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Abstract

The use of Tunnel Boring Machines when excavating tunnels allows for a highly
industrialized form of production, while at the same time introducing new kinds
of risks and challenges in regards of performance estimation and advance rates.
The work in this thesis is focused on verifying the NTNU-and QTBM -models for
performance estimation. In addition, there has been conducted an assessment of the
time required for achieving high utilization after a longer period of stand-still due to
maloperation of a TBM. A general assessment of the project execution is included
to set the performance in context with its surroundings. A field study at the Upper
Kontum Hydroelectric Powerplant in Vietnam was conducted to gather data and to
do a general assessment of the work at the site. Geological back-mapping of parts
of the tunnel and penetration tests with the TBM was conducted, in addition to as-
sessing the general quality of the production system. Geology and performance data
for the entire tunnel length was reviewed in cooperation with the project geologists
to ensure a correct assessment and analysis.

The data gathered suggested that both estimation models gave quite accurate results
for net penetration rate in the geology found at site, while also suggesting that
the QTBM -model in certain cases is too influenced by the applied cutter thrust.
There should be expected approximately six months of reduced utilization before an
increase is observed when restarting a project, due to the complexity of ensuring
all systems work properly after maloperation of the TBM. The utilization given by
the NTNU-model appears to be somewhat optimistic, while utilization given by the
QTBM -model does not provide a realistic estimation. The use of wider cutter tips
appears to ensure a significantly higher expected lifetime than what is suggested by
the Cutter Lifetime Index.
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In total, TBM performance can be accurately estimated when using the estima-
tion models. There should however be extensive knowledge regarding the functional
structure of the models, to ensure that their limitations are well understood. Replac-
ing contractors and taking over machines should be done with extensive care, as the
potential limitations on utilization may cause severe delays and cost overruns.

ii



Sammendrag

Bruk av tunnelboremaskiner for driving av tunneler legger til rette for en effektiv
form for produksjon, samtidig som annen risiko og utfordringer knyttet til frem-
driftestimering og produktivitet oppstår. Arbeidet I denne avhandlingen fokuserer på
verifikasjon av NTNU- og QTBM -modellene for fremdriftsestimering. I tillegg har
det blitt gjennomført en analyse av tidsaspektet for å oppnå høy maskinutnyttelse
ved gjenoppstart av prosjekter, hvor feilstyring av maskinen har ført til store skader
på utstyret. En generell vurdering av prosjektgjennomførelsen er også inkludert
for å sette den generelle prestasjonen i sammenheng med prosjektets omgivelser.
Et feltstudieopphold ved “Upper Kontum Hydroelectric Powerplant” ble gjennom-
ført for innsamling av data og for å gjøre en generell vurdering av arbeidet på
byggeplassen. Det ble gjennomført en geologisk kartlegging i deler av tunnelen
og kjøring av matekrafttester med TBMen, samt en gjennomgang av kvaliteten på
produksjonssystemet på plassen. Geologi- og produksjonsdata for hele tunnelen ble
gjennomgått i samarbeid med prosjektgeologene for å sikre korrekt vurdering og
analyse av informasjonen.

Den innsamlede dataen indikerer at begge fremdriftsmodellene ga nøyaktige resul-
tater i de geologiske forholdene på plassen, samtidig som de indikerte at QTBM -
modellen er noe for lettpåvirkelig av matekraft. Det burde forventes en periode
på seks måneder med nedgang i maskinutnyttelse før den øker igjen ved gjenopp-
start, grunnet kompleksiteten med å få alle systemer til å fungere problemfritt etter
feilstyring av TBMen. Maskinutnyttelsen som gis av NTNU-modellen ser ut til
å være noe optimistisk, mens utnyttelsen gitt av QTBM ikke representerer noe
realistisk estimat. Bruken av større kutterbredder ser ut til å gi en vesentlig høyere
kutterlevetid enn hva som angis av kutterlevetidsindeksen.
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Prestasjonen til TBM kan estimeres nøyaktig ved bruk av fremdriftsmodellene.
En burde likevel ha inngående kunnskap om den funksjonelle oppbyggingen av
modellene, for å sikre at begrensinger i modellene er vel forstått. Overtakelse av
kontrakter med utstyr andre entreprenører har operert burde gjøres med omfattende
forsiktighet, da potensielle begrensinger på maskinutnyttelser kan føre til alvorlige
forsinkelser og kostnadsoverskridelser.
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Chapter 1

Introduction

As the rapid economic development continues across the globe, enormous invest-
ments in civil infrastructure is needed due to the increased demand of services as
water-supply, electricity, transportation and waste-water collection. The introduction
of Tunnel Boring Machines (TBM) for Hard Rock Conditions has given engineers a
gentler way of tunneling in urban areas sensitive to vibrations and settlement issues.
It has also proven to be a potential faster way of tunneling due to the industrialized
character of the boring process, given preferable geology and that the machine is
designed correctly to handle this. The continued development and increased knowl-
edge of the use of TBMs has made possible projects previously deemed out-of-reach
from an engineering point of view, as well as It has also opened the mind to new
civil projects that had not been thought of previously.

At the same time as technology improves and knowledge regarding the use of
TBMs increases, the limits of what kind of projects that can be taken on are continu-
ously expanded. With this increasing complexity of the projects that are initiated,
more extensive knowledge regarding prediction models for advance rates are needed.
The execution time for tunnels is a key component in the cost estimation of the
project itself, for the planning of the execution of the construction, and also for
the profitability of the project as an investment from an owner. If the current trend
of more complex projects is set to continue, or even accelerate, verification and
improvement of the prediction models is needed to handle these challenges.

1



2 CHAPTER 1. INTRODUCTION

1.1 General Remarks

Estimation models for Hard Rock Tunnel Boring are a necessary tool for planning
and executing projects using a TBM. Due to technological development and an
increased scope of geological conditions they are being applied, they continuously
need to be verified and updated to ensure their accuracy. Both the NTNU model
and the QTBM -model give estimations regarding the net penetration rate and the
overall performance, when taking into account all other activities that is part of
the boring operation. They also rely on laboratory testing and field observations,
which requires and throughout understanding of how to interpret the results and the
limitations of the information provided.

1.2 Objective of the Thesis

The objective of the work in this Master Thesis is to gather quantitative data for
analysis and doing qualitative assessments of conditions that may have influenced
the data. The purpose is to attain information that may be used in the verification
of both estimations models and provide insight in areas where the estimations
deviates from the actual performance. Data regarding what influences the net
penetration rate, as rock-mass fracturing, rock parameters and machine operation
will be gathered. The gross penetration rate, or weekly advance rate, will be subject
to a more comprehensive review, by collecting data regarding the production system
as a whole. This includes all maintenance activities, shut-downs of operation and
cutter consumption, and assessing what may have influenced the data regarding
these issues. The project assessed was the construction of the headway tunnel for
the Upper Kontum Hydroelectric Powerplant in Central Vietnam.

1.3 Scope and Limitations

The scope of the work in this thesis is a 5-week field study at the project site in
Central Vietnam where data would be collected and the analysis of production data
for the entire execution of the project. The analysis and the assessment of the data,
and laboratory testing of geological samples, was conducted at the Department of
Civil and Environmental Engineering at the Norwegian University of Science and
Technology (NTNU) and the SINTEF laboratories.
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As quite comprehensive amount data regarding the boring process and the sur-
roundings were available, a wide scope of issues has been covered in the thesis.
Though not all elements were equally thoroughly examined, it was still done at a
level where one could successfully identify the root-cause of several interconnected
issues regarding the tunneling. There are many other widely used estimation models,
such as the “Modified Colorado School of Mines”(Yagiz, 2002), that has not been
covered by this thesis, including theoretical models using other parameters than
what is utilized in the NTNU and QTBM -model(Yagiz, 2008a).

1.4 Structure of the Thesis

The thesis consists of a total of 5 chapters.

Chapter two covers the theory and background for the estimation models and the
project reviewed. A detailed description of how the models function is laid out to
emphasize how the input parameters are processed to give and output in form of
an estimation. A brief introduction to the project is given. A detailed description
of the history regarding the TBM is included, as this is one of the central issues
covered in the thesis. Some information regarding the contractual arrangements
is also discussed, as incentive mechanisms may in some cases reward unfortunate
behavior, which in our case would inflict upon the data collected at the project.

In chapter three, a description of all the research methodology is given. The stan-
dard field testing procedure is laid out, with focus on adaptions to project specific
considerations that had to be made. Laboratory testing, how data received from the
project was sorted and analyzed and literature review is also covered.

All the results and discussions are given in chapter four. As the thesis covers
a wide range of issues, the result and discussion are completed in each section
before moving on to the next subject. The chapter starts with a general review of
the geological mapping by The Robbins Company and its results when used as an
input in the estimation models. It then goes on to the mapping conducted during
the field study and the resulting estimations given by this input. The chapter then
continues with a comparison of the mapping during the field study and that of The
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Robbins Company in the same area, with the purpose of looking for discrepancies.
Continuing, the results from the tests conducted and chip sampling are covered. The
section covering the mapping methodology is more of theoretical focus, where it
gives a mathematical rationale and look at the consequences of different analytical
lengths. The utilization of the TBM is then covered, looking at all the aspects, both
internal and external, that affected this parameter. The last subject covered is the
data available on cutter consumption and how it related to the laboratory results and
estimations.

Chapter five provides some conclusive remarks and suggestions for further work,
based on issues unveiled from the field study in Vietnam.



Chapter 2

Background and Theory

2.1 The NTNU-Model

The NTNU prediction model for hard rock TBMs is an empirical model based on
including relevant machine and rock parameters to estimate the penetration rate. It
uses performance data from previous tunneling projects, laboratory tests of core
samples and geological mapping to give an estimate for penetration rate in future
projects. The purpose of combining this input is to give an as objective assessment
as possible of the penetration rate as possible by taking into account time consuming
practical issues one faces during tunneling, that a pure theoretical model will not be
able to anticipate. The model is intended to be used as a tool for:

• Estimating net penetration and cutter wear

• Estimating time consumption and excavation costs

• Assessing risk linked to variation in rock mass boreability and machine
parameters, including its impact on time consumption and costs

• Establishing and managing contract price regulation

• Verifying machine performance

• Verifying variation in geological conditions

5
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The model can be used at every stage of a project, from feasibility studies to
construction, and in eventual claims and disputes(Macias, 2016).

The NTNU model was published for the first time in 1976 and has gone through
several revisions and expansions since then. All versions can be seen in table 2.1.

Table 2.1: NTNU-model versions (Macias, 2016)
Edition Year

1st edition 1976
2nd edition 1979
3rd edition 1983
4th edition 1986
5th edition 1994
6th edition 2000

The 7th edition was published by Francisco Javier Macias in 2016 and is cur-
rently the newest version of the model. A renewal of the data the model is based
on is necessary at regular intervals, as increased material quality, higher degree of
automation and other technological improvements influence the general performance
of the TBM. These improvements also make more complex projects feasible to
execute, thus widening the scope of conditions one operates in.

Several machine and rock parameters are included in the model to ensure that
as many aspects as possible are considered when estimating the penetration rate.
When estimating the net penetration rate, parameters in table 2.2 are used.

Table 2.2: Parameters for estimating NPR (Macias, 2016)
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Rock properties includes both the intact rock alone, to assess its influence on
penetration rate, and the rock mass as a whole, to include the effects of discontinu-
ities created after its formation(Moon & Oh, 2012)(Bruland, 1998). The relevant
machine parameters included all take into account some effect on the net penetration.
An increased diameter will increase the area of the tunnel face, thus increasing
that volume that needs to be excavated. Increased cutter diameter will increase
the contact area between the rock and the cutter, thus reducing the tension in the
rock. An increased number of cutters will increase the amount of destructive work
per revolution of the cutter head, and thus increase the net penetration rate. The
gross average cutter thrust is the most influential parameter to the net penetration
rate, which increases approximately exponentially with this parameter. If the cutter
spacing is increased, the induced fractures created by the passing cutter will have
a smaller possibility of hitting each other, thus reducing the amount of material
excavated per revolution of the cutter head. The net penetration increases with the
cutterhead RPM, but reaches an optimum at a certain point.

