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Abstract 

In mechanised tunnelling, a high utilisation of the tunnelling machine is important to 

reach a sufficient productivity in construction. The maintenance of cutting tools is one 

of the processes, which significantly influences the performance of the project execu-

tion. A thorough scheduling of the maintenance processes is therefore necessary to 

ensure the economic success of the project. In slurry shield tunnelling, monitoring of 

the tool conditions simultaneous to the main production processes is hardly possible, 

so that a reliable prediction of the wear rate is required. However, the soil properties 

as well as the steering parameters, which are needed for the wear prediction, are sub-

ject to great uncertainties. These uncertainties must be considered in order to obtain a 

reliable maintenance schedule. Furthermore, additional boundary conditions influence 

the feasibility of an intervention at a certain position of the tunnel alignment.  

In this thesis, a maintenance scheduling method is developed, which considers the 

uncertain wear prediction of the cutting tools as well as the project-specific boundary 

conditions. Process simulation is used to model and analyse the wear of cutting tools 

and to evaluate different maintenance schedules, since it has been proven useful for 

the evaluation of complex systems and processes. For the wear prediction, the empir-

ical wear prediction model of Köppl (2014) is implemented. The model developed in 

this thesis evaluates all cutting tools individually and offers a comprehensible structure 

to analyse the overall system and dependencies. Furthermore, the model can be used 

to conduct a variety of analyses to increase the knowledge of the system behaviour 

and to evaluate different maintenance schedules. Input data can be easily adapted to 

analyse and compare different projects.  

In particular, Monte Carlo Simulations are conducted to consider uncertain input data. 

The determined maintenance interval, which bases solely on the wear of cutting tools, 

has to be adapted to the boundary conditions of the project. By evaluating all cutting 

tools individually, preventive maintenance can be scheduled and adjusted using a cor-

rection factor in order to take the uncertainties into account and to adapt the schedule 

to the risk affinity of the scheduler. Sensitivity analyses are conducted in order to in-

crease the knowledge of the system behaviour and dependencies. These results are 

further used for verification and validation of the model.  

Based on the conducted analyses, a procedure to schedule and improve the mainte-

nance of cutting tools is recommended using the proposed model. In general, a de-

tailed documentation of wear and maintenance will increase the reliability of future 

maintenance schedules, if the data is properly processed and added to the proposed 

model.  

 



1 

 

 

 
 

1 Introduction 

1.1 Problem definition 

Mechanised tunnelling is proven to be a useful method to construct long tunnels or 

tunnels in urban areas. However, the initial costs for a tunnel boring machine (TBM) 

are very high. Therefore, a high utilisation of the machine, hence a high performance, 

is mandatory in order to achieve an economic project execution. 

The total performance of tunnelling projects is determined by the performance of all 

production processes and the amount of downtime due to disturbances. Figure 1-1 

presents the classification of the durations of a sample project that has been evaluated. 

For this project downtimes account for approximately two thirds of the total project 

duration. Analysing the downtime in more detail shows that the cause of the downtime 

can be a variety of the system’s elements. Furthermore, a distinction is made between 

scheduled and unscheduled downtime. Unscheduled downtime is caused by disturb-

ances, e.g. technical failures or insufficient material supply. Scheduled downtime oc-

curs when maintenance is conducted. Both cases have a significant influence on the 

total project duration.  

 

Figure 1-1: Evaluation and classification of the durations of a sample project with a focus 
on the downtime.  
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In order to improve the overall performance of the project, it is necessary to improve 

the productivity of all production processes and to reduce the scheduled and unsched-

uled downtime. During the planning phase of a project the production processes, in 

particular the production rate, have to be estimated. Furthermore, the disturbances and 

maintenance processes have to be predicted and evaluated.  

The performance of the excavation process mainly depends on the prevailing ground 

conditions. For the planning of a project, especially for the excavation of hard rock, 

there are many prediction models to estimate the possible performance of a tunnel 

boring machine (TBM) (Gertsch et al. 2007; Hassanpour et al. 2011; Rostami and 

Ozdemir 2011; Rostami 2016; Schneider et al. 2012; Thuro et al. 2015; Galler et al. 

2014). Most of the models determine the possible penetration, which, in combination 

with the chosen rotational speed, determines the advance rate of a TBM. In addition, 

some of the performance prediction models consider downtime for the maintenance of 

cutting tools to reduce the overall performance (Lislerud 1988). Maidl and Wingmann 

(2009) propose a first approach to estimate the performance of an earth pressure bal-

ance (EPB) shield for soft ground excavation. This approach considers not only the 

advancement speed of the machine but also the duration of ring building and disturb-

ances. For the ring building, the degree of experience is taken into account.  

In order to reduce the amount of unscheduled disturbances, Rahm (2017) analysed 

the disturbances and their cause with the help of process simulation. The developed 

model can be used to identify the bottleneck of the supply chain, which limits the overall 

performance. The implemented model also considers the influence of technical dis-

turbances of the system elements. The benefit of planning the supply chain of a tun-

nelling project has been further investigated by Duhme (2018). He compared the con-

ventional planning method with the simulation approach. 

Since the production processes as well as the disturbance are widely discussed and a 

variety of methods already exist the focus of this thesis lies on the remaining scheduled 

downtime. Regarding the scheduled downtime, the maintenance of the cutting tools is 

the most time-consuming process. There is a great potential of decreasing the down-

time by improving the maintenance schedule. Hard rock tunnelling machines need a 

high maintenance effort because of the high wear rate. However, the cutting tools are 

easily accessible, which enables a regular inspection and replacement of the cutting 

tools. In soft ground, the planning of maintenance stations for the replacement of cut-

ting tools is more complex and characterised by many uncertainties. The maintenance 

stops are often planned based on empirical values and according to the project-specific 
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boundary conditions for the accessibility of the excavation chamber. An exact predic-

tion of the expected wear of the mining tools during the planning phase or the contin-

uous monitoring of the wear condition during driving is not possible yet. Binary wear 

monitoring sensors, which are used on modern TBM, only send a signal, when the 

wear limits are exceeded. This leads to too many or too few maintenance stops at 

possibly unfavourable positions of the tunnel alignment.  

Models for the empirical wear prognosis of the mining tools allow an initial, quantified 

estimation of the expected interventions. However, they are subject to great uncertain-

ties, which leads to a large scattering of the prognosis result. Further investigations 

show that relatively small fluctuations of the soil parameters as well as of the steering 

parameters may have large effects on the achievable excavation distance until the 

wear limit is reached. In order to investigate these uncertainties and to take them into 

account in maintenance scheduling, the wear for each tool under fluctuating conditions 

must be determined. A purely deterministic planning of the maintenance work does not 

lead to reliable results. 

1.2 Research goals and methodology 

The objective of this thesis is to develop an approach for improving the maintenance 

schedule for soft ground TBM tunnelling. The method shall consider the uncertainties 

of the influencing parameters and the boundary conditions of individual projects. Fur-

thermore, it has to offer an opportunity to evaluate different maintenance strategies. 

Therefore, a comprehensible and flexible model is required to conduct a variety of ex-

periments. This way it shall support the decision-making process for maintenance 

scheduling.  

Based on a literature review, suitable methodologies are identified, which can be 

adapted for the maintenance scheduling of cutting tools. Currently, the wear prediction 

model of Köppl (2014) is the most suitable method in slurry shield tunnelling for wear 

prediction of each individual cutting tool on the cutterhead. A simulation-based ap-

proach has been chosen to model the variety of elements and processes. Process 

simulation is a reliable tool to evaluate the productivity of single processes and of the 

whole system. Furthermore, it offers the opportunity to implement and evaluate uncer-

tain data. The simulation framework AnyLogic is used, since it offers a multi-method 

implementation. This way, structured modelling is possible, which increases the com-

prehensibility of the system and the analyses. Parameter variation studies and Monte 

Carlo simulations are conducted to gain a better understanding of the system and to 

evaluate the maintenance schedule of a project. Cost factors are added to the model 
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in order to estimate the maintenance costs. The maintenance costs combine both eval-

uation criteria, maintenance duration and number of replaced tools, hence the evalua-

tion only bases on one value. This simplifies the evaluation of results and the optimi-

sation of the maintenance strategy. 

1.3 Structure of the thesis 

In a first step, a review of the background and former research is conducted. Therefore, 

in chapter 2, the processes of mechanised tunnelling are analysed first. The difference 

between the main types of tunnelling machines are evaluated and classified. After-

wards, the basic principles of process simulation are reviewed in order to find a suitable 

method for the comprehensible evaluation of maintenance strategies. Process simula-

tion offers the possibility to implement complex systems with uncertain parameters and 

to evaluate them in a comprehensible way. This way, it is not only possible to compare 

alternatives, but also to perform sensitivity analyses or optimisations. In order to de-

velop a model for maintenance scheduling, input data is required. For this purpose, the 

data that result from project execution and methods for data processing are analysed.  

For scheduling the maintenance work, a prediction of the wear of the cutting tools is 

required. The research on wear of cutting tools is reviewed in chapter 3, in order to find 

a suitable prediction method that can be used for the model generation. Furthermore, 

the different wear mechanisms that occur and the resulting wear pattern of the cutting 

tools are investigated. A great variety of different approaches to predict the wear of the 

cutting tools have been found and are discussed. The wear prediction, which shall be 

used for the developed model, needs to be quantitative and it has to offer the possibility 

to determine the wear state of each tool at each point in time individually.  

At last, the background of maintenance is reviewed in chapter 4. The basic methods 

of maintenance in general are analysed in order to find suitable methods that can be 

adapted to the cutting tool replacement. The processes of the maintenance work have 

been identified and process durations are defined. Furthermore, the boundary condi-

tions, which have to be considered for maintenance scheduling, are reviewed. At last, 

evaluation criteria and methods for the maintenance schedule are identified and eval-

uated.  

Based on the background review, a simulation model is developed which stochastically 

depicts the wear of each tool on the cutting wheel. With this model, the maintenance 

schedule can be examined and evaluated according to the accuracy of the wear prog-

nosis. In chapter 5, the input parameters and boundary conditions of the maintenance-

scheduling model are identified. Afterwards, the implemented wear prognosis method 
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is analysed with respect to the level of detail of the given input data. Subsequently, the 

development and implementation of the simulation model is provided. Therefore, the 

theoretical structure and build of the model, the implementation and the chosen simu-

lation experiments are described. 

The presented model is then used to perform a variety of analyses described in chapter 

6. First sensitivity analyses of the wear prediction model alone and then of the evalua-

tion of the maintenance model are conducted. This way, the behaviour of the system, 

as well as the model can be evaluated. Furthermore, the sensitivity analyses are used 

to verify the implemented model. Afterwards, the model is used for a case study, where 

two different project setups are compared and the robustness of the variants is evalu-

ated. In order to verify and validate the proposed model, the verification and validation 

methods are reviewed and applied as far as possible based on the results of the pre-

vious investigations. The chapter closes with a discussion of the conducted analyses 

and gained results. 

The overall findings of the modelling and analysis are summarised in chapter 7 and 

recommendations for the application in practice are given. In the concluding chapter 8 

a summary and an outlook are given.  
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2 Processes and simulation in mechanised tunnelling 

TBM tunnelling enables high performances due to the high degree of mechanisation. 

In particular, the repeating processes of excavation and ring building lead to a higher 

performance than conventional tunnelling methods. However, due to the high initial 

cost of the machine, a high degree of utilization is mandatory to ensure the economical 

success of the project. Therefore, an improvement of all relevant processes is neces-

sary to reduce the downtime of the machine. 

In order to identify the factors that determine the performance, the processes of mech-

anised tunnelling projects are reviewed. The performance of each process is quantified 

by evaluating former projects. Furthermore, process simulation, which is a tool to ana-

lyse the interaction of processes, i.e. the behaviour of a system, is introduced. Its ap-

plication as a method to analyse the factors influencing the overall performance is re-

viewed. Furthermore, the processing of the different types of data derived from tunnel-

ling projects is presented, which are needed for the simulation model to create valid 

results. 

2.1 Processes in mechanised tunnelling 

In mechanised tunnelling, there are four main types of tunnelling machines, which are 

used for different ground conditions (DAUB 2010). In hard rock, tunnel boring machines 

(TBM) or double-shield machines (DSM) are used, while in unstable ground conditions, 

i.e. soil, shield machines (SM) or combination shield machines (KSM) are required, 

which support the excavated cavity with the help of a cylindrical steel tube as well as 

the tunnel face using different support media. Furthermore, a segmental lining is 

mounted under the protection of the shield to ensure a permanent support of the tunnel 

cavity. (Maidl et al. 2013) 

The performance of a tunnelling project mainly depends on the performance of the 

production processes. Here it is differentiated between production processes that are 

directly needed for the excavation and construction of the tunnel and support pro-

cesses that only indirectly influence the productivity but are still mandatory for the ex-

ecution of the production processes. However, disturbances caused by technical fail-

ure or insufficient support processes reduce the overall productivity significantly. 

Therefore, not only single processes have to be regarded, but also the interaction and 

dependencies of all processes.  
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2.1.1 Production processes 

The production processes can be divided into the two main processes excavation and 

ring building. These two processes are essential to build a tunnel structure. In addition, 

there are minor processes that have to be conducted as they are indispensable for the 

overall production. These processes are directly needed for the main processes exca-

vation and ring building. Since they are planned interruptions of the main processes, 

they are regarded as individual, repetitive parts of the construction chain (Figure 2-1).  

 

Figure 2-1: Gantt chart of repetitive construction processes. 

Ring building 

The tunnel lining consists of precast reinforced concrete segments. These segments 

form a ring, whose width defines the length of one excavation step Ladv. One excavation 

step and one mounted ring are one advance cycle. As shown in Figure 2-2, the ring is 

mounted under the protection of the shield tail (1) of the tunnelling machine. An erec-

tor (2) places the segments at their designed position, where they are temporarily fix-

ated by the thrust cylinders (3). The last mounted ring (4) is then used as bearing for 

the thrust cylinders to push forward during excavation. The gap (5) between the ground 

and the tunnel lining is continuously filled with mortar or pea gravel during the advanc-

ing of the machine.  

 

Figure 2-2: Shield tail elements of a tunnelling machine 
(based on (Herrenknecht AG 2019c)). 

excavation

ring building

extension pipelines

extension supply lines

maintenance



8 

 

 

 
 

Excavation 

 

Figure 2-3: a) Single shield TBM; b) EPB shield; c) Hydro shield 
(pictures from (Herrenknecht AG 2019a, 2019b, 2019c)) 

The advance rate of the tunnelling machine during the excavation process differs for 

each type of tunnelling machine and depends on various boundary conditions, e.g. 

ground conditions or operation parameters. The main machine types are shown in Fig-

ure 2-3. If the tunnel face is stable, no face support is needed. In hard rock, the cutting 

wheel of the TBM is mainly equipped with cutting discs, which excavate the rock by 

inducing high local pressure on the tunnel face causing cracks to propagate within the 

rock (Figure 2-4). If the cracks of two tool tracks meet, rock chips are formed and spall 

off the tunnel face. Buckets mounted on the outer tracks of the cutting wheel transport 

the excavated chips through the openings behind the cutting wheel, where they are 

loaded on a belt conveyor. The size of the cutting wheel openings restricts the maxi-

mum size of blocks that are able to pass the cutting wheel.  

  

Figure 2-4: Crack propagation and rock chipping for hard rock excavation with  
disc cutters. 

rock chip
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crushed rock
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In soft ground, there are two main machine types: earth pressure balance (EPB) 

shields and hydro shields. The main difference is in the field of application according 

to the grain size distribution of the soil and the applied face support method. Some-

times, different hybrid machine types are required for special fields of application. 

EPB-shields are mainly used in clay and silty soils with a high content of fine particles 

(< 0.06 mm). If the content of coarse particles increases or adhesion occurs, a condi-

tioning of the soil, for instance with foam, becomes necessary (Budach 2011). The 

excavation chamber is partly or completely filled with the excavated earth muck, which 

is used as support medium to support the tunnel face. The support pressure is regu-

lated by the ratio between the excavation speed, i.e. the quantity of material inflow, 

and the quantity of material outflow through the screw conveyor. Depending on the 

face stability, there are three different modes of the machine that can be used: open 

mode, transition mode and closed mode. 

Open mode can be used, when the tunnel face does not require any support. The 

excavation chamber is not filled with earth muck, thus is accessible at all times. How-

ever, to avoid ground water inflow, compressed air is applied in the chamber. The tran-

sition mode is used if a partly support of the tunnel face is required. Half of the chamber 

is filled with earth muck. This way, the upper half of the excavation chamber is still 

accessible. In closed mode, the excavation chamber is completely filled with earth 

muck to support the unstable tunnel face and avoid settlements. A detailed explanation 

can be found in Herrenknecht et al. (2011). 

Hydro shields are mainly applied in non-cohesive soils, i.e. sand and gravel. The ex-

cavation chamber is filled with a pressurized suspension that supports the unstable 

tunnel face. In most cases, this suspension consists of a bentonite slurry. Applying the 

support pressure on the tunnel face leads to a filtration of the bentonite particles at the 

tunnel face. This way, the particles form a filter cake or a penetration zone where the 

support pressure is transmitted to the soil matrix (Zizka 2019).The pressure is regu-

lated with the help of a compressed air reservoir inside the pressure chamber (DAUB 

2016).  

Soft ground cutting tools, i.e. scrapers, buckets and ripper tools, excavate the soil. 

Cutting discs are only needed if boulders are expected, for partial encounter of hard 

rock layers or for the machine to pass through the concrete walls of shafts or similar 

obstacles along the tunnel alignment. Detailed explanations of the different kind of cut-

ting tools and their application are given in Section 3.1.2. 
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Auxiliary production processes 

The length of the tunnel increases with the progressing advance. Therefore, all pipe-

lines and cables that are needed for the machine to operate have to be extended after 

several meters of advancement. An automatic extension of the supply pipes and ca-

bles simultaneous to the advance of the machine is limited to the length of extension 

pipes and cable reels. The main extension cannot take place at the same time as the 

advance or ring building, since the pipelines and cables are temporarily detached dur-

ing the extension process. Since they interrupt the alternating cycle of the main pro-

cesses, their duration must be added to the total project duration.  

Further, technical machine parts need to be maintained to ensure their availability and 

to avoid a failure that leads to an interruption of the production processes. The mainte-

nance of machine parts that are required directly for either excavation or ring building 

have a large influence on the overall productivity. In particular, the maintenance of the 

cutting tools is a very time-consuming process, since all other production processes 

have to be paused. Further details about the maintenance of cutting tools are given in 

Chapter 4. 

2.1.2 Support processes 

Support processes are the processes of the supply chain that provide the tunnelling 

machine with the materials needed and enable the disposal of excavated soil or rock. 

Hence, they are mainly logistical processes. As shown in Figure 2-5, the area of the 

actual production is relatively small; hence, the number of support processes is signif-

icantly larger than the production processes, which only take place at the TBM. The 

support processes are categorized as processes of either production logistics or exter-

nal logistics. The production logistic are those processes of the supply chain that are 

conducted on the construction side, supplying the production processes. The external 

logistic consists of the processes for the supply of the construction side and is therefore 

influenced by the surrounding infrastructure. A more detailed overview of the support 

processes can be found in Duhme (2018, pp. 41–58). 
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Figure 2-5: Local division of the production and support processes. 

In most cases, the support processes have only an indirect influence on the production 

processes. A disturbance of a support process does not always lead to a disturbance 

of the production processes. There may be buffers within the supply chain that can 

compensate a delay of a support process. An evaluation of the supply chain and their 

disturbances can be found in Rahm et al. (2016) or Rahm (2017). 

2.2 Process simulation 

Process simulation is a tool to facilitate the analysis of complex systems. A simulation 

model is a digital representation of a system, which is used to analyse and evaluate a 

setup or schedule before the execution of a project. It is applied in particular when 

examinations or experiments of the real system are not possible or too expensive. 

Digital simulation enables a transparent modelling of the complex interactions and de-

pendencies of the system elements, while considering the system’s uncertainties 

(AbouRizk and Halpin 1992). Furthermore, a variety of experiments can be conducted 

to understand the system behaviour, identify bottlenecks and to support the decision 

making process (AbouRizk 2010).  

Mechanised tunnelling is a complex system, consisting of a variety of elements, pro-

cesses and interdependencies and is well suited for the analysis with process simula-

tion. The maintenance process being a part of this complex system and being subject 

to many uncertainties as well can also be evaluated by using a simulation model. 

Therefore, the different methods to implement a simulation model are reviewed and 

the general procedure is presented.  
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TBM Backup Tunnel

Construction site facility

Shaft External 

Logistics

Production Logistics
Procurement & 

disposal



12 

 

 

 
 

2.2.1 Background 

Process simulation has proven useful for scheduling of processes and their optimisa-

tion as well as to evaluate different system layouts, e.g. positions of transport routes 

or storages. It can be used to analyse complex systems with a wide range of system 

components and processes. Uncertainties of the system parameters can be taken into 

account while evaluating a system. Several different simulation methods can be used 

depending on the purpose and the system to be analysed. The main simulation meth-

ods that are used for the model development in Chapter 5 are shortly introduced in this 

section. The procedure to model and analyse a system with the help of process simu-

lation is presented. Depending on the problem statement, different simulation experi-

ments can be conducted to support the decision making process, hence, the types of 

experiments and their fields of application are discussed. 

Simulation methods 

Several different simulation methods exist for the evaluation of complex systems. 

Sometimes a combination of different methods, a hybrid or multi-method model, be-

comes useful to model a complex system properly. The approach that is presented in 

this thesis combines an agent-based (AB) approach with discrete-event simulation 

(DES). Furthermore, system-dynamic (SD) modelling has been proven useful to model 

the material flow or deterioration processes, in particular wear, of a tunnelling jobsite.  

The AB simulation is an object-oriented approach that is very fitting for modelling of 

construction systems. Each component of the system is modelled as a specific agent 

so that attributes and processes can be set separately. Putting the components into 

the same environment, they are able to interact with each other and the environment. 

This way, the behaviour of the global system results from the individual behaviour of 

all agents placed into the system. Furthermore, this approach offers the possibility to 

define the level of detail by defining the boundaries and attributes of the agents, which 

are hierarchically ordered. The global system is structured by the combination of the 

defined agents (Borshchev and Filippov 2004).  

In DES, possible states of the system or system components are defined. A transition 

between two states is triggered by a certain event. This event can be the lapse of a 

time span or the change of a parameter caused by other system components. If no 

event occurs, the state of the elements remains the same. This is a useful method to 

model interaction between system components, but also to analyse a project schedule, 

using this process oriented approach. (Rahm 2017) 
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The SD approach considers a continuous change in the state of the system. Therefore, 

the parameters of the system are recalculated after a predefined time step (Borshchev 

and Filippov 2004). This approach can be used to simulate the dynamical behaviour of 

a system, e.g. material flow or deterioration processes, where the system state 

changes even without certain events to occur. As shown in Figure 2-6, it consists of 

stocks and flows. This way, capturing the actual state at each point in time becomes 

possible. However, this method causes high computing efforts resulting in long dura-

tions for the calculation of the simulation results.  

 

Figure 2-6: a) Stock and flow for the SD modeling and b) the application for wear 
modelling. c) Material flow with the fluid library of the software tool AnyLogic.  

A combination of these methods gives the opportunity to model different behaviours 

for a variety of system elements and processes that can be found in construction pro-

cesses. A hybrid modelling approach that combines DES and SD modelling has been 

proposed repeatedly for construction simulation, to reflect both, the construction 

schedule and the material flow (Zhou et al. 2009; RazaviAlavi and AbouRizk 2015; 

Moradi et al. 2015). Further, a combination of all three methods is possible using a 

multi-method approach (Borshchev 2013). For such an approach, all necessary ob-

jects of the construction side are modelled as agents. Their behaviour is given by the 

processes and states defined with the DES. The material flow within each agent and 

between different objects is modelled using the SD method (Rahm 2017). 

a b

c
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Procedure 

 

Figure 2-7: General procedure of the development and application of a simulation model. 

To evaluate a system with the help of a simulation model, the procedure shown in 

Figure 2-7 must be followed. The first step is to define the goal of the simulation (1). It 

is important that the purpose of this investigation as well as the resulting parameters, 

which are required for the evaluation, are defined beforehand.  

Regarding the problem statement, the system is analysed (2). The main components 

are identified and the level of detail is defined. Furthermore, the boundaries of the sys-

tem must be set. Depending on the defined goal, a consideration of the whole system 

is not always required. A simplification of subsystems reduces the modelling effort, but 

it has to be checked, whether the simplification has an effect on the quality and relia-

bility of the simulation results regarding the defined goals. A hierarchical structure of 

the model enables a flexible adaptation of system components and the level of detail.  

The abstracted system is then formalised (3a) using the System Modelling Language 

(SysML) (OMG 2017). SysML offers a variety of diagrams to map processes, elements 

or the structure and interactions of the analysed system. This formalisation simplifies 

the implementation of the model by structuring it beforehand. This way, the suitable 

simulation methods can be chosen. For instance, the block-definition diagram (bdd) 

represents all necessary components that must be integrated into the simulation model 
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for an agent-based approach. Furthermore, state-machine diagrams (stm) can be di-

rectly implemented for the corresponding element. Sequence diagrams (sd) are used 

to describe the interaction of different elements.  

During the system analysis and model formalisation, the needed input data is identified 

and input parameters are defined (3b). Data documentation and evaluation is needed 

to gain information, for instance about the duration of processes. The quality of the 

input parameters has a major influence on the quality of the output parameters. If the 

used input values do not reflect the real system, the results will not represent the real 

behaviour of the system. Especially if uncertainties have to be taken into account, a 

good data evaluation is mandatory. The data generated during the project execution 

of mechanised tunnelling projects is discussed further in Section 2.3. 

According to the formalisation of the model, the simulation model is implemented into 

a simulation framework (4). For the implementation of simulation models of construc-

tion projects, different simulation frameworks have been developed. One of the first 

and widely used frameworks is the CYCLic Operations NEtwork (CYCLONE) (Halpin 

1977). Other approaches adapted the CYCLONE framework to deal with more specific 

problem statements, e.g. Symphony (Ebrahimy et al. 2011a) or COSYE (AbouRizk and 

Hague 2009). They are used to simulate different construction and in particular tunnel-

ling projects (AbouRizk and Mohamed 2000). Another approach for the modelling of 

tunnelling projects has been developed at Ruhr University Bochum using the multi-

method simulation framework AnyLogic (Rahm et al. 2012). A review of the different 

frameworks is given in Rahm (2017, pp. 17–21) or Duhme (2018, pp. 35–38).  

In this contribution, the Java-based simulation framework AnyLogic (The AnyLogic 

Company 2019) is used for the modelling of the maintenance processes, since it offers 

a multi-method approach as well as the opportunity to implement additional Java clas-

ses (Borshchev 2013). This way, new modules that fit the unique character of the tun-

nelling components can be implemented.  

The implemented model can then be used to conduct simulation experiments (5) and 

to calculate the requested parameters. Before the gained results can be used to eval-

uate the system (6), a verification (7a) and a validation (7b) of the simulation model is 

required. If the verification shows an error in the calculation, the implementation has to 

be checked again. If the model proofs not to be valid, all steps from the system analysis 

onwards have to be checked again. Only a verified and validated model can give reli-

able results. (Rabe et al. 2008) 
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Simulation experiments 

Depending on the purpose of the experiment, there is a variety of simulation experi-

ments that can be conducted. A single simulation run is sufficient if only discrete values 

are used to model the system. Furthermore, it can be used for visualisation. This way, 

the state of single elements can be observed at any point in time. The visualisation 

supports a better understanding of the system behaviour and simplifies the verification 

of the model.  

A local sensitivity analysis can be used to estimate the influence of single parameters 

providing a better understanding of the system behaviour and sensitivities. For a global 

sensitivity analysis a parameter variation study is required. It enables the identification 

and evaluation of interdependencies of the input parameters and estimates their influ-

ence on the resulting values.  

To consider the uncertainties in the process duration and system response Monte-

Carlo Simulation (MCS) can be conducted (Vargas et al. 2014). As shown in Figure 2-8 

several simulation runs are performed. For each simulation run, random numbers are 

used to generate the input values according to predefined distribution functions. The 

results of all simulations runs can be presented and analysed in a histogram and with 

statistical index values.  

 

Figure 2-8: Procedure of a Monte Carlo Simulation. 
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2.2.2 Related work 

In construction industry, there are several application fields for the use of process sim-

ulation. One often-simulated type of projects are earthmoving projects. A variety of 

case studies has been performed to analyse and improve the processes. For instance, 

AbouRizk and Hajjar (1998) propose a modelling approach to evaluate projects. This 

approach has been enhanced later on by, for instance, Hajjar and AbouRizk (2002), 

who developed a new simulation framework to reduce the modelling effort. Further 

case studies can be found for example in Cheng and Wu (2006), Fu (2012) or Akhavian 

and Behzadan (2013). 

