Support design for depositionrtneb
A case study fothe TASS tunnel in Asp6 Hard Rock Laboratory

Masterof Scienc&hesis in théMa s ts BragammeGeo and Water Engineering

HENRIK ITTNER

Department of Civil and Environmental Enginieer
Division of GeoEngineering

EngineeringGeologyResearch Group

CHALMERS UNIVERSITY OF TECHNOLOGY
Goteborg, Sweden 20
Master 02011&%hesi s






MASTEROG6S THESI S 2011: 87

Support design for deposition tunnels

A case study of the TASS tunnel irspo Hard Rock Laboratory
Masterof SciencE hesi s i n the Mastero6s Programme G

HENRIK ITTNER

Department of Civil and Environmental Engineering
Division ofGeoEngineering
EngineeringGeologyResearch Group

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Swede2011



Support design for deposition tunnels
A case study of the TASS tunnel in Asp6 Hard Rock Laboratory
Master of Science Thesis in the Master’s Programme Geo and Water Engineering

HENRIK ITTNER

© HENRIK ITTNER, 2011

Examensarbete / Institutionen for byggh miljoteknik,
Chalmers tekniska lyskola2011:&

Department of Civil and Environmental Engineering
Division of GeoEngineering
EngineeringGeologyResearch Group

Chalmers University of Technology

SE-412 96 Goéteborg

Sweden

Telephone: + 46 (0)3172 1000

Cover:
Theinducedp r i nc i p adtressfield ia sestioni24,7 rRead more in Chapter
5.2

Chalmers Reproservice
GothenburgSweder2011









Support design for deposition tunnels

A case study of the TASS tunnel in Aspd Hard Rock Laboratory

Master of Science Thesis in the Master’s Programme Geo and Water Engineering
HENRIK ITTNER

Department of Civil and Environmental Engineering

Division of GeoEngineering

Engineering Geology Research Group

Chalmers University of Technology

ABSTRACT

After interim storage thepentfuel from nuclear power pints in Swedemill be
enclosed in copper canisters goldcedin large, vertical boreholes in a system of
deposition tunnels at a depth of 450 m in the bedrock (BB&thod).

A working environment rislfor personnel working in the deposition tunnels are
gravity or stress induced block falls. This risk could be reduced or avoided by
supporting the rock mass in locationkeke block falls are most likely to occdrhis

thesis assesses the rock supporting alternathagatenance scaling, spray concrete
and wire mesh in limited sectionsThe evaluation includeswumerical stress
simulations, geological mapping and documentation of the construction process of
rock support.

The TASS tunnel in Asp6 Hard Rock Laboratdmgs similar geometry to the
deposition tunns which makes it suitable for a tunnel support test projébe
results of the production of trepray concretsectionshave shown to bsatisfactory.
It was possible to smoothen the contour andiltooverbreak areas bygradually
decrease the thicknesf the layer. The results from the production of wire nvesie
also satisfactory. The mesh was easy to apply and has a good contact to the rock.

There should however be no risk for large scale spalling or crack initiation as the
modeled values of inded stressggenerally are lower than the crack and spalling
initiation limits of the rock Stress induced block falls can therefore be considered to
be limited in sizeRough surfaces, resulting in extreme stress values are most efficient
reinforced with spay concrete as the contact with the rock is better than with a wire
mesh.

Depending on theftentime consuming work steps, the production of wire mesh have
higher production costs compared to spray conciies the use of wire mests
questionable sinaédoes not have technical advantage over spray concrete.

The resultdrom the theoretical evaluatiarorrelate well to theupport typesssigned
during mappingn the TASS tunnel. Theemforcement of deposition tunnels in the
repository for spent nuear fuel should focus on the areas with the most documented
problems,.e. the sections in the ends of the blast rounds. Support for those sections
should be considered based on deviations in geometry and density of geological
fractures. The recommendedckosupport alternative is spray concrete as it gives a
better result with less use of recourses.

Key words:Deposition tunnelRock support, Spray concrete, wire mesh, Numerical
stresssimulation Rock stresses, Geological mapping.






Design av bergforstarkning for deponeringstunnlar

En fallstudie av TAStunneln i Aspolaboratoriet
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SAMMANFATTNING

Efter mellanlagring kommedet anvand&arnbranslefran svenska karnkraftverkit
kapslas in i kopparkapslar och placeras i vertikala borrhal i ett system av
deponeringstunnlar pa 450 meters djup (KB®etoden).

En arbetsmiljgisk for personer som arbetar i embneringstunnlarna ar
gravitationsdrivna eller spanningsinducex&tbckutfall. Den har risken kan undvikas
eller minimeras om bergmassan forstarks i de sektioner dar utfall & mest sahnolikt.
detta examensarbetendersoks bergforstarkningsalternativeselektiv natning och
sprutbetong samt underhallskrotning. | utvarderingen ingick numerisk
spanningssimulering, geologisk kartering och dokumentation av byggprocessen fér de
olika forstarkningsalternativen.

