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(3)Increased urbanisation constantly demands more infrastructure, often requiring the 


construction of tunnels and facilities underground. The complexity of Tunnel Boring Machine 
 (TBM) function and the complicated nature of soft ground and soil working environments
 make the estimation of wear a challenging issue.


The following tests and procedures are included in the original contribution to this PhD study;


1) an overview and presentation of various laboratory methods designed to estimate and 
 assess soil abrasivity in connection with soft ground TBM tunnelling, 2) the development of 
 models, based on simplified laboratory tests, for the estimation of TBM tool life when 
 excavating soil and soft ground, 3) the development of the Soft Ground Abrasion Tester 
 (SGAT), designed to increase the validity of simplified estimation tools.


The simplified laboratory tests incorporate the Soil Abrasion Test (SAT™), quartz content 
 measurements, and the geotechnical uniformity index Cu. Test results have been correlated
 with, and validated against, TBM tool life and performance data from 16 TBM projects. 


Laboratory test results obtained from the SAT™ provide a good estimation of soft ground 
 excavation tool life. Furthermore, an empirical formula obtained by means of multiple 
 regression analysis using SAT™ and Cu values as variables, and soft ground tool life as the 
 dependent variable, has been derived, and provides a good estimation of soft ground 
 excavation tool life. In addition, the validity of the formula is evaluated against an on-going 
 European TBM tunnelling project. 


The SGAT has been developed in order to study how variation in geotechnical parameters
 such as soil compaction and density, water content, groundwater pressure and soil 
 conditioning additive’s influence the abrasivity of soils. Furthermore, the SGAT provides 
 opportunities to measure the influence of abrasive wear by varying TBM parameters such as 
 thrust, rpm and torque. The main results obtained from the SGAT are that the moisture 
 content of a soil sample, and thus its compactibility, influences soil abrasivity by as much as


±250%. There is a clear correlation between measured weight loss and torque requirement, 
 and a reduction of torque by approximately 40% is achievable with proper soil conditioning.


In addition, measured wear can be as low as 20% of that for an unconditioned sample.  


Research results have been achieved mainly by using the following four approaches, 1) 
literature studies, 2) laboratory tests, 3) field research, and 4) discussions and experience 
sharing with individuals, users and experts in the tunnelling industry. These methods were 
chosen since they offer a variety of approaches to the complex problem of soil abrasivity in 
soft ground TBM tunnelling, and to avoid an exclusive focus on any single source such as 
ideal laboratory tests, published literature or field experience.



(4)This PhD study has provided an extraordinary opportunity to develop, systematise and publish 
 hypotheses and results linked to soft ground TBM excavation tool wear. The problem 


formulation has been relevant, and the results of the study have been the subject of requests 
 from project owners, contractors and TBM manufacturers. This has provided a source of extra 
 motivation during the study.


The use of soft ground TBM tunnelling technology is not widespread in Norway, and research 
 thus necessitated numerous field trips abroad to gather information. The field trips have 
 provided much inspiration since contractors have communicated a great deal of information.


The opportunity to experience new countries and cultures has also provided much personal 
 motivation. 


The collection of real TBM production data has been the most time-consuming activity. Field 
 trips have also been a challenge for my small family. During the first year of the study, my 
 wife and mother-in-law took care of my son Theodor. Having my mother-in-law living under 
 the same roof in a 70m2apartment provided a perfect excuse for numerous getaways. I am 
 very grateful to my lovely Senobia, my mother-in-law Leonarda, my son Theodor, and my 
 parents. Without their support, the travelling and completion of the doctorate would have been 
 very difficult.


All field data have been provided by helpful contractors, clients and TBM manufacturers such 
 as Tim E. E. Becker (previously at Lemme Tiefbau Berlin, and now at Becker Engineering 
 and Consultants), Impregillo S.p.A., Mannfred Köhler (öbb Austria), and Lutz Zur Linde 
 (Herrenknecht). The results presented in this thesis would not have been achieved without 
 feedback from the tunnelling industry. 


The laboratory results and developments presented in this thesis and other papers would not 
 have been achieved without the help of Filip Dahl (SINTEF Rock Engineering). Filip´s 
 interest, assistance and feedback have provided me with much motivation during the four 
 years of the doctorate study. The development of the new apparatus Soft Ground Abrasion 
 Tester has been achieved by means of a collaboration between Torkjell Breivik (NTNU 
 Department of Rock Engineering and Geology), and Lars Langmaack and Herbert Egli 
 (BASF Construction Chemicals). The numerous frustrations experienced during this process 
 have finally resulted in a useful outcome. For tribology explanations and guidance as well as 
 discussions on laboratory set-ups, associate Professor Nuria Espallargas have been very 
 helpful.


Combining field and laboratory research approaches has been an expensive process, and the 
financial support provided by the Norwegian Tunnel Society (NFF,www.tunnel.no) has been 
invaluable.



(5)theses on relevant subjects taken from the PhD work. I am very grateful to Anders Palm (who 
 obtained data and samples from a project in the Middle East), Wojtek Smolen and Marek 
 Multan (who were following up an ongoing soft ground TBM project in Europe), and Ivar 
 Sletta, Andreas Hauso, Ole Fredrik Brattberg and Leon Eide for their contributions during 
 initial testing of the Soft Ground Abrasion Tester. 


Jardar Lohne has made considerable contributions in terms of discussion and the structuring 
 of published papers. Fellow PhD student Wolfgang Kampel has been a great source of 
 information in relation to the interpretation of statistics and use of the SPSS software. 


Recently qualified PhD students Vegard Olsen and Yangkyun Kim have provided excellent 
 advice on structuring the thesis and have helped in revealing inconsistencies in earlier drafts.


Last, but not least, I would like to show my appreciation to Professor Amund Bruland, who 
has supervised this work. Without his quick decisions and assistance in obtaining funds to 
finance field work, laboratory tests and other activities, there would be nothing to show for 
this work but desktop and literature studies. 
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1 Introduction 1.1 Background


The Norwegian University of Science and Technology (NTNU) has, together with SINTEF,
 established a long tradition in the testing of engineering rock properties as a basis for 
 evaluating tunnelling performance. 


The development of the NTNU estimation model for hard rock TBM performance and drill 
 and blast (D&B) tunnelling performance has been active for several decades. The first model 
 to address hard rock TBM tunnelling applications was published in 1976, and was followed 
 by updates in 1986, 1993, 1994 and 1998 (Bruland 2000). NTNU has also developed 
 estimation models for rock quarrying (Olsen 2009), and for drill and blast (D&B) tunnelling 
 costs and capacity (Zare 2007).


The current hard rock drillability database, incorporating parameters such as Drilling Rate 
 Index™, Bit Wear Index™ and Cutter Life Index™, contains data from more than 3000
 unique rock samples from 50 countries (Dahl et al. 2012). The NTNU estimation model for 
 hard rock TBM tunnelling performance, time and costs (Bruland 1998b) is currently being 
 revised by PhD student F. Javier Macias as part of a project funded by the Research Council 
 of Norway (NFR) and the industry-financed research project Future Advanced Steel 
 Technology for Tunnelling (FAST-Tunn), in co-operation with NTNU and SINTEF. 


In addition to development of the drillability indices, NTNU and SINTEF have conducted 
 several hard rock abrasiveness measurements using the Cerchar Abrasivity Index (CAI),
 mineralogical analyses by Differential Thermal Analyse (DTA), x-ray diffraction (XRD) and 
 thin section analyses. 


