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Abstract 

This master thesis is based on the preliminary work of Staudacher (2016). If a full-face excavation is 

not possible due to given rock conditions or large tunnel cross-sections in cyclic excavation, the 

shotcrete linings of the individual segments must be connected in a force-fitting manner. Staudacher 

developed a connecting element made of expanded metal.  

The connecting element of Staudacher (2016) is reconsidered and optimised on the basis of existing 

problems, which were identified in the course of his master thesis. The main focus is on a stiffer 

construction of the connecting element as well as its installation process. In addition to the technical 

feasibility, the development of the element also takes into account construction management and 

economic aspects. The scope of this work is limited to the top heading-bench excavation and can 

subsequently be adapted to other excavation types. 

Laboratory tests are used to investigate the removability of the concrete from the connecting element, 

as well as the maximum transmittable shear force. The suitability of the element, as well as an 

improvement compared to the version of Staudacher (2016) is confirmed.  

At the end of the development phase, the connecting element is installed at the ñTunnelkette St. 

Kanzianò in the ñTunnel Steinò and tested regarding suitability during construction. Further 

optimisation with regard to the construction of the element as well as the installation process is carried 

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

Since a ready for series production is to be striven for, a cost estimate is 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 that the optimised connecting element fulfils its function very well and is 

suitable for the installation as a connection detail. With the use of the element in combination with 

the innovations of the design of the temporary top heading invert, time and money can be saved. 

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

shotcrete lining of top heading and bench can be executed clean and even. 



   

Kurzfassung 

Die vorliegende Masterarbeit baut auf die Arbeit von Staudacher (2016) auf. Wenn aufgrund 

gegebener Gebirgsverhältnisse bzw. großer Tunnelquerschnitte im zyklischen Vortrieb ein 

Vollausbruch nicht möglich ist, müssen die Spritzbetonschalen der einzelnen Ausbrüche 

kraftschlüssig miteinander verbunden werden. Basierend auf einer Variantenstudie wurde von 

Staudacher ein Anschlusselement aus Streckmetall entwickelt.  

Das Anschlusselement von Staudacher (2016) wird aufgrund vorliegender Problemstellungen neu 

überdacht und optimiert. Das Hauptaugenmerk wird hierbei auf eine steifere Konstruktion des 

Anschlusselements, sowie dessen Einbauprozess gerichtet. Bei der Entwicklung des Elements sollen 

neben der technischen Umsetzbarkeit auch baubetriebliche sowie bauwirtschaftliche Aspekte 

miteinbezogen werden. Der Umfang dieser Arbeit beschränkt sich auf den Kalotten-Strossen Vortrieb 

und kann in weiterer Folge auf andere Querschnittsunterteilungen adaptiert werden.  

Mit Hilfe von Laborversuchen wird die Lösbarkeit des Betons vom Anschlusselement, sowie die 

maximal übertragbare Querkraft untersucht. Dadurch kann die Eignung des Elements, sowie eine 

Verbesserung in Hinblick auf die Version Staudacher (2016) bestätigt werden. 

Am Ende der Entwicklungsphase wird das Anschlusselement an der ĂTunnelkette St. Kanzianò im 

ĂTunnel Steinñ eingebaut und auf seine Tauglichkeit im Baustellenbetrieb getestet. Aus sich 

ergebenden Problemstellungen werden weitere Optimierungen hinsichtlich der Konstruktion des 

Elements sowie des Einbaus durchgeführt, um eine spätere einwandfreie Funktion zu gewährleisten.  

Da eine serienreife Konstruktion anzustreben ist, wird eine Kostenaufstellung durchgeführt.  

Des Weiteren werden Optimierungen an der Ausführung einer temporären Kalottensohle 

vorgenommen, um Kosten und Material einzusparen, sowie einen erleichterten Abbruch der 

Spritzbetonschale der Sohle zu ermöglichen.  

Abschließend kann festgehalten werden, dass das optimierte Anschlusselement seine Funktion sehr 

gut erfüllt und für den Einbau als Anschlussdetail geeignet ist. Durch die Verwendung des Elements 

in Kombination mit den Neuerungen der Ausführung der temporären Kalottensohle können Zeit und 

Kosten eingespart werden. Es ergeben sich Vorteile in Hinblick auf die statische Wirksamkeit, da die 

Trennfläche zwischen Kalotte und Strosse sauber und eben ausgeführt wird. 
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Introduction 1 

1 Introduction  

1.1 General 

This master thesis is based on the previous work of Staudacher (2016), who has already dealt with 

this topic in his master thesis, entitled ñAnschlüsse für Arbeitsfugen bei Spritzbetonauskleidungenò 

in the year 2016.  