TASS tunneln i Aspiaboratoriet har en geometrdrs liknar den hos de planerade
deponeringstunnlarna karnbransleférvarebch har darfor visat sig lampafbr ett
bergforstarkningstesResultaten fran sprutbetongarbetet ar tillfredstallande. Det var
mojligt att jamna ut konturen oddtt fylla omraden ma éverberg genonatt gradvis
minska sputbetongens tjocklek. Resultafedn natningen aaven deillfredstallande.
Néatet var enkelt att applicera och har en god kontakt mot bergytan.

Det borde inte finnas nagon risk for storskalig sprickinitiering edigjélkning i
bergmassaeftersomde induceradspéanningarngenerellt &r lagre an gransvardena.
Spanningsinducerade utfall kan darfor antas ha en begransad storlek. Raa ytor som
resulterar i extremvarden forstarks bast med sprutbetong eftersom den ggtren b
kontakt mot bergytan an natning.

Natning har hogre produktionskostnader an sprutbetong beroende pamsmgzla
tidskravande arbetsmoment. Det har ifrdgasatter anvandandet av nat eftersom natning
inte har nagra uppenbara tekniska férdelar gentspratbetong.

Resultaten fran den teoretiska utvarderingen stammer bra Overens med vad de
forstarkningstyper som féreslogs under karteringen av TASS tunneln.
Forstarkningsarbetena i deponeringstunnlarna i det planerade slutférvaret bor fokusera
pa de sektioer dar problemen antas vara storst, dvs. i slutet av sprangsalvorna.
Forstarkningstyp bor beslutas efter konturens geometri och antalet geologiska
sprickor. Sprutbetong &r att féredra framfor natning eftersom det ger ett battre resultat
och en effektivareesursanvandning.

Nyckelord: Deponeringstunnel, Bergforstarkning, Sprutbetong, Nat, Numerisk
spanningssimulerindergspanningar, geologisk kartering.
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Handledarnas férord

Det har examensarbetet har fokuserat pa att utvardera olika forstarkningskoncept
tamligen sma tunnlar i kristallin berggrund av hallfasthetsméassigt god kvalitet,
motsvarande de deponeringstunnlar i SKB:s planerade slutforvar for hogaktivt
radioaktivt avfall. Analysarbetet har utgatt ifran befintliga och egeamlade data

fran Aspblaboratoriet. Faltarbetet har omfattat bergbesiktning samt uppféljning av
bergforstarkning med olika typer av forstarkningselement.

Fallande sten ar en viktig arbetsmiljofraga i berganlaggningar dar manniskor vistas
och hanteras vanligtvis med olika typav bergforstarkning. | ett geologiskt
djupforvar for anvant karnbransle stalls dessutom speciella krav pa utforandet av
bergforstarkningen. For detta har en analysmetod utarbetats som forenar praktisk
erfarenhet med teoretiska berakningar for olika tygyeidrstarkningselement.

Slutsatserna fran examensarbetet utgor ett vardefullt bidrag i SKB:s arbete med att
faststélla ett forstarkningskoncept for deponeringstunnlar i slutférvaret for anvant
karnbransle, och kan vara tillampbart for igkablika underrarksanlaggningar i
liknande bergforhallanden. Examensarbetet ar val utfort och uppfyller kriterierna som
stalls for civilingenjorsexamen vid Chalmers Tekniska Hogskola.

Goteborg juni 2011 Stockholmi juni 2011
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1 Introduction

1.1 Background

The rdoactive waste from nuclear power plants in Swedemmanaged byhe
Swedish Nuclear Fuel and Waste Management Co, 2{i8r interim storage the

fuel will be placed in impermeable copper canistarsl transported to a planned
geological repository irthe Forsmarkarea in OsthammaSweden see Figure 1.1

The canisters will be stored in large, vertical boreholes in a system of deposition
tunnels at a depth of 450 m in the bedrock. After deposition, the deposition tunnels
will be backfilled with berdnite-clay and sealed with concrete ptug

Central area
—

= %
=== | First deposition are:

Figure 1.1 The planned geological repository in the Forsmark area in Osthammar
(SKB inMartin 2009)

The strategy ofeinforcement for theleposition tunnels of thglamed repository for
spent nuclear fuel has until now orhgenstudied in a general perspectiva the

layout D2 it was estimated that due to the good rock quality in Forsmark and the short
time before backfill theravas no need for rock support in the aesition tunnels
(Eriksson et al. 2009There is however several reasons to investigate this further, one
is the risk for temperature induced popping and spalling during work with heat
producingmachinery (Andersson and Sodderhall 2004nother is gravityinduced

block falls, risking to impact vehicles or personal working amgdound (Martin

2009).