In 2004, a request to evaluate soil abrasivity properties from an on-going tunnelling project 
 was received by the GEMINI Centre for Underground Technology. The request was 


submitted by a contractor experiencing short tool life, resulting in low TBM productivity and 
 increased costs. The outcome of this request was a transition to abrasivity tests on soil, based 
 on the existing Abrasion Value Cutter Steel (AVS) test, originally developed for hard rock 
 (Nilsen et al. 2006a). Following the initial publications by (Nilsen et al. (2006a); Nilsen et al. 


(2006b); Nilsen et al. (2006c)), two Master’s theses on this topic, (Jakobsen 2007) and 
 (Klemetsrud 2008), were completed at NTNU, as well as a commercial test project using 34
 soil samples from the Brightwater Conveyance tunnel. Testing was initiated by Jacobs
 Associates, a design company and consultancy preparing the geological baseline reports 
 (GBR) for the Brightwater project. In order to provide information and estimations of soil 
 abrasivity they wanted to include AVS test results. As the number of soil samples increased,
 the name “AVS test” was changed into Soil Abrasion Test™ (SAT). The actual measurement 
 of abrasivity is the same for both test procedures with the exception of the sample 


preparations (Nilsen et al. 2007; Jakobsen et al. 2013a).



(9)Both initial testing and the Master’s theses focused on the Soil Abrasion Test™ (SAT) and its 
 ability to measure soil abrasivity. Measurement of the benefits of soil conditioning additives 
 in hard rock and soft ground using the Ball Mill Test has continued in parallel with SAT™ 


testing. In the period 2006-2010 testing was carried out in the absence of any particular plan 
 to obtain an estimation model of tool life in soft ground TBM tunnelling. However, as the 
 volume of commercial test results built up over the years, the need for a more systemised 
 approach resulted in the present thesis. This PhD thesis on soft ground and soil abrasivity is a 
 result of an initiative from the GEMINI Centre of Underground Technology1.



1.2 Goals and Objectives of the Thesis


The initial main goals of this study addressing abrasive wear on TBMs excavating soil and 
 soft ground were prepared as part of the 2010 PhD research plan (Jakobsen 2010). The main 
 goals were:


1) To find a reliable and versatile methodology for determining the potential of soil and 
 soft ground to cause abrasive wear on TBM tools. 


2) To propose an index or simplified model for estimating tool life in connection with 
 soil and soft ground tunnelling projects.


In order to achieve this, three underlying objectives and sub-tasks were defined and planned:


x To obtain TBM field data and soil samples for laboratory testing in sufficient amounts
 to generate a statistical model. The term sufficient at this initial stage is taken to mean 
 data and corresponding samples from 5-10 projects carried out in varying ground 
 conditions (e.g. clay, silt and sand). 


x To evaluate the results of current laboratory methods against observed abrasive wear, 
 based on correlations between laboratory measurements and field observations.


x To propose a new laboratory method which enables the testing of abrasive wear 
 resulting from reconstructed in-situ soil and soft ground (involving the properties soil 
 density, pressure, larger grain size distribution range, and the use of soil conditioning 
 additives). To evaluate if the proposed new laboratory tests provide a better estimate 
 than current (2010) procedures.


The goals proposed in 2010 have been addressed using the following problem formulations
 and research questions:


1) Is the Soil Abrasion Test™ (SAT, after Nilsen et al. 2007) adequate as an estimator of   
 tool life in soft ground and soil TBM tunnelling?


a. If it is applicable, what is the extent to which it can be used or,


1A formalized co-operation between NTNU’s Department of Civil and Transport Engineering, NTNU’s 
Department of Geology and Rock Engineering, and SINTEF Rock Engineering. 



(10)b. Is it necessary to adapt the SAT™ using other geotechnical properties in order 
 to achieve an estimator?


2) Is a new soil abrasivity test apparatus capable of measuring the abrasivity of in-situ 
 soils, and is this an advance in terms of estimating tool life for soft ground and soil 
 TBMs?



1.3 Limitations and constraints on the research


The following limitations and constraints were placed on the work involved in this thesis:


x Work and data acquisition is limited to tunnel excavation using Earth Pressure 
 Balanced Shield (EPB), slurry shield and pipe-jacking machines.


x TBM project data recorded in this thesis originates primarily from homogenous soil 
 and soft ground, without mixed face and boulders. The absence of mixed face and 
 boulders will most probably result in better correlations and empirical relations 
 between the laboratory tests and field observations presented in Chapter 4. 


x The systematic evaluation of the benefits of soil conditioning additives on abrasive 
 wear shall be limited solely to laboratory trials.


x Recorded tool lives used in this thesis shall include both ripper and scraper tools. Disc 
 cutter life is not included here, but is included in part in Jakobsen et al. (2013a).  


x Tool life estimates does not take TBM operation and TBM design into account.


x Discussions concerning the various soft ground and soil Tunnel Boring Machines 
 (TBMs), as they relate to variations in ground conditions, shall not be included in the 
 thesis.


x There is insufficient data and samples to develop an estimator providing 100% 


certainty. The study shall present estimation trends and indications, and their 
 associated uncertainties.  


x There is insufficient data and samples to distinguish between different soft ground 
 tool’s respective tool lives. 


The proposal in the PhD plan (Jakobsen 2010) was to conduct field experiments using the 
 same TBM, and with the same contractor, in order to evaluate tool life using equipment from 
 different manufacturers under the same ground conditions. These experiments were not 
 successful for two main reasons:


x The tool manufacturers were reluctant to participate in such experiments. This 
 outcome was recognised in the PhD plan as a potential show-stopper.


x The contractor intended for the trial could not offer any large operative TBMs (> 4 m
diameter) during the relevant time period. This meant that there were too few tools on 
the cutter head, such that positioning would most likely influence the outcome of the 
experiment to a greater extent than tool quality. 
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1.4 Structure of the thesis


The thesis is comprised of six chapters, together with an appendix containing the published 
 papers. 


Chapter 1contains background information addressing the objectives of the study and the 
 limitations and constraints on research. The chapter is linked to Papers 1, 2 and 3 listed in 
 Table 1. 


Chapter 2 presents theoretical considerations supporting the research, taken from literature 
 searches and discussions with individuals in the tunnelling industry. More specifically, the 
 chapter introduces the terminology and definitions linked to the fields of soft ground, soil and 
 hard rock, wear theories and soil conditioning, as well as reviewing the work carried out by 
 other researchers and research groups to estimate abrasive wear in soft ground and soil in 
 connection with TBM tunnelling. The chapter is linked primarily to Papers 6 and 10, although 
 information concerning research obtained from literature is included in all the published 
 papers. 


Chapter 3discusses the research methodology, and includes general information about the
 literature search, the tunnel projects included in this thesis, laboratory research and analysis 
 methodology. Also included are the reasons for selecting the research methodologies and a
 discussion of the various benefits and shortcomings linked to the methods in question. 


Furthermore, links are included to published papers dealing with the methodologies. The 
 chapter is linked to Papers 1, 3, 6, 7 and 9 listed in Table 1. 


Chapter 4presents the results and statistics obtained from the field and laboratory research
 conducted during this study, and attempts to compare findings made in the field to those in the 
 laboratory. The chapter is linked to Papers 2, 3, 4, 5 6, 8 and 9. 


Chapter 5 discusses the findings from both this study and the published papers, including 
 inconsistencies and weaknesses encountered during the research, as well as the reliability and 
 validity of the results. It also includes a record of checks made of the validity of a variety of 
 estimations against a current TBM excavation project. The chapter is linked to Papers 3, 6, 9, 
 11 and 12.