Several other application fields exist for simulation in construction. For example, sim-

ulation models for the analysis of pile construction processes (Zayed and Halpin 2004), 

for sewer pipeline installation processes (Chua David and Li 2001; Cheng and Feng 

2003) or for the delivery of ready mixed concrete (Feng and Wu 2006) are proposed. 

Halpin et al. (2003) propose a web-based simulation and use this application to model 

asphalt paving processes. To evaluate disturbances in construction projects, 

Gehbauer et al. (2007) evaluated several projects to gain a database of typical disturb-

ances, e.g. material fluctuations, availability of personnel or machine breakdowns, 

which can be considered in a simulation model. Wales and AbouRizk (1996) used sim-

ulation to estimate the influence of the weather on the productivity of different construc-

tion processes.  

Mechanised tunnelling, which mainly consists of repetitive processes, is predestined 

for process simulation. The complexity of components, processes and interactions re-

quire a systematic analysis and modelling to be able to increase the productivity of the 

system. Therefore, simulation models have been developed to estimate the overall 

performance of a tunnelling or micro-tunnelling project by determining the utilisation of 

a tunnelling machine (Rostami 2016). Furthermore, simulation models have been used 

to compare and optimise different jobsite layouts (Zhou et al. 2009; Scheffer et al. 

2016b) as well as the supply chain set-up (Ebrahimy et al. 2011a, 2011b) or to estimate 

the project costs (Chou 2011). Uncertainties of the process durations (Ourdev et al. 

2007) or of disturbances (Rahm et al. 2016) but especially of the advance rate are 

considered in several models to gain more realistic results of the productivity and utili-

sation of tunnelling machines (AbouRizk et al. 1999; König et al. 2014). 

In literature, many different simulation approaches and case studies can be found. 

Fernando et al. (2003) showed three case studies, where the use of the simulation 

models improved the productivity and costs of tunnelling projects. AL-Battaineh et al. 

(2006) compared different scenarios for the starting shaft and their effect on the project 
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duration. Using the simulation model, they could evaluate different risk scenarios be-

forehand and define possible counter-measures.  

Ruwanpura and Ariaratnam (2007) present several simulation tools for different prob-

lem statements in underground construction, e.g. . Marzouk et al. (2010) and Dang et 

al. (2018) proposed two different simulation approaches to evaluate micro-tunnelling 

projects. Al-Bataineh et al. (2013) analysed the influence of the shift length of the per-

sonnel and the number and position of switches for the train on the project productivity. 

König et al. (2014) present a simulation model to estimate the productivity of different 

supply chain set-ups. Rahm (2017) adapted this model to evaluate the influence of 

disturbances, for instance technical failures or insufficient material supply, on the over-

all productivity. Duhme (2018) compares the deterministic planning of the supply chain 

with the simulation approach to evaluate the benefits in using a process simulation 

model.  

Some of the approaches to evaluate the productivity of a tunnelling project already 

include first attempts to consider wear and maintenance of the cutting tools. For exam-

ple, Liu et al. (2010) include a cutter changing rate for a hard rock TBM to consider 

reduced performance due to the time needed for. This value was included in a devel-

oped simulation model of the TBM boring system. This approach has been used in Liu 

et al. (2015) for further risk analyses, which evaluate the influence of geological uncer-

tainties.  

First approaches at Ruhr University Bochum use an SD approach to consider the de-

terioration of the cutting tool condition (Mattern et al. 2016). The deterioration is then 

coupled with the DES modelling of the maintenance processes (Conrads et al. 2017b).  

2.3 Data in mechanised tunnelling 

A simulation model that is implemented to evaluate the productivity of a system can 

only produce reliable results if reliable input data is used. Therefore, it is necessary to 

gather reliable data that can be used for the definition of the input data. In mechanised 

tunnelling, the back analysis of finished projects can be used to gain the needed input 

data for a simulation model. However, a large amount and variety of data is generated 

during the execution of mechanised tunnelling projects and the complexity and uncer-

tainties of the system complicate back analysis.  

In mechanised tunnelling, two types of data can be obtained. One type is the automat-

ically documented machine data that is gained by a variety of sensors mounted within 

the machine and backup trailer or in facilities of the surface construction site. The other 

type of data is heuristic data documented manually in a less frequent interval or from 
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tests conducted either on site or in the laboratory. Depending on the type, quality and 

quantity of the data it can be processed and evaluated.  

2.3.1 Machine data 

The machine is equipped with at least 200-400 sensors. In most cases, the sensors 

are programmed to measure a value every one to ten seconds (Maidl and Nellessen 

2003). To handle this amount of information, several process controlling systems have 

been invented. These systems are used to plot the system behaviour to analyse the 

interaction of the ground and excavation method and steering parameters for real-time 

decision making (Maidl 2008).  

The main purpose of the sensor data is the steering and operation of the tunnelling 

machine. The control parameters that can be adjusted by the shield operator are visu-

alised together with the machine response. Especially the surveying of the advance 

direction is needed for the steering operations. Further important control parameters 

are support pressure, material flow, tail gap grouting and forces. 

Process controlling tools are used for real-time documentation and evaluation of the 

sensor data as presented for example in Schretter et al. (2009), who conducted an 

actual-target comparison, or for data visualisation as shown in Figure 2-9. It shows the 

real time visualisation of the settlement measurements and compare them with the 

grout pressure for a regarded tunnel section.  

 

Figure 2-9: Example for process controlling data visualisation with PROCON 
(Maidl Tunnelconsultants 2019). 
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Maidl et al. (2011) used this process controlling approach to implement the observa-

tional method for a hydro-shield tunnelling project. The process controlling system has 

been further developed by Maidl and Stascheit (2014) to visualise the data in real-time 

and to implement an early warning system.  

Similar tools for data visualisation and interpretation are given by Handke and Edelhoff 

(2016) or Babendererde Engineers (2019). Frenzel and Babendererde (2011) show, 

how the recorded data for cutter head torque can be related to the wear behaviour of 

the cutting tools.  

Due to the high amount of data, the data evaluation requires a high level of expert 

knowledge to decide, which of the measured parameters are needed and to identify 

possible errors produced by the sensors. Using the right data evaluation method the 

high amount of data can be reduced to a usable maximum.  

All data that is not gathered by sensors has to be documented by the personnel. 

Especially the process durations and disturbances are recorded in shift reports. 

Process controlling tools enable an automatically documentation of the process 

duration (see Figure 2-10), for excavation (blue), ring building (green) and 

disturbances (red) in general. However, for disturbances the cause and actual 

conducted work during the standstill still have to be added manually. The resulting 

Gantt-chart is then used to generate the shift report as shown in Figure 2-10. 

 

Figure 2-10: Example of a shift report (Maidl Tunnelconsultants 2019). 

Geological parameters are determined using a variety of methods from visual 

inspection and qualitative description of the tunnel face during intervention to 

laboratory tests conducted with samples from the tunnel face or from boreholes (Scholz 

and Spaun 2017). Therefore, in shield tunnelling projects with active face support the 
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actual and undisturbed ground properties are not known for each point of the tunnel 

alignment. Wendl et al. (2010) propose a method for the indirect geological 

documentation for hydro-shield projects at the separation plant and direct 

documentation at the tunnel face during interventions. Here, also machine data is 

analysed to increase the significance of the results (Wendl et al. 2012). However, the 

approaches still have large uncertainties.  

This data, in opposite to the continuously documented machine data, offers only dis-

continuous information about the state of a certain parameter. Furthermore, the meas-

uring methods for these data are subject to higher deviations and to errors in the meas-

urement. Therefore, information based on this data has a higher uncertainty that has 

to be taken into account.  

Wear and maintenance are influenced by operational and ground parameters. In par-

ticular, the penetration of the cutting tools influences the wear rate. The penetration is 

indirectly adjusted via the pushing forces of the thrust cylinders and the rotational 

speed, which are set by the operator. Furthermore, other parameters, e.g. the torque 

of the cutting wheel, can be evaluated as wear indicators (Hollmann 2014, p. 178). 

However, for the evaluation of maintenance schedules, the documentation of the ac-

tual cutting tool wear is needed. Most approaches to develop wear prognosis are em-

pirical, but have to deal with poorly documented data. Since the documentation of the 

measured wear or the qualitative assessment of the tool condition causes additional 

effort and even downtime, the documentation effort is reduced to a minimum.  

Most of the process controlling applications already offer a tool for wear and mainte-

nance documentation. This way, electronic data is available and can be used for auto-

matic evaluation of tool wear (Maidl and Stascheit 2014). However, quality and quantity 

of information still depend on the personnel on site. An example for a software tool for 

wear documentation is presented in Figure 2-11. 
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Figure 2-11: Wear documentation and visualisation of the tool condition with the process 
controlling application PROCON (colours- green to red - represent the wear condition of the 

tool) (based on: Maidl Tunnelconsultants 2019). 

2.3.2 Data evaluation  

Considering uncertainties during project planning, a reliable method has to be used to 

process and implement the uncertain input data into the scheduling model and to eval-

uate the resulting uncertain output data.  

AbouRizk and Halpin (1990) presented how data for repetitive process duration can 

be processed, so that it can be used in a simulation model as uncertain input parame-

ters. Distribution fitting methods are used to generate probability distribution functions 

that fit the documented data. The fitted function must be checked for quality of fit, e.g. 

chi-square or Kolmogorov-Smirnov tests. The identified distribution functions are 

needed if Monte Carlo Simulations (MCS) shall be performed. This way, the uncertain-

ties of the input parameters can be taken into account to represent the real system. 



23 

 

 

 
 

This method can be used, if a sufficiently large amount of data is available. Similarly, 

Špačková et al. (2013) used distribution functions for the project planning and validated 

the results for the first 150 days. Afterwards, the prognosis was adjusted to the meas-

ured data to reduce the uncertainty for the remaining project. 

Miro et al. (2014) use a global sensitivity analysis to estimate the key model parameters 

of a numerical simulation model for settlement calculations. Zhao et al. (2015) adapted 

this approach and validated the numerical model with data of a reference project.  

For the overall data management Schindler et al. (2014) propose a tunnelling product 

model that handles all the information and different models that are used for the plan-

ning phase of a project. This model has been developed further by Koch et al. (2017) 

and can be used to provide the processed data in addition to new information and 

boundary conditions of the project in consideration.  

The data that is produced during the execution of a tunnelling project is indispensable 

for the planning of new projects. The knowledge gained by back analysis helps to im-

prove the productivity of comparable projects. It can be used to reduce the influence 

of uncertainties and to avoid similar errors in the planning through lessons learnt. How-

ever, the gained knowledge has to be put into a form that can be used for the next 

project planning, since most of the data is given in spreadsheets, a database of a pro-

cess controlling tool or even in PDF format. The general procedure from data gathering 

to result evaluation is illustrated in Figure 2-12. There are three main steps that need 

to be performed. The first step is the gathering of data. This raw data is then processed 

to gain input data for the analysis. After the simulation experiment the output data has 

to be processed again to gain the results that are needed for the conclusion, e.g. the 

schedule or the maintenance costs.  
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Figure 2-12: Procedure of data processing and result evaluation. 

Generating the processed data, one value per advance cycle for each parameter is 

sufficient for most of the analyses. Therefore, the machine data, that is given for each 

ten seconds, has to be summarised into one value. The heuristic data has to be scaled 

to one advance cycle as well. The difference in the quantity of data is presented in 

Figure 2-14. 

  

Figure 2-13: Data processing for a) continuous machine data for the advance of one ring 
b) data points of manually documented parameter and assumed additional values. 

The process scheduling and analysis conducted with the help of a simulation model 

creates a high amount of output data that must be processed and evaluated. Depend-

ing on the method used for the analysis, there are several methods for the evaluation 

of the results. The most common method to present and evaluate results gained from 
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MCS is a histogram in combination with statistical indices, e.g. mean or quantile val-

ues. An optimisation of the schedule can be conducted using parameter variation. If 

there is more than one output value to optimise, a scatter plot can be used to find the 

Pareto-optimum of all parameter sets as shown in Figure 2-14. It also can be used for 

the estimation of the robustness of the output value, to not only consider the magnitude 

but also the deviation. Therefore, a combination of Parameter Variation Studies (PVS) 

and MCS is needed as explained in Section 5.3.5.  

 

Figure 2-14: Evaluation of the project duration and number of replaced tools for a parame-
ter variation experiment (based on Scheffer et al. (2016a). 

2.4 Findings for further research 

In this chapter the state of the art and basic principles of the processes in mechanized 

tunnelling, the process simulation and the data management in tunnelling have been 

reviewed. Based on this review the following findings for the further research have 

been found: 

 The productivity of a tunnelling project depends not only on the production pro-

cesses, but to a large extent also on the processes of the supply chain. 

 It is important to consider the interaction and dependencies of all components 

and processes of the tunnelling system to improve the productivity and to avoid 

disturbances.  
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 Maintenance of the cutting wheel is one of the auxiliary production processes 

that may have a great influence on the productivity depending on which machine 

type is used and how much wear does occur.  

 Maintenance processes have to be regarded more closely to improve the overall 

maintenance schedule. 

 Process simulation is an efficient tool to model and analyse a complex system 

like mechanised tunnelling projects. 

 Different simulation methods can be combined for the modelling of a system 

enable a flexible and hierarchical structure and to model the system behaviour. 

 Input data needs to be generated for the simulation model and therefore it is 

needed in a high quality and quantity. 

 Processing of data from finished projects supports the input data generation. 

 The quantity and quality of available data strongly varies for the different param-

eters.  

Summarising, a simulation model of the maintenance processes, with qualitatively and 

quantitatively good input parameters, can support the decision making of maintenance 

scheduling processes. Therefore, in this contribution a simulation model for the analy-

sis of maintenance processes has been developed and implemented. Actual data of 

finished tunnelling projects has been processed to generate the required input data. 

The proposed model is described in Chapter 5 in more detail. 
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3 Wear and Maintenance of Cutting Tools 

The wear of the cutting tools in TBM tunnelling is an important factor for the perfor-

mance of tunnelling projects and thus is widely discussed in research and practice. 

The performance of maintenance schedule depends on the quality of the wear predic-

tion. Even a good wear estimation faces uncertainties that have an effect on the 

maintenance schedule. In order to gain an overview of existing wear prediction models, 

the wear mechanisms and patterns of different cutting tool types are researched. 

Based on this, the wear prediction by index tests and especially the existing wear pre-

diction models are reviewed and discussed.  

3.1 Wear Mechanism and Pattern 

In general, wear is defined as the loss of material at the surface of a solid body caused 

by a tribological loading induced by a solid, liquid or gaseous counter body (Czichos 

and Habig 2015, p. 127). In mechanized tunnelling, the main body affected by wear is 

the cutting tool, while the counter body is the rock or soil at the tunnel face.  

In tunnelling, it is differentiated between primary and secondary wear, whereby differ-

ent definitions exist. Tarigh Azali and Moammeri (2012), Düllmann (2014, p. 141) and 

Amoun et al. (2015) define primary wear as the wear behaviour of the cutting tools 

themselves, being in direct contact with the tunnel face during the excavation process. 

Secondary wear is then defined as the material loss of other parts of the cutter head 

and the transportation system due to the excavated soil mixed with the support medium 

or conditioning agent. Frenzel and Babendererde (2011) and Frenzel (2010, pp. 19–

23) distinguish the tool wear of the cutting blade, which is actively in contact with the 

soil of the tunnel face (primary), and the wear of other tool parts due to passive contact 

with the excavated soil and the support or conditioning medium (secondary). Likewise, 

Nilsen et al. (2006a) define primary wear as planned wear of the tools and secondary 

wear as unplanned wear of other machine parts caused by excessive tool wear.  

The wear of cutting tools is induced by different mechanisms, leading to different wear 

patterns. According to each wear mechanism and pattern, the extent of wear differs 

and therefore, corresponding wear limits have to be set. Furthermore, the interaction 

of the tools and the choice of tools have an influence on the wear behaviour. As a 

result, the overall design of the cutter head has to be analysed.  
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3.1.1 Wear mechanism 

Different wear mechanisms exist that lead to the loss of tool material. Most important 

is that not only one material but also the complete tribological system has to be con-

sidered. Therefore, the whole interaction of different surfaces in relative motion is of 

interest (Jakobsen 2014, p. 15).  

As shown in Figure 3-1, there are four components to be taken into consideration an-

alysing the wear process of the cutting tools (Küpferle et al. 2018a). The steel matrix 

of the tools is the base unit that is affected by wear. The counter body is the soil at the 

tunnel face, which is excavated by the tool. In addition, there is an ambient medium, 

e.g. water, slurry and/or foam, which also has an effect on the wear of the tool. At last, 

the load spectrum of the tool interacting with the soil has to be taken into account.  

 

Figure 3-1: Tribological system of a cutting tool 

(based on Czichos and Habig (2015, p. 25)). 

Resulting from this interaction, there are different mechanisms that may occur. The 

Gesellschaft für Tribologie (GfT – association for tribology) defines four main wear 

mechanisms: abrasion, adhesion, surface fatigue/spalling and tribo-chemical reaction 

(GfT-Arbeitsblatt 7).  

Abrasion 

The most researched and discussed wear mechanism in mechanized tunnelling is the 

abrasive wear. Since abrasion always occurs during excavation, it has a strong influ-

ence on the overall tool wear (Frenzel et al. 2008; Thuro and Käsling 2009; Amoun et 

al. 2015). Sometimes, abrasion is even set equal to the total wear of the tool (Büchi et 

al. 1995).  

load spectrum
tribological system

counter body (soil)

base unit (cutting tool)

ambient

medium



29 

 

 

 
 

Abrasion means a continuous erosion of the tool material due to the mechanical load-

ing of harder mineral particles (Röttger et al. 2015). The GfT (GfT-Arbeitsblatt 7) and 

Wilms (1995, p. 74) define abrasion as a grooving and scratching material removal. 

Soil particles indent into the tool steel matrix and, due to relative movement in addition 

to the mechanical loading, material is abraded of the steel surface (Küpferle et al. 

2017a). Hence, the hardness as well as the roughness of the counter body in addition 

to the load spectrum is influencing the material erosion by micro wear processes (Czi-

chos and Habig 2015, p. 137).  

Zum Gahr (1998) describes the micro processes of the abrasion mechanism. As shown 

in Figure 3-2, it is differentiated between microploughing, microcutting, microfatigue 

and microcracking.  

 

Figure 3-2: Micro abrasion processes. (a) microploughing (b) microcutting (c) microfatigue 

(d) microcracking (Zum Gahr 1998). 

Microploughing mainly causes a deformation of the solid surface by an indenting par-

ticle (Figure 3-2 (a)). If several particles indent into the solid and cause single mi-

croploughing each, it can lead to volume loss due to microfatigue (Figure 3-2 (b)). Mi-

crocutting is the loss of material with the same volume as indenting particle that is cut 

out of the solid surface (Figure 3-2 (c)). Microcracking occurs in brittle material, when 

high local loads are imposed on the surface leading to crack propagation and spalling 

of solid chips at the surface (Figure 3-2 (d)).  

It is considered that the amount of abrasion on cutting tools is depending on the abra-

siveness of the excavated ground (Galler et al. 2014). The determination and the influ-

ence of the abrasiveness of the ground on the tool wear is further discussed in Section 

3.2.2. Köppl (2014) analysed several hydro-shield tunnelling projects. The quantita-

tively measured wear of the cutting tools that has been documented in one of these 

projects has been evaluated. It can be seen that the amount of measured wear in one 

homogeneous section of the tunnel that has constant ground parameters is linearly 

correlated to the cutting path of each tool (e.g. see Figure 3-3). Here, only the tools 

with abrasive wear are taken into account.  

a) b) c) d)
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Figure 3-3: Correlation of the cutting path and the amount of wear for ripper tools 

(based on Köppl (2014, p. 142))  

Although Bruland (2000c) observed that for hard rock TBM new cutting discs have a 

higher wear rate than used ones, in general there is a linear increase similar to soft 

ground conditions, if there are no changes in the influencing boundary conditions.  

Adhesion 

Adhesion is the binding of molecules of two different materials. This can cause a ma-

terial loss of one material, if shear forces are applied on the contact surface. It is caused 

by high contact forces, which increase the binding of the surface particles on molecular 

level. If theses contact forces exceed the inner contact forces of the tool substrate, 

material removal may occur. This is called cold welding. (Wilms 1995, p. 74; Czichos 

and Habig 2015, pp. 140-142) 

Köhler et al. (2011) state that adhesion is caused by pore water that is pressed out of 

the fine grained soil. The resulting negative pressure leads to a material loss of the 

tool’s surface. Another reason for adhesion is the clogging of clay minerals that can be 

derived from the classification diagram of Hollmann and Thewes (2012).  

Surface spalling 

Due to high local forces, which exceed the maximum material strength of the steel, 

cracks occur in the steel matrix. The repeated impact leads to crack propagation and 

spalling of tool material. This failure mechanism mostly arises, when there are boulders 

or mixed face conditions. This way, the tool hits a hard rock part after excavating the 

softer soil, where it has a deeper penetration.  
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Furthermore, due to the low fracture toughness of the wear protection hard metal lay-

ers and parts, the cyclic loading of hard mineral particles causes cracks on the micro 

scale, even if the impact load is lower than the fracture strength. The propagation of 

these cracks leads to a degradation and a decrease of the resistance of the surface 

material thus causes material removal (Küpferle et al. 2018a). Küpferle et al. (2017b) 

analysed this wear mechanism for typical tool materials to gain a better understanding 

of the material behaviour under cyclic loading. This way, new insights for the design of 

cutting tool materials could be found.  

Tribochemical reactions 

In chemically aggressive media, there will be a disintegration of the tool material 

caused by chemical reactions. The most common tribochemical reaction of steel sur-

faces are corrosion of the iron molecules due to the influence of water and Ions. How-

ever, the wear rate of this mechanism is relatively slow compared to the other pre-

sented wear mechanism. Therefore, it can be neglected as long as no particularly ag-

gressive media occur. Espallargas et al. (2014) analysed the influence of corrosion on 

the tool wear and showed the effect of conditioning additives on the reduction of the 

wear amount through a new laboratory test.  

3.1.2 Wear pattern 

The cutting tool design, the load induced by different ground conditions and the oper-

ational parameters of the TBM lead to different wear patterns of the cutting tools. By 

analysing the wear pattern, the main wear mechanism can be identified. Therefore, it 

is necessary to review the wear pattern of the different cutting tool types to gain a better 

understanding of the tool lifespan as has been done in detail by Frenzel (2010), Frenzel 

and Babendererde (2011) and Köppl (2014). Following, typical wear pattern of each 

tool type are reviewed and discussed with regard to tool durability. 

Cutting disc 

Cutting discs are used to remove hard rock at the tunnel face. They run in concentric 

tool tracks and apply high local pressures on the tunnel face so that cracks propagate 

and rock chips flake off. In soft or mixed ground conditions, cutting discs have a higher 

penetration than the other tools to prevent those from damage caused by impact loads 

of boulders or hard rock layers (Figure 3-4).  
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Figure 3-4: Absolute height or penetration of cutting rolls (hSR), ripper tools (hST) and 

scraper (hSM) in relation to the cutting wheel front surface (based on Köppl (2014, p. 31)). 

The wear pattern of the cutting disc mainly depends on the soil type. In hard rock, only 

the cutting edge is in contact with the tunnel face. Therefore, only the edge is wearing 

out continuously due to abrasion. Figure 3-5 shows the typical pattern of abrasive wear 

in hard rock tunnelling. On outer tool tracks, the wear may be asymmetrical because 

of the skewed installation of the tools. (Thuro and Plinninger (2003)). 

  

Figure 3-5: Wear pattern of abrasive wear of cutting discs. 

If the compressive strength of the rock is extremely high, the cutting blade may be 

deformed by high contact pressure. This wear pattern is called mushrooming due to 

the mushroom-like deformation of the cutting blade (Ellecosta et al. 2018) as shown in 

Figure 3-6. 
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Figure 3-6: Wear pattern of mushrooming of cutting discs. 

In soil, the cutting blade penetrates into the softer tunnel face so that the flanks of the 

tool are also in contact with the soil particles. This way, the soil is rather loosened and 

deformed then excavated. The cutting disc forms a groove into the tunnel face (Köhler 

et al. 2011). The soil material is displaced to the flanks and afterwards excavated by 

scrapers or buckets (see Figure 3-7). Consequently, the flanks of the cutting disc are 

exposed to abrasive wear as well, which leads to a sharpening of the cutting blade 

(Köppl 2014). 

  

Figure 3-7: Wear pattern of sharpening of cutting discs(pictures from: (Köppl 2014, p. 93) 
and (Köhler et al. 2011)). 

If the cutting disc is blocked and therefore cannot roll properly on the tunnel face, one-

sided wear occurs, as the disc rapidly flattens on the side that is in contact with the 

rock (Figure 3-8). One of the possible causes of such blockage is a lack of friction, 

which is essential for the disc to properly roll on the tunnel face. Another possibility is 

that the bearing is jammed or broken due to a high impact force or it is damaged by 

fines that penetrated through the sealing (Frenzel and Babendererde 2011). In soft 

ground, clogging of the ground inside the cutting disc bearings can cause a one-sided 

wear as well. 
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Figure 3-8: One sided wear of a blocked cutting disc. 

In mixed ground conditions or when boulders occur, the cutting disc can be exposed 

to sudden high local loadings exceeding the tool’s material strength. Especially hard 

but brittle tool material tend to crack and spall, as shown in Figure 3-9, when exposed 

to such impact loads (Plinninger et al. 2018).  

  

Figure 3-9: Brittle fracture of a cutting disc (Köppl 2014, p. 101). 

Scraper 

Scrapers remove the ground by scratching along the tunnel face. They are mainly used 

in soft ground and mostly with active face support. The cutting edge of the scrapers is 

reinforced with hard metal parts that are embedded into the softer steel of the tool body 

to ensure a high resistance to abrasive wear. The soft tool body is less brittle, thus 

more resistant against wear caused by high local impact forces.  

The progressive abrasive wear can lead to a loss of the hard metal parts by abrading 

them completely (Figure 3-10-a). Another reason for their loss is the wear of the tool 

body between the hard metal inserts. This way, the hard metal bits are washed out of 

the tool base (Küpferle et al. 2018a). Although the brittle hard metal is embedded in 

the more ductile and soft tool substrate, there is still a possibility of material spalling 

Blockage 

Brittle fracture 
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when hitting a hard rock boulder (Figure 3-10-b). Without the wear protection of the 

hard metal insert, the amount of abrasive wear increases.  

 

Figure 3-10: a) Chisel tool with severe abrasive wear damage; the surface degradation 
leads to dropped studs. b) Damaged surface of a chisel tool due to surface spalling 

(Küpferle et al. 2018a). 

The worst-case scenario is an undetected excess of the wear limit until not only the 

tool but also the tool holder is damaged. This can also be caused by a high impact 

load, which leads to a sudden fracture of the tool and the holder. If the holder is dam-

aged, the time for the maintenance of the cutter head increases significantly.  

Buckets 

Buckets work similar to scrapers. The main difference is that buckets excavate a bigger 

area of the tunnel face. Buckets are mainly used for the excavation of the outer tracks 

of the cutting wheel. If there are cutting discs or ripper tools installed in front of the 

bucket, the parts of the bucket that are on the same track are often less worn than the 

rest, due to the deeper penetration and excavation of the tools running ahead.  

Similar to scrapers, buckets are equipped with hard metal bits for wear protection. 

Therefore, the same three typical wear patterns appear for buckets. Figure 3-11 shows 

a worn bucket with different wear patterns.  

a) b)
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Figure 3-11: Worn bucket: a) washed out hard metal bits; b) even abrasive wear of the 
whole surface (based on Köppl (2014, p. 124)). 

Ripper 

Rippers have a similar shape as scrapers, consisting of a soft tool body and hard metal 

inserts. However, they differ regarding their interaction with the tunnel face. While 

scrapers and buckets cut off the soil or transport the cut and ripped soil into the exca-

vation chamber, rippers break up and rip out the soil at the tunnel face. There are 

different shapes and designs of ripper tools (Fouda et al. 2017). The main difference 

in comparison to scrapers is, that rippers can excavate in both rotation directions lead-

ing to a mostly even loss of material (see Figure 3-12) (Köppl 2014, p. 28).  

