 / Max flow point
w w '
2 2
Py =S, —A~ P, =S, 7]
"F; ‘:r\ Intersection point Y
! 6 I.".'
-' !

WELL FLOW, Q, WELL FLOW, Q,

(&) (b)
Fig. 13 Bestimning av in situ spanning frdn ett hydrauliskt ppnigstest. (a)
Tester dar kurvor fran tryckokningscykler och tryckminskningscykler
korsar vid noll-fléde och (b) tester ddr kurvorna inte korsar vid noll-

flode.

Detail of the determination of the virgin normal stress from a cyclic hydraulic
injection test into a transverse hydraulic fracture: (a) Test where the backward
and forward step-pressure curves intersect at zero flow rate and (b) test where
they do not intersect at zero-flow.

278



Resultat frdin modellering av sex horisontella sprickor

I Tabell 2 redovisas ingdngsparametrar i modellerna vid varje spricka. Den
initiella hydrauliska sprick6ppningen och den hydrauliska permeabliliteten
hos det intakta berget bestimdes med pulstestet. Sprickans normalstyvhet,
sprickans radie, bergmassans elasticitetsmodul och in situ spanningen
baklidngesberdknades fran de hydrauliska 6ppningstesterna. I Tabell 2
resovisas ocksa resultatet frin mekaniska tester av borrkdrnor med de aktuella
sprickorna. De bakldngesberidknade virdena p& normalstyvheten ir ner till en
tiopotens ldgre dn de experimentella virdena fran laboratorietesterna. Detta 4r
troligen en effekt av att olika stora areor av sprickplanet ir involverad i de tva
olika testerna. Laboratorietesterna utférdes p4 en 56mms borrkdrnor medan
falttesterna técker en area motsvarande flera meter i diameter. Skaleffekter for
sprickor i granit har rapporteras vid manga laboratorieexperiment [28,29,30]
och vid hydrauliska félttester [5]. Resultaten av dessa observationer indikerar
en minskad normalstyvhet och en 6kad maximal tillslutning (V,) med 6kad
area pa sprickplanet.

De bakldngesberdknade virdena p4 elasticitetsmodulen fér bergmassan ar lika
med eller ndgot lagre &n for de borrkirnorna. Skaleffekterna pa
elasticitetsmodulen verkar vara liten i detta fall p& grund av det kompetenta
berget med relativt liten sprickfrekvens och hog normalstyvhet hos sprickorna.
Detta resultat 6verenstimmer med andra faltférsok for granit i Sverige [4],
Portugal [31] och Japan [32] ddr man funnit att skalberoendet pd bergmassans
elasticitetesmodul &r litet.

Vid de ovanstdende simuleringar antog vi att sprickans normalférkjutning (Av)
ar lika med fordndringen i hydraulisk sprickdppning (Ae). Laboratorietester p&
sprickor i granit har dock visat att detta inte géller [11, 16]. Férsok har dock
indikerat att ekvation (5) giller tminstone vid spinningar ligre dn 8 MPa
[11,16]. Det ar dérfor troligt att den mekaniska normalfdrskjutningen i denna
studie skiljer sig frdn férandringen i hydraulisk spricképpning.

Tryck-och flédes reponsen vid borrh4ls testerna ir orsakat av en kopplad
process av typen; AP -6’ —»Av—Ae, d v s en forandring i trycket paverkar
effektivspanningen som orsakar en mekanisk deformation som i sin tur ger
okad hydraulisk sprickdppning. Vid félttesterna mits den hydrauliska
sprick6ppningen direkt fran flodet. Vi kan dérfor siga att testerna ger
forhallandet mellan effektivspanningen och férandringen i hydraulisk
sprick6ppning ("hydraulisk normalstyvhet"). Den hydrauliska normalstyvheten
ar lika med den mekaniska endast om den mekaniska sprickdppningen r lika
med den hydrauliska.
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Med den initiella hydrauliska styvheten (x_), den initiella hydrauliska
sprickdppningen (e) och den initiella effektiva normalspanningen (c_) kan vi
nu definiera spannings-transmissivitets férhallandet for sprickorna enligt
ekvation (8).