Chapter 6 presents the main findings of this thesis and the papers, and makes 
 recommendations for further work.


The published papers referred to in this thesis are presented in the Appendix.A list of these
papers is provided in Table 1.
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1.5 Published papers 


This PhD work has included the publication of 12 papers. The content of these papers varies 
 somewhat, and the following is a brief summary of their relevance. The aim of their 


publication was to promote the acquisition of additional data and samples for use in the PhD
 study. 


Paper 1:Classifications of properties influencing the drillability of rocks, based on the 
 NTNU/SINTEF test method includes a summary of the results of tests on hard rock samples 
 carried out at the NTNU/SINTEF drillability laboratory. The relevance of this paper is limited 
 to research methodology. It also demonstrates how laboratory test results organised in 
 databases can also provide valuable statistics for soft ground and soil abrasivity.


Paper 2:Soil Abrasion in TBM tunnelling represents a state-of-the-art statement on the 
 research subject at the beginning of this present PhD work. The paper also presents some 
 early results taken from a few sites concerning the relationships between SAT™ values and 
 recorded tool life. However, these early correlations are affected by poor field data quality. 


They are based on considering several ripper tools on one cutter head spoke as a single tool, 
 and for this reason should not be compared directly to the correlations presented by Jakobsen 
 et al. (2013a) and Figure 45 and Figure 46 in this thesis. The usefulness of Paper 2 is that it 
 provides early notification of the research plan and subject, and serves to promote the study.


Paper 3:Review and assessment of the NTNU/SINTEF Soil Abrasion Test (SAT™) for 
 determination of abrasiveness of soil and soft ground presents an evaluation of the SAT™ 


test against variables such as soil mineralogy, grain shape, and recorded tool life from 9
 different TBM projects. The paper also provides general presentations and discussions of the 
 consequences of tunnelling in abrasive soil and soft ground. 


Paper 4:Tunnelling in abrasive soils – review of a tunnel project in Germany presents pipe 
 jacking performance data from 8 projects as well as a demonstration of how SAT™ values 
 correlate with tool life data from these projects. This paper is also the first to demonstrate how 
 the geotechnical uniformity index (Cu) influences tool life. The paper is the direct outcome of 
 a joint project with a former contractor facing severe wear problems, and the results have 
 been very valuable for providing hands-on dissemination of the SAT™ test, as well as 
 promoting development of the SGAT test. 


Paper 5:Overview of pipe-jacking performance – review of tunnel projects presents the same 
 findings and discussions as in Paper 4, in German. It does not contain any additional 


information but has served to further disseminate research in this topic.


Paper 6:Challenges of Methods and Approaches for Estimating Soil Abrasivity in Soft 
 Ground TBM tunnelling is a result of a paper (Paper 7) prepared for the NORDTRIB 
 symposium, held in Trondheim in 2012. It presents and discusses various methods and 
 approaches used for estimating soil abrasivity in soft ground TBM applications, and it 
 attempts to compare available test methods with tribological literature and industry 
 experience. 


Paper 7:Overview of Methods and Approaches used at NTNU/SINTEF to Estimate Soil 
 Abrasivity in TBM tunnelling was prepared for, and presented at, the NORTRIB symposium. 


The main aim of this paper was to promote feedback from mechanical engineers, tribologists,



(13)and materials scientists on the approaches used in this PhD study for estimating soil and soft 
 ground abrasivity. 


Paper 8:Predicting the abrasivity of in-situ like soils presents some early results from, and 
 ideas developed by, NTNU, SINTEF and BASF which later resulted in the SGAT study 
 presented in Paper 9. Unfortunately, Paper 8 was not widely disseminated.


Paper 9:Development of the Soft Ground Abrasion Tester (SGAT) to predict TBM tool wear, 
 torque and thrust summarises how the SGAT apparatus was developed, together with 
 SINTEF and BASF, as a part of this PhD work. The paper also presents results and lessons 
 learned from observing the capabilities of the apparatus.


Paper 10:Anti-wear and anti-dust solutions for hard rock TBMs focuses mainly on hard rock 
 TBM tunnelling. However, the early results regarding the reduction of abrasive wear using 
 conditioning foam, as presented in this paper, have been applied in the soil and soft ground 
 studies. 


Paper 11:Influence of corrosion on abrasion of steels used in TBM tunnelling represents an 
 outcome of participation with the NTNU/SINTEF Gemini Centre for Tribology. The paper 
 demonstrates how a synergetic combination of abrasion and corrosion can accelerate wear 
 rates on cutter tools. The paper is yet to be published, but is currently close to finalisation. An 
 outline of the manuscript is attached to the thesis as a part of the collection of papers in the 
 Appendix.


Paper 12: TBM Cutter Steel – a challenge for Norwegian steel suppliers summarises the 
activities which form part of the FAST-Tunn research project currently being carried out at 
NTNU and SINTEF. The paper demonstrates that the research groups (Gemini Centres for 
Underground Construction and Tribology) are working on topics such as steel development 
for cutter tools, the improvement of existing empirical methods, and the development of 
numerical methods to assess and estimate rock breaking and tool wear. 



(14)Table 1 List of published papers linked to this PhD work, sorted by subject2.
 Paper 


no.


Year Title Authors Journal Peer review


1 2012 Classifications of properties 
 influencing the drillability of rocks, 
 based on the NTNU/SINTEF test 
 method


Dahl, F., Bruland, A., 
 Jakobsen, P. D., 
 Nilsen, B. and Grøv, 
 E.


Tunnelling and 
 Underground Space 
 Technology 


Peer-reviewed by 
 two external 
 reviewers
 2 2010 Soil Abrasion in TBM Tunnelling Jakobsen, P. D. and 


Dahl, F.


Korean Tunnelling 
 Association, 
 Mechanised 
 Tunnelling 
 Symposium 


Peer-reviewed by 
 the organisation 
 committee
 3 2013 Review and assessment of the 


NTNU/SINTEF Soil Abrasion Test 
 (SAT™) for determination of 
 abrasiveness of soil and soft ground


Jakobsen, P.D., 
 Bruland, A. and Dahl, 
 F.


Tunnelling and 
 Underground Space 
 Technology


Peer-reviewed by 
 two external 
 reviewers
 4 2012 Tunnelling in abrasive soils –


review of a tunnel project in 
 Germany


Jakobsen, P. D. and 
 Becker, T.


Korean Tunnelling 
 Association, 
 Mechanised 
 Tunnelling 
 Symposium


Peer-reviewed by 
 the organisation 
 committee
 5 2013 Overview of pipe-jacking 


performance – review of tunnel 
 projects


Becker, T. and 
 Jakobsen, P. D.


Presented at NO-DIG 
 Berlin


No peer-review


6 2013 Challenges of Methods and 
 Approaches for Estimating Soil 
 Abrasivity in Soft Ground TBM 
 Tunnelling


Jakobsen, P. D. and 
 Lohne, J.


WEAR Peer-reviewed by 


to external 
 reviewers
 7 2012 Overview of Methods and 


Approaches used at NTNU/SINTEF 
 to Estimate Soil Abrasivity in TBM 
 Tunnelling


Jakobsen, P.D. NORDTRIB 
 Proceedings, 
 Trondheim


Peer-reviewed by 
 technical 
 conference 
 committee
 8 2012 Predicting the abrasivity of in-situ 


like soils


Jakobsen, P.D., 
 Langmaack, L., Dahl, 
 F. and Breivik, T.