   

Figure 3-12: Worn ripper tools with different wear pattern (right picture: Köppl 2014, p. 109) 

3.1.3 Wear measurements and units 

During inspection of the cutting wheel, the wear of the cutting tools can be measured. 

Thuro and Plinninger (2003) differentiate between qualitative and quantitative wear 

measurement. Qualitative wear measurement describes the wear pattern, so that the 

wear mechanism can be determined. In comparison, quantitative wear measurement 

gives the wear rate, hence gives information about the amount of wear, which is more 

exact. There are different wear units that can be considered depending on the meas-

ured unit and the reference unit.  
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For disc cutters, in general, the loss of height in millimetres is measured with the help 

of a measurement gauge and a calliper (Figure 3-13). There might be a deviation in 

the measured values, if the flanks of the cutting blade is exposed to wear as well, since 

the calliper is set onto the flanks for measuring the height loss. 

 

Figure 3-13: Wear measurement of cutting discs (pictures on the right side from 
Frenzel (2010, p. 56)) 

Due to the heterogenic build of the scrapers, buckets and ripper tools, the quantitative 

wear measurement is more complicated. However, if there is only uniform abrasive 

wear, the wear can still be measured in mm height loss. 

Another possibility to determine quantitative wear is to measure the weight loss of each 

tool after removing them from the cutter head. Therefore, only one value per tool can 

be determined in this way. The measured loss of height or weight can then be set as 

a function of the reference unit, which can either be the length of the cutting path of 

each tool in km, the length of the excavated tunnel in longitudinal direction in m or the 

volume of excavated ground per tool in m³. 

Both, the qualitative and the quantitative wear measurement are recorded for each 

maintenance stop using predefined protocols given by the machine manufacturer 

(Frenzel 2010, 55-57). In hard rock tunnelling projects, the wear measurement is nor-

mally conducted once a day, if the wear rate is not low enough to increase the inspec-

tion interval. In soft ground tunnelling, where the excavation chamber is not always 

accessible, these wear measurements are only performed at maintenance stops. Hy-

perbaric conditions, which reduce the maximum intervention time, and unstable ground 

conditions, which only allow a partial lowering of the support medium, may lead to a 

reduced number of tools inspected during the maintenance stop.  

Especially in soft ground tunnelling, there have been recent attempts to get in-situ 

measurements of the tool wear. The most common way to obtain such measurements 
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are pressure load cells that are mounted on the cutting wheel (Figure 3-14, left). If the 

wear of the tools exceeds a given height, the cell, which is mounted on the same track, 

gets into contact with the tunnel face and a signal is sent (Willis 2012).  

In hard rock tunnelling there are sensors that measure the load (Galler et al. 2014) and 

the temperature as well as the vibration of the cutting discs to give an indicator for 

increasing wear (Figure 3-14, right). Rotation sensors measure whether the disc is still 

rotating or if a disc is blocked and will be subjected to one-sided wear. (Log 2018). 

  

Figure 3-14: Smart Cutter with motion control (Log 2018) and pressure load cells mounted 
onto the cutter head. 

Furthermore, there are first attempts to examine the wear of the gauge cutters indi-

rectly, by measuring the gap width of the overcut from inside the shield (Gharahbagh 

et al. 2013b). The gap width verifies the minimal overcut of the shield.  

Nonetheless, neither automatic nor real-time measuring systems provide continuous 

and exact knowledge of the cutting tool conditions.  

3.1.4 Wear limits 

Wear limits have to be defined to guarantee the usability and reparability of the cutting 

tools and to avoid secondary wear. The wear limits of cutting tools are determined for 

the different tool types in order to consider the respective structure of the tools. 

Disc cutters  

Disc cutters, which run in front of the other cutting tools, must have a higher penetration 

of minimal 10 mm in comparison to the penetration of the other tools to protect these 

tools from damage caused by boulders or other obstacles in the soil (Köppl 2014, 

p. 103). This way, hard rock layers and boulders can be broken into smaller pieces 

before getting in contact with the scraper or buckets, thus severe damage can be 

avoided. It concludes in a wear limit of approximately 25-30 mm for a 17’’ cutting disc. 



39 

 

 

 
 

In general, a quantitative wear limit can be calculated taking the cutter head design 

into account according to (Köppl 2014, p. 103): 

(3-1)  ℎ𝑑,max(𝑆𝑅),1 = (ℎ𝑆𝑅 − ℎ𝑆𝑀) − 10 𝑚𝑚  

Where: hd,max(SR): wear limit – max. height loss of the disc cutter [mm] 

  hSR:  height of the disc cutter [mm] 

  hSM:  height of the scraper/bucket [mm] 

The cutting disc of the outer diameter that are needed for the overcut of the machine 

have a smaller wear limit of about 10-15 mm in total to permanently ensure the required 

amount of overcut, preventing the shield of the machine from jamming into the ground 

(Frenzel 2010, p. 23). 

(3-2)  ℎ𝑑,max(𝑆𝑅),2 = 10 − 15 𝑚𝑚  

The last limiting factor is the total height of the cutting blade of the disc. If the cutting 

blade is completely worn, secondary wear of other parts of the disc takes place and 

the disc can no longer be repaired and reused. Furthermore, the wear of the tool holder 

shall be avoided. This limit depends on the type of cutting disc, since the composition 

of the disc differs, as does the maximum allowed wear. Monoblock discs have a smaller 

chance of losing the cutting ring, even if they encounter a greater amount of wear 

(Frenzel and Babendererde 2011). 

(3-3)  ℎ𝑑,max(𝑆𝑅),3 = ℎ𝐶𝐵 [mm] 

Where: hCB: height of the cutting blade [mm] 

The different wear limits have been summarised in Figure 3-15. 

 

Figure 3-15: Wear limits of cutting discs. 

hSR

hCB =
hd,max(SR),1

hd,max(SR),3

hd,max(SR),2
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Scraper and buckets 

The wear limit of scrapers as well as buckets and rippers is limited either by the height 

of the hard metal inserts or by the height of the tool holder. To protect the tool holder 

from wear, Köppl (2014, p. 120) suggests a wear limit of the tool that leaves a protec-

tive layer of about 10 mm to the tool holder.  

(3-4)  ℎ𝑑,max(𝑆𝑀),1 = (ℎ𝑆𝑀 − ℎ𝑆𝑀𝐻) − 10 𝑚𝑚  

Where: hd,max(SM): wear limit – max. height loss of the scraper/bucket [mm] 

  hSM:  height of the scraper/bucket [mm] 

  hSMH:  height of the tool holder [mm] 

Furthermore, the wear limit has to differentiate between wear of the hard metal parts 

and wear of the tool body. If there is a greater wear of the tool body, the wear limit is 

reached, when the embedding of the hard metal bits is no longer given. This leads to 

a sudden loss of the less worn carbide inserts, hence a sudden reduction of the re-

maining tool height. Another reason for the loss of the hard metal bits is the sudden 

facture of the brittle carbonate steel due to surface fatigue or high local loadings. The 

total wear of the tool increases due to the lower wear resistance of the steel substrate 

that is no longer protected. Therefore, there is a second wear limit for scrapers and 

buckets that has to be taken into account as shown in Figure 3-16. 

(3-5)  ℎ𝑑,max(𝑆𝑀),2 = ℎ𝐻𝑀  [mm] 

Where: hHM: height of the hard metal bits [mm] 
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Figure 3-16: Wear limits for scraper and buckets (Köppl 2014, p. 121) 

Ripper tools  

The wear limit of ripper tools is also determined by the height of the hard metal bits as 

well (Köppl 2014). If the hard metal bits are worn out, the wear increases due to the 

softer tool body material. If the wear exceeds further, the tool holder is damaged and 

welding work will be required to replace the ripper tool (Köppl 2014). Furthermore, if 

the remaining height of the ripper tool is smaller than the penetration of the scraper or 

buckets, the other tools are no longer protected and their wear increases. Therefore, 

three wear limits are defined:  

(3-6)  ℎ𝑑,max(𝑆𝑇),1 = ℎ𝐻𝑀 

(3-7)  ℎ𝑑,max(𝑆𝑇),2 = (ℎ𝑆𝑇 − ℎ𝑆𝑀) 

(3-8)  ℎ𝑑,max(𝑆𝑇),3 = (ℎ𝑆𝑇 − ℎ𝑆𝑇𝐻) − 10 𝑚𝑚 

Where:  hd,max(ST): wear limit – max. height loss of the ripper [mm] 

  hHM:  height of the hard metal bits [mm] 

  hSTH:  height of the tool holder [mm] 

The wear limits of ripper tools have been summarised in Figure 3-17. 

hSMH

hSM

>10mm

hd,max(SM),1
hd,max(SM),2



42 

 

 

 
 

 

Figure 3-17: Wear limits of ripper tools. 

3.1.5 Cutter head design 

The design of the cutting wheel has a considerable influence on the wear of a single 

cutting tool (Burger 2011). As described in Section 3.1.2, scrapers or buckets, which 

are running behind a cutting disc or ripper tool, are less exposed to wear. Frenzel and 

Babendererde (2011) discovered this behaviour by looking at the wear pattern of 

scrapers and buckets, which have been less abraded in the area that runs behind a 

cutting disc. (Figure 3-18)  

 

Figure 3-18: Wear pattern of a bucket with and without forerunning cutting discs 
(Köppl 2014, p. 123). 

hd,max(ST),1

hST

hHM

hSTH

hSM >10mm

hd,max(ST),3

hd,max(ST),2

high abrasion in areas without forerunning cutting discs

lower abrasion in areas with forerunning cutting discs
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Furthermore, if there are several tools, especially scrapers, mounted on the same tool 

track, each scraper has a smaller penetration, thus the wear of the single scraper de-

creases (Köppl et al. 2015a).  

Bruland (2000c, p. 35) analysed the wear documentation of cutting discs in hard rock 

excavation and observed that the wear of a cutting disc decreased after replacing the 

neighbouring disc. Since there is only one observation of this occurrence found in lit-

erature, further investigation is necessary in order to give a general statement.  

The types of tools chosen for each track influence the wear mechanism and behaviour. 

Especially in clay or soft ground with a high amount of fine soil particles, clogging or a 

blocking of the bearing of the cutting discs cause an increase of wear. In these cases, 

the overall wear might decrease if the cutting discs are replaced by ripper tools. None-

theless, this approach is not applicable for all soft ground conditions. In some cases, 

especially in mixed ground with hard rock parts, cutting discs are necessary to exca-

vate and crush the hard rock parts and boulders or to cut through concrete walls of 

shaft constructions along the tunnel alignment (Fouda et al. 2017). 

3.2 Wear Prediction of Cutting Tools 

During the planning phase of a tunnelling project and especially for projects in soft 

ground, where the excavation chamber is hardly accessible, a wear prediction of cut-

ting tools is essential. When planning the necessary maintenance stops, the different 

wear mechanisms have to be taken into account. Furthermore, the wear prediction has 

to cope with the uncertainties of the ground conditions and steering parameters. The 

variety of parameters that have an influence on the wear behaviour has not fully been 

assessed. For wear prediction, only a few parameters can be taken into account, even 

though the influence of other parameters is presumed.  

There are two main approaches to predict the wear of cutting tools. One approach is 

to use laboratory index tests that have been invented to classify the ground according 

to its abrasiveness. This way, the abrasive wear of the cutting tools shall be estimated. 

Other approaches analyse measured wear data to find an empirical prediction model 

by correlating the wear of the cutting tools with certain ground parameters. Sometimes, 

if there is sufficient data as it is the case in hard rock TBM tunnelling, both approaches 

are combined.  

3.2.1 Influencing parameters 

The identification of relevant input parameters is mainly possible by the back analysis 

of collected data of finished tunnelling projects. Therefore, an extensive and preferably 
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detailed documentation of the amount of wear and pattern of cutting tools as well as 

the ground properties is needed. The measured amount of wear has to be normalized 

to exclude the geometrical influence of the cutting path depending on the radius of the 

tool on the cutting wheel. However, most times the given data is not as detailed as 

needed, so that the uncertainty of the results increases. Furthermore, short homoge-

neous sections of the ground and inhomogeneity in general make it difficult to isolate 

correlations of a single parameter.  

Another approach to estimate the influence of a certain parameter is to conduct pa-

rameter studies using laboratory tests. This way, only one parameter is changed for 

each test and the effect of this value on the wear behaviour can be estimated qualita-

tively.  

In general, the parameters that have an influence on the wear amount and pattern can 

be divided into three categories: ground conditions, machine design and steering pa-

rameters (Figure 3-19). Furthermore, it has to be differentiated between hard rock 

TBM, Hydro-shield and EPB-shield as well as the wear mechanism.  

 

Figure 3-19: Three categories of input parameters with influence on wear of cutting tools 
(pictures from (Herrenknecht AG 2019a, 2019b, 2019c)). 

Ground properties 

Große and Borchert (2015) summarise the ground parameters that are demanded by 

German standards (DIN 18312) to define homogeneous sections. One of these pa-

rameters is the abrasiveness of the ground, which has to be evaluated by using the 

Cherchar index test (NF P 94-430) for hard rock and the test invented by the La-

boratoire des Ponts et Chaussées (LCPC) (NF P 18-579) for soil (Feinendegen and 

Ziegler 2018), which are described in Section 3.2.2. Even though these tests are rec-

ommended, further ground parameters are needed to provide a sufficient estimation of 

Wear of cutting tools

Abrasion Surface fatigue Adhesion (Tribochemical
reaction)
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the abrasiveness of the ground, hence of the abrasion of the cutting tools. Therefore, 

all influencing ground parameters for hard rock that have been regarded in literature 

have been summarized in Appendix A-1. 

Boulders, steel components inside the ground or mixed ground conditions increase the 

probability of surface spalling or cracking of the cutting tools. Sticky ground leads to 

more adhesive wear and additionally increases the probability of a blockage of a cut-

ting disc due to clogging. Furthermore, a high percentage of fines and mixed face con-

ditions also increases the possibility of damaged bearings.  

Machine design 

The machine design has a great influence on the wear of cutting tools. The choice of 

the tool type, position and their total count directly influences the wear mechanism and 

the amount of contact with the tunnel face. The opening ratio of the cutting wheel af-

fects the flow of the excavated ground into the excavation chamber. The wear protec-

tion of the tools themselves and also of the cutter head structure can reduce the 

amount of secondary wear (Willis 2012).  

Steering parameters 

Especially the penetration of the cutter head has a very high influence on the quantity 

of wear, since it directly affects the length of the cutting path per excavation meter. 

Figure 3-20 shows the relation between the cutting path per meter and the penetration 

as well as the cutting track radius. It can be seen that especially for small penetration 

rates there is a significant difference in the cutting path even for small deviations of 

penetration. For example, for a radius of rs = 5000 mm a reduction of the penetration 

of 2 mm/rev from 12 to 10 mm/rev results in an increase of the wear path of 0.5 km/m.  

Likewise, the cutting path increases significantly with enlarging the cutter head diame-

ter, thus the maximum radius of a cutting track.  
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Figure 3-20: Influence of the penetration and cutting path radius rs [mm] on the length of the 
cutting path per excavated tunnel meter 

Furthermore, the speed of the cutting tools resulting from the rotational speed of the 

cutter head in combination with the pushing force of the TBM has to be limited to avoid 

sudden breakages or surface spalling of the cutting tools in mixed ground or blocky 

ground conditions.  

Since there are active and passive steering parameters not all parameters can be ad-

justed as planned. For example, Köhler et al. (2012) evaluated the correlation of the 

thrust force with the penetration and showed that depending on the ground conditions 

the penetration is either positively or negatively correlated. The high deviation, how-

ever, indicates that there are several other input factors that have to be taken into 

account for the passive steering parameters.  

Uncertainties 

While the parameters given by the design of the TBM are known single values, the 

ground parameters are highly uncertain values with a considerable deviation. Similarly, 

the steering parameters, even if they are directly adjustable, may deviate from the ex-

pected value used for maintenance scheduling. Passive steering parameter that are 

influenced by other steering, design or ground parameters, e.g. the penetration of the 

cutter head, are subject to uncertainty as well. Using only mean or expected values for 

the wear predictions will very likely lead to a wrong estimation of the wear. Overesti-

mating the wear quantity will unnecessarily reduce the productivity of the project. An 

underestimation of the wear quantity can lead to severe damages of the cutter head 

and other machine parts resulting in a long downtime for repair.  
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One approach to consider uncertainties is to evaluate documented project data or data 

gained from several laboratory tests to determine the index values of rock and soil. 

This way, distribution functions for single parameters can be fitted. These functions 

can be used within the wear prediction model to consider the influence of a certain 

deviation. First examples of the distribution of the Uniaxial Compressive Strength 

(UCS) are given by Köppl et al. (2009) and Frenzel (2010, p. 90).  

3.2.2 Index tests 

Many index tests have been invented to analyse the abrasiveness of the ground. First 

tests have been conducted by Schimazek and Knatz (1976), who investigated the in-

fluence of the quartz content on the wear amount of a steel pin scratching on a rock 

sample. Similar to this attempt, several further tests for hard rock and later on for soil 

have been developed. Those test that are used for quantitative wear prognosis are 

presented. Furthermore a summary of the variety of further index test is given. 

Cerchar Abrasivity Index 

The most common and widely used index test for hard rock is the Cerchar Abrasivity 

Index (CAI). The three different test setups that are used are shown in Figure 3-21. 

Nonetheless, the main test design is similar for each test. A predefined steel pin with 

a conical peak slides on the surface of a rock sample over a distance of 10 mm, loaded 

with 70 N and with a given speed (NF P 94-430-1). Afterwards, the increase of the 

diameter caused by the abrasion of the steel pin is measured to derive the CAI. The 

rock can then be classified qualitatively from not very abrasive to extremely abrasive 

(Thuro et al. 2006). 

 

Figure 3-21: Testing devices for Cerchar abrasiveness (Hamzaban et al. 2018). 

The Cerchar test and the usage of the CAI has been widely discussed in literature 

(Suana and Peters 1982; West 1989; Al-Ameen and Waller 1994; Plinninger et al. 

2002; Plinninger et al. 2004, 2005; Rostami 2005; Alber 2008; Käsling et al. 2007; 
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Hamzaban et al. 2014; Alber et al. 2014; Rostami et al. 2014). Especially the experi-

mental setup and procedure differ for different laboratories. Nonetheless, these differ-

ences have been evaluated as well.  

The comparison of the determined CAI and the measured wear of cutting tools is fur-

ther discussed in Section 3.2.4. 

LCPC 

Another test setup that can be used for the abrasiveness analysis of hard rock as well 

as soft ground has been invented by the Laboratoire des Ponts et Chaussées (LCPC) 

(NF P18-579). The test consists of a predefined steel plate that rotates with 4,500 rpm 

for 5 min in a 500 g dry soil sample, with a grain sizes of 4.0-6.3 mm (Firgure 3-22). 

Subsequently, the weight loss of the plate is measured. The weight loss is then used 

to determine the LCPC Abrasivity Coefficient (LAC). 

This test, even though it is demanded in German standards (Feinendegen and Ziegler 

2018), has several disadvantages, e.g. missing ground parameters, which are not re-

garded within the test device, or deviating boundary conditions, as discussed in Thuro 

et al. (2006), Drucker (2011b), Düllmann (2014), Küpferle et al. (2015) and 

Feinendegen and Ziegler (2018).  

 

Figure 3-22: Schematic layout of the LCPC test (Düllmann et al. 2014). 

Büchi et al. (1995) did one of the first comparisons of the CAI with the LAC finding a 

linear correlation of CAI and LAC. Thuro and Käsling (2009) correlated the CAI with 
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the LAC and likewise found a good correlation for hard rock samples of different pro-

jects and laboratory tests.  

NTNU/SINTEF abrasion testing 

Further tests for hard rock and soil abrasiveness evaluation have been developed at 

the Norwegian University of Science and Technology (NTNU) and SINTEF (Nilsen et 

al. 2006c). The abrasion values AV and AVS for test bits which are made of tungsten 

carbide or cutter steel, are determined for crushed rock < 1.0 mm (Nilsen et al. 2006b). 

For soil samples the SAT (Soil Abrasion Tester) (Jakobsen et al. 2013a) and the SGAT 

(Soft Ground Abrasion Tester) (Jakobsen et al. 2013b) are introduced (Figure 3-23).  

 

Figure 3-23: NTNU abrasion tester: a) for determining the AV, AVS and SAT values and  

b) for determining the SGAT value (Jakobsen et al. 2013b). 

While the SAT uses the same test setup as the NTNU abrasion test with only small 

modifications (Nilsen et al. 2007), the SGAT consists of an impeller that rotates inside 

of a soil sample. The chamber containing the soil can be pressurized and foam can be 

added through a foam gun (Jakobsen et al. 2013b).  

The results of the analysis of the ground for several projects were used to build a data 

base of different rock and soil types and their abrasiveness (Dahl et al. 2012). This 

database can be used for estimating the abrasiveness of the ground for new projects 

without having to perform more tests. Furthermore, Becker and Jakobsen (2013) com-

pared the SAT-value with the tool life of pipe jacking projects, but found no correlation 

under consideration of only the SAT-value. However, the comparison has been con-

ducted only for a few values that were given for each project.  

Another test invented at the NTNU/SINTEF is the Sievers’ J miniature drill test. This 

testing device has been developed to analyse the drillability of rock samples. Hereby, 

a) b)
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the SJ-value is determined by the depth of the drill holes that result from 200 revolu-

tions of a predefined drill. New automatic measurements devices make it possible to 

monitor the penetration of the drill over time. This way, the Sievers’ J Interception Point 

can be determined, giving the point in time when the edges of the drill are worn (Dahl 

et al. 2007). Nonetheless, this test is mostly used to determine the surface hardness 

and is used in combination with the AV or AVS for the cutter life prediction (Bruland 

2000a).  

Dahl et al. (2012) investigated and compared the different index tests of the NTNU/SIN-

TEF, trying to find correlations between the parameters. The results show that two 

different tests do not describe the exact same rock property. In some cases, more than 

one property influences the result of a test.  

Further index test 

Several other wear tests have been invented during the last decades. For example, 

Wilms (1995) presented a wear measurement pot that can be used to investigate soil 

samples under pressurized conditions. Similarly, Drucker (2011a) presents the TU-

Abrasimeter of the TU Wien.  

The proposed abrasion tester of Gharahbagh et al. (2010) is an approach similar to 

the SGAT. The testing device consists of an impeller rotating in a chamber filled with 

soil (Rostami et al. 2012). This chamber can be pressurized and condition agents like 

foam can be added during the experiment or beforehand. With this device the Penn 

State soil abrasion index (PSAI) is determined (Gharahbagh et al. 2013a) and the in-

fluence of soil conditioning on the abrasive wear can be examined (Gharahbagh et al. 

2014). 

Küpferle et al. (2016) proposed the RUB-tunnelling device (RUB-TD) that has a hori-

zontal set up consisting of a cylindrical container and a cutter head mounted on a shaft.  

Steel pins are mounted on the arms of the star shaped cutter head and move through 

a soil sample similar to the cutting path of cutting tools. This way, the pins always cut 

through fresh soil. The wear is determined by measuring the weight loss of the steel 

pins. For each run of the experiment, the steering parameters, e.g. the penetration rate 

and rotational speed can be varied. Furthermore, conditioning agents can be added 

through the cutting wheel centre and the whole soil sample can be pressurized 

(Küpferle et al. 2018b). The device has been used to analyse the influence of different 

steering and soil parameters and especially of different tool materials (Küpferle et al. 

2018a). Furthermore, the influence of the water content, the grain size distribution and 

the filter cake of a bentonite face support has been examined (Küpferle et al. 2018b). 
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The conducted test showed that testing soil samples that are mixed with a bentonite 

slurry beforehand do not represent the wear behaviour at the tunnel face, where a filter 

cake is formed due to the injection of the bentonite slurry.  

Peila et al. (2012) proposed a test device similar to the SGAT or PSAI test device. This 

device has been further adapted and used by Bosio et al. (2018). The device consists 

of a steel tank and an impeller on which the steel samples for the wear measurements 

are mounted. During the test, the impeller rotates with 160 rpm inside the soil sample 

and thereby moves up- and downwards for 90 mm three times. The whole testing du-

ration is 15 min. In the end, the volume loss of the wear tools is measured. For the 

performed tests, they used mechanically crushed silica sand, dry and pre-conditioned. 

This way, the effect of the microstructure of the steel matrix on the wear behaviour for 

soil samples with and without soil conditioning has been analysed. Later on, Oñate 

Salazar et al. (2018) used the test device for further analyses of the wear behaviour 

and shape of the wear tool. 

Barzegari et al. (2013a) proposed the Newly Developed Abrasion Test (NDAT), which 

consists of a tank that is filled with a soil sample. At the bottom of the tank, there is a 

rotating steel plate. The soil sample can be pressurized and water as well as additives 

can be added at the top of the container. The first results were compared to the CAI, 

LAC and SAT abrasivity index value. Here, the influence of the equivalent quartz con-

tent eQu is regarded as well. Later different parameter studies have been performed 

with the NDAT (later called: Newly Developed Device NDD) (Barzegari et al. 2013b) 

and again in Barzegari et al. (2015) (here called: Soil Abrasion Testing Chamber 

SATC).  

At the Colorado School of Mines a Linear Cutting Machine (LCM) has been invented 

for penetration, thus performance prediction (Rostami 1997). A disc cutter rolls over a 

rock sample, so that full size cutting tests can be performed and real scale results can 

be obtained (Gertsch et al. 2007; Entacher et al. 2012). This testing device can be 

used to examine the wear of the cutting disc as well; even though there are no pub-

lished results for wear analysis yet. In cooperation with the Colorado School of Mines 

(CSM), a minidisc test has been developed at the Montan University Leoben. This way, 

a smaller rock sample can be tested.  

Similar to the CSM investigation Lin et al. (2017) developed a TBM cutter performance 

test bench to evaluate the wear of the cutter ring. However, no cutting discs are used, 

but cutter ring plates with adjustable material. This test is used to determine the mass 

loss and to examine the wear pattern of the plate’s surface (Zhang et al. 2017; Lin et 

al. 2017). 
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An overview as well as comparison of the presented and further laboratory tests for 

the estimation of the ground abrasiveness can be found in (Ozdemir and Nilsen), Plin-

ninger and Restner (2008), Jakobsen (2012), Jakobsen and Lohne (2013), Köppl 

(2014), Jakobsen (2014), Barzegari et al. (2015) and Macias et al. (2016).  

3.2.3 Wear prediction models 

For the wear prediction of cutting tools in mechanized tunnelling, several prediction 

models have been developed over the last decades. The models combine an index 

values of the ground properties with an empirical evaluation of measured wear data of 

finished tunnelling projects. Especially for hard rock TBM, there are a number of pre-

diction models, since the accessibility of the excavation chamber and the high number 

of worn tools during one project provide a larger amount of usable data.  

Nonetheless, a few prediction models for Hydro-shield and EPB-shield TBM have been 

developed during the last years as well. Similar to the hard rock prediction models, 

they are based on an empirical evaluation of wear measurements and tool replace-

ments. However, most of them take more values of the ground, steering and machine 

design properties into account than are used for the hard rock prediction models. The 

most common models are presented below. 

Hard rock prediction models 

In 1988 Lislerud introduced the Cutter Life Index (CLI), attained by evaluating data 

from finished tunnels. This index is used to estimate the disc cutter life in hard rock 

tunnelling for different rock types. The average cutter ring life is calculated by multiply-

ing the CLI with given correction factors for the eQu (kQ), the size of the disc cutter (kd), 

the cutter head size (kφ) and rotational speed in rpm (kRPM). The CLI is an index value 

for the rock hardness and the rock abrasiveness. The range of the CLI value is given 

for different rock types.  

The model has been elaborated later on at the NTNU by (Bruland 2000a) and Bruland 

(2000b). The CLI has been determined by the AVS, giving the abrasiveness of crushed 

rock powder and the Sievers’ J-value for surface hardness (Kizaoui and Wax 2005).  

(3-9)  𝐶𝐿𝐼 = 13.84 ∗ 𝑆𝐽0.3847 ∗ 𝐴𝑉𝑆−0.3847 

Where: SJ: Sievers’ J-value 

The basic average disc cutter life (H0) has then been plotted over the CLI for different 

disc cutter diameters. Furthermore, the correcting factors have been revised, giving 

new diagrams and adding a factor for the number of tools (kN). The correcting factor 
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for the disc cutter diameter is neglected here, since it has already been used for the 

estimation of the CLI. The average cutter life can then be estimated by: 

(3-10)  𝐻ℎ = (𝐻0 ∗ 𝑘𝐷 ∗ 𝑘𝑄 ∗ 𝑘𝑟𝑝𝑚 ∗ 𝑘𝑁)/𝑁𝑡𝑏𝑚  [h/c] 

Where: Ntbm:  actual number of cutters 

Subsequently, the cutter life can be determined for other wear units. Multiplying Hh with 

the advance rate gives the maximum excavation length until a cutting disc has to be 

replaced (Hf [m/c]). Taking the diameter of the cutter head into account, the average 

mass of excavated rock per cutter replacement (Hs [sm³/c]) can be determined.  