SLUTSATSER

De hydromekaniska egenskaperna hos enskilda sprickor kan analyseras med
hjélp av borrhalstester. Ett pulstest anvdndas for bestaimning av den initiella
hydrauliska sprickdppningen. Darefter utfors ett hydrauliskt 6ppningstest i
flera cykler. Sprickans hydrauliska styvhet kan bakldngesberédknas frdn den
forsta tryckokningscykeln. Denna styvhet relaterar férandringen i
effektivspanning normalt sprickan till férandring i hydraulisk sprickdppning.
Den mekaniska normalstyheten ar lika med eller mindre én den hydrauliska
styvheten. In situ spanningen kan bestimmas frdn tryckminsknings cykeln nar
tryck-flodes kurvan korsar nollflédet. Bergmassans elasticitetsmodul kan
baklidngesberdknas endast om sprickans radie ar kiand.

Testproceduren tillimpades pé sex horisontella sprickor i ett vertikalt borrhal.
Resultated indikerar att den hydrauliska normalstyvheten &r ner till en
tiopotens lagre i falt jimfort med den mekaniska normalstyvheten bestimd i
laboratorietest pd borrkarnor.

Testmetoden kan anvéndas tillsammans med spanningsmétningar med
hydraulisk sprickning fore utbrytning av bergrum. Testerna kan ocksd utforas i
sprickor som lutar i férhdllande till borrhdlet. De bakldngesberdknade
parametrarna definierar fullstindigt ett spinnings-transmissivitetsférhdllande
for sprickor. Dessa kan sedan anvindas i hydrauliska sprickndtverksmodeller
for hydromekanisk analys av bergmassor t ex under dammar eller vid
utformning av kdrnavfallslager.
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SUMMARY

Coupled hydromechanical processes in geomechanics is related to the
interaction between deformation and groundwater flow. In hard rocks of low
hydraulic conductivity, the coupled hydromechanical effects in discontinuities
play a major role for the overall behaviour of the rock mass. The fluid flow in a
joint is strongly coupled to the effective stress across the joint.

Change in effective stress occurs for example during fluid injection test and
rock excavation. However, there is a lack of field data of coupled
hydromechanical behaviour of single joints.

Field tests were conducted by water injection into single, horizontal joints in a
vertical borehole, at Luled University of Technology. Six joints located in a
good quality rock mass of granite, were tested at a depth of 81 to 417 metres.
The testing procedure consisted of pulse tests and hydraulic jacking tests. With
the pulse test, the fracture was located and the initial hydraulic aperture was
determined. The hydraulic jacking test was conducted by changing the well
pressure step-wise and monitor the flow rate for each pressure step. The
change in fluid pressure in the fracture implies that the effective stress across
the fracture also changes and induces mechanical normal deformation. The
hydraulic jacking test was conducted in a cyclic fashion with step-wise
increased and step-wise decreased well pressure. During the phase of step-wise
decreased well pressure, the flow changed from injection to back-flow. This
point, called zero-flow pressure agreed well with the shut-in pressure and
estimate theoretical values of the weight of the overburden rock.

The field tests were simulated with the finite element program ROCMAS
[21,22], which models hydromechanical interaction in a medium consisting of
porous blocks and discrete fractures. A parametric variation of input data to the
model shows that the hydraulic normal stiffness of the joint can be back-
calculated from the hydraulic jacking test. The hydraulic normal stiffness
relates the change in effective stress to the change in hydraulic aperture and it
is higher than the mechanical one. The deformation modulus of the rock mass
around the hydraulic fracture can be back-calculated if the fracture radius is
known.

The results of the simulation of the six horizontal joints, showed that the
hydraulic normal stiffness in the field was up to one order of magnitude lower
than the mechanical normal stiffness determined on core samples in the
laboratory. The study show that a stress-transmissivity relationship can be
determined by single borehole tests. The testing can be conducted in
conjunction with hydro-fracturing stress measurements prior to any excavation.
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MODELLING OF COUPLED THERMO-HYDRO-MECHANICAL
PROCESSES - DECOVALEX

Modellering av kopplade thermo-hydro-mekaniska prosesser - DECOVALEX

L. Jing and O. Stephansson, Royal Institute of Technology, Stockholm, Sweden
F. Kautsky, Swedish Nuclear Power Inspectorate, Stockholm, Sweden

1 INTRODUCTION

The rock mass response to storage of radioactive waste and spent nuclear fuel is a
coupled phenomenon involving thermal (T), hydrological (H), mechanical (M) and
chemical (C) processes [1]. The term "Coupled Processes" implies that one process
affects the initiation and progress of another and vice versa (see Fig. 1). Therefore, the
rock mass response to waste storage cannot be predicted with confidence by considering
each process independently. Traditional disciplines in geoscience and geoengineering
have to be integrated with applied mathematics and physics to gain a proper
understanding of coupled behaviour of rock masses. Mathematical models and
computational methods are specially important to understand the coupled behaviour of
rock masses since the processes involved are very complex, of long-term, and of large
scale.