According to experience from AspBHard Rock laboratory (HRL) the need for
reinforcement is largest in the end of the blasting rolihé is also were most offi¢
maintenance scaling onducted (Ittner 2010}igure 1.2 shows the distribution of
different causes for loose blocks scaled down from the tunnelinGBASA, Aspo
HRL.

CHALMERS, Civil and Environmental Engineering Ma st e RBE87Thesi s 1
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Figure 1.2 Distribution of cause for loose blocks scaled down from the tunnel roof in
TASA, Aspd HR[Martin 2009, modifiedrom Itther 2010)

Unknown

4% =

Horizontal
fracture

These problems are related to the excavation method with drill and blast technology.
As a result of the loockut angel required by the drillingg, deviations from the
theoreticakunnelcontour are created. The deviations are largest in thefahd blast
rounds, Figure 1.3The geometrical deviation and heavier explosives used in the end
of the blast rounds increases the risk for block falthese areas.

\ Theoretical tunnel
' contour
|

Figure 1.3 Plan of a tunnel sectioexcvated with drill and blast technigdote the
deviation between excavated and theoretical con{@B Svensk byggtjandi998,
modified).
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If those pad of the tunnel roof are supported, problems could be avoided or
minimized. This requires a toolbox of support solutions depending on geology and
quality of the blasting works.

Several alternatives for rock support are available. Possible solutions ayedspr
concrete or wire mesh in combination with maintenance scaling.

The TASS tunnel, located ispd HRL a the-450 m level, was subjected to a rock
support test during spring 201This included spray concrete and wire mesh in
limited sectionsThe tunmel has a similar geometry to the depositionnls in the
planned repository, which makessititablefor a tunnel support test projedt later
projects the tunnel will be used as a test tunnel for the backfill technology. This gives
a good opportunityto test behavior of reinforcement in a deposition turafesr
deposition and backfill have been completed

1.2 Objective

A safe working environment is importaduring construction and operation of the
deposition tunnels in the repository for spent nucleat. # possible danger for the
personnel working in the deposition tunnels are gravity or stress induced block falls.
This risk could be reduced or avoided by supporting the rock mass in locations were
block falls are most likely to occur.

The aim of this raster thesisvasto developand evaluate toolbox ofrock support
solutions for deposition tunnels in massive crystalbedock. Thiswas achieved by
evaluation of thgeological situationconstruction costs ardesign of rock support in

the TASS tunnkin Aspd HRL A method of evaluation was developedsbd on
Finite element analysis, analytical calculation methods and experience from mapping
and construction worksThe thesifocused on sprayed concrete and wire mesh in
limited sectionstheirtechni@l behavior and behavior during construction.

1.3 Scope of vork

The work conducted in order to complete this thesisfieldwork, a literature survey
and analysis using numericatressmodeling In addition available statistics from
mapping and other docuntation, for example construction costs and observatbns
the rock support installatioduring the constructiohave beerevaluated. Based on
this, a conceptual model for the TASS tunnel behavior has beseloped.The
numericalstressmodelingwasa pat of the conceptual modeFigure 1.4 shows the
sectionf the tunnel were the need for rock suppeas evaluated.

CHALMERS, Civil and Environmental Engineering Ma st e RBE87Thesi s 3



Figure 1.4 Laser scanned model of the TASS tunnel, the critical sections are marked
redin the figure. Figure by Par Kinnbom (modified).

The author conducted mapping of overbreak areas and evaluation of scaling records in
the tunnel roof of the TASA access tunnel at Aspé HRL during 2009. The aim of the
TASA project was to establish a block ssadistribution for blocks scaled from the
tunnel roof and abutments and to document the causes and location of scaling. Several
of the conclusions and experiences from this project have been useful for this master
thesis. The results from tHASA projectare presented in tH&KB report IPR10-01.

The literature surveyas compiled in order to form a basis for thiaite element
analysisof the TASS tunnel system behavitirincluded studies of then-situ stress
situation at the-450 m level in Aspé HRL the properties of the rock maas the
actual leveland a compilation of field tests relatedd@ck initiation andspalling It

also includedproperties, behavior and theory concerning rock support technology,
focusing on spray concrete and wire mesh.

Several fieldworks and site inspections wenecluded in the frame of the master
thesis. This includedrock mechanical mapping of the TASS tunnel in February 2011
The mappingonducted during this field woformedthe basisfor a rock support test
project for the TASS tunnel. Spray concrete works waeeformedby the contractor
BESAB duringthe end ofApril and beginning of May011.And wire mesh works
were conductetdy Séderman Brgssprangning ABluring may 2011. ig inspectios
were preformedduringthe construction work in order todocumenthe workandto
obtain data for the analysis

4 CHALMERS, Civil and Environmental Engineering Ma st e RBE87Thesi s



2 Site conditions

This chapter presentbe site conditiondt includes a description of the case of study,
in situ stresses and geological situation.

