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Abstract

This master thesis is based on the preliminary wotafidache¢2016) If a full-face excavation is

not possible due to given rock conditions or large tunnel ®@sigors in cyclic excavationthe
shotcrete liningsf the individualsegmentsnust be connected in a forfiting manner. Staudacher
developed a connecting element made of expanded metal.

The connedng element of Staudaché2016)isreconsidered and optingd on the basis of existing
problems, whichwere identifiedin the course of his master thesidie main focuss on a stiffe
construction of the connectirdement as well as its installation process. In additicdhe technical
feasibility, the development of the element also $aké& accountconstruction managemeand
economic aspect3.he scope of this work is limited to the top headimgpch excavation and can
subsequently be adapted to other excavatipes.

Laboratory testsra used to investigate themovability ofthe concrete from the connectielgment,

as well as the maximum transmittable shear foft¢e suitability of the element, as well as an
improvementomparedo the versionof Staudachef2016)is confirmed.

At the end of the elvelopment phase, the connectelgment $ installedatthefi Tunnel ket t e
Kanzi ahedi Tiumn ¢ | St e iregardingsnitability @usng eodstruction Further
optimisation with regard to the construction of the element ds#he installation proceisscarried

out from the resulting problems in order to ensure a later impeccable function.

Sincea ready for series productionto be given for, a cost eshate b carried out.

Furthermore, optimisations to the design of a temporary top heading invert are made in order to save
costs and material, as well as to facilitate the later demolition of the shotcrete lining of the invert.
Finally, it can be stated alhthe optimised connectinglement fulfils its function very well and is
suitable for the installation as a connection detail. With the use of the elentemhbination with

the innovations of théesignof the temporary top heading invetime and mong can be saved.

There are advantages with regard to the statically efficiency, since the separating surface between the

shotcrete lining of topdading and bench can be executieéin and even.



Kurzfassung

Die vorliegendeMasterarbeit baut auf die Arbeit voBtaudachen2016) auf. Wenn aufgrund
gegebener Gebirgsvéitnisse bzw. gro3er Tunnelquerschnigt im zyklischen Vortrieb ein
Vollausbruch nicht rglich ist, missen die Spritzlogischalen der einzelnen Ausbriiche
kraftschlisgj miteinander verbunden werdeBasierend auf einer Variantenstudie wurde von
Staudacher ein Anschlusselement aus Streckmetall entwickelt.

Das Anschlusselementon Staudachef2016)wird aufgrund vorliegender Problemstellungesu
Uberdacht und optimierDas Hauptaugenmerk wirtierbei auf eine steifere Konstruktion des
Anschlusselementsowie dessen Einbauprozess gerictiget.derEntwicklung des Elements sollen
neben der technischen Umsetzbarkeit auch baubetriebliche sowie bauwirtschaftliche Aspekte
miteinbezogen werde®er Umfang dieser Arbeit beschrankt sich auf den Kalgbieossen Vortrieb
und kann in weiterer Folge auf and€reerschnittsunterteilungexthptiertwerden.

Mit Hilfe von Laborvesuchenwird die Losbarkeit de€Betors vomAnschlusselement, sowie die
maximal Ubertragbare Querkraft untersucBiadurchkann die Eignung des Elementsowie eine
Verbesserung in Hinblick aufie VersionStaudachef2016)besétigt werden.

Am Ende derEntwicklungsphasavird das Anschlusselemean derATunnelkette St. Kanzian i m
ATunnel Steifi eingebaut und auf seine Tauglichkeit im Baustellenbetrieb getesist.sich
ergebenderProblemstellungen wden weitere Optimierungen hinsichtlich der Konstruktion des
Elements sowie des Einbaus durclijef, um eine spatere einwandfreie Funktion zu gewahrleisten.
Da eine serienreife Konstruktiomzustreberist, wird eine Kostenaufstellung durchggfrt

Des Weiteren werden Optimierungen an deAusfihrung einer temporaren Kalottensohle
vorgenommen um Kosen und Material einzusparen, sowie einen erleichterten Abbdech
Spritzbetonschale d&ohlezu erniglichen.

