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Background

SmiSto scheme has two hydropower system consisting Smibelg and Storavatn hydropower projects,
each located at the opposite side of Gjervalen fjord in Redey and Lurey municipality in Nordland.
These projects have an installed capacity of 33 and 25 MW, respectively and are at the stage of
construction completion. Both projects are high head hydropower schemes with considerable storage
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Kraft AS, a consortium of Salten Kraftsamband (SKS) and Hegeland Kraft (HK). The EPC contract
module is used for the development of the scheme where Heehre is the main contractor and
Multiconsult works as Engineer. Due to considerable water inflow occurred during excavation of
tunnels extensive pre-injection grouting is carried out to control the inflow.

MSc thesis task

The candidate has written project work where he has evaluated structural geological condition that
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therefore the candidate will focus his MSc thesis with following tasks:

e Literature review on the hydrogeological, engineering geological and mechanical properties of
the rock mass. Discuss inflow and leakage assessment methodologies used for rock tunnels.

e Review principles and important factors regarding the grouting process, and briefly discuss the
principal of pre- and post-injection grouting. Review grouting requirements for headrace
tunnels compared to other infrastructure tunnels, such as road and railway tunnels.
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Gather and systematize information about rock mass quality, water inflow conditions and rock
mass grouting and present in a geographic model.

Discuss the conditions related to water inflow along certain segments of the tunnel system and
link these to the engineering geological conditions prevailing in the project area.

Assess potential inflow magnitude using empirical and semi-analytical methods.

Assess the grout consumption in relation with the rock mass quality and evaluate on which of
the main rock mass parameters are significant regarding grout consumption.

Conclude the work with recommendations.

Relevant computer software packages

Candidate shall use roc-science and ArcGis packages and other relevant computer software.

Background information for the study

Relevant information about the project such as reports, maps, information and data received
from the supervisors and collected by the candidate.

The information provided by the professor about rock engineering and hydropower.
Scientific papers and books related to international tunnelling cases.

Literatures in rock engineering, rock support principles, rock mechanics and tunnelling.

Cooperating partner

Multiconsult is a cooperating partner and Ms. Magni Vestad from the Multiconsult is a contact person
and co-supervisor of this project work.
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Abstract

The SmiSto hydro power project, situated near the Gjervalen fjord in Nordland, is a recent ini-
tiative in the Norwegian hydro power industry. During excavation of the tunnel systems, consid-

erable problems related to groundwater inflow and rock mass grouting have been encountered.

Groundwater inflow and the need for grouting the rock mass are not new issues in tunneling. In-
rushes of water can have a negative effect on the environment outside of the tunnel. The working
conditions can also become very unpleasant for the workers inside the underground structure.
The final consequences can be significant delays in project completion and cost-overruns, which

can trouble owners, contractors and consultants involved in the project.

This thesis analyzes the engineering geological conditions in the SmiSto hydro power project
which, from experience, are considered to potentially influence both the inflow of groundwa-
ter and the consumption of rock mass grout. The study also includes a statistical comparison
between parameters regarding the rock mass conditions and the groundwater inflows. A semi-
analytical approach was used to estimate groundwater inflows and compare these to the actual
water inflow quantities. A multivariate linear regression model was also developed to assess if
parameters regarding the rock mass conditions could give a satisfactory model for predicting the
grout consumption. Further, a geographic model has been developed with ESRI’s ArcGIS Pro,
where gathered data related to rock mass quality, groundwater inflows and grout consumption

have been presented.

The analysis reveals resemblances between the character of the water-conducting joints in the
SmiSto project and discontinuities related to pinnate fissures associated with high hydraulic con-
ductivity observed in other tunneling projects. The statistical analyses indicate a weak relation-
ship between parameters related to the rock mass quality by the Q-system and the groundwater
inflow quantities. Of the analyzed parameters, a higher groundwater inflow seems to be associ-
ated with higher rock cover above the tunnel level. The applied semi-analytical approach gen-
erally overestimates the groundwater inflow amounts. In certain areas, the estimated quantities
correspond fairly well with the actual inflow rates. The developed multivariate linear regression
model does not seem to give a good fit to the data set regarding the consumption of rock mass
grout. Other statistical methods may be more appropriate for analysing the relationship between
the rock mass parameters and the grout take. It is assumed that an improved model could have
been developed by including other parameters relevant for the grout consumption, which were

not included in this analysis.
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Sammendrag

SmiSto vannkraftprosjekt, som bygges ut ved Gjervalenfjorden i Nordland, er et nytt bidrag til
vannkraftindustrien i Norge. Ved drivingen av tunnelsystemene har det vert betydelige proble-

mer knyttet til innlekkasje av vann og behov for berginjeksjon.

Vanninnlekkasjer og berginjeksjon er velkjente problemstillinger i tunnelindustrien. Innlekkasje
av vann kan ha negative konsekvenser pa miljget utenfor tunnelen. For tunnelarbeidere kan
forholdene inne i tunnelen ogsé bli meget utfordrende. Problemene kan fgre til at prosjektet
ikke blir ferdigstilt innen planlagt tid, og en kan fa omfattende budsjettoverskridelser. De nevnte

forhold vil gi hodebry for bade eiere, de utfgrende og konsulenter i prosjektet.

Denne masteroppgaven analyserer ingenigrgeologiske forhold i SmiSto-prosjektet som, fra er-
faring, antas & ha pavirkning pa bade potensial for vanninnlekkasje og injeksjonsforbruk. Arbei-
det omfatter ogsa en statistisk sammenligning mellom parametere knyttet til bergmasseforhold-
ene og de opplevde vannlekkasjene. En semi-analytisk tilnrming er blitt brukt for & estimere
vannlekkasjene i enkelte omréder av tunnelsystemene. Resultatene er deretter blitt sammen-
lignet med de faktiske innlekkasjene i prosjektet. En multippel linezr regresjon er ogsa blitt
utviklet for & undersgke om bergmasseparametere for et gitt omrade i tunnelen kan gi en prog-
nose for injeksjonsforbruket. Resultater av bergmassekvalitet, sonderboring og injeksjon i pros-
jektet er ogsa blitt fremstilt in en geografisk modell ved bruk av ESRI’s ArcGIS Pro.

De undersgkte forhold viser likhetstrekk mellom kjennetegn ved de vannfgrende sprekkene i
prosjektet og diskontinuiteter knyttet til fjersprekker som er kjent for & ha en hgy ledning-
sevne av vann i andre tunnelprosjekter. Resultater fra den statiske analysen antyder en svak
kobling mellom parametere knyttet til bergmassens kvalitet ved Q-systemet og opplevde van-
nmengder under tunneldriving. Det synes & vare en tendens til at vanninnlekkasjene gker
med bergoverdekning. Estimering av vanninnlekkasjer med en semi-analytisk metode viser
en generell overvurdering av lekkasjemengdene. En multippel linezr regresjon synes ikke a gi
en modell av tilfredsstillende kvalitet for a vurdere injeksjonsforbruk, basert pa datasettet som
er blitt brukt. Andre statistiske metoder kan gi modeller av bedre kvalitet for sammenligning
mellom bergmasseparametere og injeksjonsforbruket. Parametere som ikke er blitt inkludert
i modellen, men som kan a ha pavirkning pa forbruket av injeksjon, antas & kunne gi bedre

presisjon dersom de ble tatt med.
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Chapter

Introduction

1.1 Background

Inflow of groundwater can cause significant difficulties for an underground project constructed
in rock. Tunnels for different purposes are common underground structures where this can occur.
The encountered inflows can be associated with both high pressures and water amounts. In the
Gotthard Piora pilot, in Switzerland, water pressures corresponding to 900 m water column was
encountered. In the Abou tunnel in Japan, water ingress of up to 3000 I/sec were reported (Fu
et. al. cited in BASF (2011). These are extreme cases, but smaller inrushes of water can also
cause severe problems. Nilsen and Palmstrom (2000) have summarized some of the common

negative consequences related to inrushes of groundwater:
» Unpleasant environment of the workers inside the tunnel.
* Drill and blast operations can become considerably more challenging to perform.
* The roadway in the tunnel can be damaged, and in some cases completely washed out.

* The groundwater table can be lowered due to drainage of the water source. This can
cause soft sediments above the tunnel to settle. Buildings can suffer damage because of
the settlements (Karlsrud, 2001).

* Difficulties can also be related to the freezing of the water.

The final consequences can be extensive delays and budget overrun for the project. In the worst
case, there can be casualties related to the construction, and the underground structure might
be lost (Panthi, 2006). Today, there are numerous examples where inflow of groundwater has
caused significant delays and cost overrun in Norwegian and international projects (Selmer-
Olsen, 1981, Zarei et al., 2011).
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When groundwater inflow in a tunnel occurs, the water must be tackled by either pumping it
and letting it drain out of the tunnel or perform grouting to seal the water-conducting voids
in the rock mass (BASF, 2011). Pre-grouting at the tunnel face is a technique that has under-
gone many advances in recent decades and is extensively used in undergrounds projects today
(Hognestad et al., 2011). This is more preferable compared to grouting behind the tunnel face
by post-excavation grouting. Though some recommendations have been developed from years

of experience, universal guidelines that ensure a satisfactory grouting result do not exist.

To prevent the unfavorable situations described above, a variety of authors have contributed
for assessing the leakage potential in a pre-liminary phase of a project. Experienced-based ap-
proaches are generally used, but analytical and numerical approximations are available today.
Some empirical considerations are described by Selmer-Olsen (1981) and Kliiver and Kveen
(2004). El Tani has summarized some important developments in analytical solutions, and has
developed an exact analytical solution for water inflow (El Tani, 2003). Hassani et al. (2016)

gives an example of groundwater inflow estimation with a numerical method.

During excavation of a tunnel, probe drilling with several drill holes is important to detect
water-bearing formations ahead of the tunnel face. Several exploration holes should be drilled
systematically in areas where larger water inflows can pose a risk. Other exploration techniques,

e.g. geophysical methods exist, but are not commonly used.

Despite continuous improvements of the methodologies, unexpected inflow of groundwater is

still a considerable problem in hard rock tunneling today.

1.2 Objectives and scope

This thesis is a continuation of the project work by the author. While the project work mainly
regarded a study of the Smibelg HPP, this thesis has focused on the conditions in Storavatn HPP.
The reader is referred to Haugerud (2019) for more information on the results.

The scope and objectives of the study can be summarized as follows:

* Theoretical review of the hydrogeological, engineering geological and mechanical prop-
erties of the rock mass. Review of methodologies for leakage estimation and inflow esti-

mation in rock tunnels.

* Review of factors relevant for the grouting process with a brief discussion of pre- and

post-excavation grouting. Review of grouting requirements for different rock tunnels.
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* Review of the engineering geological conditions prevailing in the project area of SmiSto.

* Data gathering and systematization of information regarding rock mass grouting, water

inflow and rock mass conditions.

» Application of empirical and semi-analytical methods to assess potential inflow magni-
tudes.

 Evaluation of the grout consumption based on information of rock mass quality, and in-

vestigation of which parameters are significant for the grout take.

¢ Conclusion of the work with recommendations.

1.3 Methodology

The methodology used in this master thesis can be divided in the following:
1. Review of relevant literature.

2. Collection and systematization of results from probe drilling, rock mass grouting and

tunnel mapping. The methodologies used for this part is explained further in Chapter 6.
3. Analyzing the data:

* Analysis of groundwater inflow and rock mass grouting in areas of interest using

empirical methods.

* Statistical analysis of the gathered data.

4. Evaluating and assessing the results.

1.4 Limitations

The main limitations to the statistical analysis are related to assigning one Q-value for results of
water inflow and rock mass grouting. There are several situations where both the pre-grouting
and probe drilling rounds cross segments assigned with different rock mass quality. Further, the
Q-system developed by NGI is mainly intended for evaluating the rock mass with respect to sta-
bility and the need for support and reinforcement. Other rock mass classification systems might
be more suitable for comparing the water inflows and grout takes with the rock mass conditions.

The author has generally relied on hand-written documents of the performed rock mass grouting,
probe drilling and tunnel mapping in the tunnels. Consequently, there will be a risk of misin-
terpreting the data. The author has had the ability to visit the project site at two occasions and

3
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mapped some areas of the tunnel himself. However, certain areas of the tunnels have not been
available for inspection during the project site visits. Further, it seems likely that the documenta-
tion received by the author related to rock mass grouting is incomplete. This particularly regards

one of the analyzed tunnel segments in the branch tunnel to Storavatn, discussed in Chapter 7.
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Properties of the rock mass

The rock mass is a particular material used for construction purposes. Unlike other materials
used in construction its properties can show a high variability. Its condition also depends on
processes that have formed the material for millions, or even billions of years. A brief review of

some characteristics relevant for the rock mass will be given in the following chapter.

2.1 Intact rock

According to Hudson and Harrison (2000) the definition of intact rock in engineering terms is a
rock without significant fractures. However, discontinuities on a microscopic scale exist also in

an intact rock sample.

2.1.1 Composition

Rocks are naturally occurring and consists of one or more minerals dependent on the the forma-
tion of the respective rock. The size of the mineral grains, the shape, fabric and the material that
holds them together depends on processes from the formation of the rock and up till its present
state (Nelson, 2012).

2.1.2 Mechanical properties

Since aggregates of minerals makes up the rock, its mechanical properties are dependent on
the characteristics of these constituents. The strength of intact rock can be tested with different
test methodologies and are valuable to assess the mechanical behavior of the respective rock.
To determine mechanical properties of the rock such as stiffness by FZ-modulus, poisson’s ratio

(v) and uniaxial compressive strength (UCS), the uniaxial compressive test is a commonly used

5
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method. A triaxial test can be used to apply a confining pressure to the specimen. Other, simpler

methods exist for testing the mechanical properties (Hudson and Harrison, 2000).

2.2 Properties of the rock mass

The rock mass is "rock penetrated by discontinuities". The properties of the rock mass is con-
sequently dependent on the two main constituents of the material, namely the properties of the

rock type and the properties of the discontinuities (Nilsen and Palmstrém, 2000).

2.2.1 Discontinuities

In rock engineering, a discontinuity denotes any separation in the rock where the tensile strength
is zero (Hudson and Harrison, 2000). Discontinuities can be categorized dependent on their

respective scale:
* Regional pattern by larger weakness zones or faults.
¢ Second order blocks formed by singularities (small weakness zones or seams).
* Third order blocks formed by normal joints.

* Small joints that appear as bedding or schistosity patterns are considered the smallest

pattern of interest for engineering purposes.

¢ Microcracks in the rock. These discontinuities are often considered a property of the intact

rock.

(Nilsen and Palmstrom, 2000).

The two main groups of discontinuities are joints and weakness zones. Figure 2.1 lists dif-

ferent discontinuities and their respective scale.

Joints

According to ISRM (1975) cited in Palmstrom (1995), a joint is a discontinuity of natural origin
along where it has been no visible displacement. Joints can be related to tectonic forces, exfoli-
ation or bedding of the rock. Other joint types also exist.

The characteristics of the joints are relevant for the properties of the discontinuities. Some

of the characteristics are mentioned in the following.
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Figure 2.1: lllustration of the different scales of discontinuities (Palmstrom, 1995).

Persistence is the areal extent of the joint plane and can be estimated by observing the disconti-
nuities on the surface. Aperture is the maximum distance between joint walls. The character of
the joint surface can influence the frictional properties of the joint. The surface can be stained,
fresh, weathered or coated. Joint filling consists of material from country rocks and can have a

variety of minerals. Swelling material can also be present in the joints (Palmstrom, 1995).

Weakness zones and faults

A weakness zone is an area of the rock mass with significantly reduced mechanical properties
than the adjacent rock mass. Faults, shears/shear zones, thrust zones and weak mineral layers
are examples of weakness zones. The type of weakness zones can be categorized in two main
groups; those formed from tectonic events, and those consisting of weak materials that originate

from other processes (Nilsen and Palmstrom, 2000).

Faults and fault zones are a result of a series of ruptures in geologic time. These zones can
be divided in shear fault zones and tension fault zones. Shear fault zones are crushed and con-
sist of a number of intersecting joints. The middle part of such a zone may be entirely altered
to clay or only show some indications of weathering. The size of these faults can range from
a few centimeters to many meters. Tension faults are related to stress-relief and often contain
a filling of soft material in the discontinuity. The filling material can consist of both swelling
and non-swelling minerals. Feather and pinnate fissures are types of tension faults (Nilsen and
Palmstrom, 2000).
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2.2.2 Rock mass strength

The strength of the rock mass depends highly on the properties of the discontinuities. If the
loading direction is parallel or perpendicular to the discontinuity planes, it will have no effect
on the sample strength. However, if the discontinuity plane is inclined at an angle 45° + %, a
significant reduction in the strength will occur (Hudson and Harrison, 2000). This situation is
illustrated in Figure 2.2. The Mohr-Coloumb criterion is used for this theory regarding a single

plane of weakness.