Gehring (1995) evaluated wear data of tunnelling projects for his wear prediction. The 

wear was determined as specific weight loss per meter of an excavated tunnel vsi 

[mg/m]. Gehring found relatively good correlation of vsi to the CAI value using a regres-

sion curve:  

(3-11)  𝑣𝑠𝑖  =  0.74 ∗ 𝐶𝐴𝐼
1.93  [mg/m] 

The average tool life Vc in m³-excavated rock can be estimated as follows: 

(3-12)  𝑉𝑐 =
∆𝐺𝑧𝑢𝑙∗𝐹𝑁∗(𝑘1∗𝑘2∗…∗𝑘𝑖)∗𝐷𝑐

4∗�̅�∗𝑣𝑠𝑖∗𝜎𝑐∗𝑁𝑐
  [m³] 

Where: ∆Gzul: maximum allowed weight loss of the cutting disc [g] 

  �̅�𝑁: average contact pressure of one cutting disc [kN] 

  ki: correction factors (see: (Gehring 1995)) 

  Dc: cutter head diameter [m] 

  �̅�: average cutting path diameter [m] 

  σc: Uniaxial Compressive Strength (UCS) [N/mm²] 

  Nc: Number of cutters on cutter head 

The given correction factors shall be adapted according to the gained knowledge of 

further project data evaluation.  

Maidl et al. (2001) presents the relation between the cutter life [m³/cutter] and the UCS 

and the CAI shown in Figure 3-24. Thereby, they state that the diagram gives not an 

exact wear value, but an area of values instead, since there are always uncertainties 

that have to be considered.  

Rostami et al. (2005) published the CSM wear prediction model. The CSM model uses 

the CAI value to calculate the linear feet (LF) for cutting discs traveling path using the 

following formula: 

(3-13)  𝐿𝐹 =
6.75∗𝑑

17∗𝐶𝐴𝐼
  [ft] 
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Where: d: diameter of the disc cutter [in] 

Taking the cutter head geometry into account the number of cutter head revolutions 

#Rev for a disc on average radius can be determined.  

(3-14)  #𝑅𝑒𝑣 =
𝐿𝐹

0.32∗𝜋∗𝐷𝑇𝐵𝑀
 

Where: DTBM: diameter of the cutter head [ ft ] 

 

Figure 3-24: Mean cutting disc service life correlated to the uniaxial compressive strength 
and the CAI index value (based on Maidl et al. 2001). 

Here, as well, the value #Rev can be translated into cutter life in hours and worn cutter 

per cubic yards (cubic meter) or tons of excavated rock per cutter change. Nonethe-

less, it is stated that the determination of the CAI is crucial to this prediction model. As 

mentioned in Section 3.2.2, different testing devices and setups have been estab-

lished, which may lead to a significant difference in the resulting CAI value.  

Frenzel (2010; Frenzel et al. 2008) evaluated several tunnelling projects and compared 

the resulting wear coefficient with the CAI value as Gehring (1995) proposed in his 

wear diagrams. However, even though the data does not fit the model of Gehring or 
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Rostami, a new regression model is not presented. The corresponding wear prognosis 

model uses the wear coefficient based on the CAI, the average cutting path of the tools 

and a correction factor for the distribution of the tools on the cutting wheel to determine 

the number of rotations of the cutting wheel, until the wear limit is reached. This value 

is then used to determine maintenance costs. Furthermore, it is suggested to perform 

a Monte Carlo Simulation (MCS) to take the uncertainties of the input parameters into 

account.  

Similar to the NTNU data base for hard rock, Hassanpour et al. (2014) evaluated the 

wear data of a 30 km long tunnelling project in Iran to develop a prediction model for 

wear prognosis. They used linear and multiple regression methods, gaining two pre-

diction formulas for the tool life Hf: 

(3-15)  𝐻𝑓 = −940.1 ∗  ln(𝐴𝐵𝐼) + 6939.4  [m³/cutter] 

Where: 𝐴𝐵𝐼 = 𝑉𝐻𝑁𝑅 ∗ (
𝑈𝐶𝑆

100
) 

  ABI:  Abrasiveness Index [-] 

  VNHR:  Vicker’s hardness number of rock [-] 

  UCS:  uniaxial compressive strength [MPa] 

For the multiple regression, the same two parameters have a significant influence on 

the tool wear: UCS and VNHR.  

(3-16)  𝐻𝑓 = −2.669 ∗ 𝑉𝐻𝑁𝑅 − 7.891 ∗ 𝑈𝐶𝑆 + 3430.955 [m³/cutter] 

Later on, this equation has been adjusted by Hassanpour et al. (2015) adding data 

from more tunnelling projects to improve the correlation. The formula showing the best 

correlation considers the data of all projects, resulting in: 

(3-17)  𝐻𝑓 = −2.544 ∗ 𝑉𝐻𝑁𝑅 − 8.331 ∗ 𝑈𝐶𝑆 + 3288.248 [m³/cutter] 

In Hassanpour (2018) another project has been evaluated using the wear prediction 

by Bruland (2000b). Afterwards, another multiple regression model has been found 

according to Equation 3-16 and (3-17). Here, the main influencing parameters are the 

UCS and the VHNR as well: 

(3-18)  𝐻𝑓 = −2.013 ∗ 𝑉𝐻𝑁𝑅 − 8.074 ∗ 𝑈𝐶𝑆 + 2859.35  [m³/cutter] 

Hassanpour concluded that each equation is only valid for the same boundary condi-

tions as the associated project, since there is a difference in wear prediction, especially 

for low values of VHNR (Figure 3-25-a). Thus, this model can be used for different 
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types of Limestone, sandstone, shale and low to medium grade metamorphic rocks 

with an UCS = 30-150 MPa.  

In addition to the proposed equations, a general prediction diagram for the cutter life, 

shown in Figure 3-25-b, is offered to get a quick qualitative assessment of the tool life.  

 

Figure 3-25: a) Comparison of prediction models (Hassanpour 2018) and b) General cutter 
life prediction chart (based on Hassanpour et al. (2015)). 

EPB-shield prediction models 

Jakobsen (2014) analysed several tunnelling projects in soft ground to find a prediction 

model for the wear of soft ground cutting tools. Therefore, he analysed the influence of 

different index values on the tool life. Thereby he discovered that the Geotechnical 

Uniformity Index (Cu), which describes the uniformity of grading of the grain size distri-

bution (Cu = D60/D10), is statistically significant for the estimation of the Soft Ground 

Tool Life (SGTL), which represents the amount of excavated soil in solid-m³ per tool 

[sm³/tool]. Using the Cu, following regression curve has been found: 

(3-19)  𝑆𝐺𝑇𝐿 = 1071.3 ∗ 𝑒−0.28∗𝐶𝑢 [sm³/tool] 

Analysing the correlation of the SAT with the SGTL, he found a difference between the 

tool life of EPB and Hydro-shield TBM. Therefore, several regression models are pre-

sented as shown in Figure 3-26. 

Cu and the SAT value are the only index parameters that were found with a significant 

influence on the SGTL. This might be due to the small amount of obtained data. Since 

both values are independent, a prediction formula for SGTL has been proposed: 

(3-20)  𝑆𝐺𝑇𝐿 = 2245 − (44.7 ∗ 𝑆𝐴𝑇) − (180.3 ∗ 𝐶𝑢) [sm³/tool] 

a) b)
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Figure 3-26: Correlation of the SGTL for EPB and hydro-shield (slurry) TBM with the esti-
mated SAT value (Jakobsen 2014, p. 68) 

This prognosis has the disadvantage of only being feasible for a certain range of input 

parameters. If the values are out of bound, a negative tool wear is estimated. Further-

more, this formula has only been validated by a comparison to one measured value.  

Amoun et al. (2017) evaluated the wear data of an EPB tunnelling project in Tehran. 

Therefore, they investigated the influence of different machine and ground parameter 

on cutter life (CL). Thereby, four equations were found that show good correlation for 

this project: 

(3-21)  𝐶𝐿 =  0.32𝐸6 − 0.41𝐸5 ∗ 𝐷50 + 0.31 ∗ 𝐶𝑓    [m] 

(3-22)  𝐶𝐿 =  0.34𝐸6 − 0.13𝐸5 ∗ 𝐷75 + 0.32 ∗ 𝐶𝑓    [m] 

(3-23)  𝐶𝐿 =  −0.43𝐸6 + 4.3𝐸5 ∗ (log 𝑃𝑎𝑠𝑠𝑖𝑛𝑔200) + 0.41 ∗ 𝐶𝑓 [m] 

(3-24)  𝐶𝐿 =  0.43𝐸6 − 0.07𝐸5 ∗ 𝐺𝑟𝑎𝑣𝑒𝑙 + 0.40 ∗ 𝐶𝑓   [m] 

Where: Cf:  concentration of used surfactant in the foaming liquid [%] 

  D50:  medium grain diameter of the sample at 50% mass friction [mm] 

  D75:  medium grain diameter of the sample at 75% mass friction [mm] 
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  Passing200: particles smaller than 75 µm [%] 

  Gravel: grains < 75 mm and > 4.75 mm [%] 

Even though these equations show correlations with R² ≥ 0.97, they are only valid for 

this project with its specific boundary conditions. For different projects, even with sim-

ilar boundary conditions, they may not be valid. Hence, a validation with further differ-

ent projects is needed. Nonetheless, these equations represent the first attempts for 

wear prediction for EPB tunnelling only.  

Hydro-shield prediction models 

Düllmann (2014) analysed two hydro-shield projects and showed that not only the eQu 

and the grain shape are decisive for the cutting tool wear. Based on his research, he 

proposed a diagram (Figure 3-27) that can be used to get a qualitative wear prognosis 

using selected parameters. These are divided into parameters for the resistance of the 

ground and the abrasiveness of the soil. Due to the lack of sufficient data this model 

has not been further specified. 

 

Figure 3-27: Conceptual schemes for improved diagrams for the assessment of soil abra-

siveness related to the wear of excavation tools (Düllmann et al. 2014). 

A quantitative wear prediction for hydro-shield tunnelling projects is given by Köppl et 

al. (2015a). The data of 18 excavated tunnels has been analysed to gain the wear data 

for each tool type and to identify the main influencing parameters for a hydro-shield 

TBM (Köppl et al. 2015b).  

The presented prediction model considers the abrasiveness of the ground by using the 

eQu, because no sufficient data of any index tests has been provided within the used 
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data. Additionally, the grain size D60 is taken into account. The forces acting on the 

cutting tools due to the ground resistance is approximated by the shear strength τc 

using the Mohr-Coulomb criterion: 

(3-25)  𝜏𝑐 = 𝑐
′ + 𝜎𝑛 ∗ tan𝜑′  [kN/m²] 

Where: c’: cohesion [kN/m²] 

  φ': friction angle [ ° ] 

  σn: normal stress of the ground [kN/m²] 

The normal stress of the ground is determined by the primary vertical stress at the 

tunnel face at the level of the tunnel axis: 

(3-26)  σn = ∑ hi ∗ γii   

Where: hi: thickness of the soil layers above the tunnel axis [m] 

  γi: unit weight of the soil layers [kN/m³] 

These soil parameters are combined using the Soil Abrasivity Index (SAI) and are 

hereby included in the wear prediction model.  

(3-27)  𝑆𝐴𝐼 = (
𝑒𝑄𝑢

100
)
2

∗ 𝜏𝑐 ∗ 𝐷60 [-] 

It can be seen, that of all three values a greater influence of the eQu is considered. 

The SAI has been used to find a regression model for the determined wear paths of 

the cutting discs and scrapers. The basic value for the maximum cutting path sc,b of 

each homogenous ground section z can then be determined by: 

Cutting discs: 

(3-28)  𝑠𝑐,𝑏(𝑧) = 312.0 + exp (−0.0048 ∗ (𝑆𝐴𝐼(𝑧) − 1398.2)) [km] 

Scrapers: 

(3-29)  𝑠𝑐,𝑏(𝑧) = 280.9 + exp (−0.0050 ∗ (𝑆𝐴𝐼(𝑧) − 1300.7)) [km] 

There is no regression model for buckets or rippers presented, due to the small amount 

of available data sets. Nonetheless, it is assumed that the cutting path of scrapers and 

buckets as well as rippers are similar, so that Equation 3-29 can be used to approxi-

mate their wear behaviour as well. (Köppl 2014) 

Similar to the proposed wear prediction models, correction factors are presented to 

adapt the basis value according to the different boundary conditions of each project. 

For cutting discs there is a correction factor for the tip width, considering a tip width 

bSR = 19 mm to be the most common value.  
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(3-30)  𝑓𝑏(𝑧) =
𝑏𝑆𝑅

19
 

For the scrapers there are two main correction factors. The first factor considers the 

actual penetration pa(z) of the scrapers. The actual penetration is determined taking the 

expected penetration pe(z) and the number of equal scrapers on the same cutting path 

ksc into account. For a symmetrical build of the cutter head, it can be calculated as 

follows: 

(3-31)  𝑝𝑎(𝑧) =
𝑝𝑒(𝑧)

𝑘𝑠𝑐
 [mm/rev] 

If the cutter head build is not symmetrical, the equation has to take the angular distance 

δa [°] of the scrapers on the same track into account that are cutting in the same direc-

tion: 

(3-32)  𝑝𝑎(𝑧) =
𝛿𝑎

360
∗ 𝑝𝑒(𝑧) [mm/rev] 

Using the actual penetration, the cutting path can be adapted by the factor: 

(3-33)  𝑓𝑝(𝑧) =
1

1.6
log0.5(

16
𝑝𝑎(𝑧)

)
 

When there is a ripper tool running in front of a scraper tool, the maximum cutting path 

can be increased by the factor fh(z) = 3.4. The expected cutting path sc,e(z) can be de-

termined by multiplying the basis value with the necessary correction factors. 

Taking the cutter head design into account, the excavation length Lc(k),i until the maxi-

mum cutting path of each tool is reached, can be determined as shown in Fig-

ure 3-28-a. The minimum value of all Lc(k),i gives the maximum excavation length until 

the next maintenance stop is necessary. 

(3-34)  𝐿𝑐(𝑘),𝑖 =
𝑠𝑐,𝑒(𝑧)∗𝑝𝑒(𝑧)∗1000

2∗𝜋∗𝑟𝑠
 [m] 

Where: rs: track radius of the cutting tool [mm] 

The chainage of the next maintenance stop can be calculated by adding the maximum 

excavation length Lc(k),max to the current position.  

When there is a change of the homogeneous section, thus a change in the boundary 

conditions of the ground, it is necessary to calculate the tool condition at the changing 

position. Therefore, Equation 3-34 can be reversed to obtain the partial cutting path 

scd,e(k) for each section k:  
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(3-35)  𝑠𝑐𝑑,𝑒(𝑘) =
 𝐿𝑑,𝑒(𝑘)∗2∗𝜋∗𝑟𝑠

𝑝𝑒(𝑧)∗1000
 [mm] 

Where: Ld,e(k): length of advance section k [m] 

The tool condition ecd,e(k) is then calculated comparing the driven (scd,e(k)) and the max-

imum cutting path (sc,e(z)) of the homogeneous section: 

(3-36)  𝑒𝑐𝑑,𝑒(𝑘) =
𝑠𝑐𝑑,𝑒(𝑘)

𝑠𝑐,𝑒(𝑧)
  [-] 

The wear limit of a cutting tool is reached when the run cutting path is equal to the 

maximum cutting path, thus ecd,e(k) = 1.0.  

This prediction model cannot only be used to calculate the number and chainage of 

the needed maintenance stops, but also allows an estimation of the number of tools 

that have to be changed. For each maintenance stop, not only the cutting tools with 

ecd,e(k) ≥ 1.0 have to be replaced, but also those, whose remaining cutting path is 

smaller than the cutting path until the next maintenance stop (Figure 3-28-b).  

 

Figure 3-28: a) Helix shaped cutting path sc,e(z) and excavation length Lc(k) of one cutting 
tool with the position given by the radius rs and a penetration pe(z); 

b) Maximum longitudinal length of each cutting tool Lc(k),i. Cutting tools that have to be re-
placed preventively are marked in red (dotted line). 

Another wear prediction model of the Japanese Tunneling Society (JTS) is presented 

by Li et al. (2017). It is combined with the theory of interval analysis to consider uncer-

tainties in the boundary conditions of soil and steering parameters. This prediction 

models uses a wear coefficient k that has been determined by the evaluation of tun-

nelling project data and determines the amount of tool wear δ for each cutting tool: 

(3-37)  𝛿 =
𝑘∗𝜋∗𝐷∗𝑁∗𝐿

𝑉
=
𝑘∗𝜋∗𝐷∗𝑁

√𝑉2+𝜋2𝑁2𝐷2
∗ 𝑆 [mm] 

Where: k: wear coefficient of soil [mm/km] 

  D: diameter of the cutter head [mm] 
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  N: rotational speed [rpm] 

  L:  excavation distance [km] 

  V: advance rate [mm/min] 

  S:  travel distance of the tool [km] 

If there are several cutting tools mounted on the same cutting path the wear coefficient 

k has to be reduced: 

(3-38)  𝑘𝑛 =
𝑘

𝑛0.333
 [mm/km] 

Where: n: number of cutting tools on the same track 

The wear coefficients for typical ground conditions in Japan and China are given by 

the JTS (Table 3-1) and have been proven valid for projects in the same region.  

Table 3-1: Coefficient k of wear given by the JTS (Li et al. 2017) 

Types of soils EPB shield Slurry shield 

Alluvial clay 3.0-3.5*10-3 mm/km 1.7-2.4*10-3 mm/km 

Diluvial clay 8.0-15.9*10-3 mm/km 5.0-11.3*10-3 mm/km 

Sand 10.6-19.7*10-3 mm/km 4.8-15.2*10-3 mm/km 

Gravel 15.9-29.6*10-3 mm/km 9.8-23.0*10-3 mm/km 

 

3.2.4 Discussion of the wear prediction 

In hard rock tunnelling, the use of index tests is a common method to determine the 

abrasiveness of the rock. Wear prediction models that base on the values gained from 

these test showed high correlation and they are already used to predict the amount of 

wear. The input parameters of the prediction models are summarized in Table 3-2. 

Since all prediction models are based on empirical data from analysed projects, it is 

plausible that the proposed models differ. A rough estimation of the extent of mainte-

nance is sufficient, since daily maintenance shifts are scheduled for most of the pro-

jects in hard rock. Nonetheless, since most of the prediction models use the CAI, it has 

to be taken into account that there are deviations that might occur due to differing 

testing devices and procedures. A review of all hard rock prediction models can also 

be found in Frenzel (2010), Schneider et al. (2012) and Plinninger et al. (2018). 
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Table 3-2: Input parameters of the hard rock prediction models.  

Prediction 
model 

Rock properties Machine design 
Steering 
parameter  

NTNU  SJ, AVS, eQu dd, DTBM, ntools, nt,track rpm, v 

Gehring CAI, UCS ∆Gzul, F̅N, DTBM, dact, Nc   

Maidl CAI, UCS 17'' discs   

CSM  CAI, Trennflächenabstand dd, DTBM, Nc, ATBM p, v 

Frenzel CAI S, DTBM, ntracks, ngauge p 

Hassanpour VNHR, UCS DTBM, Nc,   

p: penetration [mm/rev]   v: advancement speed [mm/min] 

∆Gzul: wear limit [mm]    F̅N: contact pressure cutting disc [kN] 

S: spacing [mm]    ATBM: area of tunnel face [m²] 

dd: size of disc cutter [mm]   DTBM: cutter head diameter [mm] 

dact: average diameter of tool tracks [mm] ntt: number of tools on one track 

Nc: number of tools    ntracks: number of tool tracks 

ngauge: number of gauge cutters   

 

For soft ground tunnelling several index tests were developed, but none has proven 

practicable yet. Even though the LCPC test is demanded by the European standards, 

it has a lot of discussed disadvantages. Therefore, no wear prediction model for soft 

ground exists that considers the LCPC value.  

The reviewed prediction models for EPB and hydro-shield tunnelling are all based on 

the correlation of empirical wear data with the corresponding soil parameters. The con-

sidered soil parameters and index values are summarized in Table 3-3. Until now, no 

general prediction model for either EPB or hydro-shields could be found. All prediction 

models are only applicable for values in between the boundaries of the analysed pro-

jects properties.  

For the model of this thesis, a quantitative wear prediction model for hydro-shields is 

needed. Köppl et al. (2015a) proposes a model that allows an estimation of the wear 

of each cutting tool and in addition offers a first attempt for maintenance scheduling 

based on this individual wear behaviour. Furthermore, compared to the other reviewed 

models, this wear prediction is based on data of a higher number of analysed projects, 
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thus is not restricted to a certain area with the same known soil properties. Using com-

mon soil properties for the SAI this model is easily applicable on new projects. How-

ever, to use this model, a rough estimation of the cutting wheel design, e.g. the number 

of tools and their position, is needed. Furthermore, there is no differentiation between 

the wear limit of tools on the outer tracks and the inner tools, although the outer tools 

have to ensure a sufficient overcut.  

Table 3-3: Input parameters of the soft ground prediction models. 

Prediction 
model 

Soil properties Machine design Steering parameter  

EPB    

Jakobsen SAT, Cu Nc, ATBM  

Amoun Cf, D50, D60,  
Passing200, Gravel 

Nc, ATBM  

JTS k DTBM U, v, L 

Hydro-shield  

Köppl eQu, D60, h/h’, γ/γ’, c’, φ’ rs, ntt, bSR p 

JTS k DTBM U, v, L 

p: penetration [mm/rev]   v: advancement speed [mm/min]  

ATBM: area of tunnel face [m²]   bSR: width of disc cutter [mm]  

DTBM: cutter head diameter [mm]  ntt: number of tools on one track 

Nc: number of tools     

Cf:  concentration of used surfactant in the foaming liquid [%] 

D50 / D60 / D75: medium grain diameter of the sample at 50/60/75 % mass friction [mm] 

Passing200: particles smaller than 75 µm [%] 

Gravel:  grains < 75 mm and > 4.75 mm [%] 

 

All of the presented models, even the chosen model of (Köppl et al. 2015a), can only 

be used to predict the linear abrasive wear. As Plinninger et al. (2018) stated, there 

are ground conditions where abrasion is not the only decisive wear mechanism. Block-

ages and sudden failures of the cutting tools have a great influence on the tunnelling 

performance, since they reduce the tool’s lifetime significantly. Furthermore, a broken 

tool causes secondary wear on other parts of the cutter head. Therefore, sudden failure 

has to be included in the maintenance scheduling model.  
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3.3 Findings for further research 

In this chapter, the state of the art and research work about cutting tools have been 

reviewed. Even though a great amount of research has been conducted, many index 

tests have been invented and prediction models have been developed, wear prediction 

is still subject to high uncertainties. The different ground conditions and scattering of 

values in properties complicate an efficient maintenance schedule. In order to develop 

a model, which support the decision making during maintenance scheduling, the fol-

lowing aspects must be considered: 

 Index tests can be conducted to gain a qualitative assessment of the influence 

of the ground properties on tool wear. 

 A quantitative estimation can only be obtained by correlating the index values 

with empirical project data gained from wear measurements. 

 Most of the wear prediction models base on a limited amount of data and offer 

only a rough estimation of the number of replaced tools.  

 The wear prediction model has to be chosen according to the boundary condi-

tions of the prevailing ground. The regarded project has to be similar to the an-

alysed projects for the model development to gain reliable results.  

For the model development, the wear prognosis model of Köppl is chosen, as dis-

cussed in Section 3.2.4. The model is developed in order to support the maintenance 

scheduling of hydro shield machines being the most complicated machine type with 

respect to maintenance, because of the limited accessibility of the cutting tools during 

the advancement. Furthermore, the model offers a quantitative approach to estimate 

the wear of each cutting tool at all points in time. The wear prediction bases on a 

greater magnitude of data than the other empirical prediction models.  
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4 Maintenance of Cutting Tools 

For maintenance scheduling, particular boundary conditions of each tunnelling project 

have to be considered in addition to the wear behaviour of the cutting tools. These 

boundary conditions are for instance unstable ground conditions, sensitive surface 

structures or high ground water pressure, where a maintenance stop is not feasible or 

bears a high risk for the face stability and safety of the workers inside the excavation 

chamber during intervention. The consideration of these factors increases the com-

plexity of the whole planning and realization of the maintenance processes.  

In order to gain an overview of existing maintenance scheduling methods, general 

maintenance strategies that are common in the stationary industry are presented and 

analysed with respect to the applicability in shield tunnelling. Therefore, the mainte-

nance processes of inspection and replacing of cutting tools in soft ground tunnelling 

and the given boundary conditions are presented. Finally, to evaluate the feasibility 

and quality of a chosen maintenance strategy, evaluation criteria are defined and dis-

cussed. 

4.1 Maintenance Scheduling Methods 

In a deteriorating system that consists of several deteriorating elements, maintenance 

is a complex task that has a major influence on the system’s productivity. Especially if 

the elements have a different wear rate, the maintenance scheduling becomes more 

complicated. Not only the wear limit, but also the remaining useful life (RUL) of the 

elements have to be taken into account for maintenance decisions (Mosayebi Omshi 

et al. 2018).  

Maintenance includes a variety of processes. If the condition of the regarded element 

is not completely known, an inspection must be carried out. Based on the element’s 

condition and the type of system, the worn element can be either repaired or replaced. 

Repair improves the condition of the element and in the ideal case afterwards, it is as 

good as new. A replacement of the element always restores the full condition, except 

already used but still functional elements are taken to replace the worn one. Imperfect 

maintenance also reduces the condition of the element or increases the wear rate and 

may be considered as well.  

4.1.1 Maintenance strategies 

The maintenance schedule consists of the point in time or state of progress, when 

maintenance is conducted, and the decision, which elements are maintained. Many 
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maintenance approaches exist for a variety of application fields. In general, mainte-

nance can be conducted correctively, condition-based or predictive, periodically or pre-

ventively.  

Corrective maintenance 

Corrective maintenance must always be taken into account during the planning of 

maintenance work. Especially if the condition cannot be monitored and uncertain pa-

rameters influence the wear rate, the actual wear may be higher than predicted. Even 

if the condition of the regarded element is known at all times, an error in the element’s 

production, hence a sudden failure, can occur. As shown in Figure 4-1, corrective 

maintenance of the system causes unplanned downtime. Since the failure occurs at 

an unknown point in time, the production process is disturbed and preparatory work, 

e.g. providing the needed materials, tools or new elements, starts after the system 

stops working. Planned corrective maintenance can be used, if the failure of one ele-

ment does not cause the failure of the system and maintenance can be conducted 

simultaneously to the production process. This strategy offers the highest utilisation 

rate of the elements, thus is one of the most economical strategies. However, in most 

cases corrective maintenance causes additional downtime and costs, so that the 

productivity is reduced and additional costs arise.  

 

Figure 4-1: Condition of a system/element including corrective maintenance. 

Condition-based and predictive maintenance 

When the condition of the elements can be monitored, condition-based maintenance 

can be conducted. Before the condition of one element reaches the wear limit, the 

maintenance is prepared. The actual maintenance work is then conducted at a planned 

point in time and expected downtime (Figure 4-2). This way, it is a very economical 

strategy, but it requires a high degree of flexibility.  

If the condition cannot be monitored, but a sufficient amount of experience or data of 

the wear behaviour is given, predictive maintenance can be conducted instead. Since 

new condition

wear limit
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the condition of the system is not known, the time of failure is predicted and the mainte-

nance is scheduled accordingly. 

 

Figure 4-2: Condition of a system/element including condition-based maintenance. 

Preventive maintenance 

Is the element replaced or repaired before it reaches the wear limit it is called preven-

tive maintenance. It is used, if the system offers only certain points in time for mainte-

nance or if there are critical production processes scheduled that cannot be interrupted 

and the systems workability has to be ensured. This becomes necessary if the wear 

rate is subject to uncertainties, thus there are great fluctuations and the point in time 

the element will reach the wear limit cannot be predicted. For this purpose, a limit value 

of RUL can be defined as shown in Figure 4-3. 

 

Figure 4-3: Condition of a system/element including preventive maintenance. 