Though the importance of coupled thermo-hydro-mechanical (T-H-M) processes has
been recognized for some years, the current capability of modelling such processes is
still very limited, partially because of lack of applicable and realistic experimental
studies. Considerable work is needed to develop robust and reliable computer codes
capable of modelling fully coupled T-H-M processes in geologic systems. To this end,
an international project, DECOVALEX (acronym for DEvelopment of COupled
models and their VALidation against EXperiments in nuclear waste isolation) has been
established to support the development of mathematical models of coupled thermo-
hydro-mechanical processes in the geologic media and their applications and validation
against experiments [2]. The overall goal of DECOVALEX project is to increase our
understanding of the various aspects of coupled T-H-M processes of importance in the
release and transport of radionuclides from a repository to the biosphere and how these
processes can be described by mathematical models. The objectives of the ECOVALEX
project can be summarized as following subjects:

e to support the development of computer codes for T-H-M modelling
e toinvestigate and to apply suitable algorithms for T-H-M modelling
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Fig. 1 Coupled thermo-hydro-mechanical processes in a fractured rock.
Fig. 1 Kopplade termo-hydro-mekaniska processer i spruckna bergmassor.

» to investigate the capabilities of different computer codes to describe recent
laboratory experiments and to perform code verification

e to compare theory and model calculations with results from field experiments

e to design new experiments of coupled T-H-M processes for further code
development

2 ORGANIZATION

The organization of project DECOVALEX is illustrated in Fig. 2 and Table 1. The
Steering Committee is formed by the Funding organizations and has the overall
responsibility for the project. The Committee is assisted in administrative and technical
matters by the project Secretariat. The Research Teams are financially supported by
their respective funding organizations to perform experimental or modelling works
defined in the project.

3 APPROACH

A number of problems, called Bench-Mark Tests (BMT) and Test Cases (TC) are
defined or selected for research teams to analyze using different mathematical models
and computer codes. The former are hypothetical problems and the latter are actual
laboratory or field experiments. Both are defined as initial-boundary value problems
with proper thermal, hydraulic and mechanical initial-boundary conditions. The aim is to
compare, validate and improve the predicting capacities of the mathematical models and
computer codes. The number of the BMT and TC problems are limited so that each of
them can be studied by multiple research teams in parallel and at successive phases.
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Fig. 2 Organization of the DECOVALEX project.
Fig. 2 Organisation av DECOV ALEX-projektet.
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Table 1 Research Teams in DECOVALEX, Phase I, II and I1I
Tabell 1 Forskargrupper i projektet DECOVALEX, fas I, II och III

Full name Acronym
Applied Geoscience Branch, Whiteshell Laboratories, AECL, Canada AECL
Commissariat a 1'Energie Atomique (CEA/DMT), Department de CEA/DMT
Mecanique et de Technologie, France

INERIS/Laboratoire de Mécanique des Terrains Parc de Saurupt, France | INERIS
Ecole Nationale Supérieure des Mines de Paris, France ENSMP
AEA Technology, UK AEA
Kyoto University, Power Reactor and Nuclear Fuel Development, and KPH
Hazama Corporation, Japan

Norwegian Geotechnical Institute, Norway NGI
Center for Nuclear Waste Regulatory Analysis, Southwest Research CNWRA
Institute, USA

Road, Traffic and Geotechnical Laboratory, Finland VTT
Lawrence Berkeley Laboratory, University of California, Berkeley, USA | LBL
Division of Hydraulic Engineering, Royal Institute of Technology (KTH), | KTH(h)
Stockholm, Sweden

Division of Engineering Geology, Royal Institute of Technology (KTH), | KTH(g)
Stockholm, Sweden