The cutter wear is also dependent on the properties of the rock and machine parame-
ters which can be seen in table 2.3

Table 2.3: Parameters for estimating Cutter Wear (Macias, 2016)

The cutter wear, or indirectly the cutter consumption, heavily affects the ma-
chine utilization and thus the gross penetration rate of the machine. Changing a
cutter is very time consuming and costly, and is in many cases the most influential
time-consuming activity with the exception of boring. Cutter wear is only dependent
on the rock properties in the model. When increasing the TBM diameter, the average
lifetime of the cutters will increase. This is due to the fact that center and gauge
cutters have shorter lifetimes than the face cutter. When increasing the diameter,
the percentage of these cutters as a portion of all cutters will decrease, which leads
to an increase in the average lifetime. An increase in the cutter diameter gives a
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more solid cutter and thereby increases the lifetime of the cutter. When there are
installed more cutters than what the model suggests, the lifetime of the cutters will
be prolonged. Increasing the cutterhead RPM will increase the amount of work done
by the cutter per minute, thus decreasing the lifetime. The gross average cutter thrust
will heavily affect the lifetime at low values of the CLI, by decreasing the lifetime
of the cutters when increasing the thrust. An aspect not covered in the model is
the influence of gross average cutter thrust for higher values of CLI and the rock
mass fracturing on the cutter lifetime. The thrust level is restricted by the rock mass
fracturing, since extensive vibrations that may damage the machine will occur for
high cutter thrust levels in high values of ks. Lower thrust values will lead to less
wear on the cutter rings, thus increasing the lifetime of these. There has been some
critique that the model is not well suited for jointed faulted hard rock comditions,
which can be related to this (Yagiz, 2008b).

As we can see, there are certain parameters that will increase the net penetration
rate when increasing its value, while at the same time decreasing the cutter lifetime.
There thus exists an optimum where the gain in the increased net penetration rate
lost due to lower utilization of the TBM by increased cutter consumption. This
optimum may be influenced by other machine and rock properties, even though only
some parameters are assumed interdependent in the model.
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Figure 2.1: Flowchart of functional structure of NTNU-model (Macias, 2016)

The flowchart in figure 2.1 shows the functional structure of the model. The
intact rock and the rock mass properties are combined to give an equivalent rock
mass fracturing factor. This is done by identifying up to three sets of fractures in the
rock mass and combining this into one factor that describes the fracturing of the rock
mass. This multiplied by correction factors for the measured DRI and the porosity
of the rock, giving us the equivalent fracturing factor. As for the TBM operation,
its gross average thrust per cutter are corrected by factors for the average spacing
and the diameter of the cutters. This gives us an equivalent gross average thrust per
cutter, which is combined with the penetration rate to give us the advancement per
revolution of the cutter head.
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Figure 2.2: Connection between NPR and BPR (Macias, 2016)

The penetration rate per revolution as can be seen from figure 2.2 is dependent
on the cutterhead velocity, and reaches an optimum at a certain point. The continued
increase in RPM can compensate for the decrease in penetration per revolution,
and we will reach an optimum in net penetration rate at a higher RPM than for the
optimal penetration rate. At this point, we have gotten the basic net penetration rate,
which is the progress the TBM is making while in operation.

Activities other than boring will also consume portions of the number of working
hours, thus bringing down the machine utilization. Except for cutterhead velocity
and gross average thrust per cutter at low values of CLI, the lifetime of the cutters is
modeled to solely depend on the rock properties and the TBM specifications, while
being independent of the TBM operation. This will not be the case in reality, as the
accumulated wear on the cutters if operating at maximum gross thrust and cutter-
head velocity will be higher per meter of tunnel than if operated at recommended
values. Thus, operating the TBM in certain ways may increase the net penetration
rate while decreasing the gross penetration rate or advancement per week. Other
time-consuming activities are merely time that has to be used for maintenance and
occasional breakdowns of some support system. The tunnel length factor takes into
account the learning curve for the crew operating the machine and gives an interval
for the extra time consumption for inexperienced vs experienced crews.
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The NTNU model is designed to estimate progress rates for “open gripper”
TBMs. These are not subject to the frictional forces on shielded TBMs that influ-
ences the average net cutter thrust, and eventual halts in boring due to installation of
concrete shell lining in the tunnel. The frictional forces may be very site specific and
has to be estimated at each project. For concrete shell lining of the tunnel, it has to
be assumed that the logistical system is dimensioned to deliver enough concrete ele-
ments to the TBM for installation, so that the boring operation is not disturbed(The
Robbins Company, n.d.)(Herrenknecht AG, n.d.). Single shield TBMs and double
shield in single shield mode will have to stop boring when installing a new segment
of elements. This can be considered in the model by adding time to the re-gripping
operation for the segment to be installed(Maidl, Schmid, Ritz, & Herrenknecht,
2008).

The functional description of the NTNU model gives an overview over what the
philosophy behind the model is, but not how all the input parameters are intercon-
nected, and especially not how cutter lifetime is connected to all the input. Figures
2.3, 2.4 and 2.5 shows the interconnection between all parameters, and how some
input both influences the net penetration rate and the cutter wear, and thus indirectly
gross penetration rate.

Figure 2.3: Detalied connection between parameters for geology and machine
parameters in the NTNU Model
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Figure 2.4: Detalied connection between parameters for cutter lifetime in the NTNU
Model

Figure 2.5: Detalied connection between parameters for gross advance rate in the
NTNU Model
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2.2 The QTBM -model

The QTBM model for TBM progress estimation was developed in 1999 and is
based on utilizing the Q-system for rock mass classification to estimate the time
needed for boring a tunnel, in addition to other parameters(Barton, 1999). The
system was developed at NGI between 1971 to 1974 by mapping the use of support
measures in Norwegian tunnels and caverns, with the purpose of creating a general
experience-based system for support measures in underground structures.

2.2.1 Q-System

The system has been revised several times due to development in support measures
and installation techniques and increased knowledge regarding the use of these, to
keep up with the state of the art on these issues(NGI, 2015). Currently, the Q-system
utilizes 6 parameters to calculate the Q-value, which in turn has a recommended
scope of support measures based on this value, the roof span and the intended use of
the tunnel or cavern. The value is given by the equation
Q = RQD

Jn
× Jr

Ja
× jw

SRF

with each parameter representing

• RQD = Degree of Jointing (Rock Quality Designation)

• Jn = Joint set number

• Jr = Joint roughness number

• Ja = Joint alteration number

• Jw = Joint water reduction factor

• SRF = Stress Reduction Factor

The RQD is decided either my counting the number of joints per m3 of rock mass
or by summarizing the sections in 1 m of core samples longer than 10 cm(Deere,
1964). Deciding the RQD in foliated or schistose rock may be challenging as the
planes in these rocks may in some cases represent planes of weakness, while in
other not. Under some circumstances, core samples may be intact right after it is
recovered from the rock, but crack into pieces after some time when the sample
has dried up. Deciding what value of RQD to use in this case is challenging, and
must be considered in the support design. For progress estimation in boring, only
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short-term considerations have to be taken into account, as the TBM operation
passes by each area relatively fast. In soft rocks, the RQD may appear to be high as
these rocks tends to deform rather than crack in many cases. In rocks that are weakly
consolidated or highly weathered and non-cohesive that can be defined as soil from
an engineering geology point of view, the value should be set to 10. This is also the
case when hitting materials such as clay, as the material will act as a weakness zone
compared to its surroundings. The Joint Set Number Jn gives a value for the number
of joint sets in an area. When mapping this in a tunnel, only the sets discovered in
a restricted area should be counted as the value will become too high if a longer
stretch is surveyed. Together, the RQD

Jn
factor gives us the relative block size in the

rock masses.

The Joint Roughness Number Jr describes the surfaces of the weakness planes, or
indirectly the friction between two surfaces. The parameter describes in two scales.
The small scale, which takes into account unevenness in cm or mm, or what can
be felt by sliding a finger over the surface. The large scale considers unevenness
or amplitudes when looking at sections up to a meter. In cases with infill in the
joints, the Jr is set to the lowest value if the amount of infill is so large that there
will be no contact even at 10 cm shear deformation. These two scales combined
will give a recommended value for Jn, with exceptions in certain cases. The Joint
Alteration Number Ja considers the joint infill, both its thickness and the friction
angle (or strength) of the mass. This takes into consideration both situations where
the thickness of the infill may be a thin layer and the surfaces are smooth, thus
ensuring no contact between the surfaces, and also situations with thick infill and
coarse surfaces where there also may or may not be contact between the surfaces.
Infills susceptibility to water is a case that also have to be considered, as exposure to
water may lead to large swelling pressures in some cases, while significantly lower
the strength of the material in other cases. The Jr

Ja
factor thus describes the actual

joint friction that will be observed in these cases. The tangent inverse of this number
will in addition give a fair approximation of the actual friction angle for each case.

The Joint Water Reduction Factor Jw takes into account the effect of water pressure
reducing the normal forces and thereby the friction, and the softening or wash out of
the infill. This may cause the blocks to shear more easily. When deciding the value
of the factor, it has to be considered there are outside factors influencing the inflow
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of water while mapping the tunnel. Seasonal differences in precipitation, temporary
lowering of the ground water table and freezing due to cold weather are all effects
that may influence the inflow. The Strength Reduction Factor (SRF) takes into
account the relationship between the stress situation around an underground opening
and the strength of the rock. Especially the effect of the stresses in the ground, if
these are in a favorable direction or not. The value is decided at first by classifying
which category the area to be mapped belongs to. These are “Weakness zones
that intersect the underground opening which may or may not be able to transfer
stresses in the surrounding rock mass”, “Competent rock with stability problems
due to high stresses or lack of stresses”, “Squeezing rock with plastic deformation
of incompetent rock under the influence of moderate or high rock stresses” and
“Swelling rock; chemical swelling activity depending on the presence of water”.
Subsequently, different stress situations related to each classification is described
in detail with an associated value. The Jw

SRF factor considers effects on the stress
situation in total and how this affects the given Q-value in total.

The resulting Q-value may range from 0,001 to 1000, which in combination with
the span of the tunnel or cavern and intended use will give a recommended ex-
tent of support measures. The measures range from spatial bolting, to the use of
fiber-reinforced concrete, reinforced concrete arches to full line casting. The recom-
mended support measure for each value may change in the future, as new techniques,
lower cost for gentler blasting and new kinds of support measures all may influence
the necessity of this(NGI, 2015).
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2.2.2 QTBM -model

The QTBM model utilizes the parameters from the Q-system and expands on these
by including factors that are descriptive for the TBM-rock interaction(Barton, 1999).
QTBM = RQD0

Jn
× Jr

Ja
× jw

SRF × SIGMA
F 10/209 × 20

CLI × q
20 × σθ

5

The three first factors are the same as for the Q-system, with the exception of
the RQD-value. Here, RQDo is used, which is the value in the tunneling direc-
tion and the worst-case direction one can choose to take the sample from. This
is to include the effect of the angle of the plane of weaknesses on the penetration rate.

The SIGMA parameter is set to describe the rock mass strength by incorporat-
ing the Q-value (using RQDo), density of the rock and the uniaxial compressive
strength or the point load strength. Which of the two latter parameters are used
depends on the foliation of the rocks. The F parameter is the net average cutter
thrust in metric tons used through the zone and describes the load transferred from
the cutter to the rock.

The Cutter Lifetime Index (CLI)(NTH, 1983) is included to take into account
the effect of wear and cutter change on the progress of the boring. Cutter change
and inspection is in most cases the main reason for time consumption other than
boring in a TBM project, thus making it a key parameter in most cases for estimating
progress. The quartz content q is also included in this respect, as this is a significant
and common contributor to the cutter wear.

The σθ includes the induces biaxial stress situation at the tunnel face. The chipping
process depends on a shear failure that occurs due to the difference in the highest
and lowest stress in the rock induces respectively by the cutter and the weight of the
rock. If the biaxial stress at the tunnel face is high, the chipping process will not
happen in an ideal way.

The penetration rate is calculated with the use of the QTBM -value based the follow-
ing equation:
PR = 5× (QTBM )−0.2(m/h)

The equation indicates that an increase in the value reduces the penetration rate,
which is given in m/h. The advance rate, or the long-term performance, is given by
multiplying the PR with the number of work hours to the power of a parameter m.
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AR ≈ 5× (QTBM )−0.2 × Tm

The m-parameter is calculated with the following equation:
m = m1(

D
20 )

0.20( 20
CLI

0.15
( q
20 )

0.10(n2 )
0.05

The m1 will be a negative number decided by the Q-value, thus having the same
mathematical function as for calculating PR, with a decreasing impact on AR at a
higher number of work-hours. The TBM diameter D is included as a factor in the
long term-performance, indicating that an increase in diameter will have a negative
impact on the advance rate. A lower CLI and a higher quartz content both also
contribute to larger decrease in AR. Porosity of the rock is also included as a factor,
where an increase in porosity decreases the AR. The relationship between the AR
and the PR over time will be as illustrated in figure 2.6.

Figure 2.6: Connection between PR and AR over time (Barton, 1999)

As we can see from the plot, the AR after one full year of work-hours is expected
to range between one tenth to one fifth of the PR in terms of m/h bored, with the
exception of boring through extremely challenging conditions with low Q-value.
Looking at the PR and AR as a function of the Q-value, we get the following rela-
tionship as shown in figure 2.7.
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Figure 2.7: Connection between Q-Value and AR/PR (Barton, 1999)

Favorable rock mass conditions are expected at Q-values between 0,1 and 10, as
the rock will neither require too much work with support measures or having too
low penetration rate due to intact rock mass(Barton, 1999).