Abschlid3end kann festgehalten werden, dass das optimierte Anschlusselement seine Funktion sehr
gut erflllt und fiir den Einbau als Anschlussdetail geeignet ist. DliecWierwendungles BEemens

in Kombination mit den Neuerungen der Ausfiihrung der temporaren Kalottekéohlen Zeit und
Kosten eingespart werddisergeben sich Vorteile in Hinblick auf die statische Wirksamkiaitiie
Trennflache zwischen Kalotte und Strosse sauber bad ausgefihmvird.
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Introduction 1

1l ntroducti on

1.1 General

This master thesis is based on fineviouswork of Staudachef2016) who has already dealt with
this topic in his master thesis, entiti@nschliisseflr Arbeitsfugerbei Spritzbetonauskleidungen
in the year 2016.

The present worldeals with the topic of the connection of shotcrete linings in conventional
tunnellingbased on the principles of tidew Austrian Tunnelling MethofNATM) . Frequentlythe
excavation is carried out in the foroh partial excavationFigure1.1 illustrates the area for which
theconnecting elemestare to be developed.simple, costfficient, but forcéfitting connection of

the shotcrete linings of different working steps igjiafat importancel he focusof this work islaid

on the top headirgench excavatioas well as théop headingoenchexcavation with a temporary
top heading invert. The connectimdement should also be applicable in combination with other
excavation vadnts with various modificationg.he connectingelementis tested in practice on a

tunnel construction site.

Top heading

—

Figurel.1: Connection detail Top headingbench excavatian



Introduction 2

1.2 Requirements of the connectiordetail

The following requirements are necessary for the connection (&timildacher, 2016)

continuous reinforcement arrangement

1
1 planarconnection joint for the transmission of normal forces
1 good bonding between the sti@te liningsegments

1 goodremovabilityof the shécrete from the connectirejement during the excavation of

the bench

Presently a part of the shotcrete lining of the top heading is removed mechanically after the
excavation of the bench in order to egpdhe already incorporated connection reinforcenidns.
results in high time and work expenditure. Furthermdrig, firocess often damages the connection
reinforcement so that@annotproperlyfulfil its requirementsAn important point is thgzansmission

of the normal forces that prevail predominantly in the shotcrete lining of the tunyneheB
mechanical removal of the concrete, an inclined and irregular joint as shdviguie 1.2 (a) is
formed. The bond of the shotcrete lining of top heading and bench is relatively san#iey are
produced at different times. Shotcrete residues and other remadofinbe excavated material
additionally reduce the bonth a further consequence, additional transverse forces are generated in
the connection jointln order to achieve a proper transmission of the normal forces, a clean and
planarconnection joint shodl be createdAn ideal execution of the connection joint is shown in
Figurel.2 (b).

- |7 Connection layer k d Connection layer

(a) Force transmission with bad executic (b) Force transmission with good executic

of the joint of the joint

Figurel.2: Problem of the normal fordeansmissionn construction joints
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2Ver siSamudacher

2.1 Concept

The development ofhe concept of Staudachg016) was carried out for a top headisigench
excavationThe system is démed to obtaira planarconcrete surfacef the shotcrete lining of the
top headingfter the excavation of the bench, in order to be able to trahefaprmal forces as good
as possild. For the transmission of shear forces and momeaisiectionreinforcement with the
prescrited anchorage length is requirddhis is integrated in the separating layea waythat the
accessibility is guaranteed after the excavation of the bencheleaisniade despite tlspraying
process.