 

The present work deals with the topic of the connection of shotcrete linings in conventional 

tunnelling based on the principles of the New Austrian Tunnelling Method (NATM). Frequently the 

excavation is carried out in the form of partial excavation. Figure 1.1 illustrates the area for which 

the connecting elements are to be developed. A simple, cost-efficient, but force-fitting connection of 

the shotcrete linings of different working steps is of great importance. The focus of this work is laid 

on the top heading-bench excavation as well as the top heading-bench excavation with a temporary 

top heading invert. The connecting element should also be applicable in combination with other 

excavation variants with various modifications. The connecting element is tested in practice on a 

tunnel construction site.  

 

Figure 1.1: Connection detail ï Top heading-bench excavation.  
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1.2 Requirements of the connection detail 

The following requirements are necessary for the connection detail (Staudacher, 2016): 

¶ continuous reinforcement arrangement 

¶ planar connection joint for the transmission of normal forces 

¶ good bonding between the shotcrete lining segments 

¶ good removability of the shotcrete from the connecting element 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 expose the already incorporated connection reinforcement. This 

results in high time and work expenditure. Furthermore, this process often damages the connection 

reinforcement so that it cannot properly fulfil its requirements. An important point is the transmission 

of the normal forces that prevail predominantly in the shotcrete lining of the tunnel. By the 

mechanical removal of the concrete, an inclined and irregular joint as shown in Figure 1.2 (a) is 

formed. The bond of the shotcrete lining of top heading and bench is relatively small as they are 

produced at different times. Shotcrete residues and other remainings of the excavated material 

additionally reduce the bond. In a further consequence, additional transverse forces are generated in 

the connection joint. In order to achieve a proper transmission of the normal forces, a clean and 

planar connection joint should be created. An ideal execution of the connection joint is shown in 

Figure 1.2 (b).  

   

(a) Force transmission with bad execution 

of the joint. 

(b) Force transmission with good execution 

of the joint. 

Figure 1.2: Problem of the normal force transmission in construction joints. 
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2 Version ñStaudacherò 

2.1 Concept 

The development of the concept of Staudacher (2016) was carried out for a top heading-bench 

excavation. The system is designed to obtain a planar concrete surface of the shotcrete lining of the 

top heading after the excavation of the bench, in order to be able to transfer the normal forces as good 

as possible. For the transmission of shear forces and moments, connection reinforcement with the 

prescribed anchorage length is required. This is integrated in the separating layer in a way that the 

accessibility is guaranteed after the excavation of the bench has been made despite the spraying 

process.  

A schematic representation of the connecting element during the construction stage is given in Figure 

2.1. Figure 2.1 (a) shows the connecting element after the production of the shotcrete lining of the 

top heading. The connection reinforcement is bent backwards in the longitudinal direction of the 

tunnel into the trapezoidal recess, called shear cleat. It is of great importance that the connecting 

element is completely covered with shotcrete and installed as planar as possible. Due to the shear 

cleat, the normal forces cannot be transmitted over the entire width of the shotcrete lining. In the 

following working step the bench is excavated. The element is exposed on the bottom by chipping 

of the concrete remains. Afterwards the connection reinforcement is bent downwards, seen in Figure 

2.1 (b). The final state with the already connected shotcrete linings of top heading and bench is shown 

in Figure 2.1 (c). The transmission of the normal forces is carried out over the entire width of the 

shotcrete lining. Occurring shear forces are transmitted via the connection reinforcement, the 

reinforcement on the cavity-side and side of the rock mass as well as the shear cleat. 
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(a) The connecting element is 

incorporated in the foot area 

of the top heading. 

Connection reinforcement is 

bent backwards into shear 

cleat. 

(b) Excavation of the bench 

and exposure of element with 

later down-bending of 

connection reinforcement. 

(c) Final state with force-

fitted connection of the 

shotcrete linings by the 

connection reinforcement. 

Figure 2.1: Representation of the principle of the connecting element by means of a cross section 

(top) and a longitudinal section (bottom) through the shotcrete lining at the transition between top 

heading and bench. 
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2.2 Development 

The connecting element (CE) consists essentially of the following components: 

¶ Main element: Expanded metal 

¶ Connection reinforcement, longitudinal bar for bracing 

¶ Reinforcement wire 

Expanded metal 

As a material for the CE Staudacher (2016) used expanded metal (Figure 2.2 (a)). Expanded metal is 

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

the use in construction site operation. It is 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. Staudacher (2016) noted that in respect of the use of the CE as a separating layer, the 

removability of the concrete from the element, as well as the occurring rough surface, leads to 

advantages in the bond strength in the construction joint.  