2.3 Geology at the Site

The geology along the tunnel route consists of two main stratums. The stratum
observed from the intake and 9 kilometers into the tunnel consists of Granite Biotite.
The rock-parameter test results can be seen in table 2.4

Table 2.4: Rock paremeters in Granite Biotite based on sample from chainage 7790
DRITM CLITM Density (g/cm3) UCS

N/A 6.0 N/A 192.6

The stratum from the 9-kilometer chainage to the surge chamber consists of a
mix of Biotite Gneiss, Granite Gneiss and Gneiss. The rock-parameter test results
can be seen in table 2.5

Table 2.5: Average rock paremeters in Granitic Gneiss based on five test sites in
chainage 11600-12050 m

DRITM CLITM Density (g/cm3) UCS
39 5.5 2.66 191.9
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The respective mineralogies for each site are given in table 2.6.

Table 2.6: Mineralogy for both sections tested in the tunnel
Quartz Mica Plagioclase K-Feldspar Other

Chainage 7790 m 33% 2% 36% 26% 3%
Chainage 11855 m 33% 3% 34% 20% 10%

The top 2-10 meters of the rock is heavily weathered and has to be surpassed to
access solid rock for tunneling. The tunnel depth ranges from 250 m to 800 m below
ground, with exception from the intake area. Several weakness zones were predicted
before boring started and has been surpassed, among them one fault zone. None
of these were however of an extent that gave a Q-value of less than 1 according to
what the project geologist registered, but were secured with the use of steel ring
beams, rebar, rebar-grids and shotcrete. The crown was stable enough to advance
one meter and then stop to install these. There was identified two fracture sets that
appeared to be present in the entire tunnel. One major N190oE/85o and one minor
N65oE/85o.

2.4 Project Description

The tunnel is part of the Upper Kon Tum hydroelectric powerplant in Vietnam. The
reservoir and intake are located in Dak Tang Village in Kon Plong County on the
Dak Nghe River and the powerplant is located Dak Koi Village in Kon Ray County,
with outlet into the Song Xa Lo River. The headrace tunnel is approximately 17.5
kilometers long with a 180-meter surge shaft to the powerplant at the end. The first
7.3 kilometers of the tunnel is excavated by conventional drill and blast while the
last 10.5 kilometers are driven by use of a TBM. The total vertical drop throughout
the tunnel system is around 680 meters, with an installed capacity of 220MW giving
a planned annual production of approximately 1 TWh.



20 CHAPTER 2. BACKGROUND AND THEORY

Figure 2.8: Map tunnel path

The tunnel is set to have a direction of N49oE from the intake for about 13
kilometers, before it turns in a N91oE direction towards the surge tunnel and the
power station. The machine itself is a main beam (open gripper) of the Robbins
160 series. The TBM has a diameter of 4.5 meters with 30 432-millimeter (17 inch)
cutters installed on the cutterhead. The stroke length is 1855 millimeters and the
installed power installed power in the cutterhead is 1980 kW. The maximum thrust
is 14800 kN, with a targeted operating gross thrust per cutter of 267 kN. There is
equipment for the installation of steel ring beams, bolts and shotcrete behind cutter-
head shield, for advancements through geologically unstable areas. The machine
has been used at two tunnels prior to the ongoing one and has been refurbished by
Robbins between each use. The original contractor for the TBM tunnel was “China
Railway 18th Bureau Group”, subcontracted from the Chinese hydropower contrac-
tor “Power Construction Corporation of China Huadong Engineering Corporation
Limited (Powerchina Huadong)”. The sub-contractor was given the project based
on supposedly extensive experience in TBM tunneling. However, the sub-contractor
chose to replace its workers with operators from the 1st and 6th “. . . Bureau group”
which lacked the experience to operate a TBM. The TBM was wrongfully operated
which lead to a need for extensive repairs after barely 1 kilometer of tunneling. The
TBM contractor was eventually fired from the project, which lead to a 2.5-year
standstill before Robbins took over operations of the TBM in September 2016 in a
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joint venture with Vietnamese “Civil Contractor 47”. Approximately 7.2 kilometers
has been driven between September 2016 and February 2018.

2.5 State of the TBM

The TBM has been inside the tunnel since mid-2011 under hot and extremely humid
conditions, which are unfavorable in regards of corrosion, especially of electronical
components as sensors, connections and power supply to many systems. This affects
the utilization of the TBM, as many of these systems fail when boring, with its
vibrations and shaking, commenced again after the stand-still. Low-quality parts
delivered by “Robbins China” has also lead to an increase in down-time on the
project. Even though all this should not affect the penetration rate in theory, the
operators try to minimize the stress on all the systems by operating more gently
than what would have been the case with a new machine. The chief electrician also
informed that the fluctuations of the frequency in the Vietnamese power grid are
causing malfunctions on many electronical components, also contributing to more
down-time. In total, the state of the technical systems required an increased focus
on preventive maintenance and control, which affected the overall TBM operation.

2.6 Contractual Arrangements

There were two distinct contractual periods related to Robbins presence at the
job site. The first period was from June 2016 to November 2017. It is unknown
what incentive mechanisms were in place during this period, but the period was
affected by a low TBM utilization and a cutter consumption way higher than what
was anticipated by Robbins. From November 2017 and onwards, the project was
under a new contractual scheme. The deadline for finishing the boring was set to
January 2019, with a bonus-package for delivering on time. All the workers on the
project would recieve full pay out 2018, thus having an incentive to finish as early
as possible, as they could receive double pay by transferring to another project.
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Chapter 3

Research Methodology

The collection of qualitative and quantitative research data for the thesis was done at
the project site. The collection consists of mode data from completed sections of the
tunnel and mapping by using the Q-system and the fracturing factor as described in
the NTNU model, core samples to estimate the DRI and CLI, and net penetration
and RPM tests with the subsequent mapping of these sections of these sections,
including analyzing the chips from these tests. The testing is done in accordance
with the descriptions of other completed tests. The purpose of the tests is to gain
knowledge of the influence of cutter thrust and RPM to the net penetration and basic
penetration of the TBM in the given geological conditions.

3.1 Field Work

3.1.1 Net Penetration Test

A penetration test is a procedure to evaluate the TBM performance in a given
geological zone, to gain knowledge of how the rock responds to variations in gross
average cutter thrust in terms of basic and net penetration rate. The testing should be
done in combination with an engineering geological mapping of the same chainage
and testing of the drillability by taking core samples. All other parameters should
be kept as stable as possible, to avoid disturbing the output from the test. The
penetration test should also ideally be executed in a geology with as small variations
as possible for the same reason.

23
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• Measurement of the cutterhead penetration over a given time at various thrust
levels and constant RPM.

• Registration of the average cutterhead torque of each cutter load level

• Registration of other relevant data such as cutter wear state, whether the test
is at the start, middle or end of the stroke, cutterhead vibration level, etc.

• Measurement or registration of the net penetration rate, cutter thrust level and
cutterhead torque of the previous and following strokes.

• Collecting a complete chip sample for the penetration test and chip samples
for the previous and following strokes.

The thrust increments should include at least four different values, typically
10 percentage points increments from 70% to 100%(Bruland, 1998). Cutter thrust
up to 105% or 110% can also be included if applicable. Round numbers may be
used to simplify the registration process. If the cutter thrust is given in cylinder
pressure (bar), rounded numbers for pressures can be used instead and converted
into kN/cutter later. The penetration should be measured over approximately 30
revolutions and at least 3 minutes for small diameter machines at each thrust level.
The actual measurement should be taken at one of the thrust cylinders in addition to
the computer measurement, as these are in direct contact with the cutterhead. This
will ensure the correctness of the data. The applied torque for each thrust level is
recorded by logging the average amperage to the cutterhead. The applied voltage
must also be checked, in case it deviates from the rated voltage.

The applied gross average thrust was given directly by the computer in the
operator cabin. The basic penetration rate was calculated by dividing the progress
rate (mm/min) by the average RPM.

When the gross thrust with its associated basic penetration has been recorded,
their log10 values are plotted and a regression line on the form log10(i0) = AR ×
log10(M1) + BR , where the regression constants AR and BR are given. For the

equation i0 = (Mt

M1
)b, b = AR and M1 = 10

−BR
AR are calculated by setting i0 = 1

and combining both equations.

The cutter wear state and if the test is started at the beginning or the end of a
grip should also be recorded, as these are factors that may influence the test results.
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The operator cabins computer displayed directly the gross thrust, torque, penetration
rates in mm/rev and m/h, and the RPM. All parameters except the penetration rate
were updated every second, leaving it up to the person recording the parameter
to estimate an average over a given period of time. The penetration rate gave an
average for a 30-second interval, thus making recording of performance easier. The
distance was recorded by the use of a laser surveying system, thus giving accurate
measurements(Bruland, 1998).

3.1.2 RPM Test

The collection of data and samples are performed the same way for RPM tests as
for penetration test. However, for each thrust level, ideally five different cutterhead
velocities are used and the associated performance is logged for each of these speeds.
The speed should be varied in 10 percentage points increments, typically from 70%
to 110%, to get a satisfying logging of data over a significant span of cutterhead
velocities. A complete test procedure thus consists of five RPM tests for each of
the five thrust levels, in total 25 tests to be performed in total(Eide, 2015)(Macias,
2016). Depending on the penetration rate, one might have to regrip during the test
procedure, as each test should be approximately 30 revolutions and longer that
3 minutes. This has to be noted, as a fully extended thrust cylinder may behave
differently in regard to vibrations and other factors(Eide, 2015).

3.1.3 Chip Analysis

The analysis of the chips broken off during boring may give valuable information
of rock breaking mechanism and information regarding the influence of TBM
operation parameters, if conducted during penetration tests. They may also provide
information regarding the rock drillability(Bruland, 1998). When conducting the
sampling, all data regarding the operation parameters should be registered. The
section should also be subject to a detailed engineering geological back-mapping to
ensure, to relate the rock mass properties to the chips and the general performance.
The chips should be sampled as close to the cutterhead. The sample size should
consist of 25-30 pieces, choosing the 20 largest of these to be analyzed. The
analyzing includes measurement of the height, width and length of the sampled
chips recorded like shown in table 3.1.
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Table 3.1: Sample Table for Chip Analysis (Bruland, 1998)

If sampling is done during a penetration test, the measurements can be included
with the gross cutter thrust ad the basic penetration rate as shown in table 3.2.

Table 3.2: Sample Table for Chip Analysis (Bruland, 1998)

The chipping frequency is calculated by the equation fch = 1
hch
i0

. The size of

the chips is plotted towards the gross cutter thrust per cutter for analyzing as shown
in figure 3.1. Trends can thus be seen if there is any influence of the cutter thrust.

Figure 3.1: Sample Table for Chip Analysis (Bruland, 1998)
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The shape factor of the chips can also provide information regarding the breaking
process. The chip is described by the relationship fhw = hch

wch
and is shown in figure

3.2.

Figure 3.2: Sample Table for Chip Analysis (Bruland, 1998)

In addition to the volume of the chips broken off, the ration between depth of
the kerf from passing measured from the thickest part of the chip and the thickness
of the chip give valuable information regarding the chip breaking process(Bruland,
1998).
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Figure 3.3: Example of chipping under different cutter loads (Bruland, 1998)

The upper example shows the least efficient breakage process, as the kerfs, or
crushing zones from the disc cutters, are deeper indicating that a lot of energy goes
is used for this purpose before a crack propagates to a neighboring kerf, relatively
shallow compared to the kerf depth. The kerf depth factor is given by the equation
fkd = ik

hch
and will in this case give a high value.The bottom example shows a

relatively deep propagation of the cracks to a neighboring kerf in comparison to the
kerf depth. This gives a low kerf depth factor, indicating an efficient rock breaking
process. Thus, analyzing both the size of the chips and the shape of the chips is
necessary obtain a complete understanding of the efficiency of the rock breaking
process.

The chipping frequency is defined as the inverse number of the number of rev-
olutions necessary to penetrate the depth of the thickest chip, and is given by
fch = 1

hch
i0

. The chipping frequency will increase with an increase in gross cutter

thrust, as the basic net penetration will increase, decreasing the denominator of the
equation. In practical terms, the required number of revolutions will decrease to
chip away one layer across the face of the tunnel(Bruland, 1998).
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3.1.4 Engineering Geological Back-Mapping

The mapping was conducted in cooperation with another student, where NTNU
fracture class, Q-value and RMR was registered during surveying. The mapping
procedure was sought to be as systematical as possible to avoid to avoid systematic
errors while mapping, In addition, each section was assessed in cooperation to
minimize the influence of subjectivity that may have significant influence on the
results(Seo et al., 2015). The chainage of the tunnel was marked every 5 meters by
the TBM surveying team. There was no way to cross-reference these chainages to
external reference points, so it had to be assumed that they were correct and that they
coincided with the TBM data recordings when comparing mapping to performance.