Tunnels and 
 Tunnelling 
 International


Accepted by 
 magazine editor 
 9 2013 Development of the Soft Ground 


Abrasion Tester (SGAT) to predict 
 TBM tool wear, torque and thrust


Jakobsen, P.D., 
 Langmaack, L., Dahl, 
 F. and Breivik, T.


Tunnelling and 
 Underground Space 
 Technology


Peer-reviewed by 
 two external 
 reviewers
 10 2010 Anti-wear and anti-dust solutions for 


hard rock TBMs


Langmaack, L. 


Grothen, B. Jakobsen, 
 P.D.


World Tunnelling 
 Congress, Vancouver


Peer-reviewed by 
 conference 
 committee
 11 NA Influence of corrosion on abrasion 


of steels used in TBM tunnelling


Espallargas, N., 
 Jakobsen, P. D., 
 Macias, F. J., 
 Langmaack, L.


Under reviewin Rock 
 Mechanics and Rock 
 Engineering


Issued to the 
 journal 11thof 
 November 2013
 12 2013 TBM Cutter Steel – a challenge for 


Norwegian steel suppliers


Grøv, E., Jakobsen, 
 P.D., Kane, A., 
 Hoang, H., Smading, 
 S., Sagen, T.B.


Tunnelling Journal No peer-review


2Paper 1 is related to background material, providing a description of the status of the NTNU/SINTEF drillability laboratory. 


Papers 2-6 discuss tunnelling in abrasive soil and soft ground conditions, as well results from the Soil Abrasion Test.


Paper 7 summarises work carried out by other researchers on this topic.


Papers 8 and 9 present the development of the new Soft Ground Abrasion Tester developed during this Ph.D study. 


Paper 10 provides background information on the use of polymer-enriched foam in TBM tunnelling. 


Paper 11 provides an introduction to tribo-corrosive wear in TBM tunnelling. 


Paper 12 summarises on-going research at NTNU/SINTEF into wear and tool life in TBM tunnelling.
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2 Materials framework 2.1 General


The estimation and measurement of soil and soft ground abrasivity for TBM tunnelling 
 applications are relatively recent developments in the tunnelling industry. An initial literature 
 study identified various methods for predicting tool life in soft ground and soil. (Nilsen et al. 


(2006b); Thuro et al. (2007); Gwildis et al. (2010)) present various methods that have been 
 used for measuring soft ground and soil abrasivity for TBM tunnelling applications. Initial 
 studies have also presented examples of TBM excavations involving exposure to abrasive 
 ground conditions and their impact on tunnelling performance (Nilsen et al. 2006a),


(Holzhäuser and Nilsen 2006) and (Babendererde 2010). During this study, several papers on 
 the topic of “soft ground and soil abrasivity”have been published, including (Barzegari et al. 


2013), (Gharahbagh et al. 2010; Gwildis et al. 2010; Rostami et al. 2012), (Köhler et al. 2011)
 and (Drucker 2011).


Similar studies identified during this work include the following; 1) Mr. Florian Köppl at 
 Herrenknecht is preparing a PhD thesis on soft ground tool life and the influence of boulders
 in collaboration with the Technical University in Munich, 2) Mr. Eshan Alavi Gharahbagh has 
 conducted his PhD work on the subject of soil abrasivity and the identification of a reliable 
 soil abrasivity index, involving the development of a new test apparatus (Rostami et al. 2012),
 3) Ms. Petra Drucker is conducting a PhD study on the estimation of soft ground and soil 
 abrasivity, also involving the development of a new testing device and 4) the Japanese Tunnel 
 Society has published a report concerning the estimation of tool life in connection with EPB 
 and slurry shield tunnelling (personal communication with Mr. Nakamura Toshiaki, Obayashi
 Corporation, November 2010). Information about these studies has been communicated via 
 contacts made at conferences, and not as part of the literature study.


The main outcomes of the initial literature study and review of theories are as follows:


1) Definitions (e.g. soil, soft ground, abrasion, wear)


2) An overview of laboratory methods used to measure and estimate soft ground and soil 
 abrasivity for TBM tunnelling 


3) An analysis of the limitations of existing laboratory methods for estimating soft 
 ground and soil abrasivity 


4) The establishment of a framework for linking general tribological experience
 regarding wear to applied theories developed in relation to tool life for TBMs 
 excavating soft ground and soil


5) An understanding of explanations and theories related to the mechanics of soft ground 
 and soil excavation 


6) The benefits and influence of soil conditioning additives 
7) An understanding of soft ground and soil excavation mechanics.



(16)
2.2 Materials understanding


2.2.1 Soil, soft ground and rock


In an engineering perspective, the terms soil, soft ground, soft rock and rock are poorly 
 defined. The ISRM (1978) defines the terms rock and soil on the basis of a material’s uniaxial 
 compressive strength (UCS): 


x Soil < 0.25 MPa UCS


x Soft rock <25MPa - ISRM definition: Extremely low strength, very low strength and 
 low strength rock


x Hard rock >25MPA - ISRM definition: Medium strength, high strength, very high 
 strength and extremely high strength rock


The term “rock” as defined by the NTNU/SINTEF Engineering Geology laboratory is a 
 material possessing a brittleness value of 20 < S20 < 80. “Soft rock” may be defined as having 
 a brittleness value of 65 < S20<80, and “hard rock” 65 > S20.


In this thesis, as in Jakobsen et al. (2013a), the term soil is defined as a sample that can be 
 indented with a hand, finger or nail. Samples that cannot be indented, and which have a 
 brittleness value S20< 80 are defined as rock. Soft rock is defined as a material occupying a 
 transitionalDUHDEHWZHHQVRLODQGURFNZKHUH8&6YDOXHV§– 10 MPa. The term soft 
 ground covers soil and soft rock, which is applicable for Soil Abrasion Test™ evaluation.


Figure 1 shows the relationship between UCS and Brittleness, and the corresponding 
classifications developed by Dahl et al. (2012) and ISRM (1978).



(17)Figure 1. Correlation between uniaxial compressive strength (UCS) and Brittleness (S20). The 
 coloured boxes refer to the UCS classification ranges provided by the ISRM and corresponding ranges 


in the S20classification (the green box includes extremely low strength, very low strength and low 
 strength materials according to the ISRM classification). From Dahl et al. (2012).


2.2.2 Tribological framework


Tribology is defined as the science and technology of interacting surfaces in relative motion, 
 and encompasses terms such as wear and abrasion. This chapter presents wear theories 
 relevant to steel tools interacting with soft ground and soil materials encountered during soft 
 ground TBM tunnelling. The theories originate from research work looking into the applied 
 subject “TBM tunnelling”, and are taken from publications addressing general wear laws 
 linked to tribology. The researchers involved define terms such aswear, abrasion, primary 
 wear, secondary wear,etc. in slightly different ways.


Frenzel and Babendererde (2011) define primary wearas the loss of material from the cutting 


“blade” of the excavation tool. This is what is normally understood as wear in connection 
 with excavation tools. Secondary wearis defined as the effects on other excavation tool 
 components such as disc cutter hubs and bearings, and is a result of passive interaction 
 between the excavation tool and the tunnel face or muck (Frenzel and Babendererde 2011).


Finally, according to Frenzel and Babendererde (2011), wear on the cutter head structure is 
 referred to as subsequent wear.