(U] —0'3)

o3 \ 0,

o,

Figure 2.2: Rock mass strength and dependence on the load direction compared to the orientation of
discontinuity planes. From Hudson and Harrison (2000).

In a situation with multiple discontinuities having different orientations, the rock mass will be

weakened in more than one direction.

The Mohr-Coloumb criterion mentioned above expresses a linear relationship between shear
and normal rock stress. The criterion will not be discussed further, but rather mentioned as a
commonly used criterion for evaluating the rock mass strength. Other criterions such as the
Hoek-Brown empirical strength criterion is commonly used in mechanical analyses of the rock

mass today.

2.3 Rock mass classification systems

When investigation of the rock mass is undertaken it is often relevant to group or classify the
findings. The most suitable classification system will depend both on the type of rock mass
and the problem at hand. Rock mass classification systems can serve with a general purpose

to describe the geological and technical properties of the rock mass, or they can be used to a
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more specific purpose to e.g. determine appropriate drill and blast method or the support and

reinforcement of a tunnel (Nilsen, 2016).

2.3.1 Rock Quality Designation (RQD)

Rock quality designation is used to characterize the degree of jointing in a borehole core. It is a
simple and rapid method to execute. The RQD-value is determined by estimating the percentage
of rock core pieces longer than 0.1 m to the total length of the core. The method has several lim-
itations due to its simplicity and the small volume of rock that is considered in the classification
(Nilsen and Palmstrom, 2000). Table 2.1 shows the division of rock quality from RQD.

Table 2.1: RQD-classification. From Deere (1966), cited in Nilsen and Palmstrom (2000).

Term | RQD
Very poor | <25

Poor 25-50
Fair 50-75
Good 75-90

Excellent | 90-100

2.3.2 Q-system

The Q-system is classification system for rock masses with respect to stability of tunnels and
underground constructions. It can be applied both for rock mass on the surface and underground.
The classification system was developed by NGI between 1971 and 1974, and has since been
revised with the improvements in tunneling technology (NGI, 2015). Tables and diagrams of

the Q system are attached in Appendix A.

The Q system consists of six parameters;
* Rock quality designation, RQD
e Number of joint sets, J,,
* Roughness of the most unfavourable joint or discontinuity, J,.
* Degree of alteration or filling along the weakest joint, J,
¢ Water inflow, J,,

¢ Stress reduction factor, SRF'
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The Q-value is then given by the following formula:

_RQD J,  Ju

@ J. J. SRF

2.1

The first quotient can be considered an estimate of the block size. The second quotient can be
regarded as an indicator of the inter-block shear strength and the third quotient as the "active

stresses".

Application to rock support and reinforcement

The Q-system can be applied as a guidance to rock support and rock reinforcement by using the
Q-value, the safety level of the underground structure, and the dimensions of the structure. The
Excavation Support Ratio (ESR) is used to express the safety requirements of the underground
space. A low ESR-value indicates a high safety requirement. The demand for rock support
and reinforcement will generally increase with increasing dimensions of the underground space.
(NGI, 2015). Appendix A shows recommended support and reinforcement diagrams given rock

mass quality, ESR and the dimension of the structure dimension.

Limitations

The Q-system is based on a number of reference cases mainly in hard and fractured rock. In
cases of weak rocks with few or no fractures, the rock mass classification system can be less
adequate (NGI, 2015). Palmstrom and Broch (2006) emphasized the approximation from which
the system was based, which in itself is related to a high degree of uncertainty. Further, the

values are chosen subjectivelly based on the interpretation and experience by the person.

2.3.3 Other rock mass classification systems

There are other rock mass classification systems available at use. These will be mentioned and

explained briefly in the following.

Geological strength index (GSI)

The geological strength index can be used to estimate the reduction in rock mas strength for
different geological conditions by field investigations. Two main parameters determine the GSI-
value; the structure of the rock mass and surface conditions of the discontinuities. The first
parameter depends on the number of discontinuities in the rock and the foliation (if any). The
second parameter denotes the condition of the joints with respect to roughness and alteration
(Nilsen and Palmstrom, 2000). GSI is a popular rock mass classification system since it can be
used to determine parameters in the Hoek-Brown failure criterion (Nilsen, 2016).

10
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Rock Mass Rating (RMR)

The rock mass rating is applied by dividing a tunnel route in a number of sections where the
change in geological conditions are relatively small. For each section, a rock mass rating is

assigned by determining six parameters;
1. Uniaxial compressive strength (UCS) of intact rock material
2. Rock quality designation
3. Spacing of the discontinuities
4. Condition of the discontinuities
5. Groundwater conditions
6. Orientation of the discontinuities

Based on estimates of each parameter a rock mass rating ranging from 0 to 100 is assigned to
the rock mass (Nilsen and Palmstrom, 2000).
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Chapter

Water in the rock mass

Inflow of groundwater in tunnels and other underground structures can result in challenging
working conditions within the structure, but can also have negative effects on the environment
outside. This chapter reviews established comprehensions of the groundwater’s behavior in the

rock mass and its significance in underground projects.

3.1 Introduction

Water has a natural place in the rock mass, and takes part in the hydrologic cycle, See Figure
3.1

The location of the groundwater table can vary between different rock types, but can also show
fluctuations with time. Factors that control the infiltration of water to the ground are summarized

below.
* The amount of precipitation.
* The size of the catchment area.
* The evaporation in the area.
* Amount of precipitation that run-off on the surface.

When the water infiltrates the ground, parameters regarding the flow properties become relevant.
These are mainly connected to the properties of the discontinuities in the rock. The conductivity
of the joints and the connection between them are also relevant. Other factors that control the
behavior of the groundwater when it has infiltrated the ground are the reservoir capacity and the

presence of other water sources (Davik et al., 2002).

13
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Figure 3.1: The hydrologic cycle. Modified after Nilsen and Palmstrom (2000).

A majority of the underground structures constructed in rock will be located beneath the ground-
water table. In the planning phase of an underground project it is therefore of great importance
that one at an early stage evaluates what problems the groundwater might cause. This must be
assessed both for the construction phase, and after completion of the project. Inrushes of ground-
water in underground projects are well-known from the past, and continue to cause challenges

in projects today (Nilsen, 2016).

3.2 Consequences of water inflow

3.2.1 Environmental

Groundwater inflow in a tunnel that has discontinuities communicating from the rock to over-
lying, saturated soil, will cause a reduction of the groundwater level. This will again reduce
the pore pressures in the soil, increasing the effective stresses. A consolidation process can oc-
cur, causing significant settlements in soils with an abundance of clayey material (Davik et al.,
2002).

14
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3.2.2 Internal environment in the structure

Inflow of water in an underground construction reduces the quality of the working conditions
for the personnel inside the structure. In the case of a tunnel, the process of drill and blast
can become very challenging when high water inflows and water pressures are encountered.
Damages to the roadway can occur and pumping the water out of the tunnel can also be a
challenge (Selmer-Olsen, 1981). Due to the unfavorable inflows, the efficiency of the tunneling
process can be reduced considerably. High water pressures will also influence the stress situation
around the tunnel, giving additional stress on the tunnel surface, tunnel face and on the support
structure. This can, in turn, affect the overall stability of the tunnel (Gong et al., 2018).

3.3 Theoretical background of fluid flow in the rock mass

The flow of groundwater in the rock occurs principally in the discontinuities of the rock. This is
unlike the flow of groundwater in soils, which takes place in the interconnected pores (Gustafson,
2009).

The flow of groundwater in both rock masses and soils is commonly considered to be lami-
nar. Darcy’s law presupposes laminar flow of a fluid, and is extensively used for calculations
regarding flow of groundwater in porous media (see Equation 3.1).
Ah
Q=K A Al 3.1
Which states that the flow through a porous media (@) is proportional to the hydraulic gradient
@ = %). Figure 3.2 gives an illustration of flow through a cylinder and the parameters in

Darcy’s law.

3.3.1 Groundwater flow in a 2D discontinuity

In reality, the discontinuities in the rock mass can be considered as two-dimensional structures
and consequently planar structures (Gustafson, 2009). The flow rate in a joint will depend on
the width or aperture of the joint. For a set of planar discontinuities parallel to each other, Louis
proposed a relation between the hydraulic conductivity (k) and the opening (e) and spacing (.5)

of the joints, see Equation 3.2 (Nilsen and Palmstrém, 2000).

g-e

=105

(3.2)
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Figure 3.2: Water flow through a cylinder with parameters in Darcy’s law. Modified after Gustafson
(2009).

From this equation it is evident that an increase in the aperture by a factor of two will increase
the hydraulic conductivity by a factor of eight. The nature of discontinuities will seldom be
perfectly planar and can contain fillings of clay or other fine material. This can cause the flow
of groundwater in a rock mass to be limited to channels rather than "discontinuity planes". The
assumptions from which Darcy’s law and Louis’s equation are formed, may in some cases not
be valid. However, they are useful to understand the parameters affecting groundwater flow in
the rock mass (Nilsen and Palmstrom, 2000).

3.4 Geological parameters controlling groundwater inflow in

tunnels

This section presents common comprehensions today, regarding which geological parameters
that are assumed to influence the groundwater flow into underground excavations in rock. The
aspects that are introduced are related to empirical approaches available for assessing the poten-

tial for groundwater inflow (see Section 3.6.1).

3.4.1 Fault zones

In addition to represent a challenge with respect to increased fracture density and poor rock
stability, fault zones are generally considered as a geologic structure that could also increase the
risk of groundwater inflow into a tunnel (Ganergd et al., 2008). Figure 3.3 shows an example of

the typical fracture pattern in a fault zone.
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Figure 3.3: Illustration of a typical fracture pattern in a fault zone. Modified after Braathen and
Gabrielsen (2000).
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From investigations in the Semnan tunnel in Iran, Zarei et al. (2011) concluded that discontinu-
ities with a steep dip had the greatest potential for causing water inflow into the tunnel. These
joints were mainly related to strike-slip faults. Discontinuities associated with normal faults and
thrust faults usually had a shallower dip. This observation is similar to that of Rolf Selmer-
Olsen almost 40 years ago. Selmer-Olsen studied issues related to groundwater inflow during
excavation for eleven underground hydro power plants in Norway. From the work he observed
that they had a tendency to be oriented in mean angles to nearby tectonic faults (see Figure 3.4).
Further, they almost exclusively were observed with a steep dip. His hypothesis consisted of that
recent in-situ rock stresses and differences in shear strength caused particularly low stresses in
mean angles to the faults. This could have reactivated "pinnate fissures" in the rock mass, which
are characterized by great persistence and potentially large capacity of conducting groundwa-
ter. The rock type was typically rocks with high strength and a rigid mechanical properties. The
phenomenon was common in areas where the fault zone changed direction or character (Selmer-
Olsen, 1981).

3.4.2 Dykes

Dykes can either act as barriers or conduits of groundwater flow (Singhal, 2010). The density
of the fracture systems and the hydraulic gradient determine their properties related to the flow
of groundwater. In cases where a dyke does not allow much water to flow through it, groundwa-
ter pressure will build up on either side of the geological feature (Babiker and Gudmundsson,
2004). Lgset (1981) studied a sewer tunnel in Oslo and noted that the eruptive dykes in the Oslo
region can be more fractured than the surrounding rock. When such dykes are lithified, they

will contract because the material is cooled, and open discontinuities might develop due to the
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—— Large fault zones  ----- » Shear stresses in the earth crust
-~ Water leaking joints ‘——7 Shear deformation

Figure 3.4: Theory of large fault zones and permeable pinnate fissures. The arrows indicate the stress
situation and relative movement near the fault zones. Modified after (Selmer-Olsen, 1981).

induced tension forces. From the investigations, there seemed to be a clear relationship between

the occurrences of groundwater inflow and locations of the eruptive dykes.

3.4.3 Joint characteristics

Joints and discontinuities having a large persistence and aperture, can be expected to pose a
risk of leading water to an excavated tunnel. Some joint characteristics which are considered to

influence the hydraulic conductivity are discussed below.

Joints and discontinuities will generally always have some degree of asperity. Asperities re-
duces the fluid flow in discontinuities and causes the fluid to flow in channels where the resis-
tance to flow is smaller (Holmgy, 2008, Singhal, 2010). However, higher roughness of joints can
give a decrease in permeability when there is an increase in the stresses normal to the joint plane.

18
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Infillings and coatings of discontinuities in the rock mass will reduce the potential for fluid
flow. Such material can partly or completely fill the void space. Depending on the grain size
and mineralogy, different infill materials will have different permeability (Holmgy, 2008).

Greater joint density can in some cases indicate a higher hydraulic conductivity. Bore hole re-
sults from an investigation in Sweden showed that the correlation is generally low. In fractured
zones with a higher joint density, the probability that some of them can be water-leading will
generally increase (Gustafson, 2009). Singhal (2010) argues that joint spacing has a profound

influence on the permeability and groundwater flow in the rock mass.

3.4.4 Stress situation

Since the rock stresses generally increases with increasing overburden, the aperture of joints
towards depth will tend to decrease. The spacing between the joints can also increase. This
will again cause a lower hydraulic conductivity of the joints located at great depths in the rock
mass (Gustafson, 2009, Nilsen and Palmstrom, 2000). Figure 3.5 shows the estimated hydraulic
conductivity with depth at test locations in Sweden by Carlsson and Olsson (1977).

Fractures parallel to the maximum stress direction tend to be more open, while the perpendicu-
lar oriented fractures will normally be more closed and water-conductive (Singhal, 2010). This
observation has been confirmed from experiments. Pratt et al. (1977) performed tests on a 3 me-
ter block of granite. The results showed that the flow rate doubled with an increase of 12 MPa
having the stress direction parallel to the joint plane. An increase in the stress perpendicular to
the joint plane with 3 MPa, reduced the flow rate with four times the initial value.

A general form to express the relationship between the depth and permeability has been pro-
posed by Black (1987):
k=a-27"° (3.3)

Carlsson and Olsson (1977) used results from water loss measurements at five locations in Swe-

den to estimate a relationship between hydraulic conductivity and depth.
K = 10—(1.6'logz+4) (3.4)

Where z is the depth in meters and K is the hydraulic conductivity in . The results are graphed

in the figure above.

The decrease in permeability with depth is often not systematic. This can be observed in cases

of greater rock overburden (>50 m). There can also be large variations in permeability of the
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Figure 3.5: Change in hydraulic conductivity towards depth for five locations in pre-Cambrian rocks in
Sweden (Carlsson and Olsson, 1977).

rock mass at similar depths below the ground surface. Differences in rock mass stiffness can
cause local variations in the rock stresses which, in turn, can affect the hydraulic conductiv-
ity. At depths of above 1000 m, appreciable hydraulic conductivity has been measured in rock
masses. The applicability of empirical relationships between hydraulic conductivity and depth

can consequently be limited (Singhal, 2010).

3.5 Prediction of groundwater inflow in rock tunnels

Estimating and predicting groundwater inflow for rock tunnels in Norway has mainly been based
on knowledge about the geological conditions in the area. That is, information about rock types,
weakness zones, faults and knowledge from similar projects nearby. However, the data that
can be collected for use in such an approach often leads to limited knowledge on how to use the
information to give reliable predictions of groundwater inflow. The geological, hydro-geological
and hydraulic factors show dependencies on each other. Investigation costs are often relatively
expensive, and this can limit the amount of information available (Holmgy, 2008).
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3.5.1 Geologic background

An understanding of the geologic history in the area of interest is key for understanding the
hydro-geologic properties that dominate. An important aspect to consider is how each rock
type relates to each another, and how they have affected one another during their formation.
In the late phase of the rock formation, plastic deformations gradually shift to brittle. Large
deformation zones are formed in this phase that can be reactivated by subsequent active tectonic
phases. Some discontinuities will be hydraulic active, and others will be inactive with respect to

groundwater flow (Gustafson, 2009).

3.5.2 Probe drilling

Probe drilling is a common approach used in tunneling to investigate conditions ahead of the
tunnel face. Normal drill lengths are between 20 to 30 m, but can be both shorter or longer.
Parameters such as weaker zones in the rock, groundwater occurrences and penetration rates are

typically logged.