Clay Technology AB, Lund, Sweden CLAY
Lund University of Technology, Lund, Sweden LTH
ITASCA Geomechanics AB, Sweden ITASCA

Therefore, lessons learned from early phases can be used to improve later analyses. The
results are presented and compared at regularly held workshops and the differences and
similarities are discussed in detail. In this way, the models and results of each research
team will undergo detailed peer review by all other teams, leading to significant in-depth
exchange of information and scientific knowledge from different disciplines represented
in the task forces. Out of these studies and discussions, new experiments with more
reasonable designs are proposed to provide more rational tests of the models, and to
advance the state-of-the-art of both our understanding and mathematical models of
coupled processes. Analytical and semianalytical solutions to the coupled problems are
also developed whenever possible in the project to assist model verifications and code
validations.

A great advantage of the DECOVALEX project is the successful integration of different
disciplines of geoscience and geoengineering, and of different national research teams.
Represented in the project are physicians, hydrogeologists, researchers and practitioners
in rock mechanics, civil and mining engineering and national waste management
agencies. They all work together in both their respective national research teams and at
the regular workshops to discuss, understand, defined and analyze the scientific
soundness and practical applicability of all BMTs and TCs, from scientific, engineering
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and managing points of view. The process is therefore very educational and mutual
beneficial.

Besides the integration about national teams and scientific disciplines, a special
integration in the DECOVALEX is about different numerical methods applied to
coupled T-H-M processes, including the finite element method (FEM), the finite
difference method (FDM), the distinct element method (DEM) and discrete

fracture network method (DFN). The FEM and FDM are based on continuum approach
and DEM ftreats the rock mass as an assemblage of deformable blocks. The FDN, on the
other hand, considers the fracture space only, see Fig. 3. The mathematical models
developed for these different numerical tools are wide spread and lead to different
results. The uncertainties and differences in results and interpretations naturally lead to
active exchange of conceptions, models and algorithms, which remain to be the frontier
of the current research.

Fig. 3 Geometrical representations of a fractured medium by a) continuum approach
(FEM and FDM, b) discontinuum approach (DEM), and ¢) discrete fracture
network approach (DFN).

Fig. 3 Geometrisk representation av spruckna material: a) kontinuum (FEM och
FDM); b) diskontinuum (DEM); ¢) diskret sprickndt (DFN).

4 BMT/TC PROBLEMS AND COMPUTER CODES

Table 2 lists a brief description to the physical processes involved in BMT and TC
problems studied in the first three phases of the DECOVALEX project. The reasons
why these problems are defined or selected are also briefly explained. The laboratory
and field experiments are conducted in parallel with computer modelling so that
prediction from the numerical simulations can be examined with experimental
measurements, except TC2 which was completed before DECOVALEX started. The
computer codes and their characteristics used in DECOVALEX are listed in Table 3.
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Table 2 Physical processes studied in BMT and TC problems of the DECOVALEX
project
Tabell 2 Fysikaliska processer samt motiv for val av BMT och TC i DECOVALEX

Problem Physical Processes | Reasons for selection

BMT1 | A model of repository at 500 m | To examine the capabilities of
depth and in fractured rocks computer codes for handling large
with two orthogonal sets of scale problems of coupled T-H-M
persistent discontinuities. processes in rock masses containing a
Domain size 3000 x 1000 m, a | large number of discontinuities; Test
2-D far-field problem with the behaviour of different constitutive
thermal, hydraulic and laws of rock matrix and
mechanical boundary/initial discontinuities, and different
conditions numerical methods.

BMT2 | A model of rock mass with four | To examine the capabilities of
intersecting discontinuities and | different computer codes for handling
nine blocks in the vicinity of a | discrete discontinuities of specific
heat source. Domain size 0.75 x | constitutive behaviour under
0.5 m, a 2-D near-field problem | combined thermo-hydro-mechanical
with thermal, hydraulic and conditions with special emphasis on
mechanical boundary/initial the heat convection
conditions

BMT3 | A model of repository at 500 m | To examine the capabilities of
depth in rocks with a realistic different computer codes for handling
fracture network of 6580 large number of and randomly
fractures. Domain size 50 x 50 | distributed discrete discontinuities of
m, 2-D near-field problem with | in a relatively small area surrounding a
thermal, hydraulic and repository and to test different
mechanical boundary/initial methods for fracture representation,
conditions homogenization and heat convection