A schematic representatiofitheconnectingelementduring the constructiostages given inFigure
2.1. Figure2.1 () shows theconnectingelementafter the production of the shotcrete lining of the
top headingThe connection reinforcement is bent backwards in the longitudinal direction of the
tunnel irto the trapezoidal recessalled shear clealt is of great importancéhat theconnecting
elementis completely covered with shotcredad installed aplanaras possibleDue to theshear
cleat the normal forces cannot be transmitted over the entitthwf the shotcretéining. In the
following working step the bench is excavatetieTelement is exposed on thettomby chipping

of the concrete remain&fterwardsthe connection reinforcement is bent downwasegn irFigure

2.1 (b). The final statavith the already camected shotcrete linings of top heading badch is shown

in Figure2.1 (c). The transmission of the normal forces is carried out over tlhee evitth of the
shotcrete lining Occurring shear forces areahsmitted via the connection reinforcement, the

reinforcement on the cavigideandside of the rock mass as wellthg shear cleat



Versioni St audacher 0 4

(O =@ @= = 0=ox o=@ =S = OO (O OO
Sege, omsissts g Sugt SEuiesuanss:
: S CLOCLREEOEEEOCEES

(a) Theconnectingelement is  (b) Excavation of the benct  (c) Final state witHorce
incorporatedn the foot area and exposure of elemewith fitted connection of the
of the top heading laterdown-bending of shotcrete liningdy the
Connection reinforcement ic connection einforcement. connection reinforcement.
bent backwards into shear

cleat.

Figure2.1: Representation of thrinciple of theconnectingelement by means of a crassction
(top) and a longitudinal sectighottom) through the shotcrdiaing at the transition betwedop
headng and bench
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2.2 Development

TheconnectingelementCE) consists essentially ¢fie followingcomponents:

1 Main elementExpanded metal
1 Connection reinforcemenngitudinal barfor bracing

T Reinforcement wire

Expanded metal

As a material for th€E Staudachef2016)used expanded met#igure2.2 (a)). Exparded metals

used as it has little weight in combination withsy workability with regard to the production and

the use in construction site operatitiris already delivered to the construction site in its final shape.
One advantage is that it can be variably cut off on site. Compared to other materials it is relatively
cheap.Staudachef2016) noted that in rggect of the use of th€E as a separating layer, the
removability of the concrete from the element, as well asdbeurring rough surface, leads to
advantages in the bond strength in the construction joint.

Reinforcing steel
BSt 550 reinforang steel Eigure 2.2 (b)) with a diameter of 1éhm was used for the connection
reinforcement.

Reinforcement wire
Reinforcement wire was used to fasten the connection reinforcement to the expandeBiguetal (
2.2 (0)).

(a) Expanded metéMevaco (b) Reinfordng steel (c) Reinforcement wirgKratos
GmbH, 2016) BSt550010. building productdnc., 2017)

Figure2.2: Materials of theconnectingelementused byStaudache(Staudacher, 2016)
Staudachef2016)developed two differergeometrie®f theCE. Versionl (Figure2.3) is designed

for a connection without a base enlargen{sotcalled elephant foobf the top heading-igure 2

shows the desigfor a connection in the presence of a base enlargement wiptheadingThese
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are distinguished by the fact thata base enlargement of the top headinglubef the shear cleat,
which is located on thside of the rock mass extendedslightly further downwardsThis helpso

facilitate theremovabilityof the concrete durintpe excavation of the ben¢Btaudacher, 2016)
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2.3 Required improvements

From the course of the master thesis of Staudd20é6) the followingissues resultedyherestill

potential for improvemergxists

2.3.1 Localisation of theonnecting element

When thesprayingof the shotcrete liningf the top heading complete, th€E is no longewisible
on thecavity-side. This results in the problem that the excavator driver caasdylocate theCE
during the subsequent excavation of the befbis maylead to a damage of the elementewgen

makes it unusable

2.3.2 Stiffness of theeonnectingelement

During thesprayingof the shotcrete, damage or bending ofG@ehas been observed by Staudacher
(2016)due to the highsprayingpressureThe presenCE, made of expanded metal, is not stable
enough.Furthermore, damage the element can occur easily if the transport is not carried out

properly.Therefore, the construction of tke has to be reworked again to increase the stiffness.