3.5.3 Tunnel Seismic Prediction

Thomas et al. (2016) has indicated that results from tunnel seismic prediction (TSP) can be
used to predict water-bearing formations ahead of the tunnel face. This investigation method is
executed by recording the full wave-field of reflected P and S-waves up to 150 meters ahead of
the tunnel face location. The method is limited for prediction of water bearing zones, but since
S-waves do not travel in fluids, variations in Poisson’s ratio () can give some indications on the
hydrogeologic conditions ahead of the tunnel face, see Equation 3.5.
V2 —2v2

V= m 3.5)
Where V and V), is the velocity of the shear and pressure wave, respectively. From Equation 3.5
a shear wave velocity of zero would give v = 0.5. The possibility of detecting water formations
ahead of the tunnel face with this method will depend on quality of the seismic response, as well

as the experience of the person interpreting the results.

3.6 Approaches for assessing groundwater inflow potential

For predicting groundwater inflow in rock tunnels, four approaches are mainly used:
* Empirical approaches

* Semi-analytical approaches
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* Analytical approaches
* Numerical approaches

Numerical approaches available for use today will not be reviewed. However, these methods can
be of great use to provide estimates regarding groundwater flow in complex situations. Software

applying numerical methods have experienced a significant improvement in recent years.

3.6.1 Empirical approaches

Empirical approaches are most common for prediction of groundwater inflow in underground
projects in Norway today. Experience from previous projects with similar geological conditions
form the basis for the assessments. However, situations arise where the rock mass conditions
can be different from those encountered in underground projects located close to the relevant
area (Holmgy, 2008). Zarei et al. (2011) argue that assessment of high local groundwater inflow
in rock tunnels based on geological features is a more reliable method than analytical and other

empirical estimations.

Geologic structures and factors known to be associated with higher water inflow potential, i.e.
fault zones, dykes, topography and rock types with open discontinuities (see Section 3.4), are
commonly the conditions looked for in an experience-based method to assess inflow potential
and the need for grouting. Kliiver (2000) suggested an approach by dividing the rock mass in
four classes: A, B, C and D. The classes were chosen mainly based on the potential for water
inflow and the grouting strategy that should be used. Rohr-Torp (1994) studied the correlation
between post-glacial uplift rate and water yield in well tests. The results showed a strong cor-
relation supporting existing theories that post-glacial uplift has reactivated old fracture systems
and probably also generated new discontinuities. Consequently, in areas with higher uplift rates,

a higher hydraulic conductivity might be expected.

3.6.2 Analytical and semi-analytical approaches
Analytical approaches

Simple closed-form analytical solutions for predicting groundwater inflow in a rock tunnel exist
only given certain assumptions. The aquifer is often assumed to be semi-infinite, isotropic and
homogeneous. Further, the rock mass below the groundwater table is assumed to be fully satu-
rated. It is also assumed that the groundwater level suffers no draw-down due to drainage into
the tunnel. These simplifications are seldom realistic, but the solutions can be used for making
rough estimations of the groundwater inflow. Figure 3.6 illustrates the typical case considered

when estimating groundwater inflow into a tunnel with analytical approaches.
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Tunnel

Figure 3.6: Illustration of parameters and principles used for estimating water inflow to a tunnel using
analytical approaches.

A variety of analytical approaches have been developed, considering both a constant level of
the groundwater table and a reduction in the groundwater level due to drainage. Muskat (1937)
introduced an equation for the water inflow later transformed by Goodman et al. (1965). A sim-
ilar equation was proposed in the work of Karlsrud (2001). An exact solution for the conditions
described above was developed by El Tani (2003). The equation presupposed a total head equal
to the elevation head. Other approaches considering a constant groundwater table have also been

derived, see for instance Kolymbas and Wagner (2007).

A constant groundwater level tends to overestimate the water inflow into a tunnel. This is be-
cause a reduction in the groundwater level will reduce the pore pressure which in turn increases
the effective normal stresses in the joints near the tunnel. This will decrease the hydraulic con-
ductivity of the rock mass. Moon and Fernandez (2010) used the distinct element method to

assess the effect of groundwater level draw-down on the tunnel inflow.

Since the analytical solutions are dependent on simplifying assumptions in order to estimate
groundwater inflow into a tunnel, the results often vary in quality. The rock mass is generally an
anisotropic and in-homogeneous medium that shows different hydraulic properties in different
directions. To account for such variations in the analytical solutions, will be a difficult task. Fur-
ther, the analytical approximations to groundwater inflow in a tunnel can highly overestimate
the actual groundwater inflow experienced. This can particularly be seen in discontinuous rock
mass having a high anisotropy (Hadi and Homayoon, 2017).
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Semi-analytical methods

Panthi (2006) analyzed extensive amounts of data from the Khimti headrace tunnel in Nepal.
The aim was to investigate the possible outflow of water from the tunnel and the need for grout-
ing. The methodology of the measurements consisted of pumping water in exploratory drill
holes ahead of the tunnel face with 1.5 times the prospective operating pressure in the tunnel.
The flux of water in the drill holes were then estimated and compared to rock mass parameters
incorporated in the Q system and the hydrostatic head at the respective tunnel location (Astqtic)-
It was observed a strong correlation to the flow rate with a combination between J,,, J,., J, and

hstatic (see Equation 3.6).
Jn : Jr

= a'hsaic' 3.6
= tat T (3.6)

Where f, in —t per m? is a parameter related to the discontinuities’ water-conducting proper-

min

ties. According to Panthi and Nilsen (2010) this factor will vary depending on the conditions of
the discontinuities with respect to the material infilling. Panthi and Basnet (2019) introduced an

approximation to the f, value, shown in Equation 3.7.

Ja= (3.7

The J, is a parameter related to the persistence of the joint. According to Panthi (2010) this
parameter has a maximum value of 25 m. Jg denotes the joint spacing observed in the tunnel.

Figure 3.7 shows how the depth parameter (D) is estimated. The leakage (q;) is the ratio be-

Tunnel
.

Figure 3.7: Illustration for how the depth parameter (D) is calculated in Equation 3.7.

tween the flux of water and the length of the respective bore hole and has units [ﬁ per m].

The equation supports comprehensions that parameters related to discontinuities influence the

potential for groundwater inflow. A higher value of J, indicates that the joints are altered and
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may have material-infillings. This can prevent water flow if the material within the joint has a
low permeability. As commented in Chapter 2, .J,, is a parameter related to the number of joint
sets. A higher value could give increased potential for water inflow in the tunnel. Further, pres-
sure differences are driving forces for groundwater inflow and it is reasonable that this parameter

has a positive influence on the flux of groundwater.
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Chapter

Rock mass grouting

This chapter discusses theories and practices in rock mass grouting. The topics will mainly
be explained based on the common practice in Norway. Rafi and Stille (2014) describes the
objective of rock mass grouting to "fill existing fractures with the lowest amount of grout and in

the shortest time without causing any damage".

4.1 Use of grouting in underground construction

Rock mass grouting has been a central part of Norwegian tunnelling. A high groundwater level
in the rock mass is typical for the Norwegian conditions and pose a risk of water inflows in
underground constructions. A natural gradient towards the tunnel regarding water flow may in
some cases be favorable for unlined underground facilities. However, inrushes of groundwater
in a tunnel will reduce the groundwater table and can cause considerable challenges in a project
(Hognestad et al., 2011).

4.2 Components and principles of rock mass grouting

Grouting of the rock mass can utilize a variety of components and can be executed differently.
This section reviews the principle of pre- and post-excavation grouting and explains some com-

mon materials used in the grouting process. Figure 4.1 shows a modern grouting rig.
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Figure 4.1: Example of a modern grouting rig (Hognestad et al., 2011).

4.2.1 Methodology of grouting

The decision on whether to grout or not is usually determined from water loss, or permeability
measurements ahead of the tunnel face. If the groundwater inflows are above the acceptable
level for the specific underground structure, rock mass grouting should be carried out (Nilsen,
2016).

After it has been decided to grout the rock mass, the grouting procedure will be executed by
drilling bore holes in the rock mass. It is generally recommended that the holes in the invert of
the underground structure are grouted first. This is due to that the holes located at a lower level
might be challenging to grout at a later stage. Later, packers are inserted in the bore holes before
the grouting commences. Based on information of the rock mass conditions, the grout material
is chosen (Hognestad et al., 2011).

Pre-excavation grouting

Pre-grouting is carried out by drilling a curtain of bore holes in front of the tunnel face. Usually
one bore hole is grouted at a time. By injecting fine material in the bore holes, a low-permeable
zone around the tunnel face is achieved (Gustafson, 2009). Figure 4.2 gives an illustration of

the principle of pre-grouting.

By selecting an adequate grouting pressure and particle size of the grout material, one accom-

plishes to penetrate a distance, I, in the discontinuities such that the distance between each bore
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Figure 4.2: [llustration of the pre-groutig process. Modified after Gustafson (2009).

hole, L, is filled with grout. This can be challenging to accomplish for a number of reasons.
Some of these regard the grout material being used, and this will be more discussed in Section
4.2.

Post-excavation grouting

Post-grouting is the process of grouting a section of an underground structure, usually a tunnel,
behind the face location. It is advantageous that the grout holes in post-grouting is oriented in
the opposite direction of the pre-grouting holes (Hognestad et al., 2011). Figure 4.3 illustrates

the principle of post-excavation grouting.

It is often more challenging to achieve a satisfactory result by post-grouting than pre-grouting.
This has been experienced in a number of tunneling projects (Nilsen, 2016, Panthi, 2013). In the
Romeriksporten tunnel in Norway, post-excavation grouting was used to seal the rock mass in
a 2.2 km long section. The grouting works took more than one year to complete which caused

increased costs, delay and negative attention to the project (Holmgy, 2008).

4.2.2 Grout materials
Industry cement

The Norwegian Public Road Administration’s (NPRA) process code 025 defines standard grout
cement where the 95 % of the grains are greater than than 25 pm (D95 > 25 pm). This type of

cement has many areas of use and has not been intended specifically for use in rock mass grout-
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Figure 4.3: Principle of post-excavation grouting. Based on Gustafson (2009).

ing (Hognestad et al., 2010). The use of industry cement will usually be sufficient to achieve a
satisfactory grouting result in typical Norwegian rock mass conditions. This presupposes that

the applied grouting strategy is adapted to the conditions.

Micro cement

Micro cements are ordinary cements where the cement particles are crushed to smaller sizes. A
cement is categorized as a micro cement if D95 < 20 pm. The cement type is used particularly
to grout discontinuities with smaller aperture. A specific surface area makes the cement more

chemically active and can make the mixing process more challenging (Hognestad et al., 2011).

Water/cement ratio

A high water/cement (w/c) ratio gives improved flow properties to the grout mix. It is important
to adjust the w/c-ratio to the rock mass conditions, since an un-adapted water/cement ratio can

have several negative effects:
* Reduced quality on hardened grout.
* Prolonged time for grout hardening and an increased grouting time.

* Low pressure build-up in nearby rock mass because of transport of grout further away
from the contour of the underground structure. This implies a reduced grouting effect

close to the tunnel.

* Unnecessary large consumption of grout.
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¢ Increased risk of jacking the rock mass.

The discontinuities in the rock is generally water-filled. This implies that when the void spaces
are filled, some water will mix and some of the water will be displaced by the grout. Grout
with a lower w/c-ratio can be more diluted before a reduction in the grout quality is experienced
(Kliiver and Kveen, 2004).

Superplasticisers

Superplasticisers or dispersants are used in most grout mixes. The additive reduces the electrical
bonds causing the cement particles to lump. This results in a finer mix that has better penetra-
bility properties. A normal amounts of dispersants in a grout mix is around 1.5 % to 2 % of the

cement weight (Hognestad et al., 2011).

Accelerators

An accelerator is a solution that is added to the grout mix to control the setting time of the grout.
The accelerator is normally added to the grout mix through a nozzle when grout is pumped in
the drill hole.

This substance may be valuable when the required pressure-buildup in a grout hole is not
reached. By shortening the setting time of the grout, the accelerator is useful when there
are migrating leaks in and behind the working face, and in cases of large grout consumption
(Hognestad et al., 2011).

Water

The water quality is important for the grout mix to behave as expected. Common practice today
is that the water used in grouting is recycled water, i.e. cleaned operating water. The recycled
water can give an increased setting time of the grout, especially in cases where the water contains
a high concentration of salts. Recycled water can have a higher salt concentration due to the

waste material from explosives (Hognestad et al., 2011).

4.2.3 Pressure

The grout result in the discontinuities of the rock mass depends on the applied grout pressure.
In order to achieve grout spread in fractures, the grout pressure must exceed the pressure of the
groundwater. If the grout pressure is too high, fractures might dilate. This can cause an un-
controlled spread of the grout, permanent deformations of the rock mass and a reduced sealing
effect (Hognestad et al., 2011, Stille, 2015).
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In Norway, maximum grout pressures are normally in the range of 80 to 100 bar nearly in-
dependent of the rock overburden. Davik et al. (2002) argue that one should adjust to a lower

w/c-ratio to control the pumped amount in cases of low rock cover.

4.3 Grouting requirements

The water inflow criteria and the need for rock mass grouting should be adapted the given tun-
nel project. For a tunnel constructed in remote areas with no strict requirements on groundwater
influence or a dry internal environment, the inflow criteria will be governed by the pumping
capacity and practical limitations associated with the excavation process. The effect of leakage

to the work safety in the tunnel should also be assessed.

For a tunnel constructed in an urban area, the maximum inflow requirement can be as low as 2-4
liters per minute per 100 meter tunnel. This strict requirement is due to the potential influence
the tunneling works can have on the groundwater level. A draw-down of the groundwater table
can give a range of negative consequences on the surroundings (Hognestad et al., 2011).

Substantial water inflow amounts was encountered in the Romeriksporten railway tunnel. Fig-
ure 4.4 shows a photo of a water source above the tunnel which was drained due to the inflows
in the tunnel. This incident, among other projects, initiated a new research and development
project where several participants from the Norwegian tunneling industry contributed. Kveen
and Lindstrgm (2005) called attention to that the acceptable amount of water inflow into a tunnel
in a given area can be determined from studying local factors. Factors such as the water balance
in nature, hydraulic conductivity of the rock mass, potential for soil settlement, vulnerability of

the vegetation and the performed grouting procedures were considered to be of significance.

Blindheim and @vstedal (n.d.) argued that the budget, time schedule and the contract form
should take into account the potential need for grouting. Hognestad et al. (2011) underlined
that unless the surroundings demand particular requirements regarding water inflow, the extent
of the grouting works should be based on safety and life cycle costs. To grout a tunnel so that
there would be no need for water shielding after construction would be associated with signifi-

cant costs.

4.3.1 Road and railway tunnels

Factors for determining the inflow criteria in a tunnel, mentioned in Section 4.3, are relevant
for both road and railway tunnels. The sections below regard some typical inflow requirements

that have been developed from previous projects, and what measures are taken to secure a "dry"
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Figure 4.4: Photo by L. Erikstad of Puttjern above the Romeriksporten railway tunnel. Puttjern was a
water source to the high inflows in the tunnel, and the water table consequently got drained (Kveen and
Lindstrgm, 2005).

climate inside the tunnel.

Road tunnels

Few drivers would appreciate having water dripping from the roof while driving in a road tunnel.
The above-mentioned factors in Section 4.3 also apply regarding the inflow criteria for these
tunnels. Consequently, allowable inflow amounts for a road tunnel constructed in an urban
area is likely to have different requirements than a tunnel planned in a rural area. In handbook
N500, SVV (2016) states that measures must be taken to secure road tunnels against water, and
that there should be no leakage water within the tunnel’s traffic space. Water that infiltrates
the tunnel should be conducted around the tunnel lining and be lead in the tunnel’s drainage
network. Kliiver and Kveen (2004) divide the inflow requirements in the following classes for
T 8.5 road tunnels (8.5 m tunnel width):

Table 4.1: Suggestions to water inflow requirements for T 8.5 tunnels, from Kliiver and Kveen (2004).

Class Maximum allowable inflow [I/min per 100 m tunnel]
Extremely strict 1-3
Strict 3-7
Moderate 7-15
Small requirements Above 15
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Subsea tunnels

Norway have constructed and are still constructing a number of subsea road tunnels. For road
tunnels located below the sea, the supply of water that can infiltrate is practically unlimited.
Regarding inflow requirements, Blindheim and @vstedal (n.d.) argued that there was no specific
requirement for the allowable inflow. However, a normal acceptable permanent inflow can be in
the order of 20-30 1/min per 100 m tunnel (Blindheim and @vstedal, n.d. Nilsen, 2016). For the
Frgya subsea tunnel, grouting was initiated if the inflow in a bore hole was greater than 5 1/min

or greater than 3-5 I/min in more than one bore hole (Lien et al., 2000).