TC1 A laboratory test of coupled To test the performance of
shear - flow test of a single constitutive laws in the computer
rock joint without thermal codes and their capacities to handle
loading, performed at NGI coupled H-M processes

TC1:2 | Same set up as TC1 with To test the performance of
improved problem geometry constitutive laws in the computer
and different joint properties, codes and their capacities to handle
performed at NGI coupled H-M processes

TC2 A field experiment for coupled | To test the predicting capacities of

T-H-M processes in fractured
rocks, 3-D problem. Domain
size 10 x 10 x 5 m, conducted
at Fanay-Augeéres (France)

computer codes for temperature,
stresses and displacements measured
during experiments performed uner
three-dimensional conditions
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Table 2 (continued)
Tabell 2 (fortséttning)

TC3

A large scale laboratory (Big-
Ben) experiment of coupled T-
H-M processes in engineered
buffer materials, conducted at
Tokai by PNC, Japan

To test the predicting capacities of
computer codes for coupled T-H-M
processes in both saturated and
unsaturated situations in three-
dimensional conditions

TC4 A laboratory, true triaxial To test and establish physical laws
experiment of coupled normal | governing coupled T-H-M processes
stress-flow processes for a for a single rock discontinuity and
single rock discontinuity, validate computer models in different
designed at VTT, Finland codes ’

TCS A laboratory test of coupled To test the coupled hydro-mechanical
shear-flow experiments of a behaviour of natural rock
single rock joint on a direct discontinuities, determine material
shear machine, conducted at properties and validate constitutive
CNWRA, USA laws with emphasis on roughness

characterization

TCé6 An in situ borehole injection To test predicting capabilities of

experiment at 150 m depth in
fractured rock, conducted at
Luled, Sweden

different computer codes for coupled
hydro-mechanical processes of single
joints under in situ conditions

A detailed description of all these BMTs and TCs is beyond the scope of this
contribution. A relatively detailed definition of BMTS3 is given below as an example.

BMTS3 is a near field repository model set up as a two-dimensional plane-strain problem
in which a tunnel with a deposition hole is located in a fractured rock mass. The model
is 50 x 50 m in dimension and 500 meters below the ground level (Fig. 4). The fracture
pattern of the problem area, shown in Fig. 5Sa, is called the reference fracture network. It
is a two-dimensional realization of a realistic three-dimensional fracture network model
of a rock mass from the Stripa Mine, Sweden. The total number of fractures in the
reference network is 6580, consisting of six sets and with a mean density of 2.632
fractures per square meter. The problem is set up as a fully coupled Thermo-Hydro-
Mechanical problem in a fractured medium, representing the near field behaviour of a
repository. The thermal effect is caused by the radioactive waste in the deposition hole
(the heater). The heat source decays exponentially with time. The rock matrix is
assumed to be isotropic and linearly elastic, and its mechanical properties do not change
with temperature variations. The thermal conductivity and expansion of the rock matrix
are also assumed to be isotropic. The fractures are assumed to consist of parallel, planar,
smooth surfaces at the macroscopic level with an effective hydraulic aperture. The initial
and boundary conditions for the mechanical, thermal and hydraulic effects are shown in
Figs. 5b and 6, respectively.
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Table 3 Computer codes and their characteristics used in DECOVALEX
Tabell 3 Datorprogram och deras karaktiristika som anvints i DECOVALEX

Code User For Major Characteristics
MOTIF AECL BMT2 | FEM solution of transport problems in
TC1 porous/fractured media for 3-D problems of
TC1:2 | transient and steady-state groundwater
TC6 flow, heat transfer and quasi-static T-H-M
processes
THAMES KPH BMT1 | FEM solution of coupled T-H-M processes
BMT3 | for porous/fractured media with crack
TC3 tensor approach
TC5
ADINA-T VIT BMT2 | 2-D FEM solutions of heat transfer
& JRTEMP (ADINA-T) and deformation analysis
(JRTEMP) without fluid flow
ROCMAS LBL BMT2 | FEM solution of coupled T-H-M problems
KTH TC1 with special joint elements and a simple
TC1:2 | differentiation of a non-incremental
TC6 formulation
CHEF ENSMP BMT1 | FEM solution of coupled T-H-M 2-D
HYDREF TC2 problems for porous or/and fractured media
VIPLEF with special joint elements
TRIO-EF & | CEA/DMT | BMT1 | FEM solution of coupled T-H-M 2-D & 3-
CASTEM- BMT3 | D problems for porous media
2000
NAPSAC AEA BMT3 | Discrete fracture network solution for
TC6 ground water flow
FRACON AECB TC6 FEM solution with joint elements for
coupled H-M processes of continua
ABAQUS CNWRA TC3 FEM solution of coupled T-H-M problems
CLAY TC5 for continua
FLAC (2D) | ITASCA BMT?3 | Finite difference solution of coupled T-H-M
problems of continua
UDEC CNWRA, BMT1 | DEM solution of 2-D, quasi-static,
NGI BMT2 | problems of coupled T-H-M processes for
INERIS BMT3 | discrete, deformable block assemblages
ITASCA TC1
VTT TC1:2
3DEC INERIS TC2 3-D distinct element solution for coupled T-