Reinforcing steel 

BSt 550 reinforcing steel (Figure 2.2 (b)) with a diameter of 10 mm was used for the connection 

reinforcement. 

Reinforcement wire 

Reinforcement wire was used to fasten the connection reinforcement to the expanded metal (Figure 

2.2 (c)). 

    

(a) Expanded metal (Mevaco 

GmbH, 2016). 

(b) Reinforcing steel 

BSt 550 Ø10. 

(c) Reinforcement wire (Kratos 

building products Inc., 2017). 

Figure 2.2: Materials of the connecting element used by Staudacher (Staudacher, 2016). 

Staudacher (2016) developed two different geometries of the CE. Version 1 (Figure 2.3) is designed 

for a connection without a base enlargement (so called elephant foot) of the top heading. Figure 2 

shows the design for a connection in the presence of a base enlargement of the top heading. These 
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are distinguished by the fact that at a base enlargement of the top heading, the lug of the shear cleat, 

which is located on the side of the rock mass is extended slightly further downwards. This helps to 

facilitate the removability of the concrete during the excavation of the bench (Staudacher, 2016). 

 
 

(a) Cross section and top view of the CE. (b) 3D illustration of the CE. 

Figure 2.3: Geometry of the CE ñStaudacherò without elephant foot (Staudacher, 2016). 

 

 

(a) Cross section and top view of the CE. (b) 3D illustration of the CE. 

Figure 2.4: Geometry of the CE ñStaudacherò with elephant foot (Staudacher, 2016). 
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2.3 Required improvements 

From the course of the master thesis of Staudacher (2016), the following issues resulted, where still 

potential for improvement exists. 

2.3.1 Localisation of the connecting element  

When the spraying of the shotcrete lining of the top heading is complete, the CE is no longer visible 

on the cavity-side. This results in the problem that the excavator driver cannot easily locate the CE 

during the subsequent excavation of the bench. This may lead to a damage of the element or even 

makes it unusable. 

2.3.2 Stiffness of the connecting element 

During the spraying of the shotcrete, damage or bending of the CE has been observed by Staudacher 

(2016) due to the high spraying pressure. The present CE, made of expanded metal, is not stable 

enough. Furthermore, damage to the element can occur easily if the transport is not carried out 

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

2.3.3 Design for a temporary top heading invert 

The previous design of the connection for a temporary top heading invert is unsuitable both 

economically and in terms of construction (verbal information of Wulf Schubert, 11.01.2017). In the 

present execution of the temporary top heading invert, a superior level of concrete is used, which is 

extremely affecting the production costs and demolition of the invert. A solution needs to be found 

in order to reduce the amount of concrete and to facilitate the demolition of the shotcrete lining of 

the temporary invert. 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 reinforcement has to be reconsidered. Furthermore, a satisfactory force transmission 

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

invert. 
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3 Aim of the work 

The aim of the work is the optimisation of the connecting element ñStaudacherò (Staudacher, 2016) 

and the development of an element ready for serial production.  

 

A connecting element that ensures a simple and cost-effective connection of the shotcrete lining of 

top heading and bench should be developed. The requirements which are imposed on the CE in 

relation to static, economic, and construction management aspects are described more in detail in 

chapter 4.1. Two types of the CE should be developed. One for the connection of the shotcrete lining 

of top heading and bench and one allowing for a temporary top heading invert. Furthermore, 

laboratory tests are carried out with regard to the maximum shear force resistance of the element, as 

well as the removability of the shotcrete from the CE. Finally, the developed element shall be tested 

on a construction site. Adaptions resulting therefrom are included in the development. Since an 

element ready for series production is to be striven for, a cost estimate is carried out. To conclude 

this research a comparison with the previous version of Staudacher (2016) is made. Both, technical 

feasibility as well as economic aspects are considered.   

Another point as already mentioned is the revision of the design, when using a temporary top heading 

invert. The new design should help to save costs, material and working time as well as facilitating 

the later demolition of the temporary top heading invert. Furthermore, a statically appealing solution 

should be maintained. The integration of the developed CE into the new design is to be striven for. 
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4 Optimisation 

The optimisation of the connecting element is described below. In addition to the requirements for 

the CE, the changes in the geometry and the new materials used are shown. Subsequently, the 

production of a prototype is illustrated. Further adaptions of the CE and the installation process are 

described in the following chapters. 