Railway tunnels

Similar to road tunnels, the water inflow requirements will be adapted the specific railway tunnel
with respect to the conditions mentioned in Section 4.3. To prevent impacts on the environment,

the inflow criteria for different projects can be similar to those presented in Table 4.1.

The technical legislation of Bane NOR states that the water-protecting installation must be able
to avoid water from dripping or flowing on to the other railway technical installations (Bane
NOR, 2019).

4.3.2 Water way tunnels

Tunnels conveying water are commonly used in Norway. Generally, these types of tunnels are
built in more remotely located areas, so that the inflow requirements are typically less strict
than for road and railway tunnels. Similar to other tunnel structures, the possible environmental
consequences must be considered when tunnels for water-conveying purposes are constructed
(Hognestad et al., 2011).

Head race tunnels

For head race tunnels, the rock may have to withstand high water pressures after the tunnel sys-
tem has been filled. Water can dissipate from the tunnel through open joints and discontinuities.
In light of the water pressures that the rock mass must withstand, one must consider leakage
from the tunnel system and compare grouting costs with expenses related to the lost production
(Davik et al., 2002). On the other hand, if the groundwater pressure exceeds the internal water
pressure of the tunnel, there will be a pressure gradient towards the tunnel. This can be con-
structive for the production of electricity in the hydro power plant. The extent of grouting must
therefore minimize the risk that water flows out of the tunnel during operation. Simultaneously,
there is no need for the tunnel to have very strict water inflow requirements, unless there is a

clear threat to the surrounding environment.
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4.4 Factors influencing grout consumption

This section reviews some factors that can influence the grout take in the rock mass. Some
parameters related to the grouting process and grout material were mentioned in the foregoing
sections and will therefore not be focused.

4.4.1 Tunnel type and size

The size of the tunnel will have a direct influence to how much grout that may be required in
cases of water inflow. When the cross-section of tunnel increases, so will the volume of the rock
mass that potentially requires grouting. This should not be considered as a rule, since several
other properties control the final grout take. According to Kliiver and Kveen (2004) a tunnel of
width 8.5 m and a w/c-ratio of 0.75 will have an expected grout take in the order of 340 kg to
1750 kg per meter tunnel.

4.4.2 Rock mass conditions
Rock mass classes

Four rock mass types presented by Kliiver and Kveen (2004) were mentioned in Section 3.6.1.
These rock mass classes are briefly described in the following.

Rock mass type A is characterized by having open discontinuities without significant amounts
of infilling material. The hydraulic conductivity is generally high and the rock mass type is
considered to normally be easy to grout. The water/cement ratio should in this case be low to
prevent unwanted spread of the grout. Industry cement is considered to be the most adequate

cement material for this type of rock mass.

Rock mass type B has joints with some presence of infilling material (often clay). This can
facilitate flow in more permeable channels in the rock mass, typical in pre-Cambrian gneisses
and other metamorphic rock types. Achieving a good grout result in this type of rock mass is
considered fairly easy. Since the infilling condition of the joints can vary, there is a higher need
for adapting the grout strategy to the local rock mass conditions. It is recommended to start with
a w/c-ratio in the order of 1.2 to 0.9 and gradually reduce this ratio until the desired pressure of
around 80 to 100 bar is reached. Industry cement and micro cement are usually suitable cement
types. Figure 4.5 shows an example of rock mass type B.

Rock mass type C denotes plastic rocks characterized with a high degree of joint infillings and
low aperture. This rock mass is typically difficult to grout and has a low conductivity. Minor
inflows can occur, often in connection with weaker zones in the rock mass. Micro-cements and
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micro-silica are recommended as grout materials for this rock mass type. To maintain good flow

properties, the w/c-ratio should be reduced carefully during pressure build-up.

Rock mass type D indicates different types of rock mass influenced by tectonic processes or
rocks with karst which have resulted in particularly open fractures or open voids in the rock
mass. In this case, there are no specific recommendations as to which grout materials that
should be used. In extreme cases of water inflow, coarser cements have been used with aggre-

gates adapted to the aperture of the void spaces.

Figure 4.5: Bedrock gneiss in As, Norway. This rock mass is an example of class B in the categorization
by Kliiver and Kveen (2004).

Orientation of discontinuities

The orientation of discontinuities can affect the groutability of the rock mass and the grout
consumption. When executing grouting of the rock, it is essential that the bore holes intersect
the discontinuities. In cases where the bore hole is oriented in large angles to the discontinuities
in the rock, the orientation can be considered favorable. If the drilled holes for grouting are
about parallel to the discontinuities, one can risk that very few discontinuities are perforated
and the groutability can consequently be low. The grouting is likely to have a low effect in this
situation. Figure 4.6 gives an illustration of two cases. One with discontinuities in larger angles

to bore holes, and another with discontinuities in sharper angles to the drill holes.
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Figure 4.6: Illustration of the influence between orientation of similarly spaced discontinuities and
groutability. One can see that more discontinuities are perforated in the uppermost situation.

Statistical studies

Nia et al. (2016) studied the relationship between grout take and parameters such as rock mass
quality (Q-value), grout pressure and joint aperture for a double-curvature dam in Iran. Multi-
ple linear regression was used in the analysis, and a log-transformation of the response variable
achieved fulfillment of the normality criterion of the residuals. From the studies, Nia et al.
(2016) found that the joint aperture and applied grout pressure influenced the grout take the
most, by increasing the consumption. A decrease in the Q-value gave a small decrease in the
grout consumption, but had a much smaller impact on the grout take than the other parameters.
tudies by Changyong et al. (2014) have however indicated that caution should be made when
using log-transformation in such statistical analyses. They argue that applying such a trans-
formation to the response variable, will in some cases not give any improvement to the model

diagnostics.

Strgmsvik (2019) found a significant negative correlation between grout consumption and Q-
values for 91 grout rounds in different Norwegian tunneling projects. J,, RQD, J,, J,, and
S RF did not affect the grout take considerably and was omitted in the model. .J, had a signifi-

cant positive correlation to the grout consumption.
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5.1 Introduction

The SmiSto hydro power project is a recent initative in the Norwegian hydro power industry and
consists of Smibelg and Storavatn hydro power plants. It is the largest hydro power project to
be developed in Norway since 2004. The owners of the project are Salten Kraftsamband and
Helgeland Kraft each holding 50 % of the shares. Haehre is the contractor in an EPC contract,
and Multiconsult is the consulting company in the project (Brekkhus, 2015).

The hydro power plants are located near the Gjervalen fjord in Lurgy and Rgdgy municipal-
ity in Nordland. Each hydro power plant is located on opposite sides of the fjord; Storavatn
HPP on the northern side and Smibelg HPP on the southern side. Both projects are high-head
hydro power schemes with large storage capacity without the use of large dams. In total, 27 km
of tunnel will be constructed and the project is in the phase of construction completion (Multi-

consult, n.d.). Table 5.1 gives some key data of the project after completion.

Table 5.1: Key data of the SmiSto hydro power project (Aasen and Lunde, 2017).

Parameter Smibelg Storavatn 1 Turbine  Stordvatn 2 Turbine
Turbine output 33 MW 8§ MW 28 MW

Dim. Discharge 7.5 m3/s 2.0 m3/s 5.0 m3/s

Head 504 m 452 m 618 m

Power generation 120 GWh 24.2 GWh 66.3 GWh

Total inflow 78.9 mill. m3  22.1 mill. m3 45.5 mill. m3
Reservoir capacity* 35.4 % 79.6 % 53.5 %

*) degree of reservoir regulation compared with unregulated yearly flow
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An overview map of the hydro power plants is shown in Figure 5.1.
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Figure 5.1: Overview map of Smibelg and Storavatn hydro power plants and the tunnel systems
(Haugerud, 2019).

5.2 Regional geology

During the formation of the Caledonian mountain chain, some 450 Ma ago, younger rocks were
overthrusted the eastern Baltic bedrock. The rocks that were overthrusted from the west are
mainly sedimentary rocks, while a major part of the Baltic bedrock consists of pre-Cambrian
gneiss. The continental collision caused folding and deformations of rocks within both con-
tinental plates. The geologic layers that were overthrusted the autochtone bedrock have been
divided in four: lower, middle, upper and uppermost allochtone (Fossen et al., 2013). Rock
types near SmiSto take part of the uppermost allochtone and the pre-Cambrian bedrock.

Figure 5.2 shows a simplified geological map with the main tectonic units in the project area.

Locations of the hydro power plants are marked in red. The main tectonic units near the Gjer-
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valen fjord are the Helgeland and Rodingsfjillet nappe complex.
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Figure 5.2: Main tectonic units near the Gjervalen fjord. Modified after Qvale et al. (2012).

Straumbotn and Tjornrasta nappes within Rodingsjillet nappe complex are located the closest
to the project area. The rocks in the Straumbotn and Tj6rnrasta nappe are mainly mica schists
and gneissic rocks of varying composition. The rocks are considered to be of Neoproterozoic
to Cambro-Silurian age (Qvale et al., 2012). The Storavatn tunnel system crosses these units
at certain locations, while the Smibelg tunnel system is generally located in the pre-Cambrian

gneiss.

The area has been subjected to a number of tectonic events with thrusting and overthrusting
of the gneiss and younger, metamorphosed sedimentary rocks. This makes the geologic history

in the area complex (Aasen and Lunde, 2017).

5.3 Geological and engineering geological conditions

Information presented in this section is mainly based on information from geological maps by

NGU and preliminary studies for the SmiSto project by Lunde and Lie (2013).

5.3.1 Topography

The landscape in the project area is dominated by sharp ridges, steep hillsides and high mountain
peaks. To a large extent, these land forms are assumed to be formed from glacial activity and
erosion. A major part of the surface near the project has rock exposed on the surface. Some

talus and moraine material is occasionally found above the bedrock (Lunde and Lie, 2013).
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5.3.2 Rock types
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Figure 5.3: Geologic map of the Smibelg tunnel system, including water sources (Haugerud, 2019).

Smibelg HPP is mainly located in pre-Cambrian gneiss, granitic to monzonitic in composition
(NGU, n.d.). This is a rock type known for its generally high stiffness and strength. Studies
by Qvale et al. (2012) indicate that the foliation of the gneiss has a varying dip direction on the
southern side of Gjervalen. The dip of the foliation is generally gentle ~ 30°. Results from
tunnel mapping indicates a layer of amphibolite from chainage 6+000 m to around 6+600 m in
the main head race tunnel. Geologic mapping on the surface indicates sills of amphibolite near
this area.

Storavatn
There is a greater variation in rock types near the Storavatn HPP, than near Smibelg HPP. The

tectonic units and the pre-Cambrian gneiss are seperated by thrust zones. According to bedrock
maps from NGU, it is expected that both the main head race tunnel and Storavatn branch tunnel
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Figure 5.4: Geologic map of the tunnel system of Storavatn, with water sources on the surface (Haugerud,
2019).

will pass in the pre-Cambrian gneiss near the hydro power station. The branch tunnel to Stora-
vatn is then expected to cross a layer of mica-rich gneiss separated from the monzonitic gneiss
by a thrust boundary. For the main head race tunnel of Storavatn, it is anticipated that the tunnel
will intersect the Tjornrasta and Straumbotn nappe complex. The rocks in these tectonic units

consist of gneissic mica schist, calcite marble and tonalitic gneiss.

5.3.3 Weakness zones and large-scale discontinuities

As commented in Section 5.3.2, the pre-Cambrian gneiss and the metamorphosed, sedimentary
rocks are separated by thrust zones. At these locations, rocks have experienced shearing and
deformation. Weak rock conditions with higher degree of fracturing is expected in these areas.
Moreover, the Gjervalen fjord is expected to follow a major weakness zone.

Smibelg
From aerial and topographic maps, there seem to be two orientations of major scale discontinu-
ities on the surface near the Smibelg tunnel system. The first system of large-scale discontinu-
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ities, hereafter denoted LD 1, has orientation NE-SW. This is orientation follows the foliation of
the gneiss in the area (Lunde and Lie, 2013). A relatively straight path in the variable topography
indicates that the discontinuities are likely to have a steep dip. Another discontinuity system,
hereafter referred to as LD 2, can occasionally be observed on the surface south of Gjervalen. It
has orientation near perpendicular to LD 1, i.e. NW-SE, but is less pronounced on the surface.
Its appearance indicates that also these discontinuities have a steep dip. Figure 5.5 shows an

excerpt from a location near Sendselva illustrating LD 1 and LD 2.

Storavatn
Foliation and schistosity with orientation N-S to NW-SE and mean dip towards the north domi-
nates in the schistose rocks and the upper cover of gneiss. These disconitnuities can be observed

on aerial photographs.

Aerial photographs near the Stordvatn tunnel system indicate that there is a large-scale dis-
continuity system with orientation NE-SW. This joint system is similar to LD 1, but has an
orientation more towards N-S. Hereafter it is denoted as DS 3. The large-scale discontinuities

located closer to Storavatn HPP will be more discussed in Chapter 7.

Figure 5.5: Aerial photograph of LD 1 and LD 2 for a location near Sendselva on the southern side of the
Gjervalen fjord.
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5.3.4 Hydrogeological conditions and water sources

There are a number of water sources located at higher elevations in the project area. The level
of the groundwater table is generally uncertain. Water sources on the surface has been used to
get an impression of these conditions. Based on a high precipitation in the area and relatively
large water sources at high elevations, the water table is assumed to be located close to the

topographical surface.

5.3.5 Rock stress conditions

Arne Myrvang presented a number of horizontal rock stress measurements in Norway with a
geographic map, see Figure 5.6. Previous stress measurements indicate variable rock stress
directions in the Cambrian-Silurian rock types south of Bodg. A general characteristic of the
regional horizontal rock stress directions in Norway is that they tend to be oriented depending
on the orientation of the mid-ocean-ridge (MOR). In the northern parts of Norway, the MOR is
N-S oriented.

ARTIC CIRCLE
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Figure 5.6: Indications on the regional horizontal rock stress conditions based on previous stress mea-
surements. Modified after Myrvang (2001 ).

The project area is dominated by steep hillsides and high mountainous ridges. The local rock
stress conditions are consequently expected to be controlled by topographic effects. Further, it
is believed that the strongest earthquake north of the Alps in historical times, occurred on the
Lurgy island in 1819. The earthquake was of magnitude M5.8, and was felt throughout Scan-
dinavia. Lindholm (2019) observed that the isochrones from deglaciation have the most intense
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gradient in seismically active areas. That is, in areas where the Holocene glacial retreat has
been the slowest. These are areas where the last glaciers in Norway still exist after episodes of
progression and regression. Further, the areas are associated with an intense earthquake activity.
Conrad Lindholm argued that areas with high elevation and with partial glaciation could have
been subjected to small isostatic adjustments which has kept local faults and fractures alive until

today.

Geological investigations have revealed that rocks with high and low stiffness are present inter-
changeably. Further, the degree of fracturing of the rock mass can be seen to show considerable
variation between locations on the surface. Differences in rock mass stiffness must therefore be
expected, as must local variations in rock stresses. Due to local differences in the mechanical
properties of the rock mass, the rock stresses can build up to unanticipated high levels in com-
petent rock near areas of weaker rock layers. Similarly, in the weaker rocks, local reduction of

the stresses can be observed.

These conditions have been evaluated in the initial phase of the hydro power project, and is
an important factor to investigate for unlined hydro power tunnels with high internal water pres-
sures. For determining suitable locations of transition between lined and unlined tunnel, stress
measurements have been conducted. These will be presented and compared to rock overburden

estimates below.

5.3.6 Stress measurements

Stress measurements by hydraulic jacking has been conducted both at Storavatn and Smibelg
HPP in order to determine suitable locations for the cones in the pressure tunnels. Hydraulic
jacking consists of isolating a certain section of a bore hole and gradually pressurizing this part
with water until a fracture is initiated in the surrounding rock. The shut-in pressure (FPs) can be
measured in several cycles. If the drill hole direction is in a principle stress direction, estimates
on the in-situ rock stresses can be made. The shut-in pressure will then be an estimate on o3. 0
and the drill hole rupture strength of the rock (1) can also be estimated by recording the water
pressure and flow (Nilsen and Palmstrom, 2000).