2.1 The TASStunn€

In 1986 SKB decided to construct an underground Hard Rock Laboratory (HRL) in
order to perform research in an environment similar to that of the planned deep
repository for spent nuclear fuel. The tunnels were excavated in the area of Simpevarp
in the rorth-eastern corner of the municipality of OskarshaBweden.

Johansson anKarlzén (2010) described the planning, documentation and excavation of
the TASS tunnel.

From the end of 2007 until the end of 2008 SKB excavated the T&8®! in Aspod
HRL. TASSis an abbreviation where Tunnel, AS=Aspo site and S=letter of ID.
Figure 2.1 showsthe underground part of Aspd HRL. The location of the TASS
tunnel is shown in the figure.

Figure 2.1 The underground paof Aspé HRL. The location of the T&innel is
shown in the figuréAndersson and Malmtorp 2009)

CHALMERS, Civil and Environmental Engineering Ma st e RBE87Thesi s 5



The main purpose of the tunnel was to conduct a full scale test of grouting
technology, using silica solherforethe tunnel was driven in an area witlater
bearing fractures, suitable for testing grouting technology. Thenpestigations
showed sets of water bearing, steep dipping fractures with &NNW orientation
(Andersson and Malmtorp 2009

In addition to this different blasting and drillingcteniques and explosives was tested
in order to achieve a good contour and minimize damage to the surrounding rock
mass.

With a length of approximately 80 m and a theoretical cross section of approximately
19 nf its dimensions are similar to a depositiomriel of the planned repository in
Forsmark The tunnel was excavated at the 450 m leveR15.8° with reference
Magnett North.(Hardenby and Sigurdsson 2010)

2.1.1 Excavationof TASS

Thebackfill procedure and the risk for wateakagehroughdamagedock mass puts

high demands on thgeometry, contour and excavation damagae(EDZ) for the
deposition tunnelsThose demands were applied during the excavation of TASS. The
aim was toaccomplishthe following demand$or contour and overbrealohansson

and Karlzén2010)

1. The tunnel contour asnot allowed to bsmallerthanthe theoretical contour.e.
42 m.

2. The overbreakvasnot allowed to exceed 30 % in each blasting round.
3. Noremainingrock inside the theoretical contour

4. Deviation from theoretical caourin theend of blast rounds in thannelroof: 20
cm.

5. Deviation from theoretical contour in the end of blast roundke tunnel floor:
25cm

Demands for drilling, loading and blasting design wesreafter those demands

The tunnel was excavatedstages with 2 to 4 rounds in each stage. In total 20 rounds
were excavated in 6 stagd$e deviation from theoretical contour in the end of blast
rounds in the tunnel roof were changed after round 8 from 20 to 25 cm.

All of the demands were more or lessccessfully fulfiled. The small amount of
remainingrock inside the theoretical contour could be removed with for example
mechanical scaling. There is no significdiiferencein overbreak between 20 and 25
cm deviation from theoretical contour in tead of blast rounds, the volumes differ
1,5 %.

The project has been carefully planned in order towaltime for observation,
reflecion and feedback. This has resulted in a good quality of the excavated tunnel

6 CHALMERS, Civil and Environmental Engineering Ma st e RBE87Thesi s



2.1.2 Backfill of KBS-3 deposition tunnels

Backill of the deposition tunnelsvill be conducted withbentonie clay. A certain
density per mof the tunnel is absen in order to prevent water leakédehanssoand
Karlzén2010) Blocks of bentonite clagre stacked on each other and the remaining
spacebetween the blocks and the tunnel contour are filled with bentonite pellets. The
canister will be placed in the deposititiole embedded by bemite blocks. A
schematic picture of a backfillee@position tunnel is shown indure2.2

It is desirableto minimize overbreak as thgelletscannot reach the sandensityas

the bentonite blocksRock inside the theoretical contouill however complicate the
work. Overbreak can also reduce the capacity of the bentonite to keep the canister from
moving verticaly if bentonite in the deposition holexpandsbefore the backfill has
reached saturation.

- 4,200 -
e
Pellets . sl
et o
o
R AR Q
Ry v
A
Backfill blocks ~ |~ -
Buffer blocks — | _
Canister - ' L

Figure 2.2 Schematic picture of a backfilled deposition tur{dehansson and
Karlzén 2010)
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2.2 Geologyand rock stress

2.2.1 Geology of the Aspo area

The major parts of Precambrian bedrock of saaktern Sweden belong to the so
called Transscandinavian Igneous Belt (TIB) which was formed during intense
periods ofmagmatismduring the Svecokarelian orogency. The geologyhaAspé
SimpevarpLaxemar region is dominated by intrusive rocks of the TIB but the
geological development of the region include periods of metamorphosis, resulting in
both mineralogical, chemical and structural changes in the bedrock.