Periodic maintenance 

The simplest scheduling method is periodic maintenance. After a certain time span or 

production volume, maintenance is performed regardless of the system’s state. This 

method is disadvantageous, if the deterioration is under- or over-estimated. An under-

estimation of the deterioration leads to a premature failure and corrective maintenance 

has to be conducted. If the wear is overestimated, unnecessary maintenance of the 

elements is carried out as shown in Figure 4-4. This reduces the economic efficiency 

of the system. Most times if this strategy is used, the maintenance schedule is not 

flexible and cannot be changed easily.  
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Figure 4-4: Condition of a system/element including periodic maintenance. 

4.1.2 Cutting wheel maintenance 

A cutting wheel is a multi-component system that consists of a variety of cutting tools, 

which are subject to wear. The condition of the cutting wheel is given by the condition 

of each single tool, which therefore has to be considered when planning the mainte-

nance schedule. However, the actual condition of the tools is only known at the inter-

vention points, as presented Figure 4-5, when inspection is performed. The actual wear 

behaviour between two intervention points stays unknown or can only be assumed 

based on the documented wear data and wear prediction. However, an exact progno-

sis is never possible, due to the uncertainties of the counter body soil and the devia-

tions of the steering parameters.  

 

Figure 4-5: Wear of a multi-component system. Here, condition of several cutting tools of 
a cutting wheel.  

Furthermore, even if the wear limit of a tool is reached, unplanned maintenance stops 

should be avoided. Therefore, preventive maintenance of cutting tools during the in-

tervention becomes mandatory. Cutting tools that have not reached the wear limit yet, 

have to be replaced. A threshold defining the condition of a tool for preventive mainte-

nance must be set. A tool has to be replaced, if the RUL of the tool is exceeded before 

the next intervention point is reached. If these tools are not replaced it leads to exces-

sive wear or even a system failure and long repair work of not only the tools but also 
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the cutting wheel structure and tool holders. Since the wear rate per excavation length 

differs for each tool, the condition limits for the tools differ as well.  

Figure 4-6 shows how the maintenance for one intervention has to be scheduled. Part 

a) represents a newly equipped cutting wheel, the bars show the condition and maxi-

mum excavation length Lc(m)z,i of the cutting tools for each tool track. The first mainte-

nance stop must be carried out at the latest when the outer cutting tools (here: tools 1 

and 18) reach their wear limit, since they have the longest cutting path per excavation 

length. When the machine reaches the first scheduled maintenance stop (b), an inter-

vention is performed. The tools, which have reached or exceeded their wear limit, are 

replaced by new ones (c). Further, all tools that have reached the condition limit are 

also replaced (d). Therefore, the next maintenance stop must be scheduled and a wear 

prognosis has to be performed. In this case, tools 4 and 15 are replaced even though 

they did not reach the condition limit to cope with uncertainties of the wear rate.  

 

Figure 4-6: Schematic of the dependencies between the maintenance interval and tool re-
placements (Conrads et al. 2018). 

4.1.3 Related work 

In literature, a great amount and variety of attempts to analyse and schedule mainte-

nance for single or multi-component systems can be found. Different maintenance 

strategies have been proposed and adapted to the system purpose to improve and 

optimise the maintenance policies with respect to the availability and costs. Here, some 

selected contributions, which have a relevance for the problem statement of the 

maintenance of cutting tools, are presented.  
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Grall et al. (2002) present a condition-based maintenance approach for a stochastically 

degrading system. The maintenance costs are estimated and the inspection intervals 

are chosen accordingly to gain an economic performance of the system. The deterio-

ration model presented in Figure 4-7 includes a failure level L and a threshold λ for 

preventive maintenance during inspection. Corrective maintenance has to be carried 

out if the failure level L is exceeded. The condition of the system is only known at the 

points in time tk when inspection is carried out.  

 

Figure 4-7: Deterioration mode with defined inspection points ti (Grall et al. 2002) 

The approach of a stochastic deterioration and the fixed points of inspection to deter-

mine the replacement can be adapted to the cutting tool wear and the intervention 

scheduling in mechanised tunnelling.  

Do et al. (2015) analysed the effect of imperfect maintenance on the costs for a sto-

chastically deteriorating system. The deterioration of the system is illustrated in Figure 

4-8. It shows the resulting distribution of the times of failure. Based on the system state 

at the point in time Ti where maintenance is performed and a random value for imper-

fect maintenance Zk the condition of the system after maintenance XTi is determined. 

Imperfect maintenance causes the system deterioration state to be not set back to as 

good as new or it causes a higher wear rate.  

It is assumed, that the maintenance costs can be determined as a function of the im-

provement factor resulting for the system’s maintenance, thus the quality of the mainte-

nance work. Different shapes of this functions are presented depending on the ratio 

between the improvement of the systems condition and the maintenance costs.  
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Adapting this method for the maintenance of cutting tools is only partly useful. The 

determination of an initial failure distribution of stochastically deteriorating elements 

can perfectly be used for the modelling of tool wear and failure. However, since the 

worn tools are not repaired but replaced, imperfect maintenance hardly ever appears. 

Only if a new tool has a material defect or the tool is not mounted correctly. If this 

happens the wear state of the tool is as good as new but the wear rate might increase 

or a sudden failure is caused. 

 

Figure 4-8: Illustration of possible degradation paths and initial failure distribution 
(Do et al. 2015). 

Nguyen et al. (2015) present a decision making approach to optimise the maintenance 

costs of multi-component systems. Therefore, condition-based and preventive mainte-

nance of the system and components are considered. For the preventive maintenance 

two thresholds are proposed, one considering the system state and the other regarding 

the deterioration of the single components. Furthermore, cost-based improvement 

gained from grouping the maintenance of several components is analysed. All these 

parameters are included for the decision process of the maintenance process, to de-

termine the preventive maintenance activities.  
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Here, the concept of the thresholds for preventive maintenance decisions for a multi-

component system can be adapted for the cutting tool maintenance in mechanised 

tunnelling and is included in the later on proposed model.  

4.2 Maintenance Processes in TBM Tunnelling 

Similar to the wear of cutting tools, the maintenance processes differ for each type of 

tunnelling machines. The two main differences that are determining the maintenance 

processes are the design of the cutting wheel and the support mechanism for the tun-

nel face that mainly influences the accessibility of the excavation chamber for the in-

tervention.  

4.2.1 Sub-Processes 

The overall maintenance process can be subdivided into mobilisation, maintenance 

and demobilisation processes. For the mobilisation and demobilisation the compres-

sion and decompression of the workers are the most crucial processes. The mainte-

nance mainly consists of inspection and replacement of cutting tools.  

Working under compressed air 

The work under compressed air (CA) is in general regulated nationally. In Germany 

the maximum working time and the time for compression and decompression of the 

workers that are given in the National Compressed Air Regulations (BGBI I 10/4/1972) 

are summarised in Figure 4-9. The higher the needed air pressure inside the excava-

tion chamber, the shorter the allowed time for maintenance work until the workers have 

to leave the pressurised area. If the maintenance work is not completed within given 

time, another shift of workers have to enter the chamber after the decompression of 

the first shift.  
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Figure 4-9: Maximum working time and the corresponding time for decompression given 
by DruckLV (Conrads et al. 2017a)  

If the needed support pressure inside the chamber exceeds 3.6 bar, mix-gas interven-

tions have to be conducted. For extremely high pressures saturation diving techniques 

become necessary (Och et al. 2018).  

Air locks (Figure 4-10) are used for the compression and decompression of the work-

ers. Additional equipment is needed especially for mix-gas and saturation interventions 

(Burger and Wehrmeyer 2013). The safety of the workers is always the top priority 

during the intervention. Therefore, it must always be possible to immediately give med-

ical treatment.  

  

Figure 4-10: Air lock on the TBM for compressed air interventions. 
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Replacement of cutting tools 

The procedure of the tool replacement is illustrated in Figure 4-11. During the inspec-

tion process, the worn tools are identified (a). The worn tools are then removed from 

the cutting wheel and transported outside of the excavation chamber. The wear meas-

urement and documentation is either conducted while the tool is still mounted on the 

cutting wheel, to support the decision process of a potential preventive replacement, 

or outside of the chamber, where the environment is more convenient (b). Especially 

for the maintenance of cutting discs, cranes inside and outside of the excavation cham-

ber are needed to handle the heavy tools (c). If a compressed air intervention is con-

ducted, a material air lock is needed to transport the tools out of the excavation cham-

ber. The excavation chamber only offers limited space, so that only few workers and 

tools can be inside the chamber at the same time. The worn tools are then transported 

outside the tunnel and stored (d) before they are repaired or disposed.  

 

Figure 4-11: Maintenance processes for cutting disc replacement. 

4.2.2 Process durations 

All sub-processes are listed in Figure 4-12. For each process, a time ti is needed. The 

total duration of the maintenance work is gained by the sum of all durations of the sub-

processes. Therefore, the Equations 4-1 to 4-4 can be used:  

The duration of the mobilisation can be calculated by:  

(4-1)  𝑡𝑚𝑜𝑏 = 𝑡𝑠𝑢𝑝𝑝𝑙𝑦 + 𝑡𝑙𝑜𝑤 + 𝑡𝑐𝑜𝑚𝑝 + 𝑡𝑖𝑛𝑠𝑡𝑎𝑙 + 𝑡𝑐𝑙𝑒𝑎𝑛 [min] 

Since the tools needed for the maintenance work can be provided beforehand, simul-

taneously to the advance processes, the duration tsupply may be neglected. If there is 

an unplanned intervention, where the number and type of worn tools is not known be-

forehand, the downtime caused by the supply with new tools must be considered.  

a b c d
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Figure 4-12: Maintenance processes for tool replacement. 

For hard rock TBM or EPB-shields operating in open mode, the time for lowering the 

support medium as well as for compressing the personnel is not needed and thus can 

be set equal to 0.0 min. However, for EPB-shields time for cooling may be needed.  

During the inspection, the bolts of the tools have to be checked and if necessary they 

have to be retightened. Here it is assumed that the duration of retightening process 

does not vary for different tool types. If there are significant deviations in the time 

needed for the retightening, different durations have to be set. 

The actual maintenance process, consisting of cleaning, inspection, replacing and re-

pair work, can be calculated as follows: 

(4-2) 𝑡𝑟𝑒𝑝𝑙𝑎𝑐𝑒 = ∑ 𝑡𝑖𝑛𝑠𝑝,𝑖
𝑛
𝑖=1 +∑ 𝑡𝑏𝑜𝑙𝑡,𝑖

𝑛𝑏𝑜𝑙𝑡
𝑖=1 + ∑ 𝑡𝑒,𝑑,𝑖

𝑛𝑒,𝑑
𝑖=1 + ∑ 𝑡𝑒,𝑠,𝑖

𝑛𝑒,𝑠
𝑖=1 + ∑ 𝑡𝑒,𝑏,𝑖

𝑛𝑒,𝑏
𝑖=1 + ∑ 𝑡ℎ,𝑖

𝑛ℎ
𝑖=1  

where:  n: number of accessible tools on the cutting wheel 

  nbolt: number of bolts 

  ne,d/s/b: number of worn discs (d), scraper (s) or buckets (b) 

  nh: number of broken tool holder 

During the intervention, the condition of all tools must be inspected and should be doc-

umented in the ideal case. Loose bolts of the tool holders have to be tightened again. 

Afterwards all worn tools have to be replaced. The duration for the replacement pro-

cess differs for each tool type. Furthermore, if a tool holder is damaged due to exces-

sive wear of a tool or a sudden breakage due to obstacles in the soil, it has to be 

replaced, too. However, tool holders are permanently welded to the cutting wheel and 

must therefore be removed and replaced at great expense. The necessary welding 

work can take several hours up to days, depending on the extent of damage.  

Afterwards, the duration for the demobilisation process can be calculated: 

(4-3)  𝑡𝑑𝑒𝑚𝑜𝑏 = 𝑡𝑢𝑛𝑚𝑜𝑢𝑛𝑡 + 𝑡𝑑𝑒𝑐𝑜𝑚𝑝 + 𝑡𝑟𝑒𝑓𝑖𝑙𝑙 + 𝑡𝑟𝑒𝑚𝑜𝑣𝑒 

Maintenance processes (tmaint)

mobilisation (tmob) demobilisation (tdemob)tool replacement (treplace)

• material and tool supply (tsupply)

• lowering support medium (tlow)

• compressing personnel (tcomp)

• installation of platforms(tinstal)

• cleaning of the cutting wheel 
(tclean)

• inspection of tools (tinsp)

• re-tightening of bolts (tbolt)

• replacement of tools (te,d/s/b,i)

• repair of worn holders (thold)

• unmounting of working

platforms (tunmount)

• decompressionof personnel
(tdecomp)

• refilling the excavation chamber
(trefill)

• removing worn tools (tremove)
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For the demobilisation as well, the decompression of the personnel and the refilling of 

the excavation chamber is not necessary for hard rock TBM and EPB-shields operating 

in open-mode. In contrast to this, if high support pressures are needed, the decom-

pression of the personnel lasts very long. Furthermore, the maximum working time 

under pressurised conditions is drastically reduced. If the maximum working time is 

shorter than tmaint, several interventions are needed to complete the maintenance work 

resulting in multiple compression and decompression processes. The duration for the 

decompression as well as the maximum working time under pressure is given by the 

national standards (BGBI I 10/4/1972).  

Similar to the material supply process, the material removal can take place after the 

advance processes have started again. Hence, they can be neglected for the total 

duration.  

The total duration of one maintenance stop is then determined as the sum of all pro-

cess durations:  

(4-4)  𝑡𝑚𝑎𝑖𝑛𝑡 = 𝑡𝑚𝑜𝑏 + 𝑡𝑟𝑒𝑝𝑙𝑎𝑐𝑒 + 𝑡𝑑𝑒𝑚𝑜𝑏 

4.3 Boundary Conditions for Maintenance Scheduling 

The maintenance scheduling in general should be based on the wear behaviour of the 

elements that are maintained. However, mechanised tunnelling is a technically de-

manding field. In most cases, the maintenance interventions cannot be planned only 

based on the wear of the cutting tools. Especially if an economically successful sched-

ule shall be obtained, further boundary conditions must be taken into consideration. 

Some boundaries are defined by the normative and contractual framework. Technical 

boundaries result from the used construction method. Therefore, in particular the risks 

of a compressed air intervention must be assessed.  

4.3.1 Normative and contractual framework 

The maintenance positions in mechanised tunnelling are currently still planned by 

rough estimation and based on experience of similar tunnelling projects. This uncertain 

evaluation leads to the need of additional maintenance stops and an excessive adap-

tion of the maintenance schedule during the project execution to avoid severe damage 

of the cutting wheel structure.  

According to the German contract conditions VOB (DIN 18312), the soil has to be cat-

egorised into homogeneous sections, where the soil properties are comparably con-

stant with only small deviations. According to the VOB, the LCPC test is required for 

the geotechnical report. However, the applicability of the LAC value for the prognosis 
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of abrasive wear in mechanised tunnelling is widely discussed and criticised, e.g. 

Feinendegen et al. (2017). There are several further geotechnical parameters required 

according to VOB, e.g. mineralogy of stones and boulders or the cohesion, that can be 

used for a wear prognosis model as proposed by Köppl et al. (2015a). 

If there is no sufficient information on the soil properties for a proper wear prognosis, 

the observational method can be applied (DIN EN 1997-1). Maidl et al. (2011) present 

how the observational method was implemented for a tunnelling project and how it was 

used for target-actual comparison. The results can be important if the positions for the 

maintenance stops have been contractually agreed, but the wear behaviour deviates 

and additional stops become necessary. 

4.3.2 Compressed air interventions 

Especially if the tunnel alignment lies below the ground water level, not only the tunnel 

face needs to be supported but also the inflow of ground water must be avoided. During 

the intervention, the support medium is replaced partly or completely by compressed 

air. In compressed air tunnelling, the compressed air is mainly used to prevent ground 

water inflow. Especially in soft soil with high permeability, a support of the soil without 

additional measures is not possible.  

In hydro shield operation, the used bentonite suspension penetrates into the soil form-

ing a filter cake or a penetration zone. Thereby, the fine particles of the suspension fill 

the pore space of the soil matrix and reduce the permeability of the tunnel face. This 

filter cake remains after the lowering of the support medium, supporting the transfer of 

excess air pressure onto the soil matrix (DAUB 2016). Nonetheless, a long duration of 

the intervention may cause the filter cake to dry out and break up, so that the airflow 

through the soil increases. For longer duration of maintenance work, the excavation 

chamber has to be refilled with bentonite suspension in between to rebuild the filter 

cake (Babendererde and Holzhäuser 2000). 

Another option is to conduct ground improvement measures, either from the surface 

(e.g. jet grouting) or from inside the machine. For example, for tunnelling under the 

Suez Canal, safe havens have been built at predefined positions to improve the work-

ing conditions during maintenance (Rizos et al. 2018). This method is especially rec-

ommended for EPB-shield application in coarse ground to stabilise the soil, while com-

pressed air is used to prevent ground water inflow.  

Even if the support of the tunnel face is ensured, there is still a risk of blowouts during 

interventions that lead to a collapse of the tunnel face. As presented in Figure 4-13 it 

is distinguished between two main types of blowout mechanisms: gasometer blow-out 
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and erosion blow-out. The air inside the soil may lead to an erosion of soil particles 

resulting in a further increase of permeability and airflow until the face support is no 

longer given and the face collapses. Another possibility is that above a more permea-

ble soil layer there is an impermeable soil layer. The air cannot flow through the upper 

layer and an air reservoir is formed. If the pressure inside this reservoir exceeds the 

resistance of the soil above, the layer breaks open leading to a sudden release of the 

air. Consequently, the support pressure of the tunnel face is no longer given and the 

face collapses.  

 

Figure 4-13: Formation of blow-outs (Holzhäuser 2002). 

Furthermore, the pores inside the soil can be filled with artificial soil. Another option is 

to seal the tunnel face with a spray-able membrane. Nonetheless, these are mainly 

used when a high pressure drop is detected and no other method is able to ensure the 

necessary support pressure or if a collapse of the tunnel face already occurred 

(Babendererde 2015).  

Calculation methods, analytically or numerically, to evaluate the face support with com-

pressed air can be found for instance in (DAUB 2016; Nagel et al. 2008; Holzhäuser 

2002). 

4.4 Maintenance evaluation 

To evaluate the maintenance schedule a multitude of criteria must be considered. The 

maintenance strategy not only has to avoid sever damages leading to long standstills, 

but also should not be too precautious and therefore costly. A balance has to be found 

of the risk of over and under estimation of the cutting tool wear.  
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The evaluation of the maintenance strategy must be conducted regarding a variety of 

criteria. One of the most important criteria is the amount of wear. The maintenance 

schedule must avoid any severe damages or unplanned interventions. Especially in 

critical sections, where the intervention bears a high risk or is not feasible, the need of 

a maintenance stop must be avoided. On the opposite, a too conservative mainte-

nance schedule causes unnecessary costs, influencing the economic success of the 

project. Therefore, not only the number of maintenance stops, but also the number of 

replaced tools and the needed time to conduct maintenance must be regarded.  

The consideration of uncertainties during maintenance scheduling enables a risk as-

sessment of the regarded strategies. This way, not only the magnitude of, for instance, 

maintenance cost or the number of unplanned stops can be determined, but also the 

probability of their occurrence.  

The criteria that are evaluated in later presented analyses are: 

 Number of un/planned maintenance stops 

 Number of replaced tools 

 Duration of maintenance and repair work 

 Maintenance costs 

 Classification of maintenance position for CA interventions 

4.4.1 Evaluation of maintenance costs 

A common method to evaluate a maintenance strategy for a deteriorating system is 

the assessment of the maintenance costs (e.g. Grall et al. (2002)). However, an ap-

proach based on historical data, as for instance proposed in Yip et al. (2014) for con-

struction equipment is not feasible, due to the unique character of each tunnelling pro-

ject.  

Jakobsen et al. (2013a) evaluated the effect of tool wear on the costs of a tunnelling 

project. Therefore, material costs for the cutting tools as well as time-dependent costs 

for the maintenance work were considered. Furthermore, the costs for personnel, es-

pecially the divers for the hyperbaric interventions are included. This way, the costs for 

the replacement of cutting tools for two different scenarios, one low-abrasive and the 

other highly abrasive, are determined.  

Similarly, Conrads et al. (2018) classify the cost occurring due to maintenance work 

into time-dependent, material and fix costs. These categories include: 

 time-dependent costs: 
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- general expenses of the jobsite [€/h] 

- planned/unplanned maintenance stops [€/h] 

 material costs: 

- cutting discs [€/disc] 

- scraper [€/scraper] 

- bucket [€/bucket] 

 fix costs: 

- compressing/decompressing process costs [€/process] 

- planned/unplanned maintenance stops [€/stop] 

The resulting maintenance costs were then used to compare different project setups 

or maintenance strategies and to evaluate the robustness of the results.  

4.4.2 Evaluation of uncertainties 

There are different approaches to cope with the uncertainties of the wear prognosis. 

One common approach is to use uncertain input parameters, e.g. distribution functions, 

to perform a Monte Carlo Simulation (MCS). This approach has been proven useful for 

the evaluation of uncertainties in, for instance, logistic scheduling (König et al. 2014). 

This approach can be applied on the wear prognosis and maintenance scheduling.  

Conrads et al. (2018) combined a PVS with MCS to find a robust optimisation of the 

maintenance schedule. This approach evaluates a robustness index R for each pa-

rameter set. The procedure to determine R is shown in Figure 4-14. A MCS of each 

parameter set is conducted and the mean value µm and standard deviation σs of the 

resulting maintenance costs are calculated. These values can be compared graphically 

with a scatter plot. This way, not only the magnitude of costs, but also their deviation 

can be easily assessed.  

The R value is then calculated using the weighted target function R(α). Minimising R, 

the optimal parameter set can be obtained. The weighting factor α represents the pref-

erence of analysis. If α = 0.0, only the standard deviation is taken into account for the 

identification of the optimum parameter set. Accordingly, if α = 1.0, only the mean value 

of the maintenance costs is taken into account.  

To gain a comparable scale for the used values of µm and σs, relative values are used 

within the target function R(α): 

(4-5)  𝑅(𝛼) = 𝛼 ∗
𝜇𝑚,𝑖

𝜇𝑚,𝑚𝑎𝑥
+ (1 − 𝛼) ∗

𝜎𝑠,𝑖

𝜎𝑠,𝑚𝑎𝑥
  

Where: µm,max: maximum of all mean values 
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  σs,max: maximum of all standard deviations 

This approach can also be conducted while using the median instead of the mean 

value and inter-percentile ranges instead of the standard deviation. This way, the R 

value is less sensitive to extreme values and outliers.  

 

Figure 4-14: Procedure model for the evaluation of maintenance strategies with regard to 
their robustness by using process simulation (Conrads et al. 2018). 

Another approach for the evaluation of the maintenance interval is included in the wear 

prognosis model of Li et al. (2017). They propose a dimensionless factor η that can be 

calculated using intervals for the input parameters: 

(4-6)  𝜂 =
𝛿𝑖+𝛿𝑖−2𝛿𝑠

𝛿𝑖−𝛿𝑖
  

Where: 𝛿𝑖: lower bound of the calculated wear amount [mm] 

  𝛿𝑖: upper bound of the calculated wear amount [mm] 

  𝛿𝑠: predefined wear limit [mm] 

The probability of success is then given by: 

(4-7)  𝜉 = {

1.0,                           𝜂 < − 1.0
1−𝜂

2
,         −1.0 ≤  𝜂 ≤     1.0

0.0,                           𝜂 >    1.0

 

If ξ = 1.0, it is certain that a maintenance stop has to be performed during the regarded 

tunnelling section. If ξ = 0.0, there will not be any stops needed. In between those two 

values, ξ gives the probability that a maintenance stop is needed. In case ξ > 0.0, 
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maintenance stops have to be included, so that for the excavation length within be-

tween two stops the probability of a needed stop is ξ = 0.0. 

4.5 Findings for further research 

The processes that need to be conducted to maintain the cutting tools of a tunnelling 

machine differ for the type of machine that is used and depending on the given ground 

conditions. In particular, when the access to the excavation chamber is limited and 

pressurised conditions are required, the maintenance has to be planned carefully to 

avoid severe damages of the tools and the cutting wheel and to reduce the downtime 

as well as maintenance costs.  

The maintenance schedule is defined by two values: the maintenance position and the 

threshold for preventive tool replacement. The maintenance position is determined with 

the help of the maintenance interval Lmaint, which is calculated with the help of the cho-

sen wear prediction model. The identified positions have to be adjusted to the bound-

ary conditions of the tunnel alignment, to avoid critical areas. According to the deter-

mined maintenance intervals, the threshold for preventive tool replacement can be es-

timated. All cutting tools, which will exceed their wear limit before the next intervention 

is scheduled have to be replaced beforehand. This threshold can be adjusted by a 

correction factor fprev, which considers the uncertainties of the wear prognosis as well 

as the decision to accept a certain risk of massive wear.  

Furthermore, uncertainties have to be taken into account during the scheduling pro-

cesses. In addition, the boundary conditions of the maintenance position that have an 

influence on the feasibility of the intervention must be evaluated. In particular the risk 

of a compressed air intervention has to be evaluated. For the evaluation of the mainte-

nance schedule, the calculation of maintenance costs is recommended to consider and 

compare different evaluation criteria. This way an improved maintenance schedule can 

be found.  

For the optimisation of the two parameters defining the maintenance schedule, the 

following aspects have to be considered: 

 Uncertainties must be taken into account and evaluated, when no certain values 

are given.  

 A predictive maintenance schedule with preventive tool replacements is recom-

mended. However, due to the uncertainties corrective maintenance cannot be 

completely avoided. 
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 The evaluation criteria for the maintenance schedule cannot be evaluated sep-

arately. Maintenance costs offer an approach to summarise the most criteria 

within one value.  

 The determined strategy has to be checked on feasibility. The consideration of 

expert knowledge is indispensable.  

The presented maintenance processes and their durations are used for the model de-

velopment in chapter 5. Furthermore, the suggested maintenance cost and evaluation 

method for robust optimisation are implemented and used for the analyses conducted 

within chapter 6. One focus of the analyses is the evaluation of the values of the 

maintenance strategy Lmaint and fprev and their influence on the robustness of the results 

as well as the maintenance costs.  
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5 Model for Maintenance Scheduling 

The planning of the maintenance schedule can be conducted in five steps as shown in 

Figure 5-1. These steps reach from the first information gathering to the detailed anal-

ysis by using a simulation model to evaluate possible maintenance strategies. The 

specific procedure differs depending on the quality and quantity of data and infor-

mation.  

 

Figure 5-1: Procedure of maintenance scheduling and evaluation. 

5.1 Input parameters and boundary conditions 

Gathering information at the beginning of a project is necessary to gain all the input 

parameter and information about the boundary conditions, which are needed for 

maintenance scheduling. For providing the input data, the methods for data evaluation 

presented in Section 2.3.2 are used.  

5.1.1 Input parameters for wear prediction and maintenance scheduling 

As stated in Section 2.3, there is a variety of input parameters that have to be consid-

ered for the wear prediction and maintenance scheduling. For the wear prediction, ge-

otechnical, machine design and steering parameters are needed. Due to changing 

ground properties along the tunnel alignment, the geotechnical parameters must be 

defined for each homogeneous section. The needed information is obtained from the 

geotechnical profile. Hence, the quality and quantity of these parameters depends on 

the quality of the ground assessment. Therefore, it must be ensured that all necessary 

parameters are analysed. In most cases, an expected value or range is given for each 

parameter, which are gained by laboratory index test of borehole samples.  

Furthermore, the design of the tunnelling machine and especially of the cutting wheel 

must be known. Regarding the cutting wheel, the type and position of the cutting tools 

are important. For each tool, the radius of the cutting track is needed to calculate the 

information gathering

discrete wear prediction

maintenance scheduling

evaluation of uncertainties

optimisation / 
comparison of variants
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cutting path. Furthermore, the number and type of tools on the same cutting track must 

be known, since the interaction of several tools on the same track leads to a reduced 

amount of wear. These parameters are given as sharp values and are some of the few 

certain parameters.  

To evaluate the steering parameters, data from similar projects that have been exe-

cuted are back analysed and used as input parameters. However, the data must be 

proven suitable for the project by comparing it to the expected values that have been 

estimated by expert opinion. The huge amount of machine data requires an automated 

processing to gain usable values. Figure 5-2 shows an example for the penetration 

values gained for one ring. The state value represents whether the machine is exca-

vating, the ring building is in process or if there is an interruption due to a disturbance. 

 

Figure 5-2: Penetration and machine state data for one advance cycle example 

It can be seen that there is a fluctuation of the penetration value during excavation. 