M problems of discontinua
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Fig. 5 The Reference Fracture Network (a) and the initial and boundary conditions of
the hydraulic effects (b), BMT3. P - water pressure, F, - water flux.
Fig. 5 Sprickniit (a) och hydrauliska randvillkor (b) fér BMT3.
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Fig. 6 The initial and boundary conditions for the mechanical and thermal effects for
BMTS3. T - temperature, T,- initial temperature, F, - heat flux, H - surface heat

transfer coefficient (= 7 W/m?°C), Q,= 470 W/m? , B = 0.02/year.
Fig. 6 Randvillkor fér mekaniska och termiska férhallanden for BMT3.

Three loading sequences are specified for BMT3, see Fig. 7a. Sequence 1 is the loading
of the computational model prior to excavation of the tunnel under initial and boundary
conditions of hydro-mechanical effects. An initial hydro-mechanical equilibrium should
be achieved at the end of this loading stage. Sequence 2 is the excavation of the tunnel,
executed at the end of sequence 1. The initial hydro-mechanical equilibrium is disturbed
and a new pseudo-steady state of hydro-mechanical equilibrium should be achieved at
the end of this stage, denoted as time t = t*. Sequence 3 begins the thermal loading,
starting at time t = t* and maintained for 100 years. Figure 7b shows the output
specifications for BMT3. The output data required at eight points, two lines (profiles),
five segments and nine regions are:

o Point A - H: Temperature and components of normal stresses and displacements.
e LineI and II: Temperature and stress components normal to the lines.

e Segments ABCD, EF, FG, GH, and HE: Water flux.

e Regions 1 - 9: Cumulative histograms of porosity, aperture and conductivity.

This Bench-Mark Test problem was set up to examine the capabilities of mathematical
models and computer codes to handle a large number of, and randomly distributed,
discontinuities in natural rocks. Particular interest was placed in the schemes of
homogenization applied by continuum based numerical methods and simplification
techniques applied by the discrete element method. Eight research teams have studied
this problem (AEA, NGI, INERIS, CNWRA, VTT, KPH, CEA/DMT, ITASCA). Eight
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Fig. 7 Loading sequences (a) and output specifications (b) for BMT3.
Fig. 7 Belastningssekvenser (a) och specifisering av resultatpresentation (b) for BMT3.

different computational models were built (Fig. 8), which leaded to different results,
especially regarding the stresses and water flux. Uncertainties in homogenization and
simplification schemes remained and have been subjects of intense discussions.

Figures 9 and 10 show the results of the vertical stress (Sxx) and temperature along
profile IT at t = 4 years (when the maximum temperature at heat source is reached),
respectively. Good agreement is obtained for temperature, but great discrepancies
appeared for stresses, due to either different approaches (continuum vs. discontinuum),
different homogenization schemes and different simplification and internal discretization
techniques.