The dominating rockypes found in the Asp6 area are listed below. Note that the

names for the rock type&rvo granie and Aspo dioritehave been reworked, these
names are howevstill commonly use@Berglund et al2003):

1 Arvo granie: a medium grained, equigranular gtarto granodiorite,
including subordinate quartz monzodiorite.

1 Aspb diorite:a mediumgrained, sparsely to strongly porhyritic intrusieek
thatvaries in composition between granite and quartz diorite, including
tonalitic, granodioritic, quartz monzdit and quartz monzondioritic varieties.

1 A grey, finegrained, at places slightly porphyritic, intermediate rock.

1 Dykes of finegrained granite and pegmatite are frequently occurring.

1 Mafic rocks. These are undifferentiated amphibolites, but most of #ne
considered to be genetically related to the granitoids and dioritoids of the TIB.

8 CHALMERS, Civil and Environmental Engineering Ma st e RBE87Thesi s



2.2.2 In-situ and inducedstress

Kirsch (1898 presentedn analytical solution for the stress distribution in a stressed
elastic plate containing a circular hole.

Two types ofstresseinfluencethe rock mass around underground openings, primary
and secondaryPrimary or insitu stresses are the stresses present in the bedrock
before an underground opening is excavaldwky are denoted in ag Cn1 andUn,.
Secondary stressew induced principal stressese results of the excavation and
compensate for the removed rock volumbkey are denoted in order of magnitude as
0y, U, andls. Figure 2.3 gives an overview of the stress situation ar@unuicular
opening.

Vertical in situ stress G ,,

VY v vvyovy
| A

Horizontal in situ stress G 9

g
— AT =
2 N g
| c ' - g
Sm 1 \ K | Horizontal 5
| N // tunnel g
O3 _yf SN— o
05

< Induced principal stresses

Figure 2.3 The stress field in a plate with a circular openiadter Kirsch (1898)n
Hoek(2007).

The insitu stress field in the Swedish bedrockaigesult of several occurrences
during the geological historymainly tectonic events and isostatic uplift of the
bedrock originatingrom the Pleistocene ice shé€kindblom 2010)

Based on dcal mechanics, borehole breakout, overcoringhoas and hydraulic
fracturing he World Stres$lap Project has completed a stress map of Scandinavia,
Figure 2.4 The general orientation of major horizontal stresses in south western
Sweden are approximately in a range of N130 to 150 based on this compilation

CHALMERS, Civil and Environmental Engineering Ma st e RBE87Thesi s 9
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stress map2011-05-28

(http://dcapp314.gfzpotsdam.de/pub/stress data/stress data framé.html
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2.2.3 Stress measurement methods

A major concern in rock mechanics is to estimate the magnitude and orientatien of in
situ stresses. There are severahiteques to estimate the-gitu stresstate in a rock

mass, including surface relief methodsréhole relief methods and hydraulic
methods. It is also possible to estimate stress magnitudes through back analysis, based
on deformation measurements durexgavation (Ljunggreet al.2003).

Ljunggrenet al. (2003 givesan overview of rock stress measurement methias.
of the most commonly used stress measuring methods in Scandinelides
hydraulic and borehole relief methodsExamples of these mett® areclassical
hydraulic fracturing hydraulic tests orpre-existing fractures (HTPF),vercoring of
measiring cells in pilotholes and wercoring of borehokottom cells. However
several other methods are also available.

2.2.4 Results of stress measuremenfsom Aspd HRL

In 2001several tests was camfi®@ut in the Aspd HRL in order to determine thesitu
stresses in the rock mass, this includes Deep DoorstoppereGystem (DDGS),
Borre Probeand Hydraulic Facturing(HF). (Jansson and Stigsson 200P2ale 2.1
shows a summary of the results.

Table 2.1 Summary of the results from the measuring of the stresses vertieal
and horizonal borehole, at level450 m Jansson and Stigsson 2002

Min Max Vertical
horizontal | deviation | horizontal | deviation .
Method stress | deviation

stress + stress + [Mpa]

[Mpa] [Mpa]
DDGS, Vertical hole 22,2 1 36,7 2,6 - -
HF, verticd hole 11 1 21,8 45 - -
DDGS, horizontal holg 12,4 0 - - 32,6 5,6
Borre Probe 10,2 2 25,8 3,5 18 8,8
HF, horizontal hole 11 1 - - 19,8 1,6
Theoretical - - - - 12,2 0
Former measurement 10,5 3 21 5 15 45

CHALMERS, Civil and Environmental Engineering Ma st e RBE87Thesi s 11



Jansson an8tigsson(2002) givesthe following caclusion for the stress statethe
rock mass at thet55 m level in Asp6 HRL:

fiThe minimum horizontal stress is between 10 and 13 MPa, which is lower than the
theoretical vertical stress. The maximum horizontal stress is 24 £5 MPa, most likely
within the upper range. The vertical stress is between 15 and 20 MPa, most probably
is this vdue only local due to the presence of a nearby fragture

Table 2.2 presentsa summary of the in situ stresses at #65 m level.For Gy the
roundedtheoretical value has been used.