2.3.3 Design for aemporary top heading invert

The previous design of the connection for a tempotapy heading invert isinsuitable both
economically and in terms of constructiaerbal information of Wulf Schubert1.012017) In the

present executioaf the temporary top heading inveat superiolevel of concrete is used, which is
extremely affecting theroduction costand demolition of the invert. A solutioreedgo be found

in order to reduce the amount of concrete and to facilitate the demolition of the shotcrete lining of
the temporary ivert. The connection must be carried out in a way that the construction joint is not
affected by the demolition of the temporary top heading invert. In this case, the position of the
connection reinforcemeritas to bereconsidered. Furthermore, a satistmgtforce transmission

should be ensured between the shotcrete lining of the top heading and the temporary top heading

invert.
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SAI m of t he wor k

The aim of the work ithe optimgation of theconnectingelementi S t achenl(Staudacher, 2016)
and the development of an element ready for serial production.

A connectingelementthatensures a simple and castective connection of the shotcrete lining of
top heading and benahould bedeveloped The requirements which are imposed on E in
relation to static, economi@ndconstruction managemeaspects are described more in detail in
chapted.1 Two types othe CE should be develope®nefor the conection of the shotcrete lining

of top heathg and bench anane allowingfor a temporary top heading invefurthermore,
laboratory tests are carried out with regard tonlagimumshear force resistance of the element, as
well as theaemovabilityof the shotcrete frorthe CE. Finally, the developed elemesttall betested

on aconstruction site Adaptions resulting therefrom are included in the developng&nte &
elementready fa series production i® be striven for, a cossimate iscarried out.To conclude

this researcla comparison with the previous version of Stauda(2@t6)is made. Bothtechnical
feasibility as well aconomic aspects acensidered.

Another point as already mentionisdhe revision of the design, when using a temporary top heading
invert. The new design should help to save costs, material and working time as faeilitating

the later demolitiorf the temporary top heading invert. Furthermore, a statically appealing solution
should be maintained. The integration of the develd@jgdhto the new design is to be striven for.
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The optimisation of theonnectingelement isdescribed belown addition to the requirements for
the CE, the changes in the geometry and the new materials arseshown. Subsequently, the
production of a prototype is illustrated. Further adaptions o€thand the installation process are
described in the following chapters.

4.1 Requirements

The main requiremntsfor the optimisation of th€E can be subdivided into the following areas:

1 Economic requirements
1 Construction managemergquirements

9 Static requirements

4.1.1 Economic requirements

From an economic point of view, the production and installation aEEhglay an important role. A
further important point is the tinreeededor the uncovering of th€E and the bendingownof the

connection reinforcement.

Production of the connectingelement

1 Material costs: The material costs should be kegsonableHowever, the price
performance ratioeedgo be considered. If a better material is used, higher costs are
incurred, but costs can be saved in other areas, such as less working time of the workers or
reduction ofworking steps.

9 Production costs: The productionstsshould be kept as low as podsitlhereforea
simple production process aimedfor. However, one should think ahead and strive for a
serialpoduction of theCE to allow for a significant cost reduction

1 ProductionThe CE should be designed in a way that allows for prefabrication and delivery
to the construction site in the finished staterder to avoid increased work of theners

or the onsite workshop

Installation of the connectingelement
In terms of osteffectiveness the installation time as well as the time for the uncovering and the
bending of the connection reinforcement plays a decisive Toke workng steps should therefore

be able to be carried out quickly and by only one person.
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4.1.2 Constructiormanagementequirements

In the following, the most importagbnstruction managemeaspects regarding the production and

installation of theCE are listed. These should be taken into acctarrthe optimgation of theCE.

Requirementsof the connectingelement

1 Robustness: Th€E should have the necessary robustness in order to be able to assure the
suitability for on-site operation.

1 Weight: An important point is that tHeE can be transported to the place of use by just one
person.

1 Element length: In orddo be able to adapt tlgE to changing conditions (different round
lengths), it must be possible to shorten the element with the tools available on the
construction site to the desired length.