Figure 3.4: Sheet for use when mapping (Bruland, 1998)

When performing the mapping, 5 meters sections were assessed at a time us-
ing the sheet seen in figure 3.4. Fractures for the NTNU model were drawn on
a standardized mapping sheet, and strike and dip were taken on a regular basis.
For the Q-value, the joint volume for RQD were assessed per meter for left wall,
crown and right wall, to get an as accurate approximation as possible. Only joint
volume and not directional RQD was registered. There were for the most part some
breakage around the fractures, thus exposing surfaces for assessment of the number
of sets, filling and roughness. Each section was mapped in cooperation and deviance
in assessments was discussed to ensure an as equal assessment between each section.
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The mapping was conducted from the right side of the tunnel relative to drilling
direction. The roof was to a large extent covered by the ventilation channel, thus
making it harder to follow fractures around the circumference. The conveyer belt
was located on the left side of the tunnel and was not approached during operation
due to safety reasons. The humidity in the tunnel caused a lot of dust to stick to
the walls, making especially some sections challenging to give an equal assessment
to other not covered by a thick layer. All area mapped, with exception of parts of
chainage 8700-8750, were in the Biotite Granite formation. The fracturing character-
istics of the rock-mass did not appear to change between the geological formations.

Performance data from the TBM computer provided information regarding the
operating parameters needed for input to the estimation models and the actual perfor-
mance in these areas. The data was given as an average per excavation meter. There
was an issue regarding the wrong average being calculated when the cutter head
was pulled back for inspection or cutter change. Most of this data is assumed sorted
out by not including data for excavation meters where the torque is less than 100
kNm. It was assessed that this would not sort out sections with intact rock, which
would also give low numbers for the cutter head torque. This removal of data came
in addition to lacking data on a general basis, causing some sections to have up to
50% data loss. Most sections had more than 80% intact data.

3.2 Laboratory Testing

Due to the small amount of test material available for laboratory testing, only
Uniaxial Compressive Strength, Mineralogy and Cutter Lifetime Index test were
performed. UCS was chosen as a confirmation parameter whether or not the rock
was equal throughout the tunnel or not. The UCS is also included in the QTBM

model. The remaining material from preparing the UCS-test sample could be used
for CLI and Mineralogy(Bieniawski & Bernede, 1979)(Dahl, Bruland, Jakobsen,
Nilsen, & Grøv, 2012).
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3.2.1 Uniaxial Compressive Strength

The UCS test is a common test procedure for deciding the strength of a certain ma-
terial. A cylindrical sample with the length of 2-3 times the diameter is compressed
along the length axis, and the strength is given by the peak tension before the sample
fails. The procedure can be seen in figure 3.5.

Figure 3.5: Test procedure for determining compressive strength (Jacobssen, 2004)

The test is conducted at SINTEF in accordance with the ISRM standard(Bieniawski
& Bernede, 1979). Five samples were tested and the failure documented. Different
modes of failure are typically connected to different peak tensions. Low peak ten-
sions are connected to simple shear failures while higher peak tensions are connected
to multiple shear and multiple fracturing. Shear and fracturing failures are typically
connected to that failures happen along discontinuities in the sample, while failure
along the axis are connected to the intact rock(Szwedzicki, 2007). Illustration can
be seen in figure 3.6.

Figure 3.6: Modes of Failure (Szwedzicki, 2007)
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3.2.2 Cutter Lifetime Index

The CLI is given by combining the results from Sievers J-testing and the Abrasion
Value for cutter steel (AVS). Sievers J is given by the indentation in 1/10 mm after
200 revolutions by the testing procedure seen in figure 3.7.

Figure 3.7: Test procedure for determining the Sievers’ J-value (Zare & Bruland,
2013)

The AVS value is given by the weight loss in mg after 100 revolutions of a
standardized cutter steel sample. The test apparatus can be seen in figure 3.8.

Figure 3.8: Test procedure for determining the AVS-value (Zare & Bruland, 2013)
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The CLI value is then calculated by the use of the equation CLI = 13.84 ×
SJ

AV S

0.3847
. A lower value suggests a lower cutter lifetime in boring hours, which is

solely a function (in the NTNU model) of the cutter diameter and the CLI value(NTH,
1983).

3.3 Data analysis

3.3.1 TBM Utilization and Cutter Consumption

The TBM performance was recorded on a daily basis by Robbins to assess overall
performance. The parameters recorded was chainages bored per day, number of
boring hours and other time consumption, cutters and bucket lips changed, and
average machine performance for RPM, thrust pressure, motor ampere and propel
flow.

• Chainages bored

• Boring hours

• All time-consuming activities

• Cutters and bucket-lips changed

• RPM

• Cutterhead motor amperage

• Cylinger pressure (thrust)

• Propel flow

The time consumption was categorized as seen in table 3.3
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Table 3.3: All time-consuming activities and the category of which they were
allocated.

The categorization used on the project made comparison to all time-consuming
activities other than boring, re-gripping and cutter change possible. The categories
were however not defined detailed enough to distribute all time consumption between
TTBM , TBack, TMiscellaneous and Tlength, so they were all summarized into the
category TMaintenance. All categories not related to the boring process, with the
exception of “Ground Support”, “Probe Drilling” and “Others” were included in
TMaintenance. Utilization was calculated on the basis of the total time consumption
excluding “Ground support”, “Probe Drilling” and “Others”. Time consumption for
belt extension was summarized for all months and divided per meter tunnel to more
correctly include this parameter from a utilization point of view. All performance
parameters of interest were calculated on a monthly basis to assess the overall
performance.

3.4 Literature Review

A literature review was conducted in the prelude of writing the project thesis, which
had the main focus of TBM as a production system and the NTNU model, that this
thesis is partly based on. This has been supplemented by additional literature regard-
ing QTBM and the rock-breaking process. Reports from independent engineering
entities regarding the project has been of key interest, as these puts the quantitative
results into context.



Chapter 4

Results and Discussion

4.1 Review of Robbins Geological Back-Mapping

Production data and results from the engineering geological mapping from the first
part of the tunnel through gneiss was made available for review by Robbins. The
assessment of the mapping was solely based on comparing TBM performance with
what the NTNU-model and QTBM-model predictions, as it was not possible to map
these sections again due to safety constraints.

4.1.1 NTNU Fracture Class Results

The project registered the NTNU fracture class continuously as the TBM was
advancing. The classification definitions used was in accordance with version 6, as
this was the current version when the project commenced. The plot of all actual net
penetration rates to their respective fracture class can be seen in figure 4.1.

35
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Figure 4.1: Relationship between fracture class given by Robbins and actual NPR
for the given areas. Box contains 50% of observations, line inside box shows median
value, “x” shows average value, whiskers shows total spread in data.

Looking at all the data combined, there appear to be no correlation between
registered fracture class and estimated NPR. There was however a large spread in
the length observed per class, which may cause some uncertainty in the averages
given.

Figure 4.2: Frequency of observations per class.

As seen in figure 4.2, the majority of all observations either class O or I+, while
there are still enough observations for statistical significance for class I and II as well.
The small observed difference in average NPR for class O and I+, which corresponds
to average spacing indefinite-240 cm and 60-30 cm, suggest that there is little to no
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connection between the way the NTNU fracture class has been estimated and actual
tunneling performance. Looking at sections internally per fracture class, one gets a
better understanding of the spread of the data.

Figure 4.3: Resulting NPR and cutter thrust for different sections per fracture class.

As can be seen in figure 4.3, there is no apparent connection between fracture
class and TBM performance when looking at several sections per class. The NPR
varies significantly despite that the cutter thrust is approximately constant and that
the given classification is the same. The extremes in the NPR may be parts of several
weakness zones or marked single joints that exists in the tunnel, but this cannot
explain all deviations from the expected performances per classification. There is in
addition no correlation for cutter thrust between different fracture classes, of which
most are in the interval 275-300 kN/c. There is an exception for class II, which has
a slightly lower average cutter thrust. One would have observed way higher NPRs
at these cutter thrust levels if the classification were in accordance with version
6(Bruland, 1998).
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4.1.2 NTNU Fracture Class Discussion

The mapping itself, and indirectly the classification given, was not done in ac-
cordance with the procedure described in version 6. The fracture class had been
assessed by all fractures regardless of direction, as one would when estimating the
joint volume for RQD, and given an average distance based on this. An example of
fractures included can be seen in figure 4.4.

Figure 4.4: Picture showing all fractures included when evaluating the fracture class
by Robbins.

This procedure gave a higher fracture class than what a correct assessment after
the NTNU-model would have given. In addition, the influence of different sets and
their angle towards the tunnel axis is not included. Looking at the results in figure
4.2, the distribution suggests the fracture class to be approximately a discrete event
being either class O or I+. Given that all observations are in the same geological
stratum and that sections with the identified classes are intertwined, and not sepa-
rated in each end of the formation, the actual distribution between classes should
have been something closer to a normal or triangular distribution. This supports the
assertion that the way of registering the fracture class is not done correctly.
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Solely based on comparing the NPR and the observed cutter thrust levels with
the estimations given by the NTNU-model, all observations of NPR lower than 2.0
m/h and the majority of all observations lower than 2.5 m/h appears to actually
be class O. The remaining observations, with a few exceptions, does not appear
to belong to the class listed to. According to site personnel, the intention behind
registering the NTNU-fracture class was not to obtain data for penetration rate
estimations for later projects, but rather as a tool to describe how the rock-mass
appeared after it has been passed. The surface left behind after the TBM has passed
by does show a significant difference despite belonging to the same fracture class
(when fracture class is estimated correctly). As can be seen in figure 4.5, there is
a clear difference in how fractured the rock-mass appear to be despite both being
class O, thus the need for a system to describe this. No samples from this area was
taken to investigate if the intact rock parameters were any different.

Figure 4.5: Difference in tunnel surface under equal rock-mass conditions

The value however of registering this way can be questioned, as there is no
apparent application of the data. The extent of safety measures installed is detirmined
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by the Q-system and it has no value as an description of the rock-mass for use in the
NTNU-model. It only provides confusion if someone in the aftermath of the project
completion tries to utilize the data to estimate NPRs for a coming project. The use
of terminology should thereby be reconsidered, as it is not the actual fracture class
that is being registered.

4.1.3 QTBM Results

The project registered Q-value continuously as the TBM advanced. The value was
registered in various stretches, ranging from 2 m to 30 m, depending what was
deemed necessary. The minor stretches assessed was where there were significant
changes of the rock stability and rock support had to be installed, while longer
stretches with even rock conditions were given an average value.

The extra parameters that required to calculated QTBM can be seen in table 4.1.
The values given are based on information provided by site personnel and available
laboratory testing results from SINTEF. The UCS was set to a somewhat lower value
as the samples were collected in locations with intact rock that probably represented
the higher end of the scale of the rock-mass quality. The net cutter thrust was based
on an assesment given by one of the site geologists.

Table 4.1: Input parameters for QTBM

Parameter Value
σc(MPa) 170

F (metrictons) 27/varying
CLITM 5.55
Q (%) 27

σρ(MPa) 15

The cutter thrust is plotted for both actual and target cutter thrust values, to high-
light the difference one would estimate in advance of a project versus the prediction
using the actual cutter thrust. As the TBM performance data was registered per
excavation meter, it was decided to estimate the average performance for both the
QTBM penetration rate and the actual penetration rate by using a moving average
of 20 meters to normalize the data.
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Figure 4.6: Actual performance compared to QTBM prediction for both constant
and actual thrust.

Figure 4.7: Actual penetration rate subtracted the estimated deviation rate.

As seen in figure 4.6, the overall estimation of the penetration rate performance
appears to correlate with both ways of calculating QTBM , giving a conservative
estimate. The deviation is smaller when using the actual cutter thrust, which can
be seen in figure 4.7. The deviation using actual thrust is on average between
chainage 10000-12500 0.31 m/h, while the deviation is higher between chainage
12500-13600 is 0.90 m/h. The estimate using constant cutter thrust is on average
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more conservative, thus giving higher deviations of 0.67 and 0.95 respectively for
the chainages. The reason for the difference in between the two chainage intervals is
unknown, and there was no additional information available that could help explain
the difference.

4.1.4 QTBM Discussion

The estimations seem to have given a good prediction, especially when considering
that the sigma-theta value is assumed constant even though this changes with the
weight of the overlying bedrock. As the cutter thrust is highly influential on the
estimated QTBM -value, comparing this value to the actual and estimated penetration
rates for both constant and actual thrust will highlight the influence of the other
parameters assumed constant. It also shows the difference between the results one
would get estimating the performance before tunneling starts and after tunneling is
completed, by using respectively the assumed necessary thrust level and the actual
thrust.

QTBM using constant thrust

Figure 4.8: Actual NPR and estimated NPR as a function of the QTBM -value.
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Figure 4.9: Accumulation of observations per QTBM -value.