Table2.2 A summary ofhe insitu stresses at thd55 m level

O o o

Unh1 Unh2 Uy

In situ stress [MPa] | 30 13 13

2.3 Rock mass properties and influences ofinduced
prin ciple stress

2.3.1 Elastic properties of the rock mass in Aspd HRL

Andersson an&taub(2009) evaluated the rock mass properties the rock types in
the Aspoareain theframe of theAspo Pillar Stability Experiment (APSH) 5 cae
drillings in the TASQ tunel. The mean values are shownTiable2.3.

Table 2.3 Rock mass properties for the rock types in the Ampé (Andersson and
Staub 2004)

Rock Youngo6s |Poi s g Cohesion | Friction ;rtfgﬁllfh
type Modulus [GPa] | ratio [-] | [MPa] angle[ e ] [MPa?
Diorite 55 0, 26 16,4+3 |414+4 14,8

2.3.2 Crack initiation and spalling

Basedon rock sample testonducted in the frame of the SEin 5 core drillings in

the TASQtunnelcrack initiation stress was evaluat@&hdersson and Stau®004)

The crack initiatiorand damagstress wagvaluated fronthe volumetric stress/strain
curves from uniaxial and triaxial tests and from the intensity of Acoustic Emission (AE)
evens recorded versus axial stress. Tésultsare shavn in Table2.4.
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Table2.4 Crack initiationlimit (Andersson and Staub 2004)

Method Strain curves Acoustic Emission (AE)
Crack initiation stress 96,1 £12 121+ 31,3

[MPa]

Crack damage stress 201,8+ 30,4 204 £15,6

[MPa]

Spalling is aphenomenonsimilar to buckling that can occur in highly stressed
massive brittle rockThe phenomenon igenerally described iBawden et al(2000.

A crack is formed andhitiatesparallel tothe directionof the maximumcompressive
stress concentratiornThe failurethen propagatesorthogonalto the major principal
stress directioruntil a slab of rock is detachedhe processan lead to an instant
detach ofthe rock slab or a gradually spalling both cases this candé to damage
or injury to personnel or machines working undergroiintthey are impacted by a
falling rock slab(Bawden et al. 2000

Figure2.5 shows spalling in the sidewalls obaréhole excavated in the frame of the
Aspo Pillar Stability Experiment (RSE)

Flaw

Figure 2.5 Left: spalling in the sidewalls of a borehole excavated in the frame of the
Aspo Pillar Stability Experiment (APSHEJhe damaged aa is indicated by a dashed
white line. Right: The spaling process wherghe crack is initiated and gradually
develops until a state of equilibrium is react{@tderssor2007).

In the Aspo Pillar Stability ExperimefPSE) Spalling strength was measured in 21
points along a vertically drille@1,75 m boreh@ subjected ta load from increased
temperaturg Andersson 2007 Two boreholes with the same diameter were drilled
vertical into the tunnel floor, leaving a pillar of approximately 1 m width between
them.The results are presentedTiable2.5.

CHALMERS, Civil and Environmental Engineering Ma st e RBE87Thesi s 13



Table2.5 Spalling strengttbased on Andseson(2007)

Mean value Standard deviation

Spalling strength [MPa] | 122 9

The results indicatehat the spalling strength is affected by the rock type and by
fractures. Tespoints located in green stone or close togxisting fractures showed
lower spalling strength.

2.4 Mapping and documentation in the TASS tunnel

The TASS tunnel is well documented through -jpreestigations and geological
mapping conducted during and aftdéretexcavation works was completed. This
chapter gives aonverview of the mapping, relevant for the thesis, conducted in the
TASS tunnel.

2.4.1 Pre-investigation and geological mapping

Before the start of thexcavationa preinvestigation was conducted. Thiscinded
three coredrillings, K10010B01, K10014B01 and K10016B01, drilled parallel to the
tunnel direction. Wo of themare locatedn the tunnel facand one in the rock mass
of the right tunnel wallseeFigure 2.6.