Nilsen et al. (2006a) define primary wear as wear on excavation tools and surfaces such as 
drag bits, disc cutters, scrapers and buckets/reamers. These components are designed to be 
replaced at appropriate intervals. Secondary wear occurs when primary wear, as described
above, becomes excessive, leading to wear of the structures such as the cutter head, spokes 



(18)and cutter head mounting saddles, which are designed to hold the tools in place (Nilsen et al. 


2006a; Nilsen et al. 2007).


Köhler et al. (2011) defines the term abrasivenessas the capacity of a given type of ground to 
 remove material from tools, and refers to Plinninger (2007) who combines all geological 
 influences on tool wear into the term. However, according to Köhler et al. (2011) and 
 Plinninger (2007), this definition is unsatisfactory, since the term does not include the 
 influence of non-geological factors. 


In the tunnelling industry, the terms wear, abrasive wear and abrasionare commonly used to 
 provide a measure of tool life, even though the terms are not necessarily descriptive of wear 
 mechanisms. Bruland (2000) defines the term cutter lifein hard rock TBM tunnelling, based 
 on the time the cutter tools are exposed to abrasion caused by the rock. 


The tribological literature (Hutchings 1992; Stachowiak and Batchelor 2004) clearly defines
 the termsabrasion and abrasive wearas forms of wear caused when a material is loaded 
 against particles with equal or greater hardness. In tribology, two abrasive wear models are 
 described;two-body abrasive wear and three-body abrasive wear.


Two-body abrasive wear occurs when particles harder than the tool, or firmly-held grits, act 
 like a cutting tool against solid material. Three-body abrasive wear occurs when the abrasive 
 particles are free to roll and slide over the surfaces of two solid materials.


In general, two-body abrasive wear causes greater wear and material removal rates than three-
 body abrasive wear (Hutchings 1992). The main reason for this is that in a two-body abrasion 
 system the interacting particles are more confined, thus increasing the contact forces between 
 them. 


Scanning Electron Microscope (SEM) observations can be used to demonstrate whether a 
 worn surface has been exposed to two- or three-body abrasive wear. In two-body abrasive 
 wear, SEM photos commonly reveal parallel scratches, whereas three-body abrasive wear 
 most often produces grooves. In terms of  TBM tunnelling, three-body abrasion is the result of 
 low confinement friction soils interacting with excavation tools, while two-body abrasive 
 wear occurs in hard rock tunnelling, where disc cutters interact with a hard rock face 


containing fines. In the case of cohesive soils containing harder and coarser particles or mixed 
 face conditions, combinations of two- and three-body abrasive wear effects will be expected. 


Table 2 lists the tribological terms and definitions frequently used in soft ground TBM 
 tunnelling. 


Figure 2 shows worn-out ripper tools (primary wear) and worn-out hard facing as well as 
structural damage to the cutter head structure (secondary wear). The wear on this pipe-jacking 
machine lead to unscheduled maintenance, resulting in increased costs and low performance 
(Jakobsen and Becker 2012). Figure 3 shows close-ups of the worn ripper tools (primary 



(19)wear), and Figure 4 shows secondary wear on the outer rim of the cutter head, causing the 
 actual TBM diameter to be reduced. This phenomena is also mentioned by Nilsen (Nilsen et 
 al. 2006a; Nilsen et al. 2007). Figure 5 shows worn out reamer tools designed to protect the 
 cutter head structure from wear along its rim. 


Figure 2. Worn-out pipe-jacking slurry shield cutter head and tools from the Sammler Ost project in 
 Hamburg. The TBM diameter is 2.24 m. Red circles show fractures (secondary wear) in the cutter
 head. The contractor failed to replace the excavation tools in time. Blue circles show worn-out ripper 


tools resulting from abrasive wear (primary wear). Photo by Tim E. E. Becker.


Figure 3. Worn-out ripper tools abrasive wear. Photo by Tim E. E. Becker. 



(20)Figure 4. Reduced cutter head diameter due to abrasive wear to hard facing. 


Photo by Tim E. E. Becker. 


Figure 5. Worn-out carbide inserts and hard facing on a scraper/reamer tool due to abrasive wear. 


Photo by Tim E. E. Becker.



(21)Table 2 Tribological terms relating to degradation mechanisms 
 identified in relation to soft ground TBM tunnelling.


Term Definition Remarks Reference


Adhesive wear Material degradation due to high 
 temperatures and contact stresses


Unlikely in soft ground 
 tunnelling due to low 
 contact stresses.


(Lislerud 1997)


Abrasion Degradation mechanism caused by 
 friction – synonymous with 
 abrasive wear. 


(Hutchings 1992)


Abrasivity Ability of rock and soil to induce 
 abrasive wear on excavation tools


(Lislerud 1997)
 Abrasiveness Quantitative indication of the 


abrasive properties of a given 
 material. Equivalent term to 
 abrasivity


(Lislerud 1997)


Abrasive wear Degradation resulting from 
 abrasion. Tribological literature 
 distinguishes between two- and 
 three-body abrasive wear


Three-body abrasive wear 
 is likely to be the most
 prevailing abrasion process 
 in soft ground TBM 
 tunnelling


(Lislerud 1997)


Fatigue and fretting 
 wear


Results from minor oscillatory 
 movement between two solid 
 surfaces in motion


(Hutchings 1992)


Impact and erosive 
 wear3


Material degradation due to particle 
 impact 


May cause plastic 
 deformations (overload of 
 materials). Impact wear 
 explains the degradation of 
 soft ground tools 
 excavating boulder ground


(Hutchings 1992)


Primary wear Wear on TBM excavation tools 
 designed to be replaced


(Nilsen 2007)
 Secondary wear Wear on TBM parts not designed to 


be replaced (cutter head structural 
 wear, wear on slurry lines, screw 
 conveyor, etc.). 


(Nilsen 2007)


Two-body abrasive 
 wear


Abrasive wear which occurs when 
 harder particles or firmly held grits 
 act like a cutting tool on a solid 
 material


Likely to occur during 
 hard rock cutting


(Hutchings 1992)


Three-body abrasive 
 wear


Abrasive wear which occurs when 
 abrasive particles are free to roll 
 and slide over the surfaces of two 
 solid materials


Likely to occur in friction 
 soils


(Hutchings 1992)


Tribo-corrosion Degradation consisting of abrasive
 and corrosive wear


(Espallargas et al. under 
 review)


Wear Degradation of materials in the 
 absence of a specific degradation 
 mechanism


(Hutchings 1992)


3Impact and erosive wear and three-body abrasive wearmechanisms both involve loose particles (e.g. sand), 
but the systems differ in terms of the origin of the forces acting between the particles and surfaces. In abrasive 
wear the particles are pressed against the surface (Hutchings 1992).



(22)2.2.3 Excavation tools in soft ground TBM tunnelling


A variety of excavation tools are used for tunnelling in soil and soft ground (Figure 2 to 
 Figure 5). Disc cutters are generally used if the rock mass exhibits a compressive strength in 
 excess of 20 MPa (Khaligi 2011). In mixed ground conditions, involving layers of varying 
 strength, and in soft ground conditions containing boulders, disc cutters are used to break the 
 hard faces into smaller fractions which can then be mucked out through slurry lines or the 
 EPB screw conveyor. 


Soft ground TBMs are also fitted with disc cutters designed to penetrate concrete reception 
 shafts, since excavation of the concrete lining may be too hard for conventional soft ground 
 tools. If friction is too low, disc cutters are deployed in a fixed position which causes flat-edge 
 wear and blocked bearings. 