Furthermore, the penetration increases when excavation restarts but falls back to zero 

when the excavation is stopped. Nonetheless, as an input parameter only one value 

per advancement cycle is needed. Therefore, for each ring the mean penetration is 

calculated. Figure 5-3 shows an example for the resulting penetration values of one 

project. Outliers that are completely out of range, for example penetration values above 

50 mm/rev or advance durations of 0.0 min, have to be erased from the data set or be 

corrected with the help of further information gained for instance from shifts reports.  
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Figure 5-3: Histogram of penetration values  

Using distribution fitting methods, distribution functions can be found for each uncertain 

input parameter. For the presented data, a skewed function with a lower limit value of 

3.0 mm/rev has to be chosen. The distribution fitting is conducted using the software 

ExpertFit according to Rahm (2017, pp. 94–95). As shown in Figure 5-4, a variety of 

distributions can be compared to gain the best fitting distribution function for the data 

set. Furthermore, the software offers an evaluation of the chosen function by statistical 

tests. However, if the data set is too small, no suitable function may be found according 

to the tests. The main advantage in using the software tool is that it offers the corre-

sponding java code for the simulation software AnyLogic that is used for the simulation 

of the maintenance model.  

 

Figure 5-4: Distribution fitting for the penetration values. Graphical comparison of different 
functions with ExpertFit. 

0%

20%

40%

60%

80%

100%

0

50

100

150

200

250

300

350

0 2 4 6 8 10 12 14 16 18 20 22 24 26

fr
e

q
u

e
n

c
y
 o

f 
o

c
c

u
re

n
c
e

Penetration [mm/rev]



88 

 

 

 
 

5.1.2 Boundary conditions for maintenance scheduling 

As presented in Section 4.3, a variety of boundary conditions must be considered dur-

ing maintenance scheduling. According to these parameters the tunnel alignment must 

be classified to evaluate the chosen maintenance positions. The four main classifica-

tion parameters are the sensibility of the surface structure, the risk of compressed air 

support, the face stability and the propagation of the settlements from the tunnel face 

to the surface.  

As presented in Table 5-1, the surface structures are classified from extremely sensi-

tive structures, e.g. railroad tracks, which only allow very small settlements. If the given 

limit for settlements is exceeded, there is a risk of derailment including high costs for 

closing and rehabilitation of the tracks. The best class is the case of tunnelling under 

a green field, where settlements would not be harmful.  

Table 5-1: Classification of the boundary condition Surface structures BCSur 

Classification Nr. Examples 
   

   

Extremely sensitive 6 Railroad tracks 

   

Very sensitive 5 Old buildings 

   

Sensitive 4 Buildings with robust foundations 

   

Less sensitive 3 Streets 

   

Hardly sensitive 2  

   

Not sensitive 1 Green field 
   

 

Compressed air interventions are not possible at all positions. Depending on the re-

quired air pressure and the soil properties, the intervention bears a high risk of insuffi-

cient face support that may lead to a face collapse. A highly permeable soil leads to 

an increased air flow through the soil. If the air flow is too high, a compressed air (CA) 

support is not possible or leads to high pressure fluctuations. In addition, the risk of 

blowouts must be considered for this classification. The lower the possible air flow and 

pressure fluctuations are, the lower is the risk. The classification of the risk of CA in-

tervention is given in Table 5-2. 
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Table 5-2: Classification of the boundary condition Risk of compressed air intervention BCcomp 

Classification Nr. Examples 

   

   

Very high risk 6 CA support not possible 

   

High risk 5 High pressure fluctuations 

   

Moderate risk 4 Risk of blowouts 

   

Small risk 3  

   

Neglect-able risk 2  

   

No risk 1 No risk 
   

 

Even if the CA support is possible and the tunnel face is stable, deformations may 

occur at the face. If these deformations propagate through the soil, settlements on the 

surface occur. Therefore, the amount of expectable surface settlements depends on 

the extent of tunnel face settlements and settlement propagation within the soil. These 

classifications can be combined to one, if a surface settlement prognosis has been 

conducted. The classifications are given in Table 5-3. 

Table 5-3: Classification of Face stability BCFS and Settlement propagation BCSet. 

Classification Nr. Examples 

   

Face stability BCFS   

   

Unstable 6  

   

Stable, very large deformations 5  

   

Stable, large deformations 4  
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Stable, moderate deformations 3  

   

Stable, small deformations 2  

   

Stable, no deformations 1  
   

   

Settlement propagation BCSet 

   

Complete transfer of settlements  6 
All settlements are transferred to the 

surface 

   

Very sensitive 5 
Even small settlements of the face are 

visible on the surface 

   

Sensitive 4 
Moderate deformations are visible on 

the surface 

   

Less sensitive 3 
Only high settlements cause settle-

ments on the surface 

   

Hardly sensitive 2 
Only a face collapse leads to settle-

ments 

   

Not sensitive 1 
No settlements propagate to the sur-

face 
   

The tunnel alignment can be classified for each boundary condition according to the 

given classes as presented in Figure 5-5. Each boundary condition requires a different 

division of the alignment. This way, every possible maintenance position can be as-

sessed.  
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Figure 5-5: Classification of the tunnel alignment for each ring. 

For the general qualitative classification of the maintainability of certain points of the 

tunnel alignment, the presented classifications have to be combined into one class. 

This can be done by rules or formulars considering the dependencies of the different 

aspects.  

5.2 Deterministic wear prognosis and maintenance schedule 

The second step after information gathering is to determine the maintenance schedule, 

thus the positions of the interventions. In addition to the boundary conditions being the 

main factor, the wear of the cutting tools is considered. The scheduling method de-

pends on the level of information that is given. If no detailed information about the soil 

properties, machine design or steering parameters are given, a rough estimation has 

to be performed that considers the high degree of uncertainty. If the degree of infor-

mation is high enough, the wear prediction models can be used and the gained mainte-

nance intervals of the homogeneous sections (HGB) result in the maintenance posi-

tions that are classified by the boundary conditions.  
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5.2.1 Low level of information 

If there is not enough information for the wear prediction, the wear rate has to be esti-

mated. Babendererde (2010) proposes a schedule for projects where the real wear 

behaviour is not known when the excavation starts: 

1. The first intervention should be conducted right after passing the shaft wall to 

make sure that no tools are damaged by the concrete and glass-fibre reinforce-

ment.  

2. The second stop should be after about 50-75 m, to gain a first impression of the 

expected wear rate 

3. Afterwards, the tool should be inspected every 150 m until the actual wear rate 

can be estimated.  

4. When the wear rate is determined, the maintenance interval can be increased 

accordingly.  

5. If the geotechnical properties or steering parameters change, the distance be-

tween interventions should be decreased again until a fitting estimation is found. 

This approach is rather time consuming, but the more interventions are performed the 

more accurate the prognosis is. Since some of the interventions are only for inspection 

of the cutting wheel, the downtime of the single maintenance stops is rather short, 

depending on the support pressure.  

In addition to this schedule, the maintenance classification of the tunnel alignment has 

to be taken into account. If there are sections of the alignment that have a high classi-

fication, an intervention should be performed before excavating this area. Interventions 

within this section should be avoided. Areas with a low classification are also predes-

tined to schedule at least one maintenance stop. Before the machine enters a shaft 

wall or other construction obstacles, it must be ensured that the outer cutting discs are 

not worn and a sufficient overcut of is guaranteed.  

5.2.2 High level of information 

If there is a high quality and quantity of data and information, then a detailed wear 

prediction using one of the models reviewed in Section 3.2.3 can be conducted. In the 

best case, uncertain input data is available, so that instead of one deterministic value 

of the maintenance interval, a probability function of possible maintenance intervals 

can be determined with the help of a MCS.  

To further analyse the dependencies of the system in order to improve the mainte-

nance schedule, a more detailed method is necessary. Process simulation has proven 
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useful to analyse complex systems under consideration of uncertainties (see Section 

2.2). In the following, the developed simulation model is presented. 

5.3 Development of the Simulation Model 

A simulation model has been developed according to the procedure described in Sec-

tion 2.2.1. The goal of the simulation model is to use the quantitative wear prediction 

model of Köppl to analyse and improve the deterministically determined maintenance 

strategy. Therefore, uncertainties shall be considered to evaluate the time and costs 

of the strategies. The model can then be used to conduct several different experiments 

to gain a better understanding of the system behaviour and interdependencies.  

5.3.1 System Analysis 

The regarded system consists of four elements that can be structured as shown in the 

bdd in Figure 5-6. The main elements are Project, CuttingWheel, Soil and CuttingTool. 

Project contains all general information of the project to be analysed. This includes the 

CuttingWheel and the Soil. For each tunnelling machine that is used in the project a 

CuttingWheel is added to the model. Similarly, for each homogeneous section a Soil 

is added to the Project. Each CuttingWheel contains a list of CuttingTools.  

 

Figure 5-6: Block definition diagram of the necessary components for the simulation 
model of the maintenance analysis 

The analysed processes of the project are defined within the element CuttingWheel 

that is the main performing element in this model. The processes have been formalized 

using a stm-diagram presented in Figure 5-7. In the beginning, during the start process, 

the project setup takes place. The project execution begins, when the project is com-

pletely built and all parameters are set (1). The CuttingWheel switches into the state 

operable, where the main processes advance and ringbuild are conducted. The 

bdd Maintenance analysis

<<block>>

Project

<<block>>

Cutting tool

<<block>>

Soil

n

n

<<block>>

CuttingWheel
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change to the ringbuild state is triggered by elapsing a period of time (2), which is 

calculated by means of penetration and rotational speed. The timeout to switch out of 

the ringbuild state (3) is given by the duration of one ring building process. At the 

branch it is decided whether a maintenance is scheduled (5), repair is needed due to 

excessive wear (6) or advance can continue (4). After the maintenance or repair is 

finished (7, 8) the state switches back to advance. If a technical failure of the cutting 

wheel occurs, e.g. a breakdown of the engine, the current operable state is interrupted 

and the cutting wheel switches into the inoperable state (9), hence tech_failure. After 

the malfunction has been removed, the state switches back to the previous state, thus 

the state that has been interrupted (10).  

 

Figure 5-7: State chart diagram of the processes of the CuttingWheel 

A dependent failure, which is caused by a failure of the supply chain, is neglected for 

this simplified model, since it has no influence or a negligible effect on the wear and 

maintenance of cutting tools. Only larger disturbances with longer downtimes, e.g. a 

face collapse, would have to be considered. 

For each advance cycle, all uncertain parameters are recalculated using the defined 

distribution functions. This way, the fluctuation of these parameters can be modelled. 

The wear level of the cutting tools is updated when Transition 2 is used, thus after the 

excavation of one ring. Afterwards, the constraints for the maintenance and repair work 

are checked according to Section 5.3.3.  
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5.3.2 Input Data 

The presented model requires a variety of input data that is needed for each analysed 

project. Some of the parameters can be set freely according to the project conditions. 

Other parameters are assumptions or are gained from back analysis, e.g. process du-

rations or cost values, and stay the same until new knowledge has been gained.  

The model uses the wear prediction model of Köppl. Therefore, the model is restricted 

to hydro shield machines. If other machine types shall be analysed, an appropriate 

wear model has to be implemented beforehand and this would change the needed 

input data.  

The needed project boundaries and required assumptions of the steering parameters 

are summarised in Table 5-4. In addition, the design of the cutting wheel, including the 

cutting tool arrangement, is needed. For each tool, the distance to the cutting wheel 

centre and the tool type has to be listed. Further information, for instance the excava-

tion direction of scrapers, the cutting blade width of disc cutters or the existence of 

forerunning ripper tools have to be added. If the cutting wheel and condition shall be 

visualised by the simulation model during a simulation experiment, further geometrical 

information about the cutting tool position is required.  

Table 5-4: Project boundaries and steering parameters. 

Input parameter Unit 

Project boundaries  

Ltunnel Length of the tunnel [m] 

DTBM Diameter of the cutting wheel [mm] 

Ladv Segment width [m] 

pb Required support pressure [bar] 

Steering parameters  

pe Expected penetration  [mm/rev] 

U Rotational speed [rev/min] 

tRB Duration ring building process [min] 

 

The soil is described using the required soil parameters of the wear prediction model. 

Some of the values can either be directly set or result from the other parameters ac-

cording to the Equations 3-25 to 3-34. All soil parameters are listed in Table 5-5. Since 
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most of the tunnels do not excavate only within one soil layer, HGB have to be defined. 

For each HGB all soil parameters according to Table 5-5 must be known.  

Table 5-5: Geotechnical parameters for the wear prediction. 

Input parameter Unit 

Geotechnical parameters  

SAI Soil Abrasivity Index [-] 

eQu equivalent quartz content [%] 

D60 Grain size at 60% mass fraction [mm] 

τc Shear strength [kN/m²] 

φ' Friction angle [ ° ] 

c' Cohesion [kN/m²] 

σn Normal stress [kN/m²] 

HTA Height of overburden above ground water level [m] 

WTA Height of overburden below ground water level [m] 

γ Unit weight of soil above ground water level [kN/m³] 

γ' Unit weight of soil below ground water level [kN/m³] 

 

The values for the process durations of the maintenance work and the costs incurred 

have to be chosen according to the experience and data of the contractor. These val-

ues are needed for the evaluation of the maintenance strategies. For the first estima-

tion of these values, experienced tunnelling engineers have been interviewed (see Ap-

pendix B). The presented cost values are one example and differ for each project and 

company. When using the model for scheduling and evaluation of maintenance strat-

egies, these parameters have to be set according the own cost estimation. The result-

ing ranges of the duration parameters and the example cost values that were obtained 

are summarised in Table 5-6.  

The maintenance schedule can be set as certain positions given by a list of ring num-

bers or can be given by a maintenance interval for each homogeneous section. These 

intervals can be set automatically using the wear prediction model for the outer cutting 

tools to estimate the maximum excavation length until the first tools reach their wear 

limit. Therefore, the expected values for the soil properties and steering parameters 

are used. This way, sensitive surface structures as well as high water pressures cannot 

be taken into account and have to be evaluated afterwards.  
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If an input parameter is not given as a single value but is subject to uncertainties in-

stead, a fitting distribution function must be found and implemented into the model. 

Each distribution function consists of coefficients that can be used as input parameters 

of the model instead of the single value that represents only an expected value.  

Table 5-6: Input parameters: process duration and costs values. 

Input parameter Unit Range 

Process durations   

tmob Mobilisation processes [min] 60-600 

tsupply Material supply [min] 0 

tlow Lowering the support medium [min] 15-120 

tcomp  Compressing of the workers [min] 5-10 

tinstal Installation of platforms [min] 5-15 

tclean Cleaning of cutting tools [min/tool] 1-5 

tinsp Inspection of tools [min] 5-10 

tbolt Retightening of bolts [min] 1-2 

te,d Replacing disc cutter [min] 30-80 

te,s Replacing scraper [min] 10-20 

te,b Replacing bucket [min] 20-30 

te,r Replacing ripper tool [min] 10-20 

thold Repair of broken holder [h] 6+ 

tdemob Demobilisation processes [min] 30 

tunmount Unmount working platforms [min] 5-20 

tdecomp Decompression of the workers [min] 
(BGBI I 

10/4/1972) 

trefill Refilling the excavation chamber [min] 10-20 

tremove Removing worn tools and material [min] 0-5 

Maintenance costs   

cp,f Fix cost for a planned intervention [€/intervention] 1500 

cp,t Time-dependent costs for planned intervention [€/h] 100 

cu,f Fix costs for unplanned intervention [€/intervention] 3000 

cu,t Time-dependent costs for unpl. intervention [€/h] 100 

ct,p Time-dependent project costs [€/h] 1200 

cd Material costs cutting disc (17’’) [€/disc] 2000 
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cs Material costs scraper [€/scraper] 300 

cb Material costs bucket [€/bucket] 1200 

cr Material costs ripper [€/ripper] (300) 

ch Material costs holder repair [€] 1000 

 

5.3.3 Constraints for maintenance work/schedule 

In order to model the real behaviour of the system, constraints must be implemented 

that define the conducted maintenance work and the penalties for insufficient mainte-

nance. This is required since the real system responses to neglected maintenance, 

hence the developed model, must react similarly to evaluate the impact of advanced 

wear and unplanned maintenance stops.  

Preventive maintenance 

At each maintenance position, the advancement cycle is interrupted after the ring build-

ing process and the maintenance process takes place. The condition of all tools is 

checked to identify the worn cutting tools, hence the extent of maintenance work. 

Therefore, all tools that exceed the wear limit are replaced. For all other tools, the 

remaining wear path is determined considering the current condition as well as the soil 

properties of the upcoming homogeneous sections. Here as well, the expected values 

are used to predict the remaining cutting path of the tools. Afterwards, all tools, whose 

remaining path is smaller than the length of the next maintenance interval, have to be 

replaced preventively as shown in Figure 4-6. Equation 3-36 can be used to determine 

the preventive replacement condition limit. A correction factor fprev can be used to re-

duce or increase this limit value to cope with the uncertainties of the wear rate.  

Consideration of other wear mechanisms 

The used wear prediction model only considers continuous abrasive wear. Nonethe-

less, at most projects there is the possibility of other wear mechanisms to occur. Es-

pecially sudden damages caused by obstacles or boulders inside the soil significantly 

affect the need of tool maintenance. Thereby, two cases of damage extent have to be 

considered. First, minor damage, where small parts of the tool spall off, suddenly re-

ducing the condition of the tool without damaging other structures. Second, major dam-

ages, where not only the tool, but also the tool holder or cutting wheel is damaged as 

well and repair work is needed. For both cases, a probability factor P and a damage 

factor ∆e for the extent of sudden wear are included in the model. The extent of dam-

age is considered according to Figure 5-8. The probability factor Pminor and Pmajor give 
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the probability of occurrence after each excavation step in [ring-1]. The assumption of 

the probability is oriented on the expected percentage of obstacles and boulders inside 

the soil. Since no data is available right now, the following values are assumed:  

 Pmajor = 0.1 % 

 Pminor = 2.0 % 

 

Figure 5-8: Tool condition ecd,e(k) with minor ∆eminor and major ∆emajor damages.  

Due to the lack of data, the amount of additional wear is assumed to be ∆eminor = 0.01 

and ∆emajor = 1.0. Nonetheless, the maximum condition ec,holder = 2.0 cannot be 

exceeded, because it marks the highest amount of damage. Above this limit, the wear 

behaviour is completely unknown and does not follow any wear prediction models 

anymore.  

Corrective maintenance rules and penalty factors 

An insufficient maintenance strategy causes severe wear of the cutting tools and of the 

cutting wheel structure. The shield driver or responsible engineer notices these dam-

ages at different stages by interpreting the reaction of the machine parameters due to 

the high wear amount. To consider this effect in the simulation model rules have to be 

defined that reflect the notification of the heavy wear, which initiates an unplanned 

maintenance stop and corrective maintenance of the cutting tools. Furthermore, a pen-

alty for exceeding the wear limits must be defined, since the wear does no longer pro-

gress as predicted by the wear prediction model and the repair of the damage may 

become more time-consuming depending on the wear level.  
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The condition of each cutting tool is given according to Equation 3-36. If the wear limit 

ecd,e(k) = 1.0 is exceeded, the wear rate of this tool increases, because the wear pro-

tection of this tool has worn off. Since there has been no data evaluation conducted 

and no prediction model for further wear exists, here, the new wear rate is assumed 

by comparing the wear resistance of the wear protection layer and the tool body sub-

strate, e.g. resulting from Küpferle et al. (2017a).  

If these tools are replaced before wear affects the tool holder or the cutting wheel 

structure, the time needed for the replacement stays the same. This utilisation reserve 

defines the second wear limit. If these tools are not replaced in time and wear exceeds 

further, crucial wear of the tool holder occurs and the time for repair rapidly increases 

due to the necessary welding work.  

For the definition of the threshold to conduct an unplanned maintenance stop, two op-

tions can be used: 

1. The average wear limit of all tools exceeds a certain value eavg. 

2. The wear limit of a single tool exceeds a certain value emax.  

Since there is no data available yet to quantify these limits, first assumptions are made 

here. Later on, the sensitivity of these values on the simulation experiments are eval-

uated to ensure that the results are not greatly influenced by them. Therefore, in the 

beginning it is defined that eavg = 0.8 and emax = 2.0.  

In addition, for the outer cutting tools, which are needed to guarantee a sufficient shield 

tail gap, a smaller value for emax can be chosen. This way a jamming of the shield tail 

in the ground can be avoided.  

5.3.4 Implementation 

The formalised model has been implemented in the simulation framework AnyLogic 

(The AnyLogic Company 2019) version 8.2.3. AnyLogic is a java-based multi-method 

simulation framework that enables a combination of DES, AB modelling and SD simu-

lation. Furthermore, additional java classes and code can be implemented to extend 

the model with flexible elements and algorithm.  

The implementation of the model is done according to the logic previously mapped in 

SysML. The elements that are implemented as agents as well as the structure and the 

level of detail of the model can be taken from the bdd diagram (Figure 5-6).  

Each agent has several input parameters, variables, functions and output data. Fig-

ure 5-9 shows the agent Project. The agent CuttingWheel and a population of agents 
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Soil are added according to the hierarchical structure. The input parameters of all 

agents can be imported from a spreadsheet defined within the parameter input and are 

set by the function initialize. The output data is used for the analysis of results, for 

visualisation and for the verification of the model. In agent Project, the output data that 

is visualised gives an overview of the projects progress and the distribution of the total 

project duration for the four processes advance, ring building, maintenance and repair.  

 

Figure 5-9: Implementation of the agent Project including the visualisation of the project 
durations and the progress of the system.  

Each soil agent contains all geotechnical parameters that are needed for the wear 

estimation. For all uncertain parameters, distribution functions can be set using the 

Distribution agent. For each advance cycle, a random number generator (RNG) is used 

to pick a random number according to the distribution function. These values are then 

used to calculate the SAI value of the current advance cycle. To verify the used distri-

bution functions, the estimated values are plotted in a histogram as shown in Figure 5-

10. Furthermore, they are saved in a dataset for later evaluation. In addition to the 

geotechnical parameters, a distribution function is defined for the penetration. If no 

uncertainties shall be considered for the analysis the distribution function type can be 
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set to be discrete. This way only one value for the whole homogeneous section is 

considered.  

 

Figure 5-10: Agent Soil – Distribution of geotechnical parameters and histogram of the re-
sulting SAI-value. 

The behaviour of the agent CuttingWheel is implemented according to the state dia-

gram of the model formalisation (Figure 5-11-a). The agent includes a population of 

the agent Tool. The position and condition of each tool is visualised during the simula-

tion in different colours (Figure 5-11-b). Displayed in green are all tools that are still 

operable and do not have to be replaced during an intervention. Yellow are the tools 

that are still operable, but should be replaced preventively during the next intervention. 

Orange tools have exceeded the wear limit and red indicates a damage of the tool 

holder, thus repair work becomes necessary. The data presentation (Figure 5-11-c) is 

used for the analysis and verification of the model. The first chart shows the number of 

replaced tools of each tool type and the number of broken holders that have been 

repaired for each intervention. Accordingly, chart 2 presents the duration of the inter-

vention. Red bars indicate an unplanned maintenance stop that is performed if one of 

the set constraints defined in Section 5.3.3 is exceeded. To evaluate the efficiency of 

the maintenance work the condition of the replaced cutting tools is summarised in the 

histogram of chart 3. Each tool type is regarded separately and marked in different 

colours.  
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Figure 5-11: Agent CuttingWheel a) state chart, b) visualization of the cutting tool condi-
tions , c) data presentation: 1 - bar chart replaced tools per intervention; 2 – duration of inter-
vention [min], yellow: maintenance, red: repair; 3. histogram of the condition of the replaced 

tools. 

All cutting tools are implemented in the population of the agent Tool. To model the 

variety of cutting tools, the type and position of each tool is set. For each homogeneous 

section the expected values for the SAI are used to estimate the expected wear path 

until the tool reaches the wear limit.  

There are two approaches to model the wear of the cutting tools during simulation. An 

SD approach can be used to simulate the deterioration of the cutting wheel condition 

simultaneously to the advance process of the CuttingWheel. Therefore, a wear rate is 

set for each cycle according to the random geotechnical parameters of the Soil agent. 

This way, the exact point in time can be found, where a tool exceeds the wear limit 

during excavation. However, due to the high number of cutting tools and iteration steps, 

the simulation performance will decrease significantly, leading to long durations of the 

experiment calculation, especially when many simulation runs need to be executed. 

a)

b)

c)

1.

2.

3.
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The second approach for wear estimation is a discrete approach. After each advance 

process the actual condition is calculated using the actual soil parameter and the re-

sulting cutting path for the penetration value of the cycle. This way, the actual wear is 

only simulated for one point in time. Consequently, the exact point in time when the 

wear limit is exceeded is not known. Therefore, an interruption of the advance process 

due to excessive wear cannot be modelled. It is assumed, that the advance cycle will 

always be completed before an intervention is performed. This assumption states that 

heavy wear is detected early before the machine is stuck. Even though in actual pro-

jects a corrective maintenance may interrupt the excavation process, the error in time 

and costs that occurs due to disregarding this case is negligibly small, whereas the 

modelling effort is reduced significantly.  

Sudden major and minor damages of the tool are implemented according to the model 

formalisation. It is assumed that these damages affect all tools on the same tool track. 

An exemplary wear progression of one tool estimated with the simulation model is 

shown in Figure 5-12. 

 

Figure 5-12: Agent Tool – Condition of the tool over the chainage of the advancement. 

5.3.5 Simulation Experiments and Resulting parameter 

The simulation framework offers different opportunities to conduct simulation experi-

ments. The simplest option is to conduct a single simulation run. This way, all model 

elements can be observed during simulation. It is important for the comprehension of 

the interdependencies of the modelled system and for the verification of the imple-

mented calculations. Based on this, further experiments can be performed according 

to Section 2.1.1. 

small sudden damages

big sudden damage

new soil

chainage [RN]

e
c
d

,e
[-

]

increased 

wear



105 

 

 

 
 

Monte Carlo Simulation 

The regarded system is subject to uncertainties, which must be considered during the 

analysis. To perform a MCS, distribution functions must be defined for the uncertain 

input parameters. The more uncertain input parameters have to be considered the 

more simulation runs are needed to gain statistically significant results. The experiment 

can be stopped when the resulting frequency distribution does not change shape or 

position anymore. Therefore, the deviation of the mean value of an output parameter 

is regarded. If the mean value only varies within a given range after adding further 

simulation runs, the experiment can be stopped.  

For the analysis of the results, the output parameters must be defined. Possible output 

parameters that can be evaluated are:  

 Total duration of the maintenance and repair work 

 Number of interventions (planned/corrective) 

 Number of replaced tools (discs/scrapers/buckets/rippers) 

 Number of broken holders/repair work 

 Maintenance costs 

Furthermore, the degree of utilisation of the replaced tools can be evaluated as well. 

However, since no switching of tools onto a different track or repair of the worn tools 

are considered in the model yet, the resulting values will be too conservative.  

The defined output parameters are saved in a list and plotted in a histogram. It can be 

used to compare different scheduling approaches or project setups. Therefore, index 

values, e.g. mean value, quantile values or standard deviations, can be compared in 

addition to the graphical comparison as presented in Section 2.3.2. Furthermore, eval-

uating the deviation of the output values and especially the frequency of corrective 

maintenance, the robustness of a maintenance strategy can be assessed.  

Parameter variation study 

A parameter variation study (PVS) can be used to analyse sensitivities of the model or 

to optimise the maintenance schedule. Therefore, parameters of input parameters 

have to be defined, which are then varied within a defined range and step size. Each 

combination of the varied parameters represents one parameter set and for each set 

at least one simulation run is conducted. If there are uncertainties to consider, for each 

set several simulation runs are needed according to the MCS. In general, the output 

parameters of the PV can be chosen according to the MCS.  
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5.4 Discussion of the proposed model 

A simulation-based approach for the evaluation of the maintenance schedule for cut-

ting tool replacement has been developed. The model has a structure, where each 

cutting tool can be evaluated separately.  

The simulation model offers a number of further advantages for the scheduling and 

decision making process: 

 Consideration of uncertain input data. 

 Modelling of all cutting tools separately. 

 Dependencies of the system elements are taken into account. 

 Different maintenance strategies can be implemented. 

 Comprehensible evaluation of results. 

 MCS and PVS for the assessment of a system. 