T Assembly: The assembly on the construction site shoud bibledy just one person and
without the need for additional tools.

9 Storage: Due to the mostly limited storage plaienecessary to store the elements as
much space saving as possible neatdbationof use. In this case, a stackable solutfon
favorable.

Requirementsof the installation process

T Installation: The installation of th€E should be cared out by one person in a short time
range of 5 to 10 minutekleally, other works should be executed parallel to the installation
process of the element.

1 Handling: The installation shoud be as simple as possible without any special training of

theminers

4.1.3 Static requirements

With regard to the static requiremenfsadgtunnel, a distinction is made between two states, which
are shown irFigure4.1 for a top headingpench excavatiarFigure4.1 (a) shows the&onstruction
state which persists until the excavation of the bench. In this siatg the shotcrete lining of the
top heading supports the cavity of the tunSa@hce this state is only temporary, normal forces have
to be transmitted mainly. The transmission of moments and transeecss plays a subordinated
role, unless a temporary top heading invemssalled Figure4.1 (b) illustrates the final statef the
shotcrete lining where theCE ensurs a forcefitting connection of theshotcrete linings of top
heading and bench. The occurring moments, normal forces and transversefmtbestransmitted.

An important and general valid requiremehta working joint is thaho weakening of the shotcrete

lining by the construction joinhay occur
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(a) Construction state (b) Final state

Figure4.1: Decisivestaticrequirements for the respective state

4.2 New design

As already mentioned, two different versions are designed duringetrelopnent of theCE.
However, it is desable to use the san@E for both tunnel design#laterial, geometry, function as
well as the installation on the construction site are included in the development.

4.2.1 Connectingelementfor top headingoenchexcavation

The CE consistf the following components

1 Main element £ separating layer) made afprefabricategerforated metal platéhat is
delivered to the construction siteits final shape

1 Connection reinforcememindlongitudinal barfor bracing

1 Reinforcement wire for fixinghe connection reinforcement

9 Square timber for creating a notch in the shotcrete lining.

1

EPS to prevent the connection reinforcement from being covered with shotcrete.

4.2.2 Material

Perforated metal plate

Perforated metal plates with circular holes with an inclined arrangement have proven to be the most

suitable material for th€EE. Tensiontests(seechapter6.1) have shown thahe hole diameter is not
critical. The hole diameter of th€E can thus be chosedue tothe diameter of therequired
reinforcement bax Due to the given boundary conditions, the perfatateetal plate oftype
R12T15.55proved to be the most appropridkegure4.2 (a)). Therespectivedata can be found in
Table4.1. The advantages of the perforated metal plate are mainly reflected in #raneight as
well asin a much higher stiffness compared to the previously usattrial The costs of the

perforated metal plate are about0dowercompared to the expanded aleThe use of such @E
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results in furthecost savings in other ared$e exact costs forsingleCE can beseen in chaptes.
With regard to the function as a separating elementethevabilityof the concrete of th€E (more

in detailin chapter6.1), as well as the resulting rough surface, $etadadvantages in the bond
strength in the construction joifithe CEmade otheperforatednetal plate can be cuttioe required

lengthwith the tools present dhe construction site.

Table4.1: Dimensions of the pesfated metal plate tyde12T15.55

Hole _ Free cross  Number of _
_ Hole spacing t _ Thickness d
Type diameter w section holes per rh
[mm] [mm]
[mm] [%] [-]
R12T15.55 12.00 15.55 54.00 8019 1.00

Reinforcing steel

BSt550,010 isused for the connection reinforcemestiown inFigure4.2 (b). The length isetto
the minimum anchorage lengthised athe Tunnel Steinlf reinforcement barwith larger nominal
diameter are required, it is necessary to adaptCiBeeither by widening the holes or using a

perforated metal plate with a larger hole diameter.

Reinforcement wire

Reinforcement wire is used to fasten the connection reinforcement @ktfieigure4.2 (c)).