Comparing the actual NPR to the corresponding QTBM -value gives us an under-
standing for which conditions the estimations are most accurate. Figure 4.8 shows a
clear correlation between actual performance and the estimation based on a constant
cutter thrust, and clearly shows that the estimation on average is conservative. A
high variation in the NPR appears to coincide with the intervals of the QTBM -value
with the most observations, as seen in figure 4.9. One would have expected this to
not be the case, especially for higher values of QTBM , as the rock-mass conditions
should be stable in these areas. The influence of the actual cutter thrust, of which
the actual cutter thrust highly depends on, is likely the cause of this variation.

Figure 4.10: Cutter thrust and Q-value as a function of the QTBM -value.

The Q-value, which describes the rock mass in the QTBM -model and can be
seen in figure 4.10, is clearly the most influential parameter when using constant
thrust as input. There is a correlation between the actual cutter thrust and the Q-value,
which appears to be strongest at values of Q less than 50.
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QTBM using actual thrust

Figure 4.11: Actual NPR and estimated NPR as a function of the QTBM -value.

Figure 4.12: Accumulation of observations per QTBM -value.

Figure 4.11 shows the actual NPR and the estimated penetration rate per QTBM -
value. The deviation is clearly smaller for a value less than 100, whereof also 60%
of the observation are done, as can be seen in figure 4.12. The absence of the
volatility in the plotted actual NPR which is seen in figure 4.8 indicates that the
cutter thrust was the main reason for the volatility. For values of QTBM more than
100, there is a trend of increasing deviation with increase of the QTBM -value. An
interesting observation is that QTBM is capable of correctly predicting the NPR for
60% of the observations, while it underestimates this for QTBM -values between
100-1200, despite the fact that the actual NPR lies within the same interval as for
values between 0-100.
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Figure 4.13: Cutter thrust and Q-value as a function of the QTBM -value.

As the cutter thrust is highly influential on the QTBM -value, the connection
between this and the deviation to the actual NPR for the shows an interesting rela-
tionship. As seen in figures 4.11 and 4.13, the deviation is to a large degree driven
by the cutter thrust as soon as this drops below 300 kN per cutter. This indicates that
the estimated NPR given by QTBM is too dependent on the applied cutter thrust,
and that the parameters set to describe the rock-mass, the Q-value, is not influential
enough to compensate the estimated value when the cutter thrust decreases. This
is supported by the fact that the actual NPR stays approximately the same while
the thrust is reduced by 50-60 kN per cutter and the Q-Value drops from a peak
at 200 to a place between 100-150. Based on the comparison of back-mapping
in section 4.3, the estimation of the Q-value appears to be equally assessed as the
independent study, thus minimizing the probability that any variation is caused by
wrongful mapping.

When comparing figure 4.11 and 4.13, is that for QTBM -values from 0 to 100-
120, the Q-value is the major influential parameter on the estimated NPR. For
QTBM -values over 100-120, the cutter thrust appears to be the most influential.
Another observation is that the relationship between the Q-value, which describes
the rock-mass, and the cutter thrust is not behaving as one would expect. An increase
in the fracturing of the rock-mass is in most cases coupled with a decrease in the
cutter thrust to reduce the vibrations in the TBM. Despite the decrease, one would
still have a higher NPR than for the opposite situation. This is the situation for the
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QTBM -Values higher than 100-120, but not below these values. For QTBM less
than 100-120, we see that the cutter thrust behaves independently of the rock-mass
conditions with an approximate constant value, even though the estimated NPR in
this area behaves as expected.

Summarized, using the actual cutter thrust as an input to the QTBM -model ap-
pears to give a correct rendering of the actual NPR when one operates close to
the targeted cutter thrust. However, when the cutter thrust is lowered to reduce
the vibrations caused by better boring conditions, the estimated NPR is too highly
influenced by this to give a correct estimation. The Q-value appears in some cases
to be a good parameter for boreability, while in others not, which of course is a
fundamental weakness when using it to estimate the TBM performance. Given the
low number of meters mapped and analyzed, and given the assumptions made when
analyzing, any significant conclusion should not be drawn from the results.
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4.2 Engineering Geological Back-Mapping

As the fracture class registration by The Robbins Company could not be used, only
mapping from the field study at the site could be used for the NTNU-model. Based
on strike and dip measurements taken over the entire length of the mapped area,
there was identified two distinctive sets that were used as input to the model. The
predominant set J1 was identified with a strike of N190oE and a dip of 85o, and
minor set J2 was identified to N65oE and a dip of 85o (nomenclature for strike
and dip in accordance with project standard). The sets respectively gave an angle
towards the tunnel axis of 49o and 6o, seen in figure 4.14.

Figure 4.14: Stereonet Plot from Measurements of Strike and Dip, with Tunneling
Directions shown in red

4.2.1 NTNU-Model Results

The rock mass fracturing factor was estimated for each 5-meter interval before it was
accumulated to 50-meter section of which the TBM performance would be predicted.
This was in accordance with previous studies of correctly assessing the factor. As the
spacing distance was sporadic, while having a low degree of fracturing, the fracture
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spacing was estimated using the “n+1” approach. This is an alternative approach
to achieve a more accurate description of the spacing in these conditions(Seo et al.,
2015). The resulting ks−avg can be seen in figure 4.15.

Figure 4.15: Results from Mapping In Accordance With NTNU-Model Fracture
Class

Verifying the mapping can only be done by assessing the TBM performance in
terms of cutter thrust and NPR. This can be seen in figure 4.16.

Figure 4.16: NPR performance and estimation compared to the actual cutter thrust
utilized.
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The estimated NPR is quite close to the actual NPR, with the exception of
chainages 8500-8700. As the NTNU model is highly dependent on applied cutter
thrust, the estimated NPR is significantly lower than actual NPR despite the fact that
the fracturing factor is higher in these chainages.

4.2.2 NTNU-Model Discussion

There are several factors which may have affected the assessment during the map-
ping. Firstly, both students had no experience in mapping in TBM-driven tunnels,
thus having no prior knowledge to help in their judgment. Taking into account the
learning curve for this kind of work, one should assume a higher variation in the
assessment first sections mapped than in the latter. It is nearly impossible to avoid
the influence of subjectivity, especially considering lack of previous experience
in mapping. There was also an issue with TBM performance data, which led to
a considerable loss in percentage of the number of meters with recorded. Firstly,
the data logging did not record all performance data for all excavation meters. The
reason for this is unclear. Secondly, every time the cutter head was pulled back for
inspection or cutter change, this was logged as high NPR at low cutter thrusts. This
data could be identified by looking at the cutter head torque, which would have a
low value when this happened. It was decided that registered excavation meter with
a torque of less than 100 kNm was sorted out. Some of the 50-meter sections lacked
performance data for up to 50% of the excavation meters, so the average for the
entire section is based on the remaining data for this section. Due to the similarity of
the rock mass conditions in chainage 8100-8500, it was deemed to be a reasonable
approach for assessing performance where data was lacking.

As seen in figure 4.16, there is a clear deviation between actual and estimated
performances in the 50-meter sections in chainages 8500-8700. The combination
of a low cutter thrust and a very high NPR would normally indicate that this is a
heavily fractured area, with a ks−avg of more than five. This was obviously not
the case, as the majority of the area was self-supporting without any rock support
installed. The chainages in question were close to an expected weakness zone and
lies in the transition zone between the Biotite Granite formation and the Granitic
Gneiss, which makes it possible that this has affected the rock parameters. This
assumption is supported by what can be interpreted from the interaction between
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the rock-mass and the TBM. The surface left behind after the TBM had passed
were in and close to chainages 8500-8700 was uneven and the fracturing induced
by the TBM appeared to have spread outside the cross-section of the tunnel. This
can be seen in figure 4.17. Pieces of rock could easily be loosened by hand in these
areas. The opposite was the case outside this area, where the TBM left a smooth and
completely intact surface except for around the fracture sets, as seen in figure 4.17.

Figure 4.17: NPR performance and estimation compared to the actual cutter thrust
utilized.

Results from chainages 8100-8500 and 8700-8750 does give an accurate es-
timation of the actual NPR. Given that the uncertainty of the parameters in the
NTNU model, as the DRI and the subjectivity of the interpretation of the rock mass
conditions, there is normally a low probability of getting an estimating this close to
the actual conditions. The interpretation of the rock mass conditions, where it has to
be evaluated if fractures have contributed to the breaking process of the TBM, was
in this case more obvious than in other tunnels. The TBM induces a 30-45o fracture
from the tunneling axis towards the fracture plane, leaving in most cases a highly
distinct fracture around the circumference of the tunnel. Other fractures could be
identified in the tunnel, but it was in most cases evident that these did not contribute
to the breaking process due to the lack of rock breaking onto the fracture plane.
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4.2.3 QTBM Results

The Q-value was estimated on a 5-meter basis and averaged over 50-meter sections.
The result can be seen in figure 4.18. Only the areas not covered in rock support
were mapped, thus giving a higher average Q-value than what was the case for some
sections.

Figure 4.18: Results from Q-system mapping per 50-meter section

As all parameters except cutter thrust and Q-value are kept constant, the results
of the mapping can be verified by comparing the estimated NPR with the actual NPR.

Figure 4.19: QTBM NPR estimation compared to actual performance and cutter
thrust
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As seen in figure 4.19, the deviation from the actual performance is negligible
in chainage 8100-8450. As the estimated NPR is clearly correlating with the cutter
thrust, the drop in this value leads to a reduction in the estimated NPR.

4.2.4 QTBM Discussion

The geological back-mapping indicates relatively good rock-mass conditions, whereof
the average values of are well within the area where no rock support is needed. The
weakness zone in chainage 8550-8700 is to some degree identified by the system, but
equal Q-values for this area is also seen in chainage 8400-8450 and 8500-8550. The
original purpose of the Q-value is to assess the necessity for rock support measures,
while it acts as the rock-mass parameter for the QTBM model. The QTBM model
gives accurate estimations for chainage 8100-8400, while it deviates significantly
for the remaining sections. The cutter thrust does seem to be too influential on the
model, making significant reductions in the Q-value almost without influence. This
is especially clear in the section from 8450-8750, where it does not seem like that the
large reduction in Q-value has any effect on the estimated NPR. As for the NTNU-
model, it is possible that that the rock parameters changes when passing through the
weakness zone and that the uniaxial compressive strength is in fact lower in this area.

As for uncertainties in the mapping, there was an issue with dust sticking to the
wall. This dust layer was in some case so thick that the evaluation of the RQD
for calculating the Q-value was challenging to do equally between sections. The
influence of subjectivity may also have contributed to the uncertainty. The mapping
was also done for two different purposes, both for assessing the necessity of rock
support and for the use in the QTBM model. For the first case, the conservative
approach would be to interpret the rock-mass so that the Q-value was lower. For the
latter case, a lower Q-value would give an increased estimated NPR, thus making a
high estimate of the Q-value the more conservative case. Still, it is doubtful that this
has had any actual influence on the estimated NPR in this case given the discussed
influence of cutter thrust. It may be more influential in cases where the cutter thrust
is more equal and when the mapper has an economic incentive one way or the other.
The estimation of the RQD-value was also based on using joint volume and not
oriented RQD, which is also a source of error.
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4.2.5 Comparison of Estimation Models Discussion

Both estimation models give relatively good estimations in chainage 8100-8400.
In chainage 8400-8500, the QTBM model deviates significantly while the NTNU-
model gives a lower estimate than what the actual NPR is. The estimates are off
in the weakness zone, while getting closer for chainage 8700-8750. The results
do however indicate that the QTBM model is too influenced by the applied cutter
thrust. This can be seen in chainage 8450-8550, where the QTBM estimation falls
significantly despite the fact that boring conditions are getting better. The NTNU
model does also underestimate the NPR in this area, but the estimation is clearly
not only influenced by the reduction in cutter thrust. The reason for this can be
seen in how the influence of cutter thrust is modeled as a function of the rock-mass
conditions. The NTNU model with the equation io = Mt

M1

b
, where M1 and b are

functions of kekv . The QTBM -model however assumes that all rock-mass conditions
respond equally to the cutter thrust by the 1

F10

209

fraction. This clearly leads to an

underestimation in cases where the TBM operator reduces cutter thrust when hitting
rock with good boreability, as the parameter describing the rock mass does not
sufficiently compensate for this. This highlights the problem of using a “single
equation model”, as these are built under the assumption that real-world problems
behave mathematically ideally. It may be the case in narrowly defined intervals of
given parameters but is clearly not the case when facing actual problems. Still, both
models appear to give good estimates under conditions where the rock-mass has a
low fracturing, as was the case in this tunnel. Empirical models can more easily be
adapted to take into account different parameters in a better way, thus giving a more
flexible tool to estimate the performance.
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4.3 Comparison of Back-Mapping

4.3.1 Results

Figure 4.20: Resulting fracture class from Robbins mapping versus independent
mapping

Figure 4.20 shows the results from the mapping done during the visit at site versus
the mapping done by Robbins. The assessment is approximately equal in chainage
8100-8400, while it deviates significantly in chainage 8400-8750.