For the test results at SmiSto, the safety factor at each measure location has been calculated with
the following formula: - -
Py Py

FS= =—
P, pw'g'h

G.D

Where P, is the mean value of P, in three cycles. The mean safety factor for different locations

along the bore holes has been calculated, and is indicated in Figure 5.7 and 5.8.
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The rock stress measurements are presented for both of the main head race tunnels in the fol-

lowing.
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Figure 5.7: Results from hydraulic jacking tests with chainage numbers in the Smibelg head race tunnel.
The overburden is roughly sketched.

Storavatn

As mentioned in Section 5.1, Storavatn HPP consists of two turbines. Consequently, stress mea-
surements for cone placement at the Storavatn branch tunnel and the main head race tunnel have
been performed. The rock stress measurements conducted in the branch tunnel to the Storavatn
lake are presented in Chapter 7. Thus, only the results from the main head race tunnel shown in

Figure 5.8 are presented in this section.

Results from the measurements indicate that there is a general increase in safety factor with
increasing overburden. However, there are relatively large variations at measurement locations

and also between nearby measurement areas.
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Storavatn, main head race tunnel
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Figure 5.8: Safety factor from hydraulic jacking tests related to cone placement in the main head race
tunnel of Storavatn. Overburden is roughly sketched. Results from SINTEF (2016).

5.4 Expected conditions in the pre-liminary phase

5.4.1 Rock mass quality

Distribution of the expected rock mass quality in the tunnel systems are shown in Figure 5.9
and 5.10. The rock mass quality has here been divided in five categories ranging from Q1 to
QS5, where QI indicates the best quality of rock mass. Table 5.2 explains the division of the

categories.

Smibelg HPP

For Smibelg HPP around 95 % of the tunnel system is expected to be located in rock mass of
good to fair quality (Q2 and Q3). In parts of the tunnel with high rock cover, poor rock con-
ditions might be encountered with spalling due to increased rock stresses. Zones of weathered
rock and clay-filled discontinuities can also be encountered. Sections of the tunnel system with

lower rock overburden are considered to likely be associated with higher rock mass quality.

Storavatn HPP
The expected rock mass quality for Storavatn HPP share similarities with Smibelg HPP. Typi-

cally better conditions with respect to rock mass quality are expected in areas with lower rock
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Table 5.2: Explanation of the rock mass classification used in the pre-liminary phase of the project (Lunde

and Lie, 2013).

Category | Quality Characteristics
Massive rock, J,, < 5, rough joints without coatin,
Q1 Very good Y 1) &
and no weathering.
Fresh rock, 5 < J, < 10, planar and rough joints,
Q2 Good .
Some of these have coating and some are weathered.
10 < J, < 10, planar and thin joints with smooth
Q3 Fair coating or surface-weathered joints. Moderate intensity
of stress induced spalling in class Q1 and Q2.
Partly weathered rock, J, > 20, rock mass with
Q4 Poor pronounced clay gouge zones and general presence of
clay on joint surfaces. Intense spalling in class Q1 and Q2.
Fractured, altered and clay-containing rock mass. Low
Q5 Very poor | resistance to deformations. Elastoplastic behavior at low
stresses.
Smibelg
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Figure 5.9: Anticipated rock mass quality in the Smibelg HPP.

cover. However, the percentage of poor rock conditions (Q4) expected are close to doubled

compared to Smibelg. This is partly due to the thrust zone that the main head race tunnel will

have to cross.
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Figure 5.10: Anticipated rock mass quality in the Storavatn HPP.

5.4.2 Groundwater inflow

Smibelg HPP

In the pre-liminary phase of the project it was commented that joints crossing the foliation could
be water-conducting. Foliation joints in gneissic rock are generally tight, and was not considered
to be a source of higher water inflows. Connection between discontinuities and water sources
on the surfaces was considered possible, but mainly local water sources within the bedrock were
expected to cause the water inflows. A more jointed rock mass near the tunnel portals due to
exfoliation joints was considered to increase the likelihood of water inflow in these areas (Lunde
and Lie, 2013).

Storavatn HPP

In the pre-liminary phase of the project, no leakage was expected in areas of the tunnel system
located in the gneissic rock. There was assumed to be an increased likelihood of water inflow in
the vicinity of the thrust boundary to the schistose, sedimentary rocks around chainage 2+000
m to 2+500 m above the tunnel. From geological maps (see Qvale et al. (2012)), zones of mar-
ble/limestone had been observed in this area that can have open channels for groundwater flow.
It was not excluded that water inflow could occur near the transitions between gneiss and the

metamorphosed sedimentary rocks (Lunde and Lie, 2013).
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5.4.3 Grout consumption

Rough estimates of grout consumptions for the D&B 20 m? tunnels were given to both the
Smibelg and Stordvatn tunnel system. These are summarized in Table 5.3. It was commented
that these estimates could deviate by + 100 %. Additionally, it was expected that there would

be a consumption of microfine cement around 8400 kg.

Table 5.3: Expected grout consumption in the SmiSto project. The total grout take is equally distributed
among the two hydro power plants.

Number of pre-grouting rounds  Number holes per round  Grout take per hole (21 m)  Total grout take  Total work hours

10 40 630 kg 252 000 kg 420

5.5 Conditions encountered during project construction

As of December 2019, excavation of the Smibelg tunnel system is finalized and excavation of
the Stordvatn tunnel system is approaching finalization. Consequently, several of the unknowns
during the pre-liminary stage of the project have now become more revealed. Considering the
topic of this thesis being water inflow and rock mass grouting works in the project, the condi-
tions with respect to these factors were not all as expected. According to Johansen (2019), the
magnitude of encountered groundwater inflows and the consumption of rock mass grout in the

project stands out compared to other hydro power projects constructed in Norway.

5.5.1 Rock mass conditions

The Q-system developed by NGI has been used for categorizing the rock mass quality during
engineering geological mapping. Generally, segments of 40 m have been assigned a Q-value.
In cases where the condition of the rock mass is significantly different within the 40 m interval,
smaller sections are used. In addition to assigning a rock mass quality, joint structures, water
inflows and other comments related to the rock mass properties have been noted. Appendix B.2

shows an example of typical mapping sheet used in the project.

Below, the distribution of rock mass quality (Q-values) along the two main head race tunnels is
presented. The final Q-values are dependent on six parameters related to the condition of the
rock mass and the presented plots in Figure 5.11 and 5.12 and they give limited information as
to the general condition of the rock mass. However, they may be useful in the comparison to the

expected conditions described in Section 5.4.
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Figure 5.11: Histogram of rock mass quality (Q-value) between chainage 0+000 m and 8+300 m for the
head race tunnel of Smibelg.

Table 5.4 shows the accumulated percentages for the Q-values compared to the respective qual-

ity term.

Table 5.4: Percentages of Q-values below certain upper limits regarding quality for the main head race
tunnel of Smibelg. Based on NGI (2015).

Upper Q limit Accumulated percentage Quality of upper limit

6 22 Poor to Fair
10 40 Fair

40 78 Good
100 84 Very good

The results show that around 6 % of the total number of mapped sections are within rock mass of
very good quality. Further, 60 % of the tunnel sections have a quality from good to exceptionally
good. About 10 % of the sections denote rock mass of extremely good quality (@ > 100). In
the lower range, 22 % of the rock mass has a Q-value below 6.

Storavatn HPP
Figure 5.12 shows the distribution of rock mass quality along the Storavatn main head race tun-
nel between chainage 0+000 m and 7+200 m.

The histogram shows that the majority of rock mass quality is in the range between 0 and 11.
Considering rock mass quality from mapped tunnel sections, there is a tendency towards lower
quality of the rock mass in the main head race tunnel of Storavatn HPP. Similar to Table 5.4,
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Figure 5.12: Histogram of rock mass quality (Q-value) between chainage 0+000 m and 7+200 m for the
Storavatn main head race tunnel.

Table 5.5 shows the distribution of Q-values for this tunnel.

Table 5.5: Percentages of Q-value below certain upper quality limits for the Stordvatn head race tunnel.
Based on NGI (2015).

Upper Q limit Accumulated percentage Quality of upper limit

6 27 Poor to Fair
10 60 Fair

40 94 Good
100 96 Very good

Around 60% of the mapped sections have ) < 10, corresponding to quality from fair to very
poor. Some 34 % of the sections have a Q-value between 10 and 40, indicating good rock mass

quality.

5.5.2 Groundwater inflow

The conditions with respect to groundwater inflow will be presented in more detail for two tunnel
sections in the Stordvatn tunnel system in Chapter 7. Some of the experiences with groundwater

inflow conditions will therefore briefly be mentioned in the following.

Smibelg HPP

As commented in Section 5.4, the foliation joints have generally been related to only small
amounts of groundwater inflow. The groundwater inflows of significance have been related to
steep joints (>60°) intersecting the foliations. From chainage 3+000 m to Kvannskardvatn at
around 10+000 m in the main head race tunnel, probe drilling results indicate that no consid-

erable water inflow occurred. Up to chainage 3+000 m, certain sections gave relatively high
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inflows, up to 500 I/min in one bore hole. Water inflows up to 800 I/min were encountered dur-
ing drilling for the branch tunnel to Smibelgvatn. The results for Mannaga branch tunnel has not
been immediately available for the author, and the conditions for this tunnel regarding inflow
of water is not known. Only small inflows were encountered in the other, shorter tunnels of the

tunnel system.

Storavatn HPP

The conditions with respect to water inflow during drill and blast operations of the Stordvatn
HPP must be regarded as exceptionally challenging. The maximum groundwater inflow expe-
rienced in the project occurred in the main head race tunnel near chainage 3+000 m. This was
an area cosidered to have an increased likelihood of water inflow (see Section 5.4). At this lo-
cations, the water pressures were measured to around 30 bar. Estimations suggest inflow rates
of well above 1000 1/min. The difficulties resulted in a down-time of tunnel excavation for one
month in order to grout the conductive discontinuities. Between chainage 3+031 m and 3+090
m, at least 15 rounds of post-grouting were needed to seal the inflows behind the tunnel face.

Segments of higher water inflows have also been met, both at lower and higher chainages.

Similar to the situation at Smibelg HPP, only small groundwater inflows seem to be caused
by the foliation joints. The most water-bearing discontinuities are mainly observed to have a
steep dip.

5.5.3 Rock mass grouting

The bar plot in Figure 5.13 evidences the actual grout consumption in the project, based on data
gathered up till August 2019. One can observe the significant surpassing of the expected grout

consumption at SmiSto.

The most striking result is the consumption of industrial cement used at the Stordvatn main head
race tunnel. The total cement consumption in this tunnel was some 2400 tonnes of cement alone.
Compared to the rough estimate given in the pre-liminary phase, this amount is about 19 times
higher than the early estimate. For the Smibelg main head race tunnel the total cement take of
about 606 tonnes is around five times greater than the initial suggestions. From these numbers it
is clear that there have been considerable challenges related to sealing the groundwater inflows.
For Storavatn HPP, the final amount of grout is expected to increase even further until project

completion. Table 5.6 shows the results presented in Figure 5.13 in table format.

As of December 2019, the main head race tunnel of Smibelg has had break-through to Kvannskard-

vatn and excavation of the Smibelg tunnel system is consequently complete. From the gathered
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Figure 5.13: Distribution of the consumption for the different cement types used during construction of
the SmiSto hydro power project. For explanation of the cement types, see Appendix E. 1.

Table 5.6: Detailed overview of the results from Figure 5.13. The cement consumptions are in tonnes.

Tunnel Ind_cem Micro_cem Spec_type Cem_contr_setting Total
Smibelg main 288 318 0.35 0.02 606
Smibelgvatn 141 7 0.05 12 160
Storavatn main 2060 127 15 36 2238
Storavain branch 133 66 1 9.6 210
Total 2622 518 16 58 3214

data, no grouting has been performed from chainage 2+700 m up to the break-through around
chainage 10+000 m.

For the Storavatn HPP, grouting has still been continuously applied for chainage 6+900 m to
7+400 m. From chainage 7+400 m up to the face location at 7+560 m by 09 December 2019,
no grouting has been required (Johansen, 2019).

5.6 Methodology of grouting and water inflow measurement

This Section reviews the strategies for grouting, as well as methodologies of measuring ground-
water inflow in bore holes in the SmiSto project. The information presented is based on oral
communication with Ernst Ove Johansen in Haehre (Johansen, 2019).
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Grouting strategy

The criteria for when there is a necessity for pre-grouting ahead of the tunnel face has been de-
pendent on the inflow rate in bore holes, location of the tunnel face, pumping capacity and how
much water the roadway can manage without suffering damage. Generally, two to four probe
holes are drilled ahead of the tunnel face, in areas where groundwater inflows are expected. In
cases where the maximum inflow rate in a single holes is below around 30-50 I/min, pre-grouting
is normally not considered to be necessary.

In cases where grouting is found necessary, six to eight new bore holes are drilled for the grout
curtain. For these holes, the drill rate (#), amount of water inflow (ﬁ), color of the bored

material and weaker zones in the rock have been recorded.

In the early stages of tunnel construction, micro-cement was the principal cement type used
in the project (see Figure 5.13). However, the use of fine-grained cement failed to give a satis-
factory grouting result. With time, industry cement has been the main cement type used. Based
on the collected data, around 16.5 tonnes of coarse grained cement (Spec_type) has been used
for the entire project. This cement material has maximum grains of around 4 mm and has been
used to seal larger inflows at the tunnel face. In certain cases it has been necessary to perform
post-grouting. In these situations grouting by controlled setting have been performed, often with
an unsatisfying result due to the low temperature of the groundwater. It was found that reducing
the water/cement-ratio was the most efficient method to achieve an acceptable post-grouting re-
sult.

The applied pressure for the grouting works in the project is determined by the water pres-
sure experienced in bore holes and the overburden of rock above the tunnel. The mean pressure
used in the project has been around 50 bar. The minimum and maximum pressure applied have
been 10 bar and 85 bar respectively. The stop criterion has been controlled by the reached
counter-pressure of grouting. The grouting process in holes are consequently stopped when the
desired pressure is reached. There have been attempts to set the stop criteria based on the grout
take. In the lower parts of the Storavatn tunnel system, this did not give a satisfactory grouting
result. In chainages above 7+000 m, however, the application of a stop criteria based on grout

consumption has worked with satisfying results.

Water inflow measurement

The water inflows in probe drilling holes ahead of tunnel phase have been measured by using a
stop watch and a bucket. With time, the tunnel workers have set approximate values of the water

inflow based on experience with comparable inflow rates.
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Methodology

This chapter presents the methodologies that has been used for gathering, systematizing and
preparing the available data for analysis in Chapter 8. An explanation of how the methods used

in the analysis have been applied will also follow.

6.1 Data gathering

Data from engineering geological mapping, probe drilling ahead of the tunnel face and doc-
umentation of rock mass grouting has been given to the author by engineers in Multiconsult.
Work and documentation of probe drilling rounds and grouting rounds have been performed by
the contractor in the project, Hehre. Engineering geological mapping has routinely been exe-

cuted by engineering geologists in Multiconsult.

The author visited the project site in May and August 2019. At both occasions, more docu-
mentation and information from the contractors and consultants were collected. The documen-
tation has been available to the author in PDF-format. Appendix B.1, B.2 and B.3 shows typical
PDF-documents of probe drilling, engineering geological mapping and rock mass grouting in

the tunnels respectively.

6.2 Data systematization

The data has mainly been systematized using Excel spreadsheets. Parameter names in the
spreadsheets have been standardized to enable efficient processing of the data with Python 3.7
open-source software. The spreadsheets have later been imported in ArcGIS Pro to include the

data in a geographic information system (GIS).
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6.2.1 Probe drilling results

Information that typically has been recorded in probe drilling rounds are location of the tunnel
face, length of the drill hole, penetration rate, color of the bored material, particular weak zones
in the rock mass and groundwater occurrences. In many cases, occurrences of groundwater in-
flow has been commented, but no quantitative estimates are given. Thus, the actual amounts of

groundwater inflow that occurred is often not known.

Quantitative measures are without doubt more valuable than qualitative comments in cases of
groundwater inflow. The qualitative comments are however still valuable in that they give indi-
cations to how much water inflow that was experienced. In the project report that was written
prior to this master thesis, the author concluded that it was preferential to divide the inflow es-
timates, both qualitative and quantitative, in categories (Haugerud, 2019). An effort has been
put to relate quantitative estimates with the comments from probe drilling results. The division
shown in Figure 6.1 below shows typical inflow magnitudes for the respective comments in
cases where both estimates have been available. This division has also been used in the ArcGIS
Pro model (see Appendix C). Using both quantitative and qualitative estimates involves much

uncertainty, but has been necessary to provide an overview of the conditions.