All TBM parts in contact with the soil are exposed to wear. Figure 6 shows a typical slurry 
 shield TBM fitted with a variety of tools exposed to abrasive wear. Excavation tools such as 
 disc cutters, ripper and scraper tools are designed to be replaced when they become worn. The 
 cutterhead structure and the openings (“buckets”) are also exposed to wear, but these are not 
 replaceable TBM components.


Figure 6. Mixed condition cutter head fitted with scraper/ripper tools and disc cutters. 


Photo; Herrenknecht. 



(23)Figure 7. Photos of a worn-out 17-inch disc cutter (left) and a new disc cutter (right). 


Drag bits, teeth and picks are used in cohesive ground where the greater part of the excavated 
 material consists of clay and silt. Scraper tools are commonly used in sandy ground, and 
 ripper tools in coarse ground conditions, including gravels. Figure 8 shows the excavation 
 tools commonly used in soft ground tunnelling. In addition to these tools, reamers are 
 commonly used to protect the cutter head rim, and to enable an over cut. 


Figure 8. Photos of a selection of soft ground tools as they relate to ground conditions (Babendererde 
 2010). The upper row of photos shows the different soil types involved.


The materials used in disc cutters typically consist of high-alloy tool steels and hardened and 
tempered steels, with hardness values of up to 56-60 Rockwell C (HRC). Cutter tools are 
selected according to the hardness of the rock, and the need for toughness and resistance to 
wear. In soft ground applications, disc cutters are occasionally fitted with carbide buttons. The 



(24)main aim of these buttons is to achieve greater friction between the rolling disc and the face.


Tools used in soft ground conditions, such as drag bits, teeth and scrapers typically consist of 
 a steel body of high-alloy tool steel (42 Cr Mo, equal to AISI 4140) fitted with wolfram
 carbides (WC) with HRC values above 70 (90% WC and 10% CO) (Smading 2013).


Materials selection guarantees an extremely hard and wear-resistant WC tool tip, and a 
 tougher steel body to hold the WC buttons. 


2.2.4 Influence of soil conditioning additives and bentonite


In soft ground tunnelling soil conditioning additives or bentonite are used extensively in order 
 to achieve suitable soil rheology and sufficient face support pressure. In some cases involving 
 a self-stable face, soil conditioning is either not implemented, or is limited to the use of water.


Suitable soil rheology should be assessed in terms of the following; a) the mucking-out 
 operation (conveyor belt, train or muck pumps), b) the type of disposal area and machinery
 used, c) the experience and preferences of the contractor, d) the TBM design (available 
 torque, length of the screw conveyor), and e) the type of soil (clay, silt, sand or gravel).


Figure 9 shows typical face support options as they relate to ground conditions. In general, to 
 ease the mucking-out operation, the consistency of the conditioned soil should be solid or 
 plastic (Langmaack 2009). Slurry face support is appropriate in highly permeable ground 
 conditions such as gravels, since the water and the fines in the bentonite combine to form a
 filter cake between the TBM and the tunnel face. EPB is most appropriate in cohesive ground 
 conditions. Here, fines under pressure will contribute towards establishing a stable face. 


Figure 9. Selection of face support under various ground conditions (Herrenknecht 2013).


By using appropriate soil conditioning, tunnelling using EPB face pressure can achieve higher 
permeabilities (10-3).



(25)In general, there are three types of soil conditioning additives used in connection with EPB 
 tunnelling; 1) foams, which fill the working chamber and reduce wear on the excavation tools 
 and cutterhead structure, 2) anti-clay additives which reduce clogging between the soil and 
 cutterhead and excavation tools, and which improve soil rheology prior to mucking-out, and 
 3) polymers which increase soil adhesion and make the soil less permeable (Langmaack 
 2009).


The use of appropriate soil conditioning additives enables EPB TBMs to excavate in nearly 
 all ground conditions where water pressures are less than 9 bars. In very coarse friction soils
 such as gravels, a combination of foam, polymers and filler materials increase soil


permeability, thus making it possible to maintain earth pressure for face support. In sands and 
 silts, foams are widely used to provide adequate filling of the EPB working chamber, and clay 
 foam and anti-clay additives are used to reduce adhesion and clogging (Langmaack 2009).


In slurry shield TBM tunnelling, a bentonite suspension (water and bentonite) is used both to 
 lubricate the slurry lines for mucking out and to achieve proper face support. Bentonite is a 
 natural material consisting mainly of montmorillonite. Slurry shield TBM tunnelling is carried 
 out mainly in permeable soil and soft ground conditions, where the bentonite suspension is 
 used to establish a membrane called “filter cake”,which assists in maintaining face pressure 
 during excavation (Min et al. 2013).


The use of soil conditioning additives and a bentonite suspension is vital in order to make it 
 possible to excavate soft ground and soil. Both are injected at the TBM cutterhead, and their 
 use is thus very relevant to studies related to the estimation of excavation tool life during soft 
 ground TBM tunnelling (Peila et al. 2012). However, most research on soil conditioning 
 additives carried out so far has concentrated on soil rheology and face stabilisation, and water 
 inflow control (Langmaack 2002; Vinai et al. 2008; Thewes and Budach 2010). However,
 studies of the benefits of soil conditioning in relation to TBM operation parameters, such as 
 torque requirements and abrasive wear reduction, are now emerging (Peila et al. 2012;


Gharahbagh et al. 2013; Jakobsen et al. 2013b).



2.3 Soft ground excavation mechanics


The mechanical cutting of geological materials, including drilling, involves the use of 
 indenters or drag bits. Indenters are more widely used than drag bits, even though theoretical 
 considerations would suggest that the former require more energy to excavate a given volume 
 of rock or soil (Hood and Roxborough 1992). Drag bits are exposed to shear loading which 
 causes shear stresses leading to tool deformation or bit breakage. It is this loading mechanism 
 which prevents the more widespread use of drag bits during rock excavation. 


In the case hard rock, indenter bits break the rock by inducing a force acting normal to the 
rock surface. A drag bit breaks the rock by inducing a force acting almost normal to the rock 



(26)surface (Hood and Roxborough 1992). Figure 10 and Figure 11 illustrate the basic principles
 of rock breaking using indenters and drag bits. 


Figure 10. Rock-breaking using a disc cutter (indentation bit). After Bruland (1998c).


Figure 11. Rock/soft ground excavation using a drag bit. After Hood and Roxborough (1992).


Several researchers have developed models to describe rock-breaking using indentation bits 
 (Hood and Roxborough 1992). Most of these models consider a situation in which a single 
 disc cutter is in contact with hard rock. However, this situation is not relevant to soft ground 
 excavation mechanisms, even though rock cutting today is mainly carried out using 


indentation cutters (Hood and Roxborough 1992).


According to Verhoef (1997), theories of rock cutting using drag picks were developed by 
 Evans (1962) and Evans (1965). These early theories were based on observations during 
 experiments involving coal-breaking. The Evans (1962) and Evans (1965) model considers 
 the breaking of coal along a failure surface to be a highly tensile process. It demonstrates that 
 a crushing zone exists close to the steel tool’s contact with the coal, and fractures develop.


Chipping occurs between the open surface and the fracture. This mechanism agrees well with 
that of Bruland (1998c), who explains how hard rock breaks using disc cutters. 



(27)Soil and soft ground materials behave more like plastic than rock, and as such the basic 
 theories of Evans and Bruland do not always apply to the excavation of soft ground materials.