/ \ KIOO10BO
KI0016B01
¢ : i -
Djj_ 9\_
KIOD14R01 n
=
0,75 0,/5
3
b7

Figure 26 TASS tunnel theoretical profile and locations of the -abidings,
K10010B01, K10014B01 and K100168@hdersson and Malmtorp 2009)
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The drill coresshowed sets of water bearing, steep dipping fractures with a NW
NNW orientation Water flows of 2060 I/min were measured for the first 100 meters
of test drillholes(Andersson and Malmtorp 20D9

Figure 2.7 shows the RQBraluesfor thetwo diamond core drillings, drilled parallel
to the tunnel directionnto the tunnelface, befae the start of theexcavations
(Andersson and Malmtorp 20)09

0 L e )
1 .'1 | l‘.ll I| I.I
J[ 1 | V ——KI0014B01
60 —
& | ———KID016B01
€ |
40 1
!
20 ‘l
I}'ﬂ I 20 I -1:[:- I EEII:I I E:IJ I 100

Tunnel section [m]

Figure 2.7 RQD-values for the two diamond core drillings drilledarthe tunneface.
Compare with the fracture density in Figure 2Modified from (Andersson and
Malmtorp 2009)

A comprehensive geological mapping of thASStunnel has been conductéy
Hardenby andigurdssor{2010.

The following major items are registered during the mapping
1 rock types
1 rock boundaries/contacts

alteration

fractures

deformation zones

occurrence of water/water leakage

= = A -4 -2

Rock Mass Rating (RMR)
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Normally, the cuff for fractures is 1 m in length.

The reportsummarizeghe results of the mapping together with the results from the
Laser scanningdescribed in chapt@4.2, results of the mappiraye n short

Two main sets of fractures were identified in the TAS®el:

1. Eastwest striking and steeply dipping. This fracture set dominates with a
meanorientation of 097/86

2. Subhorizontal to gently dipping with a moremying strike. This set malye
divided into two subsets with the mean orientations 037/03 and 280/18
respectively

The Schmidt plot in Figur@.8 depicts the orientation of all fractures mapped in the
walls, roof, floor and current tunnel face.

Aspd HRL_TASStunnel_Fractures_Taotal_P+G+F(80 Tmj+EDZ
N

TASS-tunnel trend Fisher
Concentrations

kajor fracture set 1m
% of total per 1.0 % area

mean orientation
097186

0.00~ 1.00%
1.00~ 200%
200~ 3.00%
3.00~ 4.00 %
400~ 500%
5.00~ B.00%

- B00~ 700%

Mo Bias Correction
Max. Conc. = 6.7067%

Equal Area
Lower Hemisphere
1316 Poles
1049 Entries

M = Magnetic MNorth

Fracturs sat 3m
MWajor fracture set 2m mean orientation:
Mmean orientation: 80/18

037/03

S

Figure 2.8 The Schmidt plot depicts the orientation of all fractures mapped in the
walls, roof, floor and current tunnel face. The tunnel orientation is noted with a black
line. Note the two main fracture se@neeastwest striking and steeply dippirand

one Subhorizontal to gently dipping with a more varying strikdardenby and
Sigurdsson 2010).

Appendix Apresents a geological map of the TASS tunvidi mapped geological
fractures, rock types and rock contact

The dominating rock typia the tunnels Aspo dioritewhich constitutes some 90%
of therock mass. It is mostly mapped as fresh rddkor constituents of the rock
mass arefine-grained granite, hybrid rockegmatite, quartz veins/lensasd
undifferentiated mafic rock
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2.4.2 Laser sanning

During 2008 and 200% full 3D laser scanning of the TASS tunnel was conducted.
The scanning of th& ASStunneland some general principles laser scanningre
describedby Hardenby and Sigurdsson (20H3)d Joharsson and Karlzén (2010
second laser scanning was performed in May 2011.

The principle oflaser scannings that the scanner sends out infrared light that will
spread in all directions as the scanner rotates. The scanner measures the distances to
the sufaces that the infrared light it is reflected from based ortrtheel timeof the

beam or thehaseshift, depending on the technology used. Based on thisaxd z
coordinates for the surfaces are delivered by the scamreetemporarycoordinate

sysem.

2.4.3 Geologrcal fractures of the different blasting rounds

Based on the geological mapping conducted by Hardenby and Sigu(@646 scan
line mapping habeen conducted in the enfithe blasting rounds 6 to 20, Figur®.2.
The compiled statistics themt only contans geologicalfractures longer then %
meter The scan lines were plac€? meter behind the rounded value of gtart
section of the next round:his means that the aetuposition can vary between 0,1
and 02 m behind the start of theext blast roundThe start value for each section is
based odohanssoand Karlzén, (2000 Appendix A contains the basis for the compiled
statistics.

Sections [m]

24,7
28,8
32,8
37,3

42
45,6
48,5
52,6
56,6
60,4
64,4
68,7

73

77
80,5

O 1 2 3 45 6 7 8 9 1011 12 13 14
Number of fractures

Figure 2.9 Number of geological fractures in the raofd abutment for each studied
section.Note the high density of fractures in the sections g%d 37,3m and
compare with Figure.7.
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2.4.4 Scalingstatistics

The TASS tunnel has been subjected to maintenascaing on a regular basis.
During scaling occasianthe mass of scaled rock material has been noted for each
blasting round. It has also been noted were the scaling was conducted, i.e. right wall,
left wall or roof/abutment-igure2.10shows the mass of rock in each blasting round,
scaled in the roof angbutment during thperiodaugust 20090 June 2010Note that

the scaling is compiled for the whole section and not only for the blast round end,
compare with map 3vlaintenance scalingn appendix E.