However, there are still some aspects remaining, which have to be kept in mind while 

using the proposed model for maintenance scheduling. The results of the experiments 

strongly depend on the input data that is provided. Poorly documented or processed 

input data, will lead to unreliable results. Therefore, a further calibration of the assump-

tions made is mandatory to increase the reliability of the results. When considering 

these aspects, the model supports the maintenance scheduling process. Performing 

experiments with the help of the implemented simulation model, an improved mainte-

nance strategy can be provided.  
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6 Model evaluation and analyses 

The presented model is used to conduct several analyses. A sensitivity analysis has 

been performed in order to gain a better understanding of the system behaviour and 

model sensitivities. Afterwards, a case study is presented, where MCS is used to com-

pare different project setups and to evaluate the maintenance schedule according to 

the criteria given in Section 2.3.2. The results of the case study are used for the verifi-

cation and validation of the model.  

6.1 Sensitivity analysis 

In order to analyse the sensitivities of the proposed model, the sensitivities of the im-

plemented wear prediction model have been analysed first. This way, a better under-

standing of the effects of the prognosis model and the implemented uncertainties can 

be gained. Afterwards, a global sensitivity analysis has been conducted, to identify the 

most sensitive input parameters of the maintenance schedule. This analysis has been 

conducted without considering uncertainties, so that comparable results are generated 

while the number of simulation runs is reduced to an acceptable maximum, since no 

MCS is necessary. Afterwards the influence of uncertainties has been analysed sepa-

rately.  

6.1.1 Sensitivity of the wear prediction 

According to the applied wear prediction model there are two influencing factors when 

determining the maintenance interval: the penetration of the cutting wheel and the soil 

properties summarised in the SAI value. The SAI value determines the maximum cut-

ting path distance of the tools. The distance of the cutting path is translated into longi-

tudinal direction by using the radius of the regarded cutting tool and the penetration of 

the cutting wheel.  

The diagram in Figure 6-1 shows the magnitude of influence of the SAI and of the 

penetration value on the maximum maintenance interval for the outer cutting tools of 

different cutting wheel diameters. It shows that according to the prognosis model the 

SAI value has only a significant influence for SAI < 1,200. This behaviour corresponds 

to the course of the function used to determine SAI and fits the data that has been 

used to develop the prognosis model. Further, the diagram shows that the penetration 

value has a significant influence on the maximum possible maintenance interval as 

explained in Section 3.2.1. As expected, for tunnelling machines with a larger diameter 

a smaller maintenance interval is necessary, due to the larger radius of the cutting tools 

on the cutterhead. 
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Figure 6-1: Influence of SAI-value and penetration on maximum maintenance interval for 
machine diameter DTBM = 5.0 m (left) and DTBM = 15.0 m(right) 

The sensitivity of the SAI value against deviations of the soil parameters is analysed. 

Therefore, sensitivity analyses with the intervals and range of values given in Table 

6-1 have been performed. The boundaries for these studies are chosen according to 

the boundaries of the wear prediction model given by (Köppl 2014, p. 187).  

Table 6-1: Input parameters of the sensitivity analysis for the soil parameters  

Parameter Min Max Step size 

eQu [%] 10 100 10 

D60 [mm] 0.001 63.0 - 

τc [kN/m²] 100 1,300 100 

 

The influence of the variation of the soil parameters is shown in Figures 6-2 and 6-3. 

The shape of the surface plots, which results from the variation of eQu and τc, is equal 

for the different grain size values of D60. However, the amount of the SAI is significantly 

higher for large values of D60 due to the wide range of values with the highest value 

being 63,000 times higher than the smallest.  
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Figure 6-2: Influence of the eQu and τc, on the SAI value for D60 = 63.0 mm. 

 

Figure 6-3: Influence of the eQu and τc, on the SAI value for D60 = 0.001 mm. 

In order to investigate the influence of the uncertainties of the soil parameters on the 

SAI value, a MCS has been conducted for a given soil. Therefore, distribution functions 

for the soil properties are used according to Table 6-2.  
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Table 6-2: Input distribution function for the MCS to analyse the SAI value.  

Input  
parameter 

Distribution function parameter Unit 

eQu normal µ = 85.0, σs = 3.0 [%] 

D60 weibull min = 0.01, α = 1.5, β = 2.0 [mm] 

φ' normal µ = 32.5, σs = 1.5 [ ° ] 

c' single value 0.0 [kN/m²] 

HTA single value 3.0 [m] 

WTA single value 15.0 [m] 

γ normal µ = 17.0, σs = 1.0 [kN/m³] 

γ' normal µ = 9.5.0, σs = 0.5 [kN/m³] 

 

Here the distributions of the parameters σn, τc and SAI are calculated according to the 

equations presented in Section 3.2.3. The procedure of this MCS is presented in Figure 

6-4.  

 

Figure 6-4: Calculation of the SAI value with the help of MCS. 

The distribution of the resulting SAI values is presented in Figure 6-5. The resulting 

distribution is skewed to the left. The median of the SAI value lays at SAIm = 139.6 and 

the 95 %-quantile SAI95 = 375.6 The 95 %-quantile gives the limit value that is only 

exceeded by 5 % of the calculated values. It is used for further analyses to reduce the 

risk of underestimating the SAI value. Using the maximum value would overestimate 

the SAI value, which results in a conservative and expensive maintenance schedule. 

The exact value for the used quantile value, can be adjusted according to the individual 

risk assessment.  
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Figure 6-5: Histogram of the resulting SAI values of the MCS with 100,000 simulation runs. 

Using this distributed SAI value and a distribution function for the penetration value, 

the deviation of the maximum cutting path can be evaluated. Figure 6-6 shows the 

propagation of the wear for one exemplary outer cutting tool. Two thousand simulation 

runs have been conducted, so that for each excavated ring the deviation of the tool 

condition can be regarded.  

 

Figure 6-6: Confidence interval of tool condition for one exemplary tool and the corre-
sponding maintenance interval Lmaint. 

Furthermore, the deviation of necessary maximum maintenance interval of the soil can 

be determined (Figure 6-7). Here, the length of the maintenance interval deviates from 

131 to 159 excavated rings. Due to a ring length of 2.0 m, the maintenance interval 

deviates between 262-318 m. 
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Figure 6-7: Histogram of the estimated maximum cutting path length 

In order to avoid sever damages and unplanned maintenance stops, the lower limit 

value can be chosen. However, it may not be the economically optimal choice. There-

fore, the deviation of the maintenance interval is analysed. 

6.1.2 General sensitivity analysis 

A global sensitivity analysis is conducted to gain a better comprehension of the system 

behaviour and dependencies of the input and output parameters. Therefore, PVS are 

performed, that vary chosen parameters within a given range and step size. The pa-

rameters and ranges are chosen according to the boundaries given by (Köppl et al. 

2015b). The step size has been chosen in order to gain a wide variety of results, while 

also reducing the number of needed simulation runs. Table 6-3 presents all parameters 

used.  

Table 6-3: Input parameters and ranges for PVS.  

Parameter Min Max Step size 

SAI [-] 0  1,800 200 

pe [mm/rev] 5 45 5 

pbar [bar] 0.0 3.6 0.4 

Lmaint [rings] 44 164 8 

DTBM [m] 5.0 15.0 5.0 

fprev [-] 0.8 1.5 0.01 
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The following boundary conditions and input parameters are set and kept constant for 

the succeeding analyses: 

 Ltunnel = 8.0 km 

 U = 2.0 rev/min 

 Lseg = 2.0 m 

Furthermore, if the regarded input parameter are not suspect of the analyses and thus 

varied, they are kept constant at following values: 

 Lmaint = 50 rings ≙ 100.0 m 

 SAI = 800 

 pe = 15 mm/rev 

 pbar =0.6 bar 

The output parameter that has been evaluated are the resulting maintenance costs. In 

the following, relevant excerpts of the results are presented and discussed. For all input 

parameters, their influence on the maintenance costs for the regarded machine 

diameters are evaluated.  

Support pressure for CA interventions pbar 

Regarding the support pressure during CA interventions it can be seen that due to the 

shorter working time allowed under compressed air, the maintenance cost increase 

when enhancing the pressure (Figure 6-8). This is due to the additional intervention 

processes that become necessary, when the tool replacement requires more time to 

be completed than the maximally allowed working time.  

 

Figure 6-8: Influence of the face support pressure CA intervention on the deviation of 
maintenance cost for different machine diameter.  
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Length of maintenance interval Lmaint 

Figure 6-9 shows the influence of the maintenace interval on the costs. It can be seen 

that there is no linear dependency of the interval and costs. This is due to the non-

linear number of maintenace stops and interventions during each stop. Furthermore, 

the number of replaced tools changes according to the maintenance interval. The red/ 

big points mark the determined maintenance interval using the wear prediction model. 

It can be seen that small increases of the the maintenance interval cause only small 

increases of costs for all machine diameter. However, if a cerrtain interval length is 

exceeded, additional corrective maintenance stops must be conducted which cause a 

sudden increase of costs.  

 

Figure 6-9: Influence of the maintenance interval on the costs for different machine 
diameters.  

In general, increasing the number of maintenance stops decreases the cost that occur. 

Nevertheless, if the optimal number is reached, additional maintenance stops do not 

provide any further economical benefits, but result in expendable costs (Figure 6-10).  
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Figure 6-10: Influence of the number of maintenance stops on the costs for different 
machine diameters. 

Penetration pe 

One of the indirect steering parameters of a tunnelling machine is the penetration of 

the cutting wheel. If the actual penetration is lower than the planned penetration, the 

cutting path of the tool per tunnel meter will increase. This leads to a reduced mainte-

nance interval (Figure 6-11). When the scheduled maintenance stops are not adjusted 

accordingly, corrective maintenance work becomes necessary, increasing the mainte-

nance costs.  

 

Figure 6-11: Influence of the penetration on the maintenance costs.  
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decreases when exceeding a certain SAI value. Furthermore, it can be seen that out-

side the investigated range of SAI values (grey area) no valid statement can be made 

about the development of maintenance costs.  

 

Figure 6-12: Influence of the SAI value on the maintenance costs.  

Correction factor fprev 

The preventive replacement of cutting tools causes a lower utilization rate of the tools 

while increasing the reliability of the maintenance strategy by avoiding unplanned 

maintenance stops. Increasing the correction factor fprev, the utilization of the tools in-

creases so that the total number of replaced tools decreases. However, by increasing 

the limit value for preventive replacement of the tools the probability as well as fre-

quency of unplanned maintenance stops and damaged tool holders increases, which 

leads again to higher maintenance costs (Figure 6-13).  

Nonetheless, it has to be taken into account that for this PVS no uncertainties are 

considered, yet. Therefore, the influence of this factor when considering uncertainties 

are examined later on.  
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Figure 6-13: Influence of the correction factor fprev on the maintenance costs  

In Figure 6-14 and 6-15 plots are given that show the dependence of the maintenance 

cost on the relation between the length of the maintenance interval and the correction 

factor fprev for two different machine diameters. It can be seen that the optimum of fprev 

ranges between 1.0 and 1.2. Furthermore, it becomes apparent that preventive mainte-

nance will not avoid corrective maintenance stops, if the maintenance interval is too 

large. However, reducing the preventive replacement of cutting tools will increase the 

need of corrective maintenance, thus the maintenance costs.  

Nonetheless, regarding these two factors, considering uncertainties is mandatory to 

find a reliable and robust optimum. Concluding, an optimization of these two values, 

even without uncertainties, is a difficult task and is best performed using the PVS.  
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Figure 6-14: Surface plot of the maintenance costs in dependence of Lmaint and fprev 
for DTBM = 5.0 m 

 

Figure 6-15: Surface plot of the maintenance costs in dependence of Lmaint and fprev 
for DTBM = 15.0 m 
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6.1.3 Sensitivity of uncertainties 

There are two types of uncertainties that have to be considered: the deviation of an 

input parameter and the probabilistic occurrence of an event. Here, the deviation of the 

parameters SAI and penetration are regarded using distribution functions. Further-

more, the sudden increases of the tool wear by surface spalling or breakage of the tool 

is analysed by considering the probabilities Pmajor and Pminor. The used boundaries for 

this investigation are: 

 Ltunnel = 8.0 km 

 Lseg = 2.0 m 

 fprev = 1.0 

 DTBM = 15.0 m 

 pbar = 0.6 bar 

 U = 2.0 rev/min 

In order to analyse the influence of the deviation of the SAI and penetration values, the 

distribution density functions given in Figure 6-16 are used. The values of these pa-

rameters are varied for every advance cycle. This way, the wear rate of the cutting 

tools fluctuates during the project execution.  

 

Figure 6-16: Distribution density functions of the SAI and penetration values. 

MCS with 10,000 simulation runs each are performed to estimate the influence of the 

uncertainties. The SAI and penetration values are varied according to the distribution 

function. For the determination of preventive replacement, the 95 % and 5 %-quantile 

value of the parameters, SAI95% = 730 and pe,5% = 5.03 mm/rev, are used.  

Two experiments have been conducted regarding different maintenance intervals. Ac-

cording to Section 3.2.3, the length of the maintenance interval has been calculated 

considering the uncertainties in SAI and pe. For the first experiment, the resulting 

5 %-quantile (Lmaint,5% = 166 m ≙ 83 rings) for the maintenance interval has been used. 
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Even though this values already covers 95 % of the possible values, corrective mainte-

nance occurred for all simulation runs. Therefore, Experiment 2 has been conducted, 

where the maintenance interval is chosen equal to the minimum value of the prelimi-

nary investigations Lmaint,min = 150 m ≙ 75 rings. This way the number of unplanned 

maintenance stops could be reduced. Nonetheless, the maintenance costs are higher 

than for Experiment 1, because of the additional planned maintenance stops. However, 

the deviation of the results from Experiment 2 are lower. The resulting amount and 

deviations of the maintenance costs are presented in Figure 6-17. These investigations 

show that further optimisation not only of the maintenance interval but also of the pre-

ventive replacement (fprev) is mandatory to develop an economical but also robust 

maintenance schedule.  

 

Figure 6-17: Histogram of the resulting maintenance costs for uncertain SAI and 
penetration 

To analyse the effect on the chosen type of distribution function, the functions are re-

placed by simple triangular distributions, according to Figure 6-18. Triangular functions 

can be used if no sufficient data is available for distribution fitting. These distribution 

functions are used for Experiment 3. 
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Figure 6-18: Comparison of distribution functions for SAI and penetration. 

Figure 6-19 shows the resulting maintenance costs of Experiment 3 in comparison to 

Experiment 2. There is a significant difference in maintenance costs when using the 

same maintenance schedule as for Experiment 2. An increased number of unplanned 

maintenance stops and replaced cutting tools are resulting in higher maintenance 

costs.  

 

Figure 6-19: Histogram of maintenance costs for Weibull distributed penetration and SAI in 
comparison to triangular distributions 

These differences can be explained by taking a closer look at the distribution functions 

of the SAI value. The Weibull-distribution leads to a higher frequency of small SAI val-

ues, while the triangle distribution leads to a higher frequency of higher SAI values (see 

Figure 6-20). Therefore, using the triangle distribution function changes the needed 

maintenance interval. It is reduced to Lmaint,5% = 72 rings and Lmaint, min = 67 rings. This 

means a difference of 16-22 m. For the preventive replacement of cutting tools, the 

limit values SAI = 1,000 and pe = 7.0 are used.  
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Figure 6-20: Comparison of frequency of occurrences of the SAI value. 

This first estimation of the maintenance schedule already indicates how important the 

right choice of input data is. A continuous comparison of the assumed and the actual 

wear behaviour during project execution is therefore indispensable.  

For the next experiment 4, probabilities for sudden damages of the cutting tool are 

added. The chosen probabilities are:  

 Pmajor = 0.0001  

 Pminor =0.002 

The additional damage of the cutting tools and the random breakages of the tools 

cause higher maintenance costs and a greater deviation of results (Figure 6-21). Con-

cluding, if surface spalling of the tools or sudden breakages are to expect, the mainte-

nance schedule has to be adjusted accordingly.  

 

Figure 6-21: Histogram of the resulting maintenance costs with and without surface spalling 
and sudden breakages 
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6.1.4 Robust optimisation 

The results of the preliminary investigations have shown that an optimisation of the 

maintenance schedule is mandatory, when considering uncertainties. Therefore, a pa-

rameter variation of Lmaint and fprev is conducted, considering uncertainties. Hence, for 

each parameter set a MCS with 1,000 simulation runs is performed. This analysis ba-

ses on the input parameters of experiment 4.  

The resulting values for each parameter set are evaluated according to the robustness 

analyses presented in Section 4.4.2. The results of the preliminary experiments were 

symmetrically distributed. Therefore, the mean value and standard deviation are de-

termined and used for the optimisation procedure. The results clearly show that the 

determined maintenance interval of 75 rings is not optimal regarding the maintenance 

costs. Due to the added sudden damages, a shorter maintenance interval is recom-

mended. The maintenance interval Lmaint = 65 rings with a correction factor fprev results 

in the lowest maintenance costs with a mean value of µm = 9.57 Mio-€ and a standard 

deviation of approximately σs = 279,000 €.  

 

Figure 6-22: Scatter plot of standard deviation and the mean value of the different mainte-
nance parameter sets 

For the robust optimisation, the R-values of all parameters sets are determined. The 

weighting factor is varied to find all optimum values. These values are labelled in black 

in Figure 6-22 and their function of the robustness index is given in Figure 6-23. It can 

be seen that as soon as the standard deviation is taken into account, the aforemen-

tioned maintenance schedule is no longer the optimal choice. In general, it can be seen 

that a short maintenance interval reduces the deviation of the results. The mean costs 
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are reduced when increasing the length of the maintenance interval until the optimum 

value is reached. If this length is exceeded, the maintenance costs will increase again.  

 

Figure 6-23: Target function R(α) for the chosen parameter sets. 

However, it has to be considered that these results are gained by MCS with only 1,000 

simulation runs. For a more valid conclusion, the number of simulation runs must be 

increased. 

6.2 Case study 

In the following, a fictive example project is analysed. Therefore, the project boundaries 

and input parameters are presented. Afterwards, a MCS simulation is performed to 

compare two project setups. Therefore, the resulting project costs are analysed and 

the robustness of the setup is evaluated. According to the PVS of the sensitivity anal-

yses, the more advantageous setup is improved to reduce the amount and deviation 

of maintenance costs.  

6.2.1 Project description 

The following case study has been published similarly in Conrads et al. (2019). Two 

designs of an exemplarily metro tunnelling project are analysed. The first scenario A 

considers two single-track tubes. Therefore, two smaller tunnels are excavated. The 

other scenario B considers the excavation of one double-track tunnel with a lager di-

ameter as shown in Figure 6-24. 
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Figure 6-24: Layout of the two tunnel scenarios: A) two single-track tubes (D = 6.20 m); 
B) one double-track tube (D = 9.50 m) (Conrads et al. 2019). 

The total length of the tunnel is 3,000 m, divided into three homogeneous sections with 

different values for soil properties. Between ring number 800 and 830 the tunnel 

passes under a river. Furthermore, at tunnel meter 2690-2713 there is a sensible sur-

face structure. At both areas, a compressed air intervention should be avoided. The 

input data of the three homogeneous sections are summarised in Table 6-4.  

Table 6-4: Input data for the soil properties of the homogeneous section. 

Input  
 

Soil 1 Soil 2 Soil 3 

Start [m] 0 600 2100 

End [m] 600 2100 3000 

SAI 

weibull 

min = 0.0, α = 1.5,  
β = 350.0 

weibull 

min = 0.0, α = 1.8,  
β = 800.0 

weibull 

min = 0.0, α = 1.5,  
β = 500.0 

SAI95% 730 1470 1040 

pe [mm/rev] 

weibull 

min = 2.0, α = 5.3,  
β = 23.0 

weibull 

min = 0.0, α = 4.8,  
β = 25.0 

weibull 

min = 0.0, α = 5.0,  
β = 20.0 

pe,5% 13.1 13.5 11.0 

 

Since there are no boulders or obstacles to expect, Pmajor is set equal to 0.0. However, 

probability of surface spalling is still set equal Pminor = 0.002. Furthermore, the air pres-

sure inside the excavation chamber is set at 2.5 bar. Therefore, several accesses of 

the excavation chamber during one maintenance stop may become necessary. 
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6.2.1 Evaluation of maintenance schedule 

The positions of the maintenance stops are determined using the wear prediction 

model for the outer cutting tools, since they will be worn out first. In order to estimate 

the position considering the uncertainties of the soil properties, a MCS has been con-

ducted for each HGB and machine diameter. The resulting interval lengths are sum-

marised in Table 6-5.  

Table 6-5: Minimum length of the maintenance intervals Lmaint [m] for Soil 1-3 and the resulting 
maintenance positions. 

DTBM [m] Soil 1 Soil 2 Soil 3 

Maintenance interval [m]  

6.2 486 374 356 

9.5 308 240 228 

Maintenance positions [m]  

6.2 
[243; 443; 630; 817; 1004; 1184; 1362] 

n = 7 

9.5 
[154; 306; 426; 546; 666; 786; 906; 1026; 1141; 1255; 1369;1483] 

n = 12 

 

Using these maintenance intervals, there are no interventions scheduled within the 

range of the critical areas.  

6.2.2 Results 

In Figure 6-25, the resulting distribution of the maintenance costs for the two machine 

diameters are presented. The total costs for Scenario A were double, since two tunnels 

have to be excavated, thus twice the maintenance work has to be carried out. It can 

be seen that the maintenance costs of Scenario B are significantly lower than for two 

tubes with a smaller diameter.  

However, for scenario B there is a higher risk of unplanned maintenance stops. Espe-

cially the probability of no unplanned interventions is significantly lower for Scenario B 

(P0,B = 90/10,000 = 0.9 % and P0,A = 7,123/10,000 = 71.23 %). Furthermore, excavat-

ing the two tubes of Scenario A one after the other lowers the risk of unplanned mainte-

nance even more. The actual geological conditions and wear behaviour of the tools 

are better known and more certain for the second tube. It shows that the bigger diam-

eter machines are more sensitive to deviations of the soil properties. This behaviour 
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can be explained by regarding the ratio of excavated tunnel meter to the cutting path 

of the tool. The ratio is significantly higher for large diameters causing a greater effect 

of the deviation in the wear amount.  

 

Figure 6-25: Histogram of the resulting maintenance cost for 10,000 simulation runs. 

6.3 Verification and Validation 

The verification of a simulation model is the proof that the implementation and calcu-

lations of the model work correctly. The validation proofs that the developed model is 

in accordance with the actual system. For the verification and validation (V&V) of a 

simulation model, several methods exist, thus suitable methods have to be chosen 

carefully. Rabe et al. (2008) and Sargent (2009) give a review of different methods that 

can be used for V&V of the simulation model. In the following, the described methods 

that are applicable for the presented simulation model are used for the V&V.  

Conducting V&V it must be considered that the increase of the model confidence cause 

an increase in the V&V effort and may lead to high costs and/or long durations for the 

V&V procedure. The ratio between invested effort for V&V and increase of the model 

confidence to gain a higher value of the model is not proportional as shown in Fig-

ure 6-26. It can be seen, that by increasing the value of the model by conducting V&V, 

the costs, which are caused by conducting V&V, increase more rapidly to gain a very 

high confidence of the model. In most cases, conducting V&V to gain 100 % confidence 

leads to a disproportionate increase in costs.  
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Figure 6-26: Model Confidence (Sargent (2009)). 

6.3.1 Verification 

For the verification of the presented model the following methods are used according 

to Rabe et al. (2008, pp. 95–112) and Sargent (2009): 

 Submodel Testing 

 Fixed Value Tests 

 Statistical Techniques 

 Operational Graphics 

Submodel testing 

Submodel Testing is an approach of analysing single elements of the system and it is 

not only used to verify the global output parameter “maintenance costs”, but also to 

verify the intermediate values. In general, it is recommended to verify single elements 

of the model before verifying or validating the whole model. Therefore, the following 

presented methods of verification are used on submodel level.  

Fixed value test 

Each function of all agents has been verified directly after their implementation. There-

fore, Fixed Value Tests have been conducted. The principle of this method is to change 

the random model into a deterministic model. The distribution functions are exchanged 

with discrete input values, so that the resulting values from the model can be compared 

with manually calculated values. Similarly, if distribution functions shall be used for the 

input parameters, the determined input values have to be added to the output accord-

ingly. This way, for each set of input values, the resulting output can be verified. In 

particular, the following parameters have been verified: 

 Wear amount of each tool after one advance cycle 

 Threshold for preventive tool replacement 

 Duration of maintenance work and decompression time 
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However, this method only checks a few samples. In particular, more complicated op-

erations or functions may not be fully verified by applying this method. In order to in-

crease the reliability, PVS or sensitivity analyses can be conducted. This way, the num-

ber of checked samples increases and a greater range of values can be verified. 

Statistical techniques 

In order to verify the distribution function of the input parameters, Statistical Techniques 

can be used. However, these methods, e.g. Chi-Square Test or Kolmogorov-Smirnov 

Test, were already applied during distribution fitting (see Section 5.1.1). Therefore, the 

used distribution functions that base on a sufficient quantity of data can be considered 

as verified. The correct calculation of the random number have been checked graph-

ically as presented in Figure 6-27. The resulting histogram of the calculated data fol-

lows the same shape as the implemented probability density function (pdf) of the input 

parameter. 

 

Figure 6-27: Comparison of calculated data with the defined 
probability density function (pdf). 

The presented model includes physical parameters, which means that negative values 

must not occur. Therefore, the random value generation includes a query that stops 

the model and throws an error if the generated value is smaller than zero.  

In order to prove that the chosen number of simulation runs of 10,000 is sufficient for 

the MCS, the resulting maintenance costs are divided into two data sets of 5,000 sim-

ulation runs each. Comparing the minimum, maximum and mean value of both da-

tasets, there is only a deviation of less than 0.5 %. This shows, that even less simula-

tion runs would be sufficient to evaluate the deviation of results. 
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Operational Graphics 

Operational Graphics can be added to the graphical interface of the model. Therefore, 

values or state variables are displayed in graphs during the simulation. This way, the 

development of the variable over time can be observed. It is used to verify the wear 

behaviour of the cutting tools and to check the implemented rules for preventive tool 

replacement. Errors in tool replacement and wear calculations were detected and cor-

rected. 

During the implementation different small verifications, in particular Fixed Value Tests, 

have been applied to identify and erase possible errors. For example, it has been 

checked whether the correct decompression time has been chosen from the database 

according to the CA support pressure. Whenever the results did not fit the expected 

range of values and no explanation for the system behaviour could be found, further 

test have been conducted.  

6.3.2 Validation 

The validation of the model is a more complicated task than its verification, since the 

data of wear and maintenance is difficult to obtain. Furthermore, not all validation meth-

ods, which are proposed by Rabe et al. (2008, pp. 95–112) and Sargent (2009), are 

feasible. Here, three methods are chosen and discussed that could be used for the 

validation of the model: 

 Face Validity 

 Historical Data Validation 

 Predictive Validation 

Even with a small quantity of data, the model can be checked qualitatively. Therefore, 

the Face Validity method can be used to prove whether the model behaviour is realistic. 

It uses the knowledge of an expert in the field by discussing the model structure and 

the relation of the input and output data. This way, it is proved whether the model 

structure and implementation as well as its behaviour are reasonable. Here, this 

method has been applied in particular for the results of the sensitivity analysis. The 

system behaviour on changing input values has been analysed. If an unexpected be-

haviour occurred, theses have been formulated about either possible errors that have 

to be checked or explanations for the behaviour that had to be verified. The results 

have been discussed with two experts and the presented results of the analyses in 

Section 6.1 and 6.2 have been stated reasonable. This way, major errors could be 

detected and corrected. Furthermore, this procedure enabled a better understanding 

of the model and the system itself.  
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For the quantitative validation, the other two methods can be used for the validation of 

this model. The most common method is the Historical Data Validation. It contains the 

back analysis of historical project data and a comparison with the model output. There-

fore, the necessary project-specific input parameters are used as input data for the 

simulation experiment. Considering uncertainties in the input parameters, a MCS has 

to be performed. The simulated results are then to be compared to the actual resulting 

values of the project. Figure 6-28 presents how the validity of results can be checked. 

The red line represents the resulting maintenance duration of a project. If this value 

lies within the deviation of the output data, as represented by the green output data, it 

can be proven valid for this project. The blue output data shows the case of invalid 

results. 

 

Figure 6-28: Exemplary comparison of calculated data of a simulation model with measured 
values of the analysed projects.  

However, a 100 % validity of the model cannot be ensured, since only one case has 

been checked. Furthermore, this method requires a huge quantity and quality of data. 