Hard rock excavation involves a combination of compressive crushing to induce tensile 
 stresses in a relatively brittle rock mass. Soft ground excavation, on the other hand, involves 
 the ripping of a plastic or elastic material. In single-grade sand, the excavation process 
 involves controlling the flow of the excavated material rather than inducing high contact 
 stresses between the tools and the tunnel face. Thus, the process of crushing intact grains is 
 assumed to be less intense during soft ground and soil excavation, than for operations in hard 
 rock. In cases of compacted moraine materials, a combination of ripping and the induction of
 tensile failure is believed to occur. 


2.3.1 Excavation of mixed face and boulders


Mixed face conditions exist when the tunnel face contains sections exhibiting variable
 properties (Bruland 1998e). According to Tóth et al. (2013), an industry accepted standard 
 definition for a mixed face situation is where the uniaxial compressive strength ratio between 
 the weakest and strongest material in the face is less than 1/10. However, mixed face effects 
 such as high peak loads on excavation tools and high cutter head torque are experienced in 
 connection with tunnel faces exhibiting higher ratios. The Singapore Circle Line Project 
 encountered mixed face problems such as high peak loads, destructive wear, inconsistent 
 performance and face pressure. Here, the UCS ratio was greater than 1/10. As a result of cases 
 such as these, the term mixed face has been redefined (Tóth et al. 2013) as follows;


“Mixed face ground is the ground, where there are two or more geological materials 
 simultaneously present on the tunnel face with significant differences in material properties 
 that influence significantly, a) penetration rate of the TBM or b) operational parameters of 
 the TBM or c) support system installed behind the TBM."


Tóth et al. (2013) also present an overview of recent publications documenting problems 
 encountered under mixed face conditions. The SMART tunnel in Kuala Lumpur is one 
 example where the face consisted of a limestone formation overlain by silt and sand. The 
 limestone was weathered into an irregular and inhomogeneous rock mass which caused a 
 number of difficulties for TBM operations (Klados and Yeoh 2006).


Mixed face conditions were also encountered in the Porto Metro line excavation. The geology 
consisted of massive granite overlain by soil deposits with a set of variously weathering strata 
in between (Tóth et al. 2013). Figure 12 shows disc cutter consumption data for the various 
weathering grades of the granite and soil conditioning schemes. However, it is difficult to 
conclude a relationship between weathering grade and tool life from these data.



(28)Figure 12. Disc cutter consumption during excavation in granites of various weathering states. From 
 the Porto Metro line S (Nilsen et al. 2007).


Jung et al. (2011) present tool life and TBM performance data from a 1.66 km tunnel section 
 along the Bundang subway line in Seoul, excavated under the Han river. The geology 
 consisted mainly of hard and soft rock with some transition zones where both the hard and 
 soft rock types are present. The soft rock exhibited RQD values from 20 to 30, Q values from 
 0.17 to 0.92 and an elastic wave velocity less than 2500 m/s. In terms of tool life, the TBM 
 manufacturer estimated a consumption of 237 disc cutters, while the NTNU hard rock TBM 
 prognosis model predicted 634. The actual consumption was 1263 cutters. According to Jung 
 et al. (2011), the high consumption was the result of the fact that a single set of cutters was 
 used for all rock types (from soft rock to hard rock), and the mud from the excavated soil 
 clogged the chamber and cutter tools causing uneven wear on the cutters. In terms of disc 
 cutter consumption and wear type, about 75% of the cutters were changed due to abrasive 
 wear, while the remaining 25% were unevenly worn, cracked (due to mechanical overload) 
 and dislocated. This example may indicate that high tool consumption represents a major 
 consequence of mixed face situations.


Steingrimsson et al. (2002) presented data from the hard rock Karanjukar project in Iceland, 
 which included sections of mixed face consisting of a variety of different basalts. Based on 
 experience from the Karanjukar project and NTNU drillability indices, a TBM penetration 
 rate estimation model was suggested, assuming that it is the hardest parts of the face which 
 control net penetration of the TBM. In order to estimate net penetration rate, that resulting 
 from the NTNU TBM prognosis model is multiplied by a correction factor KAB, which is 
 derived from the proportion of the hard layer divided by that of the soft layer. Tóth et al. 


(2013) compared the Steingrimsson model with the Singapore Circle Line Project, concluding 
 that this approach was not applicable to a rock/soil mixed face situation. In order to address 
 this, Tóth et al. (2013) presented a linear multivariate data analysis approach. 


Occasionally, boulders are encountered during soft ground tunnelling projects in glacial till 
deposits. In some projects major problems have been encountered when boulders obstruct



(29)tunnelling progress by causing wear and destroying cutter tools (Dowden and Robinson 
 2001). Having survived glacial or fluvial transport, such boulders are generally considered to 
 be harder than the indigenous rock (Tarkoy 2008).


Ozdemir (2008) presented initial test results obtained from a linear cutter test on the influence
 of boulders on the excavation process. In an attempt to simulate a soft ground matrix 


containing boulders, the test was performed on concrete blocks containing hard rock boulders. 


The initial results showed how measured forces and peak forces varied according to boulder 
 density, although no results in terms of tool life estimation and impact wear were 


forthcoming.


In open excavation mode, boulders encountered in a face can be accessed relatively easily,
 broken into smaller fragments and excavated. In closed mode, the breaking of boulders is
 more difficult. If the location of a boulder is anticipated, it is common to fit the cutterhead 
 with disc cutters specifically designed for breaking boulders. This procedure works if the 
 surrounding soil matrix has sufficient stiffness to lock the boulder in position during 


excavation. If the boulder is relatively soft (UCS < 100 MPa), conventional soft ground tools 
 such as rippers will be sufficient to break it (Dowden and Robinson 2001).


In closed mode slurry shield excavation, crushers are sometimes installed in the cutter 
 chamber. Provided that the cutter head opening is sufficiently large, the boulder will pass 
 through and can be crushed into smaller fragments (< 15 cm), before being extracted through 
 the slurry line. However, tunnelling using EPB TBMs may encounter screw conveyor
 problems. In general, fragments which are one-third of the screw conveyor diameter may be 
 extracted (Dowden and Robinson 2001).


If boulder fragmentation fails, contractors may have to resort to manual intervention by divers 
 equipped with hydraulic rock splitters. Boulders with diameters of between 0.5 to 1.5 metres 
 take between 10 to 90 minutes to remove. If the intervention is carried out in open mode, 
 grouting of the tunnel face may be required in order to achieve adequate stability. 


There exists no recognised model for estimating the impact of boulders on tool life and TBM 
 performance. However, Dowden and Robinson (2001) suggest that geophysical methods be 
 applied to enhance boulder visualisation during TBM tunnelling. If the TBM operator is 
 aware that a boulder is located ahead of the TBM, parameters such as thrust, rotation and 
 performance can be reduced in order to minimise potential breakage of the TBM tools and 
 cutter head structure. Thorough pre-investigations using core drilling, probe drilling or 
 geophysical methods may be used to determine density and boulder size. If the project tender 
 documents provide estimates of the average amount of boulders and their estimated sizes,
 contractors will be able to submit bids including appropriate TBM designs.


As mentioned previously, the influence of boulders and mixed face situations are not 
considered in this study which focuses on estimating soft ground excavation tool life.



(30)However, it is clear that both may reduce excavation tool life and net penetration considerably 
 due to the levels of impact wear and high peak loads they cause.