Figure 4.21: NTNU-model NPR estimations for Robbins and independent fracture
class mapping

Using the results from figure 4.20 as input in the NTNU-model, we get the
estimated NPR seen in figure 4.21. The results show an approximately equal
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estimation in chainage 8100-8400. The Robbins mapping indicate a highly fractured
rock-mass for chainage 8400-8500, which does not lie in the weakness zone. The
corresponding estimated NPR for this area is thereby significantly higher than the
actual NPR.

Figure 4.22: Resulting Q-system value from Robbins mapping versus independent
mapping

The results from mapping with the Q-system can be seen in figure X. The
mapping conducted by Robbins shows a higher value given in areas with good
rock-mass conditions compared to the student mapping, while the value is more
equal for the other areas.

Figure 4.23: QTBM NPR estimations for Robbins and independent fracture class
mapping
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The resulting estimated NPR can be seen in figure 4.23. In chainage 8100-8400,
the estimations are approximately equal, while the Robbins estimating result is
more conservative than the other estimation. Both estimations given an inaccurate
estimate in chainage 8400-8750, where the estimates are too low.

4.3.2 Discussion

As previously discussed in section 4.1, the mapping procedure for fracture class
by Robbins was not conducted in accordance with the NTNU-model. In chainage
8100-8400 where the rock was intact and the surface was smooth, the resulting
ks−avg was equal to that of the actual ks−avg. In chainage 8400-8500, where the
rock is still intact while the surface is not smooth, the given ks−avg is way higher
than what the actual conditions suggest. This is reflected by deviation between the
actual performance and the estimation by Robbins. The fact that the approximation
for 8500-8550 is accurate should thus not be treated as anything other than a coinci-
dence, where portions of the section lies within the weakness zone. This contributes
to increase the average NPR, thus coinciding with estimation based on an incorrect
mapping. This is supported by the fact that chainage 8700-8750, whereof most of
the section is outside the weakness zone, has a way too high estimation when normal
thrust levels are applied.

The mapping using the Q-system shows in general a significantly higher Q-value
in chainage 8100-8500, while the evaluation is more equal in chainage 8500-8750.
The mapping conducted by Robbins was expected to give the lowest value, as the
purpose was to assess the necessity for rock support during boring. One would
thereby expect a conservative estimation, especially when considering that the per-
sons mapping are in the tunnel at all times. This was though only the case for
chainage 8100-8500 which consisted mostly of intact rock, thus making the exact
value trivial. For chainage 8500-8750, the Robbins value is for most sections lower
or equal to the other mapping.

It has to be taken into account that the mapping could not be conducted for ar-
eas covered with shotcrete, thus giving a higher Q-value for the mapping conducted
during the field surveys. The big difference in Q-value does however not significantly
affect the estimated NPR. The estimation by Robbins is slightly more conservative
on average, while it is not as affected by the difference in Q-value as one would
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expect. Continuing, it is clearly shown for chainage 8450-8550 that the necessity for
rock support and the boreability are not coupled, as the model is not able to correctly
estimate the NPR in this case.

Summarized, the results from the comparison shows that the way the fracture
class has been mapped by Robbins is not in accordance with the NTNU model. This
is in accordance with the analysis of mapping done for the rest of the tunnel. Map-
ping using the Q-system appears to have been done correctly, as the methodology by
the site geologists is in accordance with the instructions provided by the Q-system
Handbook(NGI, 2015).

4.4 Laboratory Testing of Core Samples

The testing of the samples was conducted at the SINTEF laboratories 15.05.2018.
The results can be seen in table 4.2.

4.4.1 Results

Table 4.2: Results from UCS testing
Test nr. Compressive Strength

(MPa)

1-1 200.1
1-2 175.5
1-3 214.5
1-4 179.4
1-5 193.3

Average 192.6
St. Deviation 15.8

All failures were of the “multiple shear” category. Pictures from pre- and post-testing
can be seen in figure 4.24.
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Figure 4.24: Pictures before and after testing showing failure mode

The AVS and Sievers’ J tests gave the results seen in table 4.3.

Table 4.3: Results from AVS and Sievers’ J testing
Test nr. Sievers’ J AVS

(1/10 mm) (mg)

1 1.8 21
2 4.4 22
3 1.6
4 1.9

Average 2.4 21.5
St. Deviation 1.30 0.71

The resulting values correspond to a CLI-value of 6.0. The mineralogy of the
rock at the from the same sample can be seen in table 4.4.

Table 4.4: Resulting mineral composition from sample at chainage 7790 m
Quartz Mica Plagioclase K-Feldspar Pyroxene Chlorite

33% 2% 36% 26% 2% 1%

The results indicate a similar composition in both the Granite Biotite and the
Granitic Gneiss, where Quartz, Plagioclase and K-Feldspar are the predominant
minerals.
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4.4.2 Discussion

The results from the laboratory testing suggests that the boring conditions are on
average equal throughout the tunnel. Despite the fact that the other test was taken
7 km in distance away and in another geological formation, the difference in test
results were insignificant. The mineral composition in both areas does not change
significantly. This supports the assumptions done in the analysis that the tunnel,
from an engineering point of view, can be treated as if the boring conditions are
equal throughout the tunnel.

4.5 Test Procedures

As chip sampling was to be conducted during the test, the test procedure had to
be adapted. The sampling had to be performed at the tunnel conveyor behind the
back-up as the muck would be within reach at this point. Communication was thus
an issue, since the sampler could not know at which test increment was currently
being utilized. The solution was that the sampler would call the operator cabin from
a cooling-cabin located at the middle of the back-up and instruct when each test
thrust level increment could start. The sampling would then occur approximately 5
minutes after the call, to ensure that the operator had time to stabilize the thrust and
that muck from previous strokes would not be on the conveyor. When the sampling
was finished, the next call would be made to set a new thrust force level. At the same
time, one person sat with the TBM operator in the cabin monitoring the performance
data. The data would be assessed after three minutes of operating at each thrust
level, to ensure that the breaking process was not influenced by previous thrust force
levels. The computer onboard displayed gross thrust force, penetration per minute,
cutterhead torque and cutterhead RPM directly, and the value noted would be what
was considered an average reading for the period after three minutes of operation.
As the collection of the samples involved bending over the tunnel conveyor with
the possibility of getting stuck, it was decided to not perform any additional chip
samplings in the tunnel due to safety concerns after test 1. Tests 2-4 were done in
accordance with the NTNU-model descriptions.
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4.5.1 Penetration Test 1

The first penetration test was conducted 08.03.2018 from chainage 8091.5 to 8089.6.
The preceding stroke to the test showed stable conditions with an NPR around 3.2
m/h with thrust per cutter at 280 kN and RPM at 10.3. The test started with a stroke
extension of 150 mm.
The test itself was not conducted under ideal conditions, as what was interpreted
by the operator as potential weak rock-mass conditions were encountered. This
lead to the RPM being reduced significantly due to concerns from the operator
of damaging the cutters for test 3 and 4, which is not in accordance with the test
procedure. The TBM did also shut down between test 1 and 2, and 2 and 3, as there
was a malfunction with a conveyor sensor. Test 5 was supposed to be conducted for
a thrust force at 5000 kN, but was changed due to low amounts of usable muck for
already for test 4. Results can be seen in table 4.5.

Table 4.5: Test Results from Penetration Test 1

As the test procedure requires a constant RPM during the testing, only results
for 1,2 and 4 were used for calculating M1 and b. This gave the log-log plot for
gross thrust per cutter and penetration rate as seen in figure 4.25.
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Figure 4.25: Loglog-plot of Test 1 Results

The curve gave the following values seen in table 4.6 for the penetration coeffi-
cients.

Table 4.6: Penetration Coefficients from Test 1
M1(kN) b

Result 156 2.92

4.5.2 Penetration Test 2

The second penetration test was conducted 17.03.2018 from chainage 7948 to 7949.
The preceding and succeeding strokes to the test showed stable conditions with an
NPR around 1.8 m/h with thrust per cutter at 287 kN and RPM at 10.3. The test
started with a stroke extension of 400 mm. The test was conducted under ideal
conditions as no fractures were hit during the procedure. The results did however
show somewhat varying results for penetration rate at different thrust intervals. The
results from the second penetration test can be seen in table 4.7.
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Table 4.7: Test Results from Penetration Test 2

As test was conducted under even rock-mass conditions and there were no prob-
lems regarding keeping the RPM constant. The log-log plot of the test results can be
seen in figure 4.26.

Figure 4.26: Loglog-plot of Test 2 Results

The regression line gave the penetration parameters seen in table 4.8.

Table 4.8: Penetration Coefficients from Test 2
M1(kN) b

Result 188 2.95
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4.5.3 Penetration Test 3

The third penetration test was conducted 22.03.2018 from chainage 7883 to 7884.
The preceding stroke showed a NPR of 2.6 m/h and the succeeding stroke to the
test showed stable conditions with an NPR around 1.8 m/h. The test started with a
stroke extension of 500 mm.

The test was assumed to be under ideal conditions as the NPR was stable for
the first 500 mm of the stroke. After the third increment, the cutter thrust became
hard to stabilize and the results from the two next increments were excluded from
the analysis. The final increment was however stable and was included in the anal-
ysis. The RPM was held somewhat stable, even though the RPM was reduced for
increment number four. The results from the third penetration test can be seen in
table 4.9.

Table 4.9: Test Results from Penetration Test 3

As test was conducted under even rock-mass conditions and there were no
problems regarding keeping the RPM constant. The log-log plot of the test results
can be seen in figure 4.27.
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Figure 4.27: Loglog-plot of Test 3 Results

The regression line gave the penetration parameters seen in table 4.10.

Table 4.10: Penetration Coefficients from Test 3
M1(kN) b

Result 213 3.45

4.5.4 Penetration Test 4

The fourth penetration test was conducted 22.03.2018 from chainage 7948 to 7949.
The preceding and succeeding strokes to the test showed stable conditions with an
NPR around 1.8 m/h with thrust per cutter at 287 kN and RPM at 10.3. The test
started with a stroke extension of 400 mm. The test was conducted under ideal
conditions as no fractures were hit during the procedure. There was no unexpected
variation during the test. The results from the fourth penetration test can be seen in
table 4.11.

Table 4.11: Test Results from Penetration Test 4

The log-log plot of the test results can be seen in figure 4.28.
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Figure 4.28: Loglog-plot of Test 4 Results

The regression line gave the penetration parameters seen in table 4.12.

Table 4.12: Penetration Coefficients from Test 4
M1(kN) b

Result 232 3.83

4.5.5 Summary

The chainages where the tests were conducted were mapped and the rock-mass
classified in accordance with the NTNU-model. The results can be seen in table
4.13.

Table 4.13: Summary of results from penetration tests

Tests 2, 3 and 4 were conducted in solid rock-mass with no sign of fracturing.
Test 1 was conducted through a fracture. A fracturing factor was given on the
best judgement based on general knowledge of the TBM responded to different
rock-mass conditions. The results were plotted with the NTNU 2016 test results in
figures 4.29 and 4.30.
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Figure 4.29: Results from Kontum tests plotted with M1 results used in version 7 of
the NTNU model

Figure 4.30: Results from Kontum tests plotted with b results used in version 7 of
the NTNU model

All tests results have a lower kekv-value than that of any of the results included
in version 7 of the NTNU model. They appear to be in accordance with the graph
giving the actual value used for modelling NPR.

4.5.6 Discussion

Despite two out of four were not conducted under ideal conditions, all test still gave
results supporting the conclusions from the tests conducted for version 7 of the
NTNU model. A source of uncertainty was that the DRI used to calculate kekv was
based on samples taken 7 kilometers away from the testing area. The tests were
also conducted in another geological formation, consisting of Granite Biotite instead
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of Granitic Gneiss. The different formations are assumed to behave equally, as
previously discussed. This assertion is supported by the fact that the UCS test results
were equal in both formations. But as the results form the basis of the penetration
curve, they should still be sought to be as accurate as possible.

4.6 Chip Analysis

4.6.1 PT1 Results

The average ship size for different cutter thrust increments can be seen in figure
4.31. The results indicate a slight increase in height and length as a function of the
increase in cutter thrust.

Figure 4.31: Average Size of the Largest Chips

The ship shape factor can be seen in figure 4.32. The resulting location in the
diagram suggests a normal shape with a tilting towards the “flat” area.
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Figure 4.32: Chip Shape of Average Chip Size

The resulting chip cubic volume can be seen in figure 4.33. There is an indication
of an increased cubic volume with in increase in cutter thrust.

Figure 4.33: Cubic Chip Volume per Cutter Thrust Level

The indentation can be seen in figure 4.34. The results in total are very stochastic.
Given that the two middle values for cutter thrust were under a higher fractured
condition, the remaining results indicate a lower indentation with an increase in
cutter thrust. This suggests a more efficient rock-breaking process.
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Figure 4.34: Indentation per Cutter Thrust Level

The resulting chipping frequency can be seen in figure 4.35. An increase in the
frequency with an increase in cutter thrust suggests a more efficient rock-breaking
process, as fewer but thicker chips are released per revolution.