5 CURRENT STATUS OF THE DECOVALEX PROJECT

Three phases (1, IT and III) have been successfully conducted with progress in both
model and code improvement and overall understanding of coupled T-H-M processes in
fractured rocks. The compositions of the first three Phases of DECOVALEX project
and their implementation stages with series of workshops are illustrated in Fig. 11. For
these three phases, the DECOVALEX project is aimed to validate the mathematical
models and computer codes against either Bench-Mark Test problems or small scale
laboratory or field Test Case problems. To continue the validation process, planning for
possible extension of DECOVALEX is currently underway, with emphasis on simulation
of, and integration with, one or two ongoing large scale underground in situ experiments
of coupled T-H-M processes in fractured rocks and buffer materials.
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AEA (NAPSAC code, DFN model)

Complete and explicit representation of 6580 fractures by
DEN method, without heat and rock deformation, but with
analytical model for stress approximation

CEA/DMT (CASTEM 2000 code, FEM model)

Equivalent continuum approach with FEM method (1344
elements, 4216 nodes), homogenization (scale 25 x 25 meters) by
Crack Tensor theory (Oda, 1986)

CNWRA (UDEC code, DEM model)

Vertical symmetry and simplified fracture network with 295
fractures, 337 blocks, 1540 finite difference elements, and 10853
nodes. A small inner region with random fractures and lager outer
region with regular artificial fractures

ITASCA (FLAC code, FDM model)

Equivalent continuum approach with FDM (735 finite ifference
elements and 792 nodes)without formal homogenization. Vertical
symmetry and inhomogeneous permeability

INERIS (UDEC code, DEM model)

Simplified fracture network with inner region of random fractures
and outer regions of regular artificial fractures (564 fractures, 677
blocks, 24391 finite difference elements, and 16791 nodes)

KPH (THAMES code, FEM model)

Equivalent continuum approach with FEM method (674 elements,
2127 nodes). Homogenization (scale 10 x 10 meters) by Crack
Tensor theory (Oda, 1986). Heat convection considered

NGI (UDEC code, DEM model)

Two models of vertical symmetry (one left half and one right half)
with simplified fracture network without heating, about 512
fractures, 510 blocks, and 1580 finite difference elements

VTT (UDEC code, DEM model)

Vertical symmetry (left half) with simplified fracture network, 814
fractures, 496 blocks, 1308 finite difference elements, and 2222
nodes.

Fig. 8 Different models of jointed rock masses by research teams for BMT3.

Fig. 8 Olika metoder for simulering av bergmassan fér BMT3
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Fig. 9 Vertical stress (Szz) along profile II at t = 4 years for BMT3.
Fig.9 Vertikala spinningarna (Sxx) lings profil II vid tiden t = 4 4r for BMT3.
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Fig. 10 Temperature along profile II at t = 4 years for BMT3.
Fig. 10 Temperaturen ldngs profil II vid tiden t = 4 &r for BMTS3.
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BMT1
Phase I BMT2
TC1
Phase I BMT3
TC112 _
e —
-~ — i
Phase III TCa
Series No. 1 2 3 4 5
Workshops | pate 1992.5 1993.3  1993.10 1994.6 1994.10
Location Sweden USA Japan UK France

Fig. 11 Phases of DECOVALEX project, BMT and TC problems and Workshop series.
Fig. 11 De tre faserna samt arbetsméten for projektet DECOVALEX.

6 CONCLUDING REMARKS

The first stage of project DECOVALEX includes three phases: Phase I, Phase II and
Phase III. To date (January, 1995) both Phase I and Phase IT have been successfully
conducted. The study of test cases for Phase III has been completed and the final report
is in reparation. From these studies, following conclusions can be drawn:

1) The DECOVALEX project has been successful in its effort to bring together a
number of both scientifically sounded and well defined Bench-Mark Tests and Test
Cases for numerical analyses. Broad aspects in repository design and performance
assessment are covered in these problems. The Test Cases are those either completed
recently or ongoing experiments which provide a sound basis to validate the
mathematical models. The Bench-Mark tests are carefully defined to represent the
important aspects of a repository in situ.

2) The results and experiences obtained in these exercise have improved our
understanding of the coupled T-H-M processes in fractured rocks and buffer
materials. They demonstrated our abilities and limitations to simulate these complex
processes and pointed out future research directions with many uncertainties
becoming forefront research subjects in both rock mechanics and hydrogeology.

3) Integration of different geoscience and geoengineering disciplines has been
implemented. The disciplines include: physics, applied mathematics, geohydrology,
hydraulics, engineering geology, soil and rock mechanics, and civil and mining
engineering. The integration of these disciplines are covered in the formulation of
BMTs and TCs, evaluation of models and results, and estimation of uncertainties. The
national waste managing agencies are also actively involved in every aspect of the
project.
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4) Integration of different numerical methods based on both continuum and

discontinuum approaches has been a special aspect of DECOVALEX and proves to
be very fruitful and educational for both camps. Convergence rather than divergence
appears to be the general trend to these different approaches. This integration is
proved to be a veru useful approach to improve the understanding of capabilities,
limitations, and uncertainties in their respective formulations.