Ji [ Hewwsterinfow
Water inflow |-

categories 3 - Water inflow

2 Seepage / Small water amounts

1| Dry

| | \ \
50 100 200 500

Groundwater inflow [I/min]

Figure 6.1: Water inflow categories based on quantitative estimates and qualitative comments.

Another challenge was to make the probe drilling results comparable to the rock mass condi-
tions at the drill hole location, relevant for the work in Chapter 8. The probe drill holes will
often cross chainage intervals with different rock mass quality (Q-values). The rock mass qual-
ity between two adjacent chainage intervals can be very different, e.g. near weakness zones.
A natural question that arises is what Q-value that should be used along the bore hole length.
Figure 6.2 illustrates this problem.
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Qi Q; Qs

Tunnel face

Probe drill hole

30 m

Figure 6.2: A probe drill hole crossing multiple chainage intervals (Q1 # Q2 # Qs). Illustrating the
problem of selecting Q-values for the probe drill hole results.

Holmgy (2008) encountered a similar problem in her doctoral thesis work. This was solved by

selecting the minimum Q-value of the chainage intervals that the probe drill hole crossed.

Qetements =min {Qi};v fori=1,2,3,....,n elements 6.1)

The author chose this approach in his project work, and continues to use this methodology for
the data analysis presented in Chapter 8.

6.2.2 Rock mass grouting

The results from pre-grouting are separated from post-grouting. The reason for this is that
rock grouting is analyzed with respect to water inflow amounts from probe drilling results. At
the same tunnel face location, probe drill holes and rock grouting holes often coincide. Post-
grouting results have been gathered, but function more as an indicator for locations where it was
particularly difficult to seal the water inflows.

The pre-grouting results from the contractor in the project give information on the number of
bore holes (ny,) drilled for grouting and the total bore meter length (I3,,). The length of each

bore hole is therefore not known, but the bore holes in a pre-grouting curtain tend to have similar
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lengths. The length of the pre-grouting curtain (l.) is consequently estimated as:

l
l, = 2m 6.2)
nh
Similar to water inflow categories in probe drilling, the amount of rock mass grouting used in a
pre-grouting round has also been categorized. These categories have been divided dependent on
the total cement consumption (C},;) in a pre-grouting round. Equation 6.3 is used for calcula-

tion of Cio.
d
Crot =) C; (6.3)
Jj=a

C indicates the cement amount and the letters a to d indicate different cement types. Industry
cement, micro cement, special type cement (e.g. with coarser grains or saw dust) and cement

with accelerating additive have often been used interchangeably.

Figure 6.3 shows the division of rock mass grout consumption in categories from 1 to 5.

: -

Rock mass :
grouting, * | [ |

categories
: ]
]

1 1 1 1 |
5000 10000 15000 20000 25000 30000
Tot cement take in pre-grouting round [kg]

Figure 6.3: Division of pre-grouting rounds in categories based on total grout consumption.

This division has also been used for the model in ArcGIS Pro (see Appendix C).

6.2.3 Tunnel mapping

Results from rock mass quality estimation for tunnel chainage intervals have also been system-
atized in Excel spreadsheets. In addition to state a Q-value of the rock mass, the tunnel mapping
schemes include valuable information regarding orientation of joints and discontinuities. Condi-
tions of the structures and comments on the joint conditions are also given (see Appendix B.2).
Joint mapping from the investigations have been used to produce stereonets for tunnel sections

in Chapter 8. The orientations of the discontinuities have occasionally been estimated based on
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strike and dip symbols in tunnel mapping and the known orientation of the tunnel at the respec-

tive location.

Generally, the rock mass has been assigned one specific Q-value for a section ranging from
typically 10 to 40 m. In some cases, however, an interval for the Q-value has been given. In
these situations, the author has used to lowest Q-value when comparing the results with grouting

and water inflow in bore holes.

The Q-values of the rock mass in mapped tunnel sections have been categorized and assigned
colors along the tunnel alignments. The categories are based on the Q-system and are shown in
Table 6.1 below.

Table 6.1: Division of rock mass quality categories. The division is based on NGI (2015).

Quality Upper Q-value limit  Color of line
Extremely good 400 .

Very good 100

Good 40

Fair 10

Poor 4 .

Strike and dip measurements from tunnel mapping has been gathered and presented in stereonets
for sections of the Storavatn tunnel system that is analyzed in Chapter 7. In some cases both
strike / dip direction and dip have been indicated in the tunnel mapping. Generally, only a strike
and dip symbol with an estimate of the dip has been reported. In these cases, quantitative values
of strike and dip have been estimated based on the orientation of the tunnel for the respective lo-
cation. Some of the work related to processing of the strike and dip data is attached in Appendix
EA4.

6.3 ArcGIS Pro

As previously stated, ESRI’s ArcGIS Pro has been used to make a geographic model of the re-
sults from probe drilling, grouting and tunnel mapping. Additionally, geologic features such as
fault zones have been included and ortophotos have been used to reveal discontinuities on the

surface.

To be able to present the information geographically in ArcGIS Pro, the data has first been
gathered and systematized with Excel spreadsheets. Then, data processing with Python 3.7 has
prepared the spreadsheets for implementation in ArcGIS Pro and for the statistical analysis. Ap-
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pendix E gives a list of relevant scripts that have been used to accomplish this. Categories of
water inflow amounts and cement take have been illustrated with categories in the model with
the methodology presented in Section 6.2. The categorical lines follow the tunnel alignments
and their lengths on the map have been adapted to the actual length described in documentations

by the contractor. For pre-grouting rounds, the length of the respective lines are the same as the

length of the pre-grouting curtains (I.).

Water inflow category [I/min]
5 - (> 500)
4 - (100 - 500)
3 - (50 -100)
2-(0 - 50)
1-0

Grouting category [tonnes]

5 - (> 30)
4 - (20 - 30)
3- (10 - 20)
2-(5-10)
1-(0-5)

Q

= <4,000000

<10,000000

s <40,000000

= <100,000000

= <400,000000

Figure 6.4: Ortophoto illustrating the rock mass quality, groundwater inflow and rock mass grouting
categories. The photo shows the conditions between chainage 1+600 m to around 1+700 m of the Storavatn
main head race tunnel. See chanage numbers for image scale.

6.4 Statistical analysis

This section describes the methodology used in the statistical analysis of the data gathered in this
thesis. One part of the analysis regards paired plots of rock mass parameters and the groundwater
inflow in probe drilling holes. Another part is related to the application of the approach proposed
by Panthi (2006) for estimation of specific leakage in probe drilling holes. The last part of the
analysis regards results of the grout takes in the project, where a multivariate linear regression
(MLR) model is used.
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6.4.1 Semi-analytical approach for estimating specific leakage

The approach introduced by Panthi (2006) is used in Chapter 8 for calculation of the specific

leakage. The methodology used in this part of the analysis is summarized in the following:
 Estimation of f, for each probe drill hole.

— The depth factor (D) was estimated for every 200 m along the head race tunnel
with longitudinal profiles along the Stordvatn main head race tunnel (see Appendix
D.2). The depth factor at each probe drill hole was chosen depending on the D-value
located the closest to the bore hole location.

— The values of J5 and J, were determined based on the joint conditions in the Stora-

vatn main head race tunnel.

— Equation 3.7 was then used to estimate f,.

 Estimation of the specific leakage g; by Equation 3.6. Procedure for the estimations are

shown in Appendix E.7.

* Comparison of the average of the actual inflow rates at the respective tunnel face location
with the average of the estimations for the same tunnel face location with Equation 3.6.

The Python script used in the calculations for this analysis is shown in Appendix E.7.

6.4.2 Multiple linear regression (MLR) model

Multivariate linear regression is a statistical technique where explanatory variables are used to
predict the outcome of a response variable (Ross, 2004). In Chapter 8, the method has been ap-
plied between the grout take in pre-grouting rounds and seven parameters of the rock mass. The
aim of this analysis is to investigate possible relationships between the response variable and the
covariates. Further, with a MLR model, it is tested if a linear combination of the covariates can
give adequate estimates to the grout takes. Similar to the analysis of groundwater inflow, the
minimum Q-value have been chosen in cases where the bore holes cross more than one interval

that has been assigned a Q-value (see Figure 6.2).

The analyzed data is gathered from four head race tunnels, included in both the Smibelg and
Storavatn tunnel system. The analysis is limited to the total grout takes in pre-grouting rounds
ahead of the tunnel face (see Equation 6.3). It is considered that C},; will depend on the total
length of bore holes drilled ahead of the tunnel face for the pre-grouting curtain. Longer drill
holes will penetrate a greater volume of the rock mass and potentially perforate more disconti-
nuities. Consequently, with more bored meters ahead of the tunnel face (I3,,), a greater grout

take is expected for principally similar rock mass conditions. To account for this dependence,
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the response variable for grout take is defined as the ratio between the total cement consumption

and the sum of bored meters for the pre-grouting curtain. This parameter is named C,.

CVtot

Ciot =
tot lbm

(6.4)

Python 3.7 has been utilized to develop the multivariate linear regression model for the response
variables and the covariates. The Statsmodels module in the open-source software has been used
for this purpose (see Perktold et al. (2009)). The different parameters and the MLR model will
be further described in Chapter 8.

Theory

In order to use a MLR model to predict future responses of an outcome variable given a number

of input variables, several assumptions should be fulfilled;

* The outcome variable can be expressed in terms of a linear relationship between the ex-

planatory variables.
* The mean of the errors, E[e], is equal to zero.

e The error variances, Var(Y) = Var(e) = o2, are constant (i.e. homoscedasticity is
fulfilled).

* The errors are uncorrelated and normally distributed.

(Epifani, 2016)
When the validity of the multiple linear regression model is justified, the input variables z;,
where i = 1,2, ..., k are related to the output variable by:

Y =B+ frx1 + Baza + ... + Bri + € (6.5

Where e is the random error and is assumed to be normally distributed with mean 0 and (con-
stant) variance o2. The parameters Sy, ..., 31 are unknown and must be estimated from the data.
Thus, the estimators By, ..., By, are introduced and the least squares estimators are those that
minimize: .
> (¥i = Bo — Biwis — Bawip — ... — Byip)? (6.6)
i=1

From Equation 6.6 it is seen that one can have a set of ¢ = 1,2,...,n data. Matrix notation

becomes advantageous:
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Y, 1 211 w2 . T
Y; 1 @mo1 ma2 . T2k
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The multiple regression model (see Equation 6.5) for n data points can then be written as:

X:

<

B+e

The least square estimators in Equation 6.6 are partial derivated with respect to the estimators
of 3, i.e. By, Bi, ..., Bi, and set equal to zero to determine the best fit for the data. In matrix

form, the least squares estimators can be found by the equation:

B=X"X)"'X"Y (6.7)

Where X:T is the transpose matrix of X (Ross, 2004).

Diagnostics of the MLR model

The assumptions mentioned introductorily should be checked for the MLR model. Several tools
developed for model diagnostics are available and in use today. Some of the conditions that
should be checked are explained below.

Normality of the residuals
A MLR model assumes that the residuals follow a normal distribution, have mean equal to zero
and a constant, but unknown variance. This condition can be checked with the Shapiro-Wilk
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test for normality. A significance level of o = 0.05 is common. In cases where the p-value of
the test is lower than a, there is a statistical discrepancy, and the assumption of normality for
the residuals are likely not valid (D’ Agostino and Stephens, 1986). Olive (2010) argues that
plots of the residuals and response plots between the fitted and the actual values are valuable for

checking the adequacy of a MLR model.

Collinearity - Variation Inflation Factor (VIF)

A high degree of collinearity indicates a strong linear relationship between two covariates. The
term multicollinearity is used when there is a strong linear relationship between more than three
covariates (Nia et al., 2016). The variance Inflation Factor (VIF) can be used to check for mul-
ticollinearity in a data set. This is valuable to check the validity of the assumption that the
predictor variables are independent of one another. However, this technique does not give indi-
cation as to which of the other predictor variables are causing the high VIF of the other covariate.
Craney and Surles (2002) mentions that a VIF above 5 or 10 can be a reasonable limit for when

a predictor variable should be removed from the data set.

P-value of covariates and backwards elimination
The Statsmodels module give p-values for each covariate used in the MLR model. A higher
p-value gives an indication that the covariate does not have a high influence on the outcome of

the response variable.

Backwards elimination is a form of stepwise regression where the covariate with the highest
p-value (often above a certain significance level, ) is removed from the model and a new model
is made without this covariate. This process continues until all covariates with a p-value greater

than « are removed (Olive, 2010).

Coefficient of determination (R?)
The coefficient of determination is a parameter that indicates how well the input variables in the
linear model explains the variation of the response data. R? is in the range of 0 to 1 where a

value closer to 1 denotes a good fit to a linear model. The parameter is defined as:

2 _ 1 doe
R =1 A IE (6.8)

Where e; is the difference between the observed and fitted value of the response variable. Y is

the mean of the response variable (Ross, 2004).
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Analysis of tunnel segments

7.1 Introduction

In this analysis, two segments of the Storavatn HPP tunnel system are considered. In both ar-
eas, higher water inflows and grout consumption were experienced. For each segment, geologic
parameters that are known to control groundwater inflow and grout take are described for the
respective locations. One segment regards an area of the branch tunnel to Storavatn, and the
other a section of the main head race of Storavatn HPP. The segments are shown in Table 7.1

below.
A brief discussion will follow after engineering geological factors assumed to influence the

water inflow and grout take in each segment have been presented. In Chapter 9 the two tunnel

segments are discussed together.

Table 7.1: Overview of the analysis areas.

Chainage interval

Segment name Tunnel From To Inclination [ %]
Segment A Storavatn branch tunnel 0+000 m  0+800 m 17.5
Segment B Storavatn main tunnel 1+4200m 14650 m 10.0

Figure 7.1 shows a map overview of the analyzed segments.
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Figure 7.1: The analysis areas shown in an ortophoto with elevation lines. The contour interval is 50 m
on the map.

7.2 Tunnel segment A

7.2.1 Introduction

Figure 7.2 shows a topographic map of the Storavatn branch tunnel with water inflow categories
and grouting categories along the tunnel. The categoric lines show the actual length of the probe

drill holes and the average length of bore holes for grouting at the tunnel face location.

For a more detailed overview of the distribution of water inflow categories and water inflow

categories along the branch tunnel, the reader is referred to Figure 8.3b.

Figure 7.2 suggests that the most substantial groundwater inflows occurred between chainage
0+500 m and 0+800 m. Higher water leakage was also encountered towards the Storavatn lake
(chainage 1+800 m to 2+030 m). Here, relatively large amounts of rock grouting was used.
However, much of the grouting works in this area was performed as a routine towards lake
piercing of Storavatn and was specified at an early stage. The grouting works performed in the
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Figure 7.2: Topographic map of the Storavatn branch tunnel with water inflow and grouting categories.
Contour interval = 50 m.

vicinity of the the Storavatn lake will therefore not be given much attention here. It is notice-
able that no significant water inflow was encountered between chainage 0+800 m and 1+800 m.
The focus area in the part of Storavatn branch tunnel is consequently for the section between
0+000 m and 0+800 m. The maximum water inflow was measured in the order of 500 1/min
near chainage 0+750 m and the maximum grout take in a pre-grouting round was around 43 000

kg where the tunnel face location was around 0+500 m.

7.2.2 Conditions on the surface

Rock types

From the geological map in Figure 5.4, the tunnel segment is expected to mainly be located
in the pre-Cambrian gneiss. The boundary to the mica-rich gneiss is located within the tunnel
interval on the surface. Considering a general gentle dip of this layer to the north east, the rock

type is not expected to be present in the tunnel segment.

69



Chapter 7. Analysis of tunnel segments

Large-scale discontinuities

The aerial photograph in Figure 7.3 suggest that for chainages up to around 0+700 m, one set
of discontinuities dominates. These discontinuities seem to be striking ENE-WSW and can be
observed with distances of several kilometers from the fault zone separating the pre-Cambrian
gneiss and the Straumbotn and Tjornrasta nappes. They are likely to have a steep dip (>60°)
due to their relatively straight appearance in variable topographic conditions. However, a slight
curvature towards south in decreasing elevation might suggest a dip towards the south-east. This
discontinuity set is hereby denoted DS 1. Discontinuities are indicated with red lines on the or-
tophoto in Figure 7.3. The foliation joints of the gneiss are difficult to observe in surface images

of this tunnel interval.