Figure 4.35: Chipping Frequency per Cutter Thrust Level

The resulting specific energy use can be seen in figure 4.36. The results does
indicate a reduced energy use with an increase in cutter thrust. There were however
problems getting an exact read of the ampere levels to the cutter head, in addition to
changes in the rock-mass conditions and change in the RPM. It is thereby not a too
reliable result as many parameters were changing during the test.
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Figure 4.36: Specific Energy Use per Cutter Thrust Level

4.6.2 Normal Operations Results

The resulting average ship size can be seen in figure 4.37. The chip dimensions are
significantly larger compared to those of PT1.

Figure 4.37: Average Size of the Largest Chips

The ship shape factor can be seen in figure 4.38. The resulting location in the
diagram suggests a normal shape with a tilting towards the “flat” area.
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Figure 4.38: Chip Shape of Average Chip Size

The resulting chip cubic volume can be seen in figure 4.39. The volume is
considerably larger compared to he results in PT1.

Figure 4.39: Cubic Chip Volume per Cutter Thrust Level

The indentation can be seen in figure 4.40. The significantly lower value com-
pared to the PT1 suggests a more efficient rock-breaking process.
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Figure 4.40: Indentation per Cutter Thrust Level

The resulting chipping frequency can be seen in figure 4.41. The chipping
frequency in considerably lower than in PT1.

Figure 4.41: Chipping Frequency per Cutter Thrust Level

The resulting specific energy use can be seen in figure 4.42.
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Figure 4.42: Specific Energy Use per Cutter Thrust Level

4.6.3 Discussion

The results from the penetration test shows a decreasing indentation with increased
cutter thrust levels, suggesting a more effective rock breaking process. The test
was however not conducted under ideal conditions, thus having a fracturing heavily
influence the results. The samples taken during normal operation in intact rock gives
a kerf depth factor of 0.35. The significantly lower value is likely caused by a more
equal distribution of the thrust between the cutters than for fractured rock. The
degree of cutter wear may also be very influential, as it both widens the contact area
and less thrust gets distributed to this cutter. Energy use per cubic meter of rock
excavated appears to be decreasing as cutter thrust increases. The results should not
be utilized to draw any general conclusions, due to the low amount of data. There
were two attempts of running av RPM test. Both failed due to that only four out of
six cutterhead engines were operational. When the RPM was lowered, the torque
increased to a level where the amperage could damage the engine.

4.7 Mapping Methodology

4.7.1 Results

The use of different analytical lengths when mapping has proven to have significant
impact on the estimated average fracturing factor and thus the resulting estimated
NPR(Seo et al., 2015).
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Figure 4.43: Results of different mapping lengths per analyzed section in Kontum.

Figure 4.43 shows the resulting average fracturing factor based on different
analytical lengths accumulated to 50-meter sections. There is a clear trend of a
reduced estimated fracturing factor for increased mapping lengths. When averaged
and used as input for the NTNU model, we get the following results.

Figure 4.44: Accumulated results for chainage 8100-8500.

Figure 4.44 shows that the use of 5 m sections give the best resulting estimated
NPR, with a 10% underestimation of the actual NPR. The remaining mapping lengths
respectively give 16%, 16% and 17% underestimation. This is in accordance with
previous studies, suggesting that 5-meter mapping length gives the most accurate
result. The NTNU-model is also supposed to give a conservative estimate, which is
in line with the deviation seen in this case.
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4.7.2 Discussion

The results indicated that the use of 5-meter sections were the most appropriate
mapping lengths for the NTNU model. A general issue causing variation in the
results from geological back-mapping is the influence of subjectivity when it comes
to interpreting the rock-mass. This was not considered to be a great concern in the
Kontum geology, as the characteristics of the fractures clearly indicated which had
contributed to the rock-breaking process and which had not. This thus reduced the
probability that too few fractures had been included when estimating the fracturing
factor, thus making it improbable that the use of longer mapping lengths gave a
more accurate estimation.
There was however some contradiction in the results compared to previous studies
when increasing the mapping lengths.

Figure 4.45: Results from Faraoe Island Study (Seo et al., 2015)

Figure 4.45 shows that the results from the previous study indicate an increase
in the mapping lengths also increases the calculated average fracturing factor. The
results from Kontum indicate that the fracturing factor decreases with increasing
mapping lengths. At first, it was assumed that the deviation could be the result of
statistical variation due to the short distance mapped in Kontum. To verify if this
was the case, an analysis of a simulated rock-mass was conducted.
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The rock-mass was simulated in excel by assuming that the occurrence of fractures
followed a Poisson-distribution. 10 km kilometers were simulated with different av-
erage fracture distances to see the effect of a low fractured versus a highly fractured
rock-mass. It was assumed only one fracture set with an angle to the tunnel axis of
49 degrees, alike the J1 set identified in Kontum.

Figure 4.46: Effect of analytical lengths under different rock-mass fracturing condi-
tions, given systematic fracturing.

The simulation results in figure 4.46 clearly show that the average value of the
fracturing factor is highest for 5-meter mapping lengths and decreases with increased
mapping lengths. The deviation in the average fracturing factor between different
mapping lengths decreases with the increase in rock-mass fracturing. This implies
that the use of different mapping lengths becomes less significant as the general rock-
mass fracturing increases. The variation does decrease with longer mapping lengths,
while the deviation becomes between lengths becomes significantly smaller with
an increase in mapping length. The simulation supports the results from Kontum,
thus indicating that the calculated average fracturing factor should increase with
shorter mapping lengths. This is though under the assumption that the fracturing is
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following a Poisson distribution throughout the entire tunnel.
According to one of the engineering geologists present at the Faraoe Island tunnel,
the characteristic of the rock-mass fracturing was different than for Kontum. The
rock-mass had a more sporadic occurrence of fractures, where there as an example
could be 20-30 m without fractures followed by 5 m with 20 fractures. This was
simulated in the model by assuming that the occurrence of heavily fractured 5-meter
sections would occur on average every 25 m.

Figure 4.47: Simulation results for rock-mass conditions met in the Faraoe Islands.

As can be seen in figure 4.47, the modelling of this fracture characteristics gives
the lowest fracturing factor estimate for 5-meter mapping lengths and increasing
estimates for increasing mapping lengths. This is in accordance with the results
from the study at the Faraoe Islands. In addition, the variation in the resulting data
appears to be increasing with an increase in mapping lengths.
In total, the results from the simulations shows that the consequence of using longer
mapping lengths than 5 m are different depending on the rock-mass fracturing
characteristics. Even though both projects gave the best results when using 5-meter
sections, it is not given that the use of this length provides the ideal description of
the all rock-mass fracturing characteristics.

4.8 TBM Utilization

4.8.1 Results

Data for a total of 20 months, from June 2016 to February 2018, was analyzed for
assessing the TBM performance. July 2017 was excluded from the assessment, as
TBM operation was shut down almost the entire month due to other work that had



78 CHAPTER 4. RESULTS AND DISCUSSION

to be executed in the tunnel. Figure 4.48 shows that the overall performance for the
TBM has improved from the start of the project to February 2018. The accumulated
length of tunnel bored is seen in figure 4.49.

Figure 4.48: Overall TBM Performance showing the monthly boring length and
monthly utilization, including the linear trend of the general performance.

Figure 4.49: Total length bored from current contractors boring commencement
until February 2018.
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The utilization can be divided into two significant intervals. June 2016-November
2016 shows declining trend in utilization with a loss of 1.1 percentage point per
month. November 2016-February 2018 shows an increasing utilization of 0.9
percentage point per month.

Figure 4.50: Development in the TBM utilization showing two distinct trends,
respectively for the first 6 months and the last 14 months.

The time consumption for maintenance is shown in figure 4.51, normalized to
the number of hours per kilometer on a monthly basis. The NTNU model for a
low-quality system is shown for comparison. This includes the ‘’Tunnel length
factor“ given in the model, in addition to time consumption for TBM, back-up
systems and miscellaneous activities.

Figure 4.51: The total number of hours other than boring, re-gripping and cutter
change normalized to h/km on a monthly basis. The total time consumption for a
low-quality system as defined in the NTNU-model is plotted as a comparison.
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As shown in table 4.14, the estimates given for time consumption for boring and
cutter inspection and change are accurate. This is though despite the fact that the
average cutter lifetime is 50% higher than what given by the model, which can be
seen in section 4.9. Time consumed for regripping is about 50% higher, while time
spent on maintenance is respectively three times and twice the estimation for the
first and second 10-month period of the project.

Table 4.14: Comparison of the number of work-hours to each activity for the first
and last 10 months of operation with the output from the NTNU-model.

The results from estimating the utilization with the QTBM model is seen in
figure 4.52. The estimation was done both for with the m1 parameter both for
the conditions at site and for the conditions during the world record in boring
given in the model description. The model assumes a gradual deterioration, with a
slighter decrease in utilization as the number of work-hours increases. The actual
utilization is on average higher than the estimation in all months except June 2016.
The utilization decreases at a similar rate as the estimation the first six months but
increases after this and surpasses the world record case. It should be noted that the
QTBM model also includes time consumed for rock-support, which is not included
for estimating the utilization in Kontum. Certain months would thereby have a
utilization closer to what is estimated for Kontum.
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Figure 4.52: Comparison of the QTBM estimated utilization for Kontum with the
actual utilization and the world-record case (Barton, 1999)

4.8.2 Discussion

Given the state of the TBM when the boring recommenced, there was an expectation
that the utilization and gross advance rate would be significantly lower than for
a new TBM. The NTNU model suggested a utilization of 44% for a low-quality
system, which is higher than the best monthly utilization for all recorded months.
The average utilization performance to this date is 27%, which accounts to 61%
of the expected performance. The corresponding advance rate is 594 meters per
month, of which only two of the recorded months has managed to achieve. The
current monthly average is 360 meters, which also accounts for 61% of expected
performance. These numbers are based on the average rock mass fracturing mapped
in chainage 8100-8750 as input for the NTNU model. This suggest that the NTNU
model predicts the net penetration rate for this project accurately, while the time
consumption for other activities are significantly lower than expected. There has not
been conducted mapping of the rock-mass fracturing in accordance with the NTNU
model throughout the entire tunnel, but it is assumed somewhat equal conditions
based on the assessment of general TBM performance data and lab testing. This is
supported by the clear correlation between the utilization and the advance rates seen
in figure 4.48.
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Looking closer at the utilization, there is a clear downward trend the first 6
months of operations before this turns around and leads to an increased trend in
utilization. This is the opposite case of what is usually seen in TBM projects, where
there is a high increase in utilization the first months due to a “learning curve”
for the workers of the projects and a slight decrease in utilization over time due
to wear of the machine. There may be several reasons to the development of the
utilization. Firstly, the TBM has been inside the tunnel for more than six years under
hot and humid conditions. This is unfavorable in regards of corrosion of mechanical
parts, electrical engines and equipment, sensors, and so on. Secondly, the TBM was
operated by non-competent personnel while being built by the Chinese contractor.
There were large damages to the cutter head after only one kilometer of boring and
a second cutter head was kept in reserve at site in case the current one would fail.
The damages suggest that the entire TBM had been under significantly larger stress
than what was intentioned for the machine, thus leaving it in a poorer state from a
mechanical point of view. In combination, these conditions are likely to have been
the root cause of many of the problems when the boring commenced. From what can
be interpreted from figure 4.50, it took around six months of boring before a enough
problems were rooted out so that the utilization started increasing again. The steady
increase after six months suggests that the continued replacement of deteriorated
components had a significant impact on the utilization. It should also be taken into
account that extensive repairs were conducted prior boring commencement in June
2016.

The total time consumption for maintenance per kilometer is significantly higher
than what the NTNU model suggests, even with a high estimate for miscellaneous
activities and the low quality/low skill estimate for the tunnel length factor. The de-
viation is nearly at 800 hours/kilometer at project start while decreasing to about 400
hours/kilometer in February 2018. Despite the improvement, the average number of
hours used is about twice as high as the most conservative estimate. As the trend
in the number of hours used for maintenance appears to be flattening out, which
is also the case for the NTNU model estimate, there may fundamental reasons for
why the number of hours used for maintenance are this high. One reason may be the
high temperature and humidity in the tunnel, especially during boring, affects the
general productivity of the workers at site. Damages to the casings holding the cutter
axle in the cutter head required more frequent repairs to avoid excessive cutter use,
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which also contributed to the decrease in general utilization. According to the chief
electrician, there was also an issue regarding fluctuations in the frequency in the
Vietnamese power grid. As electrical components as sensors were vulnerable to this,
they often failed and had to be changed at a higher rate than what was common. This
also contributes to the general productivity of the TBM, as this would shut down
if any TBM or conveyor sensors failed. There were also occasional power failures
in the local electricity grid caused by lightning. A previous SINTEF report has
discredited this element as the main or a major factor for reduced utilization(Trinh,
2013), while it still has an impact on the performance. There was also an issue
with low quality parts delivered by the Chinese division of Robbins which led to an
increase in down-time. This was the case with the TBM conveyor belt, which was
changed twice during the five-week stay at the project site, in addition to several
extensive repairs conducted to keep it operational. It took about eight hours to
change one belt in addition to approximately 24 hours for the vulcanization process
when merging the belt. One change alone contributes to 4-5 percentage points
reduction in utilization per month, while some of this is gained by the fact that other
maintenance activities can be conducted at the same time.