5) Some uncertainties and difficulties remain in the project. The lessons learned are

currently under evaluation, and one of them is the less satisfactory performance of
constitutive and other physical laws of rock discontinuities for coupled T-H-M
processes. Qur present experience shows that the greatest difficulty lie in the
interpretation of physical processes and properties involved, which causes the major
uncertainties in formulation of both the conceptual and mathematical models.

6) Recognizing that a ultimate verification against the physical world is impossible to

7

achieve since the models, codes and physical world cannot be a closed system, our
aim is the confidence building in our models and codes with respect to the rationality
of the basic assumptions and practical needs. Recognizing also the importance of
models and codes for the design and performance assessments of repositories, the
validation of the models and codes will remain necessary and important for the
radioactive waste repositories until a relatively high level of confidence is achieved.
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9 SAMMANFATTNING

Bergmassans respons pé lagring av utbrént kimbréinsle och radioaktivt avfall 4r ett
kopplat termo,-hydromekaniskt problem. Kopplingen innebér att var och en av de
termiska, hydrauliska eller mekaniska processerna paverkar varandra enskilt eller
tillsammans. De kopplingar som kan ske och de processer som verkar beskrivs i Fig.1.
For att studera de kopplade processerna och modelleringen av dessa startades 1992 det
internationella samarbetsprojektet DECOVALEX. I projektet deltar ett tiotal sponsorer
frén sju linder och mer én ett dussin forskargrupper. Statens kdrkraftinspektion, SKI
4r huvudman for projektet och projekt-sekretariatet finns pd avd f teknisk geologi vid
KTH.

Ett antal problem som betecknas bench-marktester (BMT) eller testfall (TC) formuleras
och erbjuds till forskargrupperna for analys med sina tillgingliga modeller och program.
En forteckning ver problemen, de fysikaliska processer som de behandlar och motiven
till problemvalet redovisas i Tabell 2. De program som anvénds vid analyserna av de
olika forskargrupperna tillimpar finit elementmetod (FEM), finit differensmetod (FDM),
distinkt elementmetod (DEM) samt diskreta spricknétsmodelleringar (DFN) (Tabell 3).

Problemformulering, geometri, randvillkor, belastningssekvensema samt nigra resultat
frin analyserna av BMT3 redovisas i Fig. 4 - 10. I modellen som har dimensionen 50m x
50m simuleras en sprucken bergmassa med 6580 sprickor. En tunnel och ett
deponeringshal har brutits ut och en avfallsbehdllare med utbrint kiimbriinsle har
placerats i hilet. En belastningssekvens som redovisas i Fig. 7 tilldts verka pd systemet
och temperatur, spinningar, deformationer och floden redovisas i ett antal punkter och
sektioner i modellen, se Fig. 9, 10. Resultaten visar att temperaturutbredningen
simuleras mycket vil av samtliga forskargrupper, deformationer och spanningar visar
variationer beroende pa vald beriikningsmetod och den simsta 6verensstimmelsen giller
flodena i enskild spricka och totala flédet in till tunneln.

Négra av lirdomarna frin projektet ir att ett relativt stort antal relevanta problem och
testfall av kopplad karaktir har kunnat formulerats. Erfarenheterna och resultaten av
analyserna har beydligt 6kat var forstielse av de kopplade processerna och deras
betydelse for slutforvaringen av kédrnavfallet. Integrationen av forskare frin olika
discipliner har varit framgangsrik. Likas har tillimpningen av olika numeriska metodet
med kontinuum- och diskontinuumansatser visat sig vara virdefull och betydligt Skat
forstielsen for de kopplade processerna. Flera problem har uppdagats under arbetet, bl a
saknas #nnu de fysikaliska lagar som styr strémningen i enskild spricka. Vi kan dock
konstatera att arbetet hitills dkat tillférlitligheten hos modellerna och koderna nér det
giller att tillimpa dessa pa de verkliga problemen i samband med slutfrvaringen av
utbrint kdrnbrénsle och kirnavfall.
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