4.1 Requirements 

The main requirements for the optimisation of the CE can be subdivided into the following areas: 

¶ Economic requirements 

¶ Construction management requirements 

¶ Static requirements 

4.1.1 Economic requirements 

From an economic point of view, the production and installation of the CE play an important role. A 

further important point is the time needed for the uncovering of the CE and the bending-down of the 

connection reinforcement. 

Production of the connecting element 

¶ Material costs: The material costs should be kept reasonable. However, the price-

performance ratio needs to 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 of working steps. 

¶ Production costs: The production costs should be kept as low as possible. Therefore a 

simple production process is aimed for. However, one should think ahead and strive for a 

serial poduction of the CE to allow for a significant cost reduction. 

¶ Production: The CE should be designed in a way that allows for prefabrication and delivery 

to the construction site in the finished state in order to avoid increased work of the miners 

or the on-site workshop. 

Installation of the connecting element 

In terms of cost-effectiveness the installation time as well as the time for the uncovering and the 

bending of the connection reinforcement plays a decisive role. The working steps should therefore 

be able to be carried out quickly and by only one person. 
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4.1.2 Construction management requirements 

In the following, the most important construction management aspects regarding the production and 

installation of the CE are listed. These should be taken into account for the optimisation of the CE. 

Requirements of the connecting element 

¶ Robustness: The CE should have the necessary robustness in order to be able to assure the 

suitability for on-site operation. 

¶ Weight: An important point is that the CE can be transported to the place of use by just one 

person. 

¶ Element length: In order to be able to adapt the CE 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.  

¶ Assembly: The assembly on the construction site shoud be feasible by just one person and 

without the need for additional tools. 

¶ Storage: Due to the mostly limited storage place it is necessary to store the elements as 

much space saving as possible near the location of use. In this case, a stackable solution is 

favorable. 

Requirements of the installation process 

¶ Installation: The installation of the CE should be carried out by one person in a short time 

range of 5 to 10 minutes. Ideally, other works should be executed parallel to the installation 

process of the element. 

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

the miners. 

4.1.3 Static requirements 

With regard to the static requirements of a tunnel, a distinction is made between two states, which 

are shown in Figure 4.1 for a top heading-bench excavation. Figure 4.1 (a) shows the construction 

state, which persists until the excavation of the bench. In this state, only the shotcrete lining of the 

top heading supports the cavity of the tunnel. Since this state is only temporary, normal forces have 

to be transmitted mainly. The transmission of moments and transverse forces plays a subordinated 

role, unless a temporary top heading invert is installed. Figure 4.1 (b) illustrates the final state of the 

shotcrete lining, where the CE ensures a force-fitting connection of the shotcrete linings of top 

heading and bench. The occurring moments, normal forces and transverse forces must be transmitted. 

An important and general valid requirement of a working joint is that no weakening of the shotcrete 

lining by the construction joint may occur. 
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(a) Construction state. (b) Final state. 

Figure 4.1: Decisive static requirements for the respective state. 

4.2 New design 

As already mentioned, two different versions are designed during the development of the CE. 

However, it is desirable to use the same CE for both tunnel designs. Material, geometry, function as 

well as the installation on the construction site are included in the development. 

4.2.1 Connecting element for top heading-bench excavation 

The CE consists of the following components: 

¶ Main element (= separating layer) made of a prefabricated perforated metal plate that is 

delivered to the construction site in its final shape. 

¶ Connection reinforcement and longitudinal bar for bracing. 

¶ Reinforcement wire for fixing the connection reinforcement. 

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

¶ 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 the CE. Tension tests (see chapter 6.1) have shown that the hole diameter is not 

critical. The hole diameter of the CE can thus be chosen due to the diameter of the required 

reinforcement bars. Due to the given boundary conditions, the perforated metal plate of type 

R12T15.55 proved to be the most appropriate (Figure 4.2 (a)). The respective data can be found in 

Table 4.1. The advantages of the perforated metal plate are mainly reflected in the lower weight as 

well as in a much higher stiffness compared to the previously used material. The costs of the 

perforated metal plate are about 20 % lower compared to the expanded metal. The use of such a CE 
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results in further cost savings in other areas. The exact costs for a single CE can be seen in chapter 8. 

With regard to the function as a separating element, the removability of the concrete of the CE (more 

in detail in chapter 6.1), as well as the resulting rough surface, leads to advantages in the bond 

strength in the construction joint. The CE made of the perforated metal plate can be cut to the required 

length with the tools present on the construction site. 