Square timber

A squaretimber (Figure 4.2 (d)) is attached at the caviside of theCE during spraying of the
shotcreteand removed beforthe excavation of the bench. This leads to a continuous and clearly
visible notchin the shotcrete lining of the top heading. The excavation bucket qawshinedin
thenotch When a temporary top heading invert is required, the genematietthllows to bend down

the connection reinforcement dasvithout damaging thehotcreteihing of the top headingFigure

4.9). Square timbewith a crosssection of 10« 10 cm (usedat Tunnel Steiyis cut into the same
length as theCE. Theapplication of a wooden closing strip proved to be cheap andsafitwvan

easy handlingDue to thenotchproduced, there are further advantages with regard to the production

and demolition of the shotcrelising when using a temporary top heading invert

EPS
An EPS strip(Figure 4.2 (e)) is attached on the bottom side of the shear cleat to prevent the

connection reinforcement from beingvered with shotcrete.
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(a) Perforéed metal plte of (b) Reinfordng steel (c) Reinforcement wiréKratos
typeR12T15.55 BSt550010. building products Inc., 2017)

(d) Square timber 10x1dm (e) EPSCoop Bau+Hobby,
(OBI E-Commerce GmbH, 2017)
2017)

Figure4.2: Materials of theconnectingelementv er si on .AWenger 0
4.2.3 Geometry

The geometry of th€E depends on:

1 The tickness of the shotcrete lining
1 the ound lengtlor distancebetween twdattice girdes,

1 and the srounding rock mass

An adaption of the element to si#pecific conditions igasilypossible The illustrated gemetry of
the CE is related to a thicless of the shotcrete lining 008m and a round length of 1.3 The
basic form ofthe versioniiStaudacher (Staudacher, 2016yas presena but adjustmentsvere
necessary to allow fax more suitable elemend fundamental difference is the lug, igh is bent
over 90, on the cavityside of theCE. This lug helps to increase the stiffness of the elermedto
positionthe usedsquare timberlt also servess a predetermindateaking poinduringdemolition
of the shotcrete lining of the temporary top heading indeutthermore, small changes in the
dimensions were carried olthe dimensions have been adapted to the position of thdaisee
girder of type 95/20/30 Thetrapezoidakhear cleat mudte located at the level of tlvhordof the
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lattice girderon the side of the rock ma&s order to fix the connection reinforcemeat the
previously installed reinforcement steel mesh

When using expandedatal, the required connection reinforcement could simply be inserted through
the metal at any point of the element. However, when the perforated metal plate is used, this is limited
by the predetermined hole arrangement. In ordplatceall thereinforceanent basin the shear cleat,

they must be installedith aslight offset into theCE. Therefore, the upper length of the shear cleat
has been increased provide at least two to three rows holesfor the offset of the connection
reinforcement.

Theremaining dimensions were selected on the basiseof¢w installation situation arlde usel
square timberThe 90-lug is positionedapproximately 7cm behind the cavitgide chord of the

lattice girderdue tothe width of 10cm of the usedquare timbe The new installation variansée
Appendix A and B allowsusingthe same element for a desigith a base enlargeme(elephant

foot) of the top heading.

Theelement is produced withsgandard length of.@0m. For shorter round lengths, the elemént
shortend using a disc grindeait thetunnelface For larger round lengths two elements can be
overlappedThe optimisedCE with all its componentis shownin Figure4.3. The assembly of the
CEis illustrated inFigure4.4. The dimensions of the used connectieimforcement are shown in
Figure4.3. Thebentbars (number 2) serve for the connection of the shotcrete linings of top heading
and benchThey are already instal in advance in th€E. The longitudinal bar (hnumber 3) is used

to stabilise the element and is fixed to emtbars(number 2with reinforcement wire.
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Figure4.3: Optimised connecting element showing all components
4.2.4 Assembly of the connectirglement

The connection reinforcement is already delivered lrenitstate. Installation within th€E can be

done by one mineihe individual installation steps are showrFigure4.4.





















































































































































































