When the tunnel is approaching the thrust fault and towards the mica-rich gneiss, the system
of discontinuities on the surface becomes more complex. Discontinuities striking NNW-SSE
become noticeable. Similar to DS 1, these are also likely to have a steep dip due to their straight
appearance on the surface. This set of discontinuities is denoted DS 3. From chainage 0+800
m and onward, discontinuities related to the foliation are also identifiable on the surface. These
have strike NW-SE with a seemingly gentle dip towards NE.

East of the tunnel segment another discontinuity set is visible on the surface. This is named
DS 2 and from interpretations on the surface it seems to have a strike towards N-S. This set of

discontinuities is also interpreted to be have a steep dip (> 60°).
The observed sets of discontinuities in the vicinity of the branch tunnel are summarized in Table

7.2 below. Documents of the ArcGIS model are attached in Appendix C and display ortophotos

for the higher chainages of the branch tunnel.

Table 7.2: Summary of discontinuity sets observed on surface imagery for Storavatn branch tunnel.

Name discontinuity set Apparent strike Dip Comment
Foliation NW-SE Shallow (<45°)  Particularly present from 0+800 m and onwards.
DS1 ENE-WSW Steep (>60°) Possibly dipping steeply towards SSE.
DS 2 N-S Steep (>60°) M.ore conspicuous 400 m e?S[ of Fhe tunnel segment.
Might not dominate as a joint set in the tunnel.
DS 3 NNW-SSE Steep (>60°) Pronounced from chainage 0+800 m and onwards.
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Figure 7.3: Aerial photograph of the Storavatn branch tunnel with overview of rock mass grouting and
water inflow in probe drilling rounds. The image also shows distribution of rock mass quality (Q-values)
along the tunnel.

Weakness zones

Around chainage 0+750 m, the tunnel is located below a zone interpreted as heavily fractured
rock mass from ortophotos. The terrain shows a depression at this location, and the segment
could possibly be a weakness zone with persistence towards depth in the rock massif. From
aerial photographs it can be seen that the spacing of DS 1 decreases towards the assumed weak-
ness zone. When passing this area, discontinuities related to DS 3 become more pronounced.
Further, it is seen that the width of the zone on the surface is around 100 m. Given an over-
burden of around 400 m at this location, it is however questioned if the zone would reach the
tunnel level. In the longitudinal profile along the tunnel in Figure 7.5, the weak zone is drawn to
a profound level to show where the zone could reach the tunnel. Its propagation is based on an
interval of the tunnel observed to be heavily fractured. Based on a general impression of the to-
pographic profile, it could however be reasonable to expect a dip towards the south, since a weak
zone observed on the surface tends to dip towards the steepest ridge of the depression (Nilsen,
2016). It is emphasized that the orientation of the potential zone could be oriented differently

and is likely to have a much narrower propagation with depth. Figure 7.4 shows an excerpt of
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the area with the weakness zone from Figure 7.3. Skardafjelltjgrna water source (633 m.a.s.l.)

is located some 100 m northeast of the tunnel around this location.

Skardafjelltjgrna (633 m.a.s.l.)

Figure 7.4: Aerial photograph of the weakness zone crossing the branch tunnel to Storavatn lake. See
chainage numbers for scale.

Figure 7.5 shows a longitudinal geologic profile along the head race tunnel. The DS 1 structures
are indicated as well as more fractured zones on the surface. Sections inside the tunnel with
more fractured rock mass are indicated with lines along the tunnel alignment (see the figure
legend). The geology is interpreted by the author based on mapping on the surface described by
Qvale et al. (2012) and observations from engineering geological mapping in the tunnel.
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Stordvatn branch tunnel profile
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Figure 7.5: Geological profile sketch along the Stordavatn branch tunnel. The blue dashed line indicates a
rough sketch of the groundwater table level based on water sources on the surface and an assumption of a
high groundwater table. An enlarged image of the geologic profile is included in Appendix D.1. Made with

Autodesk’s Civil 3D.
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7.2.3 Conditions in the tunnel
Rock types

There seem to be no clear transitions between rock types in the tunnel segment. The rock type

in the tunnel segment is interpreted as the gneiss of pre-Cambrian age.

Joint systems and discontinuities

Joints and discontinuities along the Storavatn branch tunnel have been measured and noted in
engineering geological mapping inside the tunnel. The measurements between 0+000 m and
1+000 m have been gathered in a stereonet presented in Figure 7.6. It was observed that the
joint conditions were similar for this tunnel interval, which is the reason for a larger chainage

interval compared to that of segment A. In total, n = 72 entries have been included.
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Figure 7.6: Stereonet contour plot with interpreted joint set and foliation. Chainage interval of Storavatn
branch tunnel: 0+000 m to 1+000 m. Made with Dips by Rocscience.

The contour plot evidences a grouping for joints striking NE-SW with a steep dip (around 80°)
towards the SE. This joint set is denoted JS4 1. A grouping of poles denoting a similar strike

as JS4 1, but a steep dip towards NW indicates that these joints show some variation in dip
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Table 7.3: Table showing the approximate orientations of the foliation and JS 4 1.

Joint set  Strike Dip

Foliation N100°E 30° NE
IS4 1 NO40°E  80° SE

direction. Discontinuities related to the foliation dominate in some parts of the tunnel section,
generally at higher chainages towards 1+000 m. The orientation of the branch tunnel varies
between NNW-SSE and NNE-SSW. A general tunnel direction (around NOOO°E) is indicated
in Figure 7.6. The joint set, JS 4 1, is consequently oriented with a mean angle to the general

tunnel alignment.

Characteristics of JSa 1
The bullet points below sum up some observed characteristics of the joints related to JS4 1.

Small amounts of information have been available with respect to the aperture of the joints.

* The joint set is water-leading. Particularly from 0+240 m to 0+340 m, an area of the
tunnel which was grouted.

 Generally, the discontinuities are continuous in the entire tunnel contour (i.e. observable

from wall to wall).

* The joint spacing varies. In more fractured areas, results from tunnel mapping indicate

that the joint spacing can be below 0.5 m.

e The joint alteration has value J, = 2 in areas where JS 4 1 dominates. This indicates
slightly altered joint walls with non-softening mineral coatings. From the tunnel mapping
it has been commented that the joints can have a white coating and occasionally rust on

the joint surfaces.

* The joint roughness (J,.) is 1.5 in areas where the joint set dominates. This indicates that

the joints are rough, irregular and planar.

Foliation

The discontinuities related to the foliation are generally not water-leading, but the tunnel is com-
mented to be moist in locations where the foliation joint set is the principal joint set in the tunnel.
The aperture of the joints has not been commented in tunnel mapping, but is assumed not to be
of significance with respect to groundwater inflows. Zones with thickness 0.5-1.5 m of weak
layers and weaker zones are occasionally encountered along the tunnel and have orientation par-

allel to the foliation.
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Weakness zones

From around chainage 0+760 m to around 0+820 m, engineering geological mapping in the
tunnel indicates a weathered and significantly fractured zone. Shotcrete and bolting was used in
this section of the tunnel for rock support and reinforcement. The rock mass was observed to be
"earthy" and could be scraped off and dug with a geologic hammer. Though being remarkably
fractured, no dripping or inflow of significance was reported in this area from the engineering
geological mapping. From Figure 7.3 it is however seen that the inflows in probe drilling holes
ahead of the tunnel face were relatively large in this area with inflows greater than 500 I/min.

Figure 8.3b gives a more detailed overview of the groundwater inflows.

Overburden and rock stress measurements

For tunnel segment A, the lowest rock overburden is around 350 m in the lower chainages. The
area with the highest overburden is located near Skardafjelltjgrna where it is close to 600 m for

chainages around 0+550 m (see Figure 7.5).

Storavatn branch tunnel
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Figure 7.7: Safety factor estimated from hydraulic jacking results for Storavatn branch tunnel. Overburden
is roughly sketched. Results from SINTEF (2016).

Rock stress measurements by hydraulic jacking have been performed for chainages between
around 0+000 m and 04400 m. The measurements were made related to determining an ade-
quate location for the transition to the penstock in the head race tunnel. Measurements of the

minimum principle stress at the locations shown in Figure 7.7 gives valuable information for
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evaluating the stress situation at these locations. In the figure below, the overburden is roughly
sketched for each measurement location. For the first 50 m, the safety factor was found to be
relatively high. Further testing revealed a section with lower o3 from 0+150 m to around 04300
m. An increased safety factor was again observed around 0+400 m.

It is uncertain in what direction o3 acts. In cases where the test hole is drilled parallel to a
principal stress direction, this can be determined (Nilsen and Palmstrom, 2000). The direction

of 01, 09 and o3 is however unknown.

7.2.4 Rock mass grouting

Figure 7.8 shows the distribution of the total grout take in pre-grouting rounds for different
tunnel face locations along the Storavatn branch tunnel. For segment A, documentation of the
rock mass grouting up to chainage 0+500 m is available. As mentioned in Section 7.2.1, the
highest water inflow in a probe drilling hole for the segment was encountered around chainage
0+750 m. Documentation of rock mass grouting is available between chainage 1+900 m to
2+033. However, this segment was grouted as part of a routine procedure and specified by

consultants when approaching the lake piercing to Storavatn.
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Figure 7.8: Distribution of different cement types along the branch tunnel to Storavatn lake. For explana-
tion of the cement types in Figure 7.8, see Appendix E.1.

From the plot, the following remarks are made:
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* The greatest grout take from the gathered data was around 42 tonnes at tunnel face location
0+498 m.

* Cement with an accelerating additive was only used for the pre-grouting round at face
location 0+297 m.

» The special type cement with coarser particles was only used at face location 0+493 m in

a section of the tunnel with a relatively large grout consumption.
* Micro cement was the main cement type used between 0+300 m and 0+493 m.

For the pre-grouting rounds associated with the highest grout takes in Figure 7.8, the roof and
right wall of the tunnel was shotcreted between 0+496 m and 0+508 m. This interval of the
tunnel was also commented to be a more fractured zone with a reduced spacing of JS4 1 and
discontinuities having a shallow dip westwards. Conditions of the joints with respect to alter-
ation and infilling material was not given, but based on J, = 2, there seem to be a tendency that
the discontinuities have a thin coating on the surfaces. The shotcreted segment of the tunnel was

also commented to give water inflow in the tunnel in the engineering geological mapping.

7.2.5 Discussion

In the following, the engineering geological conditions characterizing tunnel segment A are

discussed related to the encountered groundwater inflows and the performed rock mass grouting.

Groundwater inflow

The branch tunnel is located in variations of gneissic rock. A rock type associated with high
strength and stiffness that can consist of discontinuities with significant persistence. According
to the rock mass categories described by Kliiver and Kveen (2004), this rock mass shares simi-
larities with rock mass class B. Particularly one joint set (JS 4 1) was related to the water inflows
in the analyzed area, and engineering geological mapping indicates that these discontinuities
were likely to cause the larger water inflows. Further, this joint set shares similar orientation as
the observed discontinuity set, DS 1, from surface imagery. The joints related to JS 4 1 were
noted to be slightly altered (J, = 2), which again is a favorable characteristic with respect to
water flow. The joints are steeply dipping (~ 80° SE), a property known to favor water inflow
in tunnels (Selmer-Olsen, 1981, Zarei et al., 2011). Figure 7.3 shows that the area where rock
stress measurements were performed (0+000 m to 0+400 m) was related to moderate water in-
flow (50 - 100 ﬁ) during probe drilling. However, water inflows associated with water inflow
category 5 were also encountered. The stress measurements by hydraulic fracturing suggest a
section with reduced o3 between chainage 0+150 m and 0+320 m in the tunnel. Such local

reductions in the in-situ stresses can originate from the in-homogeneous mechanical properties

78



7.2 Tunnel segment A

of the rock mass (Myrvang, 2001). Variations could for instance be due to differences in rock

type or in zones with increased fracturing.

Descriptions from engineering geological mapping shows that the rock mass is significantly
more fractured in the area of the tunnel observed with a lower 3. Discontinuities related to JS 4
1 are mainly responsible for the increased fracturing in this area. The reduced in-situ stresses
could be caused by the concentration of discontinuities. Similarly, due to higher stiffness, com-
petent rock outside of this zone would be subjected to higher rock stresses. A "de-stressed”
segment in the tunnel could increase the hydraulic conductivity since a higher rock stress nor-

mal to the discontinuities would contribute to a reduced joint aperture.

The orientation of the in-situ principal stresses are also considered to influence the discontinu-
ities’ ability to conduct water. If one assumes that the topographic effects control the principal
rock stress orientations near the tunnel section, the direction and plunge of o1 could be close
to coincide with the joints in JS4 1. Having the maximum principal stress in-plane with the
strike of JS4 1 would facilitate the aperture of the discontinuities and could therefore increase
the hydraulic conductivity of the rock mass in areas where this joint set dominates. A ground-
water table located close to the surface would give high water pressures, driving the water flow,
assuming a good hydraulic connection between joints from the tunnel level and towards the sur-

face. Figure 7.9 gives an illustration of this possible situation.

\

Figure 7.9: Sketch of a possible situation at Storavatn where the maximum principal stress is oriented
nearly in-plane to the main joint set within the rock massif for some locations. This presupposes the
assumption that topographic effects control the stress orientations near the tunnel. Red lines indicates the
Jjoint system, the black line indicates the tunnel and the orange crosses the directions of o1 and os.
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The explained interaction between rock type, joint characteristics, rock stress and groundwater
conditions supports previous comprehensions (summarized in Chapter 3). However, the rock
stress conditions will depend of more factors than just the topographic effects. Structurally

dependent stresses can distort the expected stress situation considerably.

Grout consumption and grouting strategy

The joint set related to the highest water inflow and joint aperture in the tunnel segment is JS 4
1. Joints related to this joint set normally have a steep dip and are oriented in mean angles to the
tunnel direction. This orientation is considered to be fair with respect to pre-grouting the rock
mass. A strike normal to the tunnel axis is regarded as optimal. Considering that the tunnel is lo-
cated in the pre-Cambrian gneiss with discontinuities generally having slightly altered surfaces
with non-softening mineral coating, the rock mass type is assumed to be between category A to
B according to the classes introduced by Kliiver and Kveen (2004). From experience, a satis-
factory grouting results is normally achieved in this rock mass class without significant effort.

As indicated in Section 7.2.4, the grout consumption was particularly large for the pre-grouting
round at tunnel face location 0+493 m and 04498 m. In this area of the tunnel a more fractured
zone of width around 12 m was encountered. Further, this was an area associated with high wa-
ter inflows in probe drill holes (category 4), which continued to give inflow into the tunnel also
after the grouting works. The conditions indicate particularly open joints with high hydraulic
conductivity. The concentration of the discontinuities in this area will reduce the competence
of the rock mass. A local reduction in stiffness could cause the groundwater pressure to be
relatively high compared to the rock stresses (mainly o3). This could in turn facilitate a higher

hydraulic conductivity and also cause an increased grout consumption.

The strategy applied for sealing the water-inflows is also a controlling factor for the final grout
take. The pre-grouting rounds performed up to chainage 0+493 m showed that micro-cement
was the main cement type used. When encountering water inflows at tunnel face location 0+493
m, it is likely that the initial grouting strategy involved the use of micro-cement for the respective
pre-grouting round. Utilization of this cement material was associated with a large grout take
(around 16 tonnes) compared to a consumption of 4 tonnes using industry cement. At tunnel
face location 0+498 m, it seems likely that micro-cement was initially used also for this pre-
grouting curtain before using industry cement. However, a relatively high grout take was also

experienced with industry cement (38 tonnes) before a satisfactory pressure was reached.

There are several uncertainties and limitations regarding information on the performed grouting

in tunnel segment A. It seems likely that the documentation from rock mass grouting gathered
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by the author does not include all data of the rock mass grouting. This is due to an interval of the
tunnel from around 0+520 m to 0+800 m where water inflows up to 500 1/min were encountered,

but no documentation of rock mass grouting has been found.

7.3 Tunnel segment B

7.3.1 Introduction

For the main head race tunnel of Storavatn there have been several segments of high groundwater
inflows. As a result, more than one area of this tunnel could have been included in the analysis.
For an overview of the rock mass quality (Q-value), grouting and water inflows along the tunnel,
see Appendix C.4. To limit the extent of the analysis, one section for this head race tunnel has

been chosen. Namely, the interval of the tunnel between chainage 1+200 m and 1+650 m.

In this interval, water inflows up to 600 1/min were measured in one bore hole. The greatest
amount of total cement consumption was 84 tonnes in a single pre-grouting round. Figure 7.10
shows a geological map of the area around tunnel section B with distribution of rock mass qual-
ity along the tunnel. Figure 7.11 shows the distribution of water inflows in the respective tunnel

segment.