Table 4.1: Dimensions of the perforated metal plate type R12T15.55. 

Type 

Hole 

diameter w 

[mm] 

Hole spacing t 

[mm] 

Free cross 

section 

[%] 

Number of 

holes per m2 

[-] 

Thickness d 

[mm] 

R12T15.55 12.00 15.55 54.00 8019 1.00 

Reinforcing steel 

BSt 550, Ø10 is used for the connection reinforcement, shown in Figure 4.2 (b). The length is set to 

the minimum anchorage length, used at the Tunnel Stein. If reinforcement bars with larger nominal 

diameter are required, it is necessary to adapt the CE either 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 to the CE (Figure 4.2 (c)).  

Square timber 

A square timber (Figure 4.2 (d)) is attached at the cavity-side of the CE during spraying of the 

shotcrete and removed before the excavation of the bench. This leads to a continuous and clearly 

visible notch in the shotcrete lining of the top heading. The excavation bucket can be positioned in 

the notch. When a temporary top heading invert is required, the generated notch allows to bend down 

the connection reinforcement easily without damaging the shotcrete lining of the top heading (Figure 

4.9). Square timber with a cross-section of 10 x 10 cm (used at Tunnel Stein) is cut into the same 

length as the CE. The application of a wooden closing strip proved to be cheap and allows for an 

easy handling. Due to the notch produced, there are further advantages with regard to the production 

and demolition of the shotcrete lining 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 being covered with shotcrete. 
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(a) Perforated metal plate of 

type R12T15.55. 

(b) Reinforcing steel 

BSt 550 Ø10. 

(c) Reinforcement wire (Kratos 

building products Inc., 2017). 

 

 

 

(d) Square timber 10x10 cm 

(OBI E-Commerce GmbH, 

2017). 

(e) EPS (Coop Bau+Hobby, 

2017). 

 

Figure 4.2: Materials of the connecting element version ñWengerò. 

4.2.3 Geometry 

The geometry of the CE depends on: 

¶ The thickness of the shotcrete lining, 

¶ the round length or distance between two lattice girders, 

¶ and the surrounding rock mass. 

An adaption of the element to site-specific conditions is easily possible. The illustrated geometry of 

the CE is related to a thickness of the shotcrete lining of 30 cm and a round length of 1.30 m. The 

basic form of the version ñStaudacherò (Staudacher, 2016) was preserved, but adjustments were 

necessary to allow for a more suitable element. A fundamental difference is the lug, which is bent 

over 90°, on the cavity-side of the CE. This lug helps to increase the stiffness of the element and to 

position the used square timber. It also serves as a predetermined breaking point during demolition 

of the shotcrete lining of the temporary top heading invert. Furthermore, small changes in the 

dimensions were carried out. The dimensions have been adapted to the position of the used lattice 

girder of type 95/20/30. The trapezoidal shear cleat must be located at the level of the chord of the 
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lattice girder on the side of the rock mass in order to fix the connection reinforcement to the 

previously installed reinforcement steel mesh.  

When using expanded metal, 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 order to place all the reinforcement bars in the shear cleat, 

they must be installed with a slight offset into the CE. Therefore, the upper length of the shear cleat 

has been increased to provide at least two to three rows of holes for the offset of the connection 

reinforcement.  

The remaining dimensions were selected on the basis of the new installation situation and the used 

square timber. The 90°-lug is positioned approximately 7 cm behind the cavity-side chord of the 

lattice girder due to the width of 10 cm of the used square timber. The new installation variant (see 

Appendix A and B) allows using the same element for a design with a base enlargement (elephant 

foot) of the top heading.  

The element is produced with a standard length of 1.00 m. For shorter round lengths, the element is 

shortened using a disc grinder at the tunnel face. For larger round lengths two elements can be 

overlapped. The optimised CE with all its components is shown in Figure 4.3. The assembly of the 

CE is illustrated in Figure 4.4. The dimensions of the used connection reinforcement are shown in 

Figure 4.3. The bent bars (number 2) serve for the connection of the shotcrete linings of top heading 

and bench. They are already installed in advance in the CE. The longitudinal bar (number 3) is used 

to stabilise the element and is fixed to the bent bars (number 2) with reinforcement wire. 
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Figure 4.3: Optimised connecting element showing all components. 

4.2.4 Assembly of the connecting element 

The connection reinforcement is already delivered in it bent state. Installation within the CE can be 

done by one miner. The individual installation steps are shown in Figure 4.4. 














































































































