The main disadvantage of this method is that the maintenance work of the historical 

data is highly affected by individual decision making processes. Only projects, which 

are scheduled based on the wear prediction method implemented in the simulation 

model, can be used for the validation. If there are other methods used for maintenance 

scheduling, the maintenance schedule of the project must be implemented directly into 

the model to gain comparable results. Using different maintenance strategies will lead 

to a varying number and positions of maintenance stops, which will lead to a deviation 

of the amount of replaced tools and thus of the duration and costs. Therefore, the 

maintenance-scheduling method cannot be validated this way. It could only be used 
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for the validation of the wear prognosis. However, the wear prognosis model that is 

used in the simulation model has already been validated during the development (Kö-

ppl 2014). Hence, a validation of the wear behaviour is not mandatory.  

In order to validate the output parameters, e.g. the number of maintenance stops, the 

duration of maintenance work or the number of changed tools, the Predictive Validation 

method is more suitable. Here, the simulation model is used to predict the behaviour 

of a system beforehand. After the execution of a project, the real data is compared to 

the forecast of the model. In order to use this method for the proposed model, the 

implemented wear prediction model is applied for maintenance scheduling of a project. 

During the project execution, the actual wear state of the tools has to be checked and 

compared to the predicted values. Therefore, the assumed input parameters have to 

be validated first. Consequently, in addition to the wear state of the tools, a good doc-

umentation of the soil and steering parameters is required. While the steering param-

eters can be easily assessed, thus are known for the driven tunnel section, the 

knowledge of the soil properties can only be increased using the observational method, 

but the data remains rather uncertain. If the actual parameters fit the assumed distri-

butions, the tools replacement process can be compared to the prediction of the model 

for this maintenance stop. If the assumed wear rate of the tools fit the actual wear rate, 

there should not be any deviations of the number of replaced tools. However, since the 

wear measurement is subject to high uncertainties and deviations the actual number 

of replaced tools may differ from the calculated number basing on the actual wear state 

or the predicted number of the model. Furthermore, the responsible persons on site 

may decide to replace more or less tools, based on their experience. In general, it is 

recommended to consider expert knowledge at all points in time to prove, if the result-

ing schedule is reasonable, since the proposed model has not been fully validated. 

However, due to the lack of application possibilities, the Predictive Validation has not 

yet been conducted.  

6.4 Discussion 

Parameter variation studies have been conducted for a sensitivity analysis of the input 

parameters. This way, the behaviour of the system has been evaluated and the sensi-

tivities have been assessed. It could be shown that the system is robust against minor 

deviations of the input values from the expected values. Concluding, the following find-

ings of the PVS can be summarised: 
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6.4.1 Sensitivity analyses (deterministic): 

Several parameters have been analysed deterministically to investigate their influence 

on the results of the maintenance scheduling model. In the following, the results for 

each parameters are summarised. 

pbar: The dependencies of the maintenance costs from the CA support pressure are 

as expected. An increase of maintenance cost can be observed simultaneously to in-

creasing pressure. This is caused by the longer duration of decompression and shorter 

allowed working time under pressure.  

pe: The maintenance costs strongly increase if the penetration values become very 

small. Decreasing the penetration will significantly increase the cutting path of the outer 

cutting tools. This way, the maximum maintenance interval also decreases, which 

leads to corrective maintenance, if the maintenance interval is not adjusted according 

to the actual penetration value. Increasing the penetration value above the expected 

magnitude will reduce the maintenance cost. However, the reduction in costs is rela-

tively small. Furthermore, it has to be considered that a higher penetration increases 

the probability of surface spalling and sever damages if boulders occur, due to the 

higher loadings applied on the tools. This would lead to an increase in costs. 

SAI: The maintenance costs have a high sensitivity towards the area of small SAI val-

ues. For SAI values of above approximately 1000, there is a stagnation of maintenance 

costs. This relation is similar to the relation of the SAI value to the maximum cutting 

path of a tool, which also does not increase significantly after exceeding a SAI value 

above 1000. Concluding, the maintenance costs are anti-proportional to the maximum 

cutting path of the tools. 

Lmaint: A stepped increase of the maintenance costs occurs when the maintenance 

interval increases. This is due to additional unplanned maintenance stops, which occur 

when the maximum cutting path of the tools is exceeded and repair work becomes 

necessary. Smaller machine diameters lead to wider and less steps. If too small inter-

vals are chosen, the maintenance costs also rise, but with a smaller magnitude. In this 

case, the additional unnecessary interventions cause an increase in costs.  

fprev: The minimum maintenance costs are achieved with a correction factor that lays 

approximately between 1.0-1.2. For this range of values the maintenance costs remain 

nearly constant for all combinations of Lmaint and DTBM. This proves the efficiency of 

preventive maintenance and that there are some tolerances in the determination of the 

replacement threshold.  
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6.4.2 Uncertainties and case study 

The influence of the uncertainties in SAI and penetration have been analysed. It be-

came clear how important the consideration of uncertainties during the maintenance 

scheduling is. Due to the lack of information and data for the soil properties, the distri-

bution function for the SAI value is mostly assumed. Therefore, a deviation from the 

actual distribution is unavoidable. The results of Experiment 2 & 3 show that a deviation 

from the actual distribution may cause a significant change in the maximum allowed 

length of the maintenance interval. This reduction of Lmin causes additional corrective 

maintenance if the maintenance schedule is not adapted to the changed conditions. 

Consequently, a continuous observation of the actual wear state and back analysis 

during the project execution is mandatory.  

The abrasive wear mechanism leads to a constant wear of the tools. Including surface 

spalling and sudden tool breakages to the model with a probability of Pminor and Pmajor, 

the deviation of wear increases significantly. This leads to an increase in scale and 

deviation of the maintenance costs.  

Furthermore, the optimisation of the maintenance schedule, consisting of Lmaint and 

fprev, is not a linear problem. Reducing the maintenance interval will reduce the devia-

tion of the resulting maintenance costs, but at the same time, the magnitude of the 

values will increase (see experiment 1 & 2). Therefore, a robust optimisation has been 

conducted. The experiment combines a PVS with a MCS to estimate the maintenance 

costs for all reasonable maintenance strategies. The target values of the optimisation 

are minimum maintenance costs and minimum deviation of the results. This way, not 

only the costs are reduced, but also the dependability of the maintenance schedule will 

be increased. A large deviation is an indicator for a higher probability of corrective 

maintenance. In order to avoid unplanned maintenance stops, the deviation should be 

minimised. This way the reliability will be increased. However, considering the devia-

tion may significantly influence the choice of the optimum maintenance strategy as 

shown in Section 6.1.4. 

The presented case study showed how the model can be used to support the decision 

making process. Comparing the results of this problem statement to the results of Con-

rads et al. (2019), it can be seen that the same problem statement does not lead to the 

same conclusion if the input data and boundary conditions are different. Concluding, 

no general findings can be found for this problem statement. Instead, an analysis of 

the current project boundaries is necessary.  
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6.4.3 Verification and Validation 

The Verification and Validation of a simulation model are very important but time-con-

suming tasks, due to the high number of parameters and dependencies as well as the 

interaction of the elements. The verification has been conducted mostly simultaneous 

to the implementation of the model, checking the newly implemented elements and 

functions. In order to cope with the uncertainties of the model, first verifications were 

performed for fixed values. Afterwards, the distribution functions have been added and 

random samples have been checked as well. This way major errors could be detected. 

However, a fully verification of all possible parameter combinations would cause an 

extreme number of calculations, leading to a great effort for a rather small benefit. 

Therefore, the results of the sensitivity analysis were carefully evaluated to identify 

errors in the results.  

The results of the sensitivity analyses were further used for a first qualitative validation. 

The result have been discussed with experts to prove that the modelled system be-

haviour is reasonable. A higher reliability can be gained by adding more discussions 

with other experts.  

The quantitative validation of the model has been discussed. Nonetheless, the quanti-

tative validation could not be performed, yet, due to the lack of data. As discussed 

beforehand, even if data would have been available, the validation of the model is still 

limited, since the system state depends on the decision making of the scheduler and 

the executer. Therefore, only the wear prognosis can be validated and the assumptions 

made for the process durations, cost values and the threshold for corrective wear can 

be calibrated. However, these parameters are most likely to differ for each project, due 

to different boundary conditions and personnel on site. Furthermore, the actual soil 

properties are not completely known, even after the project execution, because the 

undisturbed ground is not accessible during the excavation. It is a complicated task to 

verify whether the deviations of results are due to an error in the model or due to the 

deviations of the assumed input parameters. Therefore, deviations from the prognosis 

are always to be expected.  

6.4.4 Conclusion 

The developed simulation model has been used to conduct several analyses. The per-

formed sensitivity analyses support a better understanding of the dependencies of the 

parameters and system elements. The analyses of the uncertainties proves the im-

portance to consider uncertain input data for a reliable maintenance scheduling. In 

general, the following findings can be stated: 
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 Considering uncertainties for determination of Lmaint is mandatory but not suffi-

cient for the scheduling of an efficient maintenance strategy.  

 For the overall schedule, all tools have to be regarded and fprev has to be deter-

mined. 

 The simulation model is a sufficient tool to evaluate the necessary high number 

of elements and their dependencies as well as the uncertainties of the input data 

by enabling MCS. 

 No linear dependency of the maintenance costs from the input parameters can 

be found. In particular, to evaluate the maintenance scheduling parameters 

Lmaint and fprev the simulation approach is needed for a comprehensible assess-

ment of the system behaviour. 

 The simulation models enables an efficient comparison of different maintenance 

strategies or project setups.  

 Verification must be conducted during the development of the model and the 

evaluation of results. 

 Validation is mandatory to provide reliable results. However, a complete valida-

tion of the model is not possible using a reasonable effort.  

Based on the analysis, it is shown how the maintenance of the cutting tools can be 

planned under consideration of the uncertainties. Subsequently, the model can be 

used for an early adjustment of the maintenance stationing during tunnelling on the 

basis of the evaluated tunnelling data. Thus, an improved maintenance planning is 

possible under consideration of the project-specific conditions. 

The developed simulation model can be used to conduct further analysis of different 

projects to gain a better understanding. Several parameter combinations have not 

been analysed yet. However, a complete evaluation of all parameter sets is connected 

with an enormous expenditure and could not be conducted completely for this thesis.  

However, there are still some critical aspects remaining when regarding the validation 

of the model. In particular, the assumptions made during the model development have 

to be calibrated and validated before the model can be used in practice. Most of the 

increases in costs are caused by corrective maintenance. However, the threshold, 

which is used in the model, is assumed without any prevailing data. Furthermore, the 

limit to conduct corrective maintenance is dependent on the responsible personnel on 

site and on the interaction of the machine and the ground. Therefore, this value must 

be further analysed using project data. 
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Furthermore, the classification of the maintenance position needs to be included. 

Therefore, a risk assessment of additional costs caused by either additional measures 

of ground improvement or because of the consequential costs of a blow out or other 

collapse of the tunnel face. In general, the results must always be checked for their 

validity with the help of tunnelling experts.  
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7 Review and Recommendations 

The scheduling of maintenance processes for cutting tools in mechanised tunnelling is 

an important task to ensure a high productivity of the tunnelling process. The wear 

behaviour of the tools is highly subject to uncertainties of the soil properties and steer-

ing parameters. Different wear prognosis models, which are mainly based on empirical 

data, were proposed in literature to improve the assessment of the maintenance effort 

and to support maintenance scheduling during the planning phase of a project. How-

ever, a detailed scheduling of the maintenance process, in particular for hydro shield 

tunnelling, is still not possible.  

The presented simulation-based approach for maintenance scheduling adapts the em-

pirical wear prognosis of Köppl (2014) and extends it with uncertain input data. The 

developed simulation model has been used to analyse the dependencies of the wear 

and maintenance processes and to evaluate the influence, which the uncertainties of 

the input parameters have on the efficiency of the maintenance schedule.  

In the following, the presented model and the conducted analyses are reviewed and 

the main findings are summarised. Based on the results of the analyses, recommen-

dations and findings for the construction management are given.  

7.1 Review of the proposed model and analyses 

A simulation-based approach for maintenance scheduling has been provided, which 

includes uncertain input data and considers the dependencies of all cutting tools. The 

presented simulation model has been used to perform several analyses, which support 

a better understanding of the system behaviour.  

7.1.1 Simulation model 

The proposed simulation model is hierarchically structured in order to implement all 

necessary elements separately while providing a clear and comprehensible interface. 

The chosen simulation software offers a multi-method modelling of the system. By in-

cluding an empirical wear prediction model, the wear state of each cutting tool is sim-

ulated separately. This way, the maintenance decision is based on the individual con-

dition of all cutting tools. Furthermore, uncertain input parameters are included in order 

to consider the unavoidable scattering of ground and steering parameters. The gained 

results support the decision-making process during maintenance scheduling.  

The developed and analysed maintenance strategies are defined by the two parame-

ters maintenance interval Lmaint and the correction factor of preventive maintenance 
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fprev. If uncertain input parameters are used to determine the maximum Lmaint, the prob-

ability of corrective interventions can be significantly reduced. Similarly, the identifica-

tion of the cutting tools, which have to be replaced preventively during a maintenance 

stop, has to be based on uncertain parameters. The correction factor fprev offers an 

opportunity to adapt the preventive replacement according to the risk affinity of the 

scheduler.  

In addition to the maintenance strategies, which solely base on the wear of cutting 

tools, a variety of boundary conditions of the individual projects have been discussed 

with respect to their influence on the chosen schedule.  

However, it has to be considered that the model implies an accuracy that is hardly ever 

given in practice. The calculated maintenance costs are only a parameter for the eval-

uation of maintenance strategies and the comparison of variants. It does not represent 

the actual expected maintenance costs, yet. The used wear prediction model has been 

proven valid for an accuracy of ± 15 %. This deviation of the wear prediction itself has 

to be considered during the evaluation of the simulated results and especially when 

determining fprev. Furthermore, the quality of the results strongly depends on the quality 

of the defined input parameters. Only if the input data fits the actual prevailing condi-

tions of the project, valid results can be obtained. The assumptions made for the cor-

rective maintenance do not base on any actual data. Corrective interventions occurring 

during the simulation of a project have to be carefully evaluated.  

Nonetheless, considering the mentioned critical aspects, the model can be used to 

analyse and evaluate maintenance strategies for hydro shield tunnelling projects.  

7.1.2 Findings of the analyses 

In order to gain a more detailed knowledge about the behaviour of the modelled sys-

tem, in a first step, deterministic sensitivity analyses have been conducted. The influ-

ence of several parameters on the maintenance schedule and on the resulting mainte-

nance costs has been investigated. For some parameters, e.g. the CA support pres-

sure, the dependencies showed the expected behaviour, thus no new insights could 

be gained. However, other parameters showed an unsteady or unpredicted depend-

ency of the maintenance costs from the specific value. This emphasises the im-

portance of the detailed evaluation gained from the simulation model. It is significant 

to further analyse the sensitivities of the model against the deviation of the various 

input parameters.  

Subsequently, it has been investigated, how the uncertainties influence the system 

behaviour. Therefore, a combined PVS and MCS have been conducted. The results of 
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the analyses underline the importance of correct input data. If the actual values deviate 

in an unexpected magnitude, the maintenance schedule will be under or over esti-

mated. Even a merely different form of the distribution function, as evaluated in Section 

6.4.2 Experiment 2 and 3, can lead to a significant increase of maintenance costs.  

The PVS of Lmaint and fprev has been conducted in order to analyse the possibilities to 

optimise the maintenance schedule. The results showed that no clear dependence of 

those two parameters and the optimum maintenance costs could be found. Therefore, 

a detailed analyses of the maintenance strategy is mandatory, in order to identify the 

most economic and reliable solution. For this analyses the proposed simulation model 

is an efficient tool. The implemented model reduces the required effort and time for an 

overall evaluation of the system and simultaneously offers a comprehensible structure 

and evaluation of results.  

With the proposed simulation model, a method has been developed that supports the 

maintenance scheduling of cutting tools under consideration of uncertainties of the 

wear prediction and the multitude of project-specific boundary conditions.  

7.2 Recommendations for the Construction Management 

Maintenance scheduling is a complex but important task for the efficiency of a tunnel-

ling project. A simulation-based approach has been presented, which supports the 

evaluation of maintenance schedules during the planning phase of a hydro shield tun-

nelling project. In order to successfully apply the proposed approach in the construction 

management, the following restrictions must be considered: 

 Only projects within the boundary conditions given by Köppl can be analysed 

with this model.  

 The chosen input data as well as the results of the simulation experiments must 

always be evaluated by an experienced engineer in order to ensure a reliable 

maintenance schedule.  

 The validation of the simulation model must be extended using Historical Data 

Validation or Predictive Validation.  

 Currently, the model can only be used to compare and evaluate different strat-

egies until it is fully validated and calibrated. 

In general, it is recommended to improve the documentation of the maintenance pro-

cesses and tool wear as well as ground properties and steering parameters during 

project execution. A detailed post-processing of project data will lead to an increased 

knowledge about the system’s dependencies and helps to improve wear prediction and 

maintenance scheduling of future projects.  
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Even an exact wear prognosis model needs a high level of information about the soil 

properties. If the ground remains nearly unknown, no proper maintenance schedule 

can be found. There will always be an over- or underestimation of the tool wear. Con-

sequently, a 100% reliable maintenance schedule will never be found, because the soil 

properties are never completely known and always bear the risk of unexpected char-

acteristics, thus wear behaviour.  

However, the presented model offers the opportunity to consider these unavoidable 

uncertainties. This way, a robust maintenance schedule can be determined and the 

risk of the deviation of input parameters can be evaluated. Basing on the mentioned 

findings, the procedure presented in Figure 7-1 is recommended for maintenance 

scheduling. 

Even though the simulation model is not fully validated yet, it offers an efficient method 

to evaluate and compare different maintenance schedules and project set-ups. Fur-

thermore, the proposed simulation-based method helps to decrease the time and 

money spent on maintenance scheduling and execution. 

If process simulation cannot be used due to missing software or knowledge a simplified 

analysis using a calculation tool, e.g. Excel, to conduct a MCS for the determination of 

the maximum maintenance interval of each tool. This way a first estimation of the nec-

essary number and position of maintenance stops is possible. Furthermore, preventive 

maintenance of the cutting tools can be determined manually. However, this method 

is less flexible and detailed than using a simulation model. The gained results also 

have to be validated during project execution after each inspection of the cutter head. 
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Figure 7-1: Proposed procedure for the application of the presented model in the 
construction management.  

Procedure of maintenance scheduling

1. Information gathering

Defining distribution functions for uncertain input parameters

Make assumptions, if no sufficient data is available

2. Calculation of Lc(k) of the outer cutting tools

Considering uncertain soil parameters

Conducting a Monte Carlo Simulation

3. Determining Lmaint or maintenance positions

Considering wear using the results of Step 2

Considering the classification of the project specific boundary condition

4. Adding the input data and maintenance schedule to the model

5. Conducting combined PVS and MCS

Adjusting Lmaint and fprev

6. Checking the obtained schedule on validity and reliability

Qualitative during planning phase 

Quantitative during and after project execution

7. Target-actual comparison of the input data during project execution

significant 

deviations? 

proceed project execution

re-scheduling of 

maintenance work

yes

no

8. Conducting Historical Data Validation

After each intervention and after finishing the whole project

Improving the maintenance scheduling method
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8 Conclusion 

The maintenance of cutting tools in mechanised tunnelling is important to ensure an 

efficient performance of the whole system. In particular, hydro shield machines require 

a reliable maintenance schedule to guarantee a high utilisation of the machine. In the 

following, a conclusion of the developed model is drawn. Therefore, the outline and 

results are summarised. Afterwards, an outlook is given, where further research is pro-

posed.  

8.1 Summary 

The goal of the presented thesis is to provide a method to improve the maintenance 

schedule for the replacement strategy of cutting tools in mechanised tunnelling. This 

method shall consider uncertainties in order to increase the reliability of the mainte-

nance schedule. This way, the utilisation and performance of a tunnelling machine 

shall be improved to increase the economic benefit.  

In a first step, the processes that influence the productivity of the tunnelling project are 

analysed and are grouped into production processes and support processes. Mainte-

nance work is one of the auxiliary production processes, since it is not directly produc-

ing the tunnel construction, but is mandatory to conduct the main production processes 

and lead to unavoidable downtime.  

Process simulation is identified as being a useful method to analyse processes and to 

evaluate and improve the productivity of a complex system. It can be used to analyse 

and evaluate the wear and maintenance of cutting tools. In order to develop a simula-

tion model, detailed information and data of the system are required. Therefore, the 

state of the art of the process controlling and data documentation of tunnelling projects 

in general are reviewed.  

Furthermore, a focus of the literature review is set on the wear prediction of the cutting 

tools and the maintenance processes that are required for the replacement of the tools. 

The wear of cutting tools is a widely discussed topic. Several index tests exist, which 

are analysing the abrasiveness of the ground. However, the focus of this thesis lays 

within the maintenance of cutting tools of hydro shield machines. For hydro shield ma-

chines, a wear prediction model of Köppl (2014) is chosen, because it allows a quan-

titative and individual wear prediction of all tools. This way, not only the amount of used 

cutting tools, but also the maintenance positions can be determined.  
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In order to evaluate and adjust the maintenance schedule obtained from the wear pre-

diction, the maintenance processes are reviewed in more detail. Maintenance pro-

cesses can be categorised into mobilisation, tool replacement and demobilisation. For 

each sub-process, a duration can be set. The decisive process durations are the tool 

replacement, whose duration depends on the number of replaced tools and the de-

compression of the worker if compressed air interventions are required. In general, the 

maintenance of cutting tools uses a predictive schedule. However, preventive tool re-

placements are required in order to obtain an efficient schedule. Furthermore, due to 

the unavoidable uncertainties, corrective maintenance must be considered.  

In order to develop a model to analyse and evaluate maintenance schedules, the an-

alysed system is structured and all elements and processes are implemented in a sim-

ulation model. The individual modelling of all cutting tools enables an evaluation of 

preventive maintenance. Different maintenance strategies can be implemented and 

evaluated. The structured implementation supports a comprehensible evaluation of the 

results. Uncertain input data is considered performing MCS. Furthermore, an improved 

maintenance strategy can be obtained performing a combined PVS with MCS. In order 

to evaluate the regarded maintenance schedule, the evaluation criteria are summa-

rised by monetarisation, determining the maintenance costs.  

The developed model is used to perform several analyses. In a first step, discrete sen-

sitivity analyses are conducted in order to analyse the dependencies of the system and 

to gain a better knowledge of the system behaviour. Furthermore, the influence of un-

certain input data is assessed. The analyses emphasise the importance of suitable 

input data. Even small deviations of the assumed input and the actual conditions may 

lead to a significant increase in costs and downtime caused by corrective maintenance. 

In addition, a comparison of variants is presented, in order to show how the developed 

model supports the decision making process during the planning phase of a project. 

The results of the analyses are used for verification and a first qualitative validation of 

the model.  

Based on the analyses and model evaluations, a procedure for the scheduling of 

maintenance of the cutting tools is recommended for the construction management. 

The first five steps presented in Figure 7-1 are needed in order to determine and eval-

uate a robust maintenance schedule including the maintenance interval Lmaint and the 

correction factor for preventive tool replacement fprev. The next three steps are neces-

sary to increase the validity and reliability of the model and of the obtained results. A 
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detailed documentation during project execution and a continuous comparison of ac-

tual data with the assumptions of the model and the determined results helps to im-

prove the model, thus the determined maintenance schedule of future projects.  

8.2 Further research 

In this thesis, a simulation-based method for maintenance scheduling has been pre-

sented and discussed. However, based on the discussion of the model and analysis 

made, further problem statements and research goals could be identified. In the fol-

lowing, an outlook on further research is given.  

Two aspects should be added to the presented research. The validation of the model 

is mandatory to obtain reliable results. Therefore, as much data as possible must be 

gathered for a more thorough validation of the model using Historical Data Validation. 

If no sufficient data is available, Predictive Validation can be conducted with the help 

of future projects. For both methods a good documentation and processing of the data 

is required in order to conduct a sufficient validation. Furthermore, the assumptions 

made during the implementation of the model must be calibrated using the obtained 

data.  

Detailed documented and processed data can be further used to improve or extend 

the given wear prediction models. This way, the uncertainties might be reduced and 

the application field of the model can be increased. Combining a database of wear 

data with the process controlling of a TBM, real-time adaption of the wear prognosis 

can be conducted in order to improve the maintenance schedule during project execu-

tion. This way, an early warning system can be implemented using actual-target com-

parisons to notify bigger deviations from the prognosis that possibly lead to a failure of 

the system.  

The second aspect that can be extended is the evaluation of the classification of the 

maintenance position based on the project specific boundary conditions. The proposed 

classifications in Section 5.1.2 are only qualitative. In order to gain a comprehensible 

and reproducible method, a fuzzy decision model is recommended as shown in Figure 

8-1. Thereby, the discrete values of the classification are fuzzified using membership 

functions in order to gain uncertain values. Afterwards, rules are defined, which are 

used for the combination of several classification values. In the end, the output is de-

fuzzified, so that a discrete value for the overall classification is obtained.  
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Figure 8-1: Exemplary concept for a fuzzy classification of a maintenance position.  

Another approach is a risk assessment of the maintenance position. Therefore, possi-

ble threads of a CA intervention have to be identified. For each threat, the follow up 

costs in case of an occurrence have to be determined. In addition, the probability of 

occurrence must be determined to evaluate the risk of the threat. Furthermore, the 

decrease of the risk conducting counter measures, e.g. ground improvement, can be 

evaluated as well. The determined probability density function of the follow up costs 

for the analysed maintenance position can then be added to the maintenance-sched-

uling model.  

Furthermore, the implemented model can be included in one of the simulation models 

that are used for the overall analyses of production processes and the supply chain 

presented by Rahm (2017) and Duhme (2018). By doing this, the influence of the 

maintenance work on the overall productivity can be evaluated. Furthermore, the 

model can be extended by implementing additional wear prediction models. This way, 

an analysis of different machine types and ground conditions becomes possible.  
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Appendix A 

Table A-1: Review of the influencing ground properties for hard rock abrasive wear. 

Parameter Values References 

      Hard rock TBM 

abrasiveness CAI,  (Büchi et al. 1995); (Galler et al. 2014);  

(Thuro and Käsling 2011) 

LAC, (Büchi et al. 1995); (Galler et al. 2014);  

(Thuro and Käsling 2011) 

AV / AVS, (Bruland 2000a) 

SJ (Bruland 2000a) 

mineralogy 
eQu (Galler et al. 2014); (Schimazek et al. 1976); (Thuro 

2002); (Thuro and Käsling 2011) 

rock strength,  

resistance 

UCS,  (Büchi et al. 1995); (Galler et al. 2014);  

(Hassanpour et al. 2014) ; (Thuro 2002);  

(Thuro and Käsling 2011) 

BTS, (Büchi et al. 1995); (Galler et al. 2014); (Thuro and 

Käsling 2011); (Schimazek et al. 1976) 

VHNR (Hassanpour et al. 2014) 

Micro- 

structure of the 

rock 

particle size (Büchi et al. 1995); (Schimazek et al. 1976) 

particle shape (Büchi et al. 1995);  

quality of the binder (Thuro 2002) 

homogeneity (Thuro and Käsling 2011) 

degree of weathering (Thuro 2002) 

CAI: Cerchar Abrasivity Index  eQu: equivalent quartz content 

LAC: LCPC Abrasivity Coefficient  UCS: uniaxial compressive strength 

AV/AVS: Abrasion Value (Steel)   BTS: Brasilian Tensile Strength 

SJ: Sievers’ J-value   VHNR: Vicker’s hardness number of rock 
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Appendix B: Questionnaires - Maintenance Processes 

 

Figure B-1: Interview 1, page 1. 
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Figure B-2: Interview 1, page 2. 
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Figure B-3: Interview 1, page 3. 
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Figure B-4: Interview 1, page 4. 
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Figure B-5: Interview 1, page 5. 
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Figure B-6: Interview 2, page 1. 
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Figure B-7: Interview 2, page 2. 
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Figure B-8: Interview 2, page 3. 
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Figure B-9: Interview 2, page 4. 
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Figure B-10: Interview 2, page 5. 
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Figure B-11: Interview 2, page 6. 
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Figure B-12: Interview 3, page 1. 
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Figure B-13: Interview 3, page 2. 
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Figure B-14: Interview 3, page 3. 
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Figure B-15: Interview 4, page 1. 
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Figure B-16: Interview 4, page 2. 
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Figure B-17: Interview 4, page 3. 
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Figure B-18: Interview 5, page 1. 
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Figure B-19: Interview 5, page 2. 
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Figure B-20: Interview 5, page 3. 
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Figure B-21: Interview 6, page 1. 
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Figure B-22: Interview 6, page 2. 
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Figure B-23: Interview 6, page 3. 

 