2.4 State-of-the-art testing and estimation of abrasive wear for soft ground  and soil TBM applications


The accurate simulation of wear is a recurrent problem in tribological engineering and 
 research (Stachowiak and Batchelor 2004). In the case of abrasive wear testing, the 
 tribological literature distinguishes between the following generic approaches (Hutchings 
 1992):


x Pin-on-disc test (e.g. Soil Abrasion Test™, Dorry Abrasion Test)


x Pin on abrasive plate (e.g. Cerchar Abrasivity Index, reciprocating the pin-on-disc 
 and Miller slurry tests)


x Pin on abrasive drum
 x Rubber wheel abrasion test


Mill tests have been used in order to measure abrasive wear on geological materials in which 
 the type of contact and environment is similar to those in rubber wheel abrasion tests


(Langmaack et al. 2010; Ojala et al. 2012; Rostami et al. 2012).


The selection of laboratory apparatus for the estimation of abrasive wear depends on the type 
 of contact and environment we wish to simulate. The following sections describe various 
 methods and apparatuses found during the literature search for the estimation of abrasive wear 
 on shield TBMs excavating soft ground and soil.


2.4.1 LCPC Abrasivemeter


The LCPC Abrasivemeter has been developed by the Laboratoires des Ponts et Chaussées (the 
 French Laboratory for Bridges and Roads; (LCPC 1990); see Figure 13). The test apparatus 
 and procedure are based on a steel impeller rotating for 5 minutes in a 500g sample consisting 
 of crushed rock and natural or crushed soil of 4.0 – 6.3 mm fraction size. The impeller’s 
 dimensions are 25 mm x 50 mm x 5 mm and it is composed of a relative soft steel alloy with a
 Rockwell B hardness value of between 60 and 75.


The impeller rotates at 4500 rpm. In the case of coarse soils, the 4.0 - 6.3 mm fraction can be 
sieved out. The LCPC Abrasivemeter standard test procedure is not suitable for clay, silt and 
sand samples (Jakobsen and Lohne 2013).



(31)Figure 13. The LCPC test apparatus. 1) motor, 2) rotating impeller, 3) jar containing the abrasive, 
 4) funnel tube. (Käsling and Thuro 2010)


The impeller’s weight loss is measured after each test, and this value represents the abrasivity 
 parameter. The LCPC abrasivity coefficient (LAC) is calculated as 


LAC = (m0– m)  /  M


where (m0 - m) is the weight loss of the impeller after a single test, and M is the soil or rock 
 materials weight (0.0005 t; (normalization 1990). The soil’s brittleness properties can also be 
 measured by the LCPC Abrasivemeter by comparing the sieve curves of the initial 4.0 - 6.3
 mm sample fraction with the particle size distribution after the test. 


In 2006, the Technical University of Munich started to conduct research into soil abrasivity 
 assessment using the LCPC abrasivemeter. The LCPC abrasivemeter is also designed to 
 measure hard rock abrasivity, in a manner similar to the AVS approach used at NTNU. Thuro 
 et al. (2006) demonstrate clearly that an increase in quartz content increases the LCPC 
 abrasivity coefficient, and that coarser particles (gravels) produce higher abrasivity 
 coefficients than finer particles (clay, silt and sand). Furthermore, Thuro et al. (2007)
 compared the LCPC abrasivity coefficient with the Cerchar Abrasivity Index (CAI) in order 
 to utilise existing relationships between the CAI and tool life for the LCPC abrasivemeter. 


Köhler et al. (2011) studied the relationship between the LCPC abrasivity coefficient (LAC) 
and equal quartz content (EQC). This correlation proved to be very poor, resulting in no clear 
relationships in a data set consisting of 22 samples taken from the recently completed Inntal 
railroad tunnel project in Austria (contract H3-4 and H8). It was also concluded based on 
results from the same project that it is not possible to predict tool wear by using just one 
parameter, such as the LCPC value, and that the greatest influences on wear are the grading 
curve and compaction of the soil (Köhler et al. 2012).



(32)Figure 19 and Figure 44 show LCPC LAC / ABR values correlated against Los Angeles 
 Abrasion Values, Micro Deval values and SAT™ values respectively. 


An evaluation of the LCPC abrasivemeter based on published data suggests that it provides a 
 measure of abrasive wear and impact/erosive wear resulting from the very high rotation speed 
 of the steel impeller.


2.4.2 Mill tests


The Nordic Ball Mill Test, the Los Angeles Abrasion Test and the Micro Deval Test are 
 similar in many ways. The test apparatuses and procedures consist of a rotating drum 
 containing a soil sample mixed with steel balls or pins. These tests have been developed to 
 determine road surface quality by measuring the degradation of geological materials
 (Gudbjartsson and Iversen 2003).


These mill tests expose steel samples to a combination of impact and abrasive wear. However, 
 abrasive wear on these samples is likely to be less significant due to low contact stresses 
 between the steel and soil. Water and other additives can be introduced to mill tests in order to 
 evaluate their influence on abrasive wear (Langmaack et al. 2010) and (Gennari 2004).


Nordic Ball Mill Test


The Nordic Ball Mill Test has been used to determine the influence of soil conditioning 
 additives on the abrasivity properties of crushed rock and natural soil samples. The test used 
 in the NTNU/SINTEF laboratory is a modified version carried out without the use of steel 
 ribs, and with a rubber-lined drum designed to reduce wear caused by steel interacting with 
 steel. The test procedure is easy and straightforward. A 1500g sample, made up of grains less 
 than 16 mm in diameter, is exposed to 20 circular steel bits (composed of ordinary 


construction steel, each 16 mm in diameter) for 5400 revolutions that are equivalent to a test 
duration of 60 minutes. The rotation speed of the drum is 0.97 m/s. The weight loss among 
the steel bits is measured after testing and represents the abrasivity value as defined in the 
Ball Mill Test (Jakobsen and Lohne 2013) and (Klemetsrud 2008).



(33)Figure 14. The Ball Mill Test apparatus can be used to assess the reduction in abrasivity resulting from 
 introducing water and/or soil conditioning additives. The test apparatus consists of a rotating drum 


filled with soil (0 - 16 mm diameter) and 20 steel bits.  


The addition of  foam-enriched soil conditioners clearly reduce the weight loss of the steel 
 samples, as shown in Figure 16 (Klemetsrud 2008). As is shown in Figure 15, test results also 
 indicate that the abrasivity of most geological materials (rock and soil) increases up until a
 certain level of moisture content is reached.


Figure 15. The influence of water content on steel wear using the Ball Mill Test for 4 different soil and 
 crushed rock samples (Klemetsrud 2008). The figure shows a clear tendency towards increased steel 


wear as water content increases up to a certain level. 



(34)Figure 16. Reduction in abrasivity due to the introduction of a soil conditioning foam (Klemetsrud 
 2008). The Tonstad clay sample produced no measureable steel wear. 


The contact forces between the steel and soil particles resulting from gravity and the tumbling 
 of the drum are relatively low. However, this low degree of contact is not representative of 
 real situations and cannot simulate the relatively high thrust values, torque ripping and 
 scraping of the soil which occurs during TBM excavation operations (Jakobsen and Lohne 
 2013).


Los Angeles Abrasion Test


The Los Angeles Test apparatus (Figure 17) consists of a cylinder with a rotation speed of 
 between 30-33 rpm. The test duration may be between 100 and 500 revolutions. The steel 
 samples comprise between six and twelve 47 mm diameter balls, each ball weighing between 
 390 and 420g (Ugur et al. 2010).


The quantity of soil or aggregates used during a single test is 5000g, with a sample size > 


1.6mm diameter. In order to determine road aggregate properties, soil or aggregate 


degradation indices are measured after first 100, and then again after 500, revolutions (Ugur 
et al. 2010).
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