Round numbet

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Scaled rock [Kg

Figure 2.10 Maintenancescaling for each roundcaledin the roof and abutment
during the periodaugust 2009 to June 2010ompare with map 3, Maintenance
scaling, in appendix E.
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3 Rock support

This chapter gives an overview of spray concrete and mesh rppkrstiechnologies.
The focus is on technologies intended to be used in the repository for spent nuclear
fuel.

3.1 Rock bolts

Rock bolts can be used either systematic or as spot bolts to secure single unstable
blocks. In the deposition tunnels grouted rock teowill be used to secure larger
blocks. This enables an approach were spray concrete and wirecaresi®e more
adequately designed.

3.2 Spray concrete

In order to construct a spray concrete reinforcement, concrete is sprayed onto a
surface. If conducted in ¢hright way, a high quality product can be constructed on
uneven surfaces. The technology uses compressed air to reach high velocities up to
100 m/s, which compacts the concrete. Sprayed concrete can be reinforced with a
steel mesh or with steel fibres imcrease its ability to withstand strain and tensile
failure (Lindblom 2010).

Spray concrete is used worldwide for support of underground constructions.
Depending on the behaviour of the rock mass, a spray concrete lining will have
different functions. The is a difference between underground constructions in hard
and soft rock in this perspective, as in soft rock tunnelling the lining is allowed to
deform before it is stopped by the support. Hard rock types are able to withstand the
redistribution of streses caused by the excavation to a much larger extent.

In hard rock tunnelling a spray concrete lining has the main function to stabilize
potentially rotating or sliding key blocks. Stresses will however be induced and
distributed into the spray concrdig small movements in the rock mass until a state
of equilibrium has been reache@Holmgren 1979).This requires that further
loosening of key blocks can be avoided.

3.2.1 Spray concrete subjected to punch load

Holmgren (1979performed a large series of puriolad tests on spray concrete slabs
and arcs, from which the yielding steps could be identified. A summary of the results
together with calculation strategies are presentétbimgren (1992).

The most probable load casestandinavian hard rock tunnelling a loose block in
the tunnel roof or abutment punching through the sprayed concreteHayse 3.1
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Figure 3.1 The assumed load case, a punch loaded spoagretelayer (Holmgren
1979)

A loose blockpunching through the spray concrete lining will, after the initial elastic
state lead to adhesion cracking in the contact surface between spray concrete and
rock. Continued loading will then cause flexural or shear crackiggye 3.2

PRIMARY FAILURE LOAD

{ ———————————————— ADHESION CRACK
/ | PROPAGATION LOAD
I

I

=Y

S O te rr2 o P2
. UNCRACKED '  "ADHESION CRACKING' @ “FLEXURAL
| STATE : | CRACKING”

Figure 3.2 Failure modes with continued punch loading of a spray concrete layer
(Holmgren 1979)

In order to estimatehe capacity of a spray concrete lining to resist pun¢hang
simplified load case can be assumiéidure3.3. As the most probable failure mode is
adhesion cracking through punching, there is no need to calculate the bending
moments. Adhesion cracking is independent of the layer thickness of the spray
concrete in the range 20 to 80 mm.

The lkboratory testperformed byHolmgren (1979) showetthat load from adhesion
cracking I s di stributed over a narrow
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approximately 0,003 m. In order to hold the block in place the stress induced on the
contact surfacaj.qshould not ezeed the adhesion crack resistange f

Figure 3.3 Adhesion cracking through punching,is the load from a lo@sblock in
the tunnel roqfl,gis thestress on the bound between spray concrete and toisk
thelengthof the blockak nd UG i s thelcaryingstrigeohthe ggdray concrete
(Holmgren 192).

A vertical projectiorof thesituation in Figure 3.3 gives

gL-2 gl = O 3.1
From which
Oag=q L/ 21 3.2

Wheref,is the strength of the bout@tween rock and spray concrete
0aOf  No failure 3.3
O.>f.  Tensile failure 3.4

Holmgren (1992) compiledearlier research ondaesion strength between the rock
surface and the spraconcrete. This includes studies Barbo (1964, Karlsson
(1980 and Hahn(1983.

The studies indicated that adhesion strength is depended on the rock type rather than
the roughness of the rock surface. Surface coating from diesel exhausts reduced the
adhesion strength proportional to the time of exposure during experirbenhtdhe
mechanisms still needs to be studied in detail. Flowing water has a strong negative
influence on the adhesion strength and should be avoided. Typical valdgsrer
presented ifable 3.1
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