Looking at the time consumption in hours per kilometer in table 4.14, it is evi-
dent that the model makes realistic estimates for time used for boring and cutter
change. The actual time consumed for regripping is about 50% higher than what
is estimated. An explanation for this is that the forms the TBM operator used to
keep record of activities did so on a ten-minute basis. Even though the regripping
only took six minutes, it would be registered as ten minutes in the daily logs. It is
again shown here that the maintenance is heavily underestimated. One would expect
the time used for cutter inspection and change would be significantly lower, as the
average lifetime in fact is 50% higher than what is assumed. An explanation for this
may be that the time used for inspecting the casings holding the cutters were higher
than normal, as there was severe damages to the cutterhead.

There are some factors that affected the performance parameters that should be
taken into account. Time registered for “Ground Support”, which in some portions
of the tunnel were quite extensive, have reduced the calculated working time sig-
nificantly in some cases. Boring does however happen during this activity, as the
crew would advance the TBM approximately one meter before installing support
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measures. The meters advanced would thus be registered for the actual boring
time, while the actual boring time was reduced, thus inflating this number. During
breakdowns, heavy repairs or other work that required shutting down operations,
general maintenance on the TBM would occur concurrently as this work was being
done. Given the large number of hours spent on these activities per month on this
project, the time registered for “Cutter inspection and change” would in certain
months be drastically reduced.

The QTBM estimation for the utilization does not realistically represent the ac-
tual development in the utilization on this project. Despite the fact that this TBM
is performing significantly worse than for a new machine, it still surpasses the
best-case scenario provided by the model. Especially the "learning-curve" when
commencing boring has a significant impact on actual utilization, and is not included
in the model. As commented in the results, the time consumed for rock-support
has not been included when calculation the actual utilization in Kontum. This is
however included in the QTBM -model, which is thereby a source of error. Time
used for this purpose was only extensive for a limited number of months, and does
not affect the general results or or the difference in trend when it comes to both the
estimation and actual utilization. The lack of possibility to consider project specific
considerations leads to a wrongful estimation of the actual performance, in addition
to the fact that it clearly giving a way too conservative estimate. The development
in utilization may be realistic for a new TBM operating under ideal conditions. Still,
the model is built on the assumption that projects operate under conditions so that
the development behaves ideally from a mathematical point of view.

4.9 Cutter Consumption

4.9.1 Results

TBM performance and time-consumption data for a total number of 96 weeks was
recorded. Of these, only 60 weeks were used in the analysis. The data sorted out
was due to lacking registration of TBM performance parameters and no registration
of cutter changes for some weeks. In addition, weeks where there was suspected
that not all cutter changes were registered were sorted out. These were identified by
having 10-20 times the lifetime per cutter compared to the average life time. Weeks
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with fewer than 25 boring hours were also sorted out, to reduce the variability in the
resulting numbers. Total cutter data can be seen in table 4.15.

Table 4.15: Cutter consumption data
Parameter Value
Length (m) 5816

Cutters 1160
h/c 2.66
m/c 6.26
m3/c 97

As the rock-mass fracturing was not mapped in correctly, the NPR has been
used to represent this parameter. The NPR is based dividing the number of meters
excavated on the number of boring hours per week.

Figure 4.53: Scatter plot of cutter lifetime in hours and NPR

Lifetime based on rock-mass fracturing can be seen in figure 4.53. The result
shows that the average lifetime per cutter is independent of the boring conditions.
This is also the assumption in the NTNU model. The average cutter lifetime is 2.66
h, while the CLI of 5.5-6.0 suggests a lifetime of 1.75-1.81 h.
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Figure 4.54: Scatter plot of cutter lifetime in hours and cutter thrust

The effect of cutter thrust on cutter lifetime can be seen in figure 4.54. The cutter
lifetime in boring hours does not appear to be influenced by changes in applied
cutter thrust for the given values, based on the value of R-squared. The NTNU
model does assume an influence of the cutter thrust for CLI less than 6.0, which is
the case on this project. It is though stated that the assumed reduction in lifetime in
the model should be used with care.

Figure 4.55: Scatter plot of cutter lifetime in meters and NPR

The cutter lifetime in excavation meters can be seen in figure 4.55. The result
shows a correlation between the rock-mass fracturing and the cutter lifetime in
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meters. The NTNU-model assumes a linear relationship between NPR and the
number of excavation meters, where the slope is equal to the average lifetime per
cutter. The slope in figure 4.55 indicates that this value is 3.21, 20% higher than the
actual average cutter lifetime of 2.66.

4.9.2 Discussion

The NTNU model basic cutter lifetime for 432 mm diameter cutters is based on
cutter tip widths of 12-15 mm, while the cutters on this project are 19 mm. The
lifetime should, in general, increase with an increase in cutter tip width as there
is more material that has to be worn off. This may be the reason for the general
increased lifetime seen on the project. The actual lifetime indicates a CLI of 14.
It is not likely that the laboratory test results would have given such an error for
the CLI value, thereby leaving an increased cutter tip width as the only plausible
explanation. The NTNU model assumes that the cutter lifetime is independent of
the rock-mass fracturing during boring. The results in figure 4.53 supports this
assumption, as there is no correlation between the NPR, as an indirect parameter
for rock-mass, and the average cutter lifetime in hours. The results in figure 4.54
do indicate that the applied cutter thrust does not influence the cutter life time. The
NTNU model however does assume that the lifetime is affected by the cutter thrust
for CLI-values less than 6.0. As the CLI is 5.5 in this case, the results conflict with
this assumption. A source of uncertainty is that the sample used for CLI may have
been taken at a location with a high portion of hard minerals. This can be identified
by the color of the rock, as lighter materials tend to have a high percentage of quartz
and Plagioclase Feldspar. Whether it can account for the big difference between pre-
dicted and actual lifetime is however uncertain, but it may contribute to some degree.

A source of uncertainty is that the data is averaged over the period of one week
instead of being divided into different rock-mass conditions. Changes rock-mass
conditions is directly linked to changes in applied cutter thrust, though not in a 1:1
relationship. Small increases in rock-mass fracturing leads to a significant increase
in NPR and relatively small decrease in cutter thrust. When averaged, the changes
in cutter thrust will be insignificant compared to the general variation in the data,
while changes in NPR will have a significant influence on the calculated average.
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Figure 4.56: Scatter plot of the NPR and the cutter thrust

As seen in figure 4.56, the spread in cutter thrust versus the NPR does indicate
that the latter is not a perfect indirect parameter for the rock-mass conditions. It does
however clearly show the connection between decrease in cutter thrust for improved
boring conditions. Continuing, the TBM performance data for cutter thrust was
registered daily based on the operators estimated average. This may have caused
some difference in the registered performance versus the actual performance. These
factors may have influenced the results when looking at the effect of cutter thrust
and should thus be used with care for further work.

The cutter lifetime measured in meters does clearly correlate with the rock-mass
conditions. Using this parameter as a description of the lifetime in meters is thereby
unfortunate, as one may get situations where the cutter lifetime appears to be higher
while the rock may in fact more abrasive. The results do also indicate that the life-
time in meters increases with a higher rock-mass fracturing. These results thereby
supports the NTNU-model approach, where the cutter lifetime is estimated in h/c.
Another issue is that the CLI is assumed to be the same throughout the entire tunnel.
The laboratory testing does support this assumption, while it has to be considered
that small samples necessarily does not represent the entire tunnel. It is thereby
likely that the use of wider cutter tips has led to a significant increase of the cutter
lifetime.



Chapter 5

Conclusions and Further
Work

Review of back-mapping conducted by Robbins

The way the NTNU fracture class has been registered at the project is obviously
not correct. There is no connection between what was registered and the TBM
performance. The mapping should for future purposes be registered correctly so that
it will have an actual value for the company and potentially for academic use. The
Q-system mapping appears to be in accordance with the instructions provided by
NGI.

Model performance

The resulting estimation from the NTNU model based on the mapping conducted at
the project site suggests that the model appears to be accurate under the geological
conditions at site. The QTBM -model did also provide accurate results, despite that
it revealed some weaknesses. This was especially related to how the influence of
cutter thrust was modeled and the poor representation of the rock-mass at certain
instances.

89
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Mapping Methodology

The use of different analyzing lengths when back-mapping a tunnel evidently has
different consequences depending on the characteristics of the rock-mass fracturing
in the tunnel. Despite that both cases indicated a more correct estimation using
5-meter sections, it is not given that this will be the case in all sorts of geology.

TBM Utilization

Given the same or equal circumstances as has been the case in this project, actual
utilization of half of what a new machine should be capable to accomplish should
be expected. This was the case despite having an experienced maintenance and
operation crew. A decline in utilization of more than one percentage point should
be expected the first six months, before it starts to increase at a rate less than one
percentage point per month. If this is due to maloperation of the TBM or that the
TBM has been inside the tunnel in unfavorable conditions for several years, or a
combination, is unknown. The number of hours spent on maintenance per kilometer
should be expected to be double of what expected from a low-quality system over
the course of the project. This may be less if issues like unstable frequency in power
grids and the use of low quality parts are not a problem. The performance for the
boring operation, hereunder boring, regripping and cutter inspection and change,
should be expected to be that of a new machine, given that there are no limiting
factors to cutter thrust. Estimating the utilization with QTBM should be done with
care and with extensive knowledge of how the model responds to different input. It
should also only be used for projects operating under ideal conditions, as there is no
flexibility to adjust the model to specific conditions. One should also expect very
conservative estimates for the utilization. Use of the model should be avoided in
general.

Cutter consumption

The average cutter lifetime on the project was significantly higher than what the
laboratory testing indicated. It appears that the reason for this was the use of a
wider cutter tip than what was used in the projects forming the basis for the NTNU
model. There was no connection between the applied cutter thrust and the rock-mass
fracturing with the cutter lifetime in the data for the project, despite the CLI being
in the range where cutter thrust should have some influence.
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Further Work

There should be conducted studies on projects where maloperation of the TBM has
caused reductions in utilization due to severe damages on the machine. The purpose
would be able to distinguish what portion on this project is related to the standstill in
humid conditions and what portion is caused by the maloperation, as situations like
this are likely to occur in the future. There should also be conducted studies in other
fracturing conditions to see the consequence of different analytical mapping lengths,
as the knowledge about this currently is limited. Continuing, the effect of cutter tip
width in regards of cutter lifetime, NPR and weekly advance rate should be studied
more extensively, as it appears that the effects of this is not sufficiently considerer in
the NTNU model. There should also be conducted studies much one can influence
the test result of DRI and CLI by being selectively choosing the sample area, as
there appears to be little knowledge of this subject.
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Appendix F



TESTRESULTAT    

Prøve nr. (gitt av SINTEF) 1 

Prøvemerking (gitt av oppdragsgiver) A 

Sievers' J (SJ) [mm/10] 2,4 

Slitasjeverdi kutterstål (AVS) [mg] 21,5 
     

BEREGNEDE INDEKSER  
 

Kutterringlevetid (CLI™) 6,0 

 

 

KLASSIFISERING   

Kategori CLI™ 

Ekstremt lav < 5 
Meget lav 5.0 - 5,9 

Lav 6.0 - 7,9 
    
Middels 8.0 - 14,9 
    
Høy 15 - 34 

Meget høy 35 - 74 

Ekstremt høy ≥ 75 

 

 

Test nr.  Sievers' J 
SJ 

[1/10 mm] 

Slitasjeverdi kutterstål 
AVS 
[mg] 

1 1,8 21 

2 4,4 22 

3 1,6   

4 1,9   

Middel 2,4 21,5 

Standardavvik 1,30 0,71 

 

 

 



 

 

 



 



Prøve nr. 
Diameter Lengde Vekt Lengde/diameter 

forhold 

Densitet Trykkfasthet Bruddvinkel Bruddtype (visuell 
evaluering) [mm] [mm] [g] [kg/m3] [MPa] [°] 

1-1 43,1 110,9 431,0 2,57 2663 200,1 19 Mangfoldig skjærbrudd 
1-2 43,2 101,1 397,2 2,34 2688 175,5 21 Mangfoldig skjærbrudd 
1-3 43,2 111,9 438,9 2,59 2683 214,5 23 Mangfoldig skjærbrudd 
1-4 43,2 111,8 436,5 2,59 2669 179,4 24 Mangfoldig skjærbrudd 
1-5 43,2 89,9 352,1 2,08 2679 193,3 21 Mangfoldig skjærbrudd 

Gjennomsnitt         2676 192,6 22   

St. avvik         10 15,8 2  
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