The section is located near the fault zone between the gneissic bedrock and the Tjornrasta nappe
near Skardafjelltjgrna. Considering the geologic profile in Figure 7.5, this boundary is expected
to have dip around 30° to the NE. Compared to tunnel segment A, it is situated closer to the
fault boundary between the pre-Cambrian gneiss and the Straumbotn nappe to the north-east

(see Figure 5.2).

7.3.2 Conditions on the surface

Figure 7.12 shows an ortophoto of the area around tunnel segment B where interpreted discon-
tinuities and results from geologic mapping are displayed (see Qvale et al. (2012)). Results of
rock mass quality (Q-value), water inflow and grout takes are also shown in order to give an

overview of the relevant conditions along the tunnel segment.
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Figure 7.10: Geological map showing the main head race tunnel of Stordvatn with distribution of Q-
values.

Rock types

From geological mapping presented in Qvale et al. (2012), the boundary to the mica-rich gneiss
is located at around chainage 1+200 m on the surface. The transition to the pre-Cambrian gneiss
is indicated at around chainage 1+550 m. The tectonic boundary to the Straumbotn nappe on

the surface is located some 700 m away from tunnel segment B, following the tunnel alignment.

Large-scale discontinuities

Larger and smaller water sources related to Skardadjelltjgrna are located above the tunnel seg-
ment. As a result, observations on the surface are limited in this area. However it can be seen
that the discontinuity sets, DS 1 and DS 2 observed near tunnel segment A, are also pronounced
in the second tunnel segment. For information on the assumed attitudes of these discontinuity

sets, it is referred to Section 7.2.

DS 2 has a relatively continuous presence along the tunnel alignment and towards the meta-
morphosed sedimentary strata, which is located above the tunnel around chainage 2+300 m.
Discontinuity set 1 is also present along the tunnel segment, but becomes more pronounced to-
wards 2+200 m. It is seen that both DS 1 and DS 2 are oriented in mean angles (45 £ 15°) to
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Figure 7.11: Distribution of water inflow categories and estimates in tunnel segment B. The circles denote
quantitative estimates and the crosses categories of the encountered groundwater inflows.

the north-eastern fault zone and are persisting of distances well above 1 km.

Weakness zones

In tunnel segment A, a fractured zone in the rock mass was observed to the south west of
Skardafjelltjgrna water source. The zone was commented to possibly be a weakness zone
that could show persistence with depth. Discontinuities related to DS 1 were observed to be
more densely spaced towards this zone. These discontinuities follow the length axis of Skardaf-
jelltjgrna. Further, Qvale et al. (2012) have interpreted that a principal portion of the water
source is located in the gneiss of Neoproterezoic to Cambro-Siluration age. This is a rock type
associated with a lower strength and resistance to erosion than the pre-Cambrian gneiss. Consid-
ering these factors, the zone of more fractured rock could extend towards the location of tunnel
segement B on the surface. Again, the persistence of this zone with depth is uncertain.

7.3.3 Conditions in the tunnel
Rock types

Based on descriptions from tunnel mapping it has been challenging to point out the transitions

between the pre-Cambrian gneiss and the gneiss of Neoproterezoic to Cambro-Silurian age.
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Figure 7.12: Aerial photograph with the section for analysis (chainage 1+200 m to 1+650 m). For legend
regarding the rock types, see Figure 7.10.

Considering strike and dip measurements of the foliation near the rock boundaries on the surface
(~ 30° NE), the rock boundaries may be located at chainage numbers above that of tunnel
segment B.

Joint systems and discontinuities

Similarly as for tunnel segment A, strike and dip attitudes of discontinuities have been gathered
in the segment between chainage 1+100 m and 1+650 m. The results are presented in a stereonet
shown in Figure 7.13. In total, 42 entries have been included.

Interpretations from the stereonet concludes that two joint sets (JSp 1 and JSp 2) dominate
along the tunnel segment. Measurements of joints related to the foliation in the tunnel indicate a
similar orientation as for tunnel segment A. However, the foliation structures are seldom drawn
or indicated in tunnel mapping for the respective tunnel interval. Further, they do do not seem
to play any significant role related to the groundwater inflows.

Table 7.4 gives an overview of the joint sets and their respective orientations.
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Figure 7.13: Contour stereonet for the distribution of joints in tunnel segment B.

Table 7.4: Joint sets present in tunnel segment B.

Joint set  Strike Dip

Foliation N120°E 30° NE
JSg1 NO34°E  77° SE
JSgB2 N152°E 82° SW

The table indicates two joint sets, JSp 1 and JSp 2, in addition to the less pronounced foliation

joints in the tunnel. The conditions of the joint sets are presented in the following.

Condition of JSp 1

Observed characteristics of JSp 1 are summarized below.

* The joint set is water-conducting. Mapping of the tunnel indicates that the joint set regu-
larly causes minor inflows and dripping in the tunnel. In grouted sections, the inflows are

lower.

* The discontinuities are normally persisting and can often be followed in the entire tunnel

contour.
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There is a variable joint spacing. In fractured zones, the spacing between JSg 1 can be

lower than 1 m.
The typical aperture of the joints is not known.

In areas where JSp 1 dominates, the joints are commented to be smooth and planar, but

the discontinuities can also be observed with a wavy attitude.

The discontinuities tend to have oxidized surfaces of rust. In cases of infilled material,

only small amounts of finer particles are present.

Condition of JSg 2
Observed characteristics of JS g 2 are summarized below.

Discontinuities belonging to JSp 2 are water-leading. Intense dripping occurs in some

sections of the tunnel segment.

The majority of the discontinuities can be followed in the entire tunnel contour. They have

a persisting appearance.

Similar to JSp 1, the joint spacing of JSp 2 varies. In more fractured zones, the joint
spacing can be around 2 m. Otherwise, the joints occur more or less sporadically in the

tunnel.

The typical aperture of the joints has not been commented. Similar to JSp 1, the joint set

conducts water and the discontinuities’ aperture facilitate inflow to the tunnel.

Occasionally, the joint set is commented to have a thin coating. What material the infill-

ings consist of is not known.

The joints seem to be smooth and planar. Sporadically, they express a more wavy appear-

ance.

Figure 7.14 shows a geologic profile along tunnel segment B. The tunnel alignment and ele-

vations are also shown. Additionally, an in-plane view of the tunnel is given to the left of the

profile. This illustration shows what joint sets are present in the tunnel and which of these give

rise to the water inflows in the tunnel segment. Grouted areas along the tunnel are also shown.

Weakness zones

A fractured zone is observed from chainage 1+600 m to around 1+670 m. Shotcrete was applied

to an extensive part of the roof and walls in the tunnel near this interval. The majority of the

discontinuities at this location seems to have strike from around NO30°E to N045°E. Weathered

material that could be scraped with a hammer was also commented in the tunnel.
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Figure 7.14: Longitudinal, geologic profile of tunnel segment B. Symbology is similar to that of Figure
7.5. Joint sets observed in the tunnel with water inflows are shown for plan view illustration of the tunnel.
An enlarged image of this figure is found in Appendix D.1. Made with Autodesk’s Civil 3D.

Rock stress conditions

The rock stress measurements in the main head race tunnel of Stordvatn were performed in
chainages prior to the tunnel segment of interest. The hydraulic jacking tests for determining
adequate cone location were executed up to chainage 0+895 m. The rock stress conditions can
vary significantly between the test locations and the area of the tunnel segment. The results are
consequently considered to be of limited use for evaluating the stress conditions in the chainage

interval of tunnel segment B.

Compared to tunnel segment A, the second tunnel segment is located further away from the
valley side towards the Gjervalen fjord. The rock overburden varies from around 500 m near the
lower chainages to around 400 m near chainage 1+650 m. In chainages around 1+100 to 14200
m some spalling in the rock with discontinuities parallel to the tunnel were observed. These
were not associated with water inflow.
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7.3.4 Rock mass grouting

Figure 7.15 gives an overview of the consumption of different cement materials for each tunnel
face location in the tunnel segment.
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Figure 7.15: Distribution of different cement types in tunnel segment B. For explanation of the cement
types, see Appendix E.1. Cement consumptions are in kg.

From the figure, the following remarks are made:

» The grouting strategy has mainly consisted of industry cement as the cement material.

* A significant grout consumption with grout takes up to above 80 tonnes were experienced
from chainage 1+570 m to 1+659 m.

» Cement with coarser grains (Spec_type) was the principal cement type used at face loca-
tion 1+538 m.

 Grouting by controlling the setting time was not performed except at tunnel face location
1+346 m.
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7.3.5 Discussion

In the following, the engineering geological conditions characterizing tunnel segment B are
discussed related to the encountered groundwater inflows and grout consumption.

Groundwater inflow

The tunnel segment in the Storavatn head race tunnel experienced water inflows up to 600 1/min
in probe drilling holes. The inflows were greatest around tunnel face location 1+600 m. In the
tunnel, two joint sets (JSp 1 and JSp 2) are water-leading. These can also be observed as large-
scale discontinuities on the surface. Further, the Skardafjelltjgrna water source is located above
the tunnel for a relatively long distance (~ 300 m). In the case where the discontinuity sets are

persistent with depth, vertical fractures will potentially give a short drainage path to the tunnel.

As one regard the joint systems in the tunnel related to the water inflows in addition to the
geological conditions on the surface, certain characteristics are noticed. The Straumbotn nappe
is located north-east of the tunnel segment and is seperated from the pre-Cambrian gneiss by a
fault zone. Joints conducting water in the tunnel are oriented in mean angles (45° &£ 15°) to the
fault boundary. These are persisting on the surface and have a steep dip. The above-mentioned
conditions turn the thoughts to similar observations made by Selmer-Olsen (1981) discussed in
Section 3.4. The resemblances to the considerations and the theory proposed by Selmer-Olsen
are striking. This with respect to the rock type, discontinuities and the geologic boundaries.
Consequently, there are indications that the problems with water inflows in tunnel segment B is

a case that can be added to the examples studied by Selmer-Olsen.

The orientation and magnitude of the in-situ stresses are unknown factors. Spalling with joints
parallel to the tunnel was observed in the lower chainages of the tunnel segment. This could
indicate relatively high vertical rock stresses compared to horizontal stresses at the tunnel level.
If 0, = o3, this would be an orientation favoring water flow in the two joint sets dominating in

the tunnel.

Grout consumption and grouting strategy

The distribution of performed rock mass grouting works show that there was a considerable
higher grout consumption from around chainage 1+600 m to 1+660 m. The main cement type
used for this area of the tunnel was industry cement without accelerators or the use of coarser

particles.

The rock mass class is considered to be class A or B, according to the categories introduced
by Kliiver and Kveen (2004). From experience, a satisfactory grouting result is achieved fairly
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easy in this rock mass category. However, the conditions can vary and make the grouting process

challenging. The orientation of the joints in the rock mass is one of these factors.

The strike of JSp 1 is oriented close to parallel to the tunnel direction in tunnel segment B,
while JSp 2 has strike nearly perpendicular to the tunnel. Intersecting JSp 1 with drill holes
for pre-grouting can therefore be challenging. However, communication with JSp 2 can make
the grout material penetrate JSp 1 where the joint sets are intersecting. The joint sets seem
to generally have a low amount of infill material. Further, JSp 1 and JSgp 2 have potential to
conduct considerable amounts of water into the tunnel. The grout mixture should in this case
have a low w/c-ratio and industry cement or coarser cement types adapted to the aperture of
the discontinuities should be used. From around chainage 1+600 m it was challenging to seal
the joints and the grout take with industry cement was high (up to 80 tonnes). Other than the
consumption of different cement types, limited information has been available regarding factors

such as the w/c-ratio.
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Statistical analysis

This chapter regards the statistical analysis of results gathered of water inflow, rock mass grout-
ing and rock mass quality in the project. The chapter is divided in two. In the first part, rock
mass parameters and water inflow quantities are compared to investigate possible relationships
between the parameters. Further, a semi-analytical approach has been used to estimate wa-
ter inflow quantities for given rock mass conditions and compare the results to the experienced
quantities. Finally, a multivariate linear regression for grout take has been made using covariates

describing the condition of the rock mass.

8.1 Groundwater inflow

8.1.1 Overview of the results

The maximum water inflow category for a probe drilling round has been used for the analysis
in this chapter, as described in Chapter 6. The analyzed data have been gathered from four of
the tunnels in the SmiSto project; the main head race tunnel of Smibelg and Storavatn and the
branch tunnels to Smibelgvatn and Storavatn lakes. For the other tunnels which have not been
included, the amount of available data is scarce and the tunnels are generally shorter in length.

Figure 8.1 shows the distribution of groundwater inflow categories in probe bore holes.
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Figure 8.1: Distribution of water inflow categories from the four analyzed tunnels. In total, n = 293 data
points are included.

The plot shows that the majority of the results belongs to category 1, equivalent to no water
inflow in the bore holes. It also evidences the number of data points for each of the tunnels. The
available data amounts are naturally lower for the branch tunnels, as these are shorter than the
main head race tunnels in length.

The increased water inflows that have occurred in the Storavatn main head race tunnel are no-
ticeable from the plot. For instance, the total number of data points from the Smibelg main
head race tunnel are 115, but only 1.7 % of the results are within category 5. For the main head
race tunnel of Storavatn, the total of number of data points are 103, but here 16.5 % denote
the highest water inflow category. Further, it is seen that a relatively large portion of the inflow
measurements in Smibelgvatn branch tunnel also belongs to category 5.
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Table 8.1 summarizes the number of probe drilling rounds and the portion of the data that be-

longs to water inflow category 5.

Table 8.1: Overview of highest category in the analyzed tunnel sections.

Tunnel Countincat. 5 Total count Percentage
Smibelg main 2 115 1.7
Storavatn main 17 103 16.5
Storavatn branch 3 61 4.9
Smibelgvatn branch 3 14 21.4

Figure 8.2 and 8.3 show the distribution of water inflow categories and quantitative inflow esti-
mates for the four tunnels. These plots give a more detailed description of where along the head

race tunnels the water inflow problems were the greatest.

Figure 8.2 evidences the increased water inflow problems in the main head race tunnel of Stora-
vatn compared to that of Smibelg. Extensive water inflow amounts were encountered between
chainage 1+000 m to 2+000 m at Storavatn main head race tunnel. The greatest groundwater
inflow occurred between chainage 2+900 m to 3+100 m, with pressures above 30 bar and around
1000 I/min or more in several bore holes. For the Smibelg main head race tunnel, the problems
related to water inflow were the greatest between chainage 0+700 m and 3+300 m with inflow

quantities up to 500 1/min in a bore hole.

With respect to the distribution of water inflow amounts and categories shown in Figure 8.3,
the water inflows in the Smibelgvatn branch tunnel were the greatest at chainages towards the
lake piercing, i.e. from chainage 0+150 m to 0+300 m. Here, the inflow amounts up to 800
I/min in one bore hole were measured. In the Storavatn branch tunnel, water inflow quantities
reached at least 500 1/min in some bore holes. The water inflow difficulties in this tunnel seems

to have been most challenging between chainage 0+100 m to 0+750 m.
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Figure 8.2: Distribution of the maximum encountered groundwater inflow by category and quantitative
estimate for the main head race tunnels. Circles denote quantitative estimates and crosses water inflow

categories.
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Figure 8.3: Distribution of the maximum encountered groundwater inflow by category and quantitative
estimate in the branch tunnels to Storavatn and Smibelgvatn lakes. Circles denote quantitative estimates

and crosses water inflow categories.
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8.1.2 Statistical analysis

The results presented in Section 8.1.1 are analyzed further in the following. As a result, the
water inflows considered still regard the highest encountered water inflow in a bore hole during
a probe drilling round. Effort has been put to compare the water inflow amounts (quantitative
estimates) to the different rock mass quality parameters in the Q-system and estimates of the
rock overburden. Figure 8.4 shows scatter-plots between these parameters. The relationship be-
tween the parameters and the water inflow quantities are commented for each of the plots below.

Due to scattering, there seem to be no clear trend in the results of RQD with inflow amount

in Figure 8.4a.

Most of the larger water inflows seem to be located in section with J,, = 6 (see Figure 8.4b).
However, scattering of the data indicates no systematic relationship between the inflows and this

joint parameter.

The results of the joint roughness coefficient in Figure 8.4c are limited in that only two cat-
egories are present (/. = 1.0 and J,, = 1.5). The inflow amounts of both categories can vary
from 0 to 1000 I/min. There seem to be no clear relationship between the water inflows and the

J-value.

From Figure 8.4d there seem to be a weak correlation between the joint alteration number (.J,)
and water inflow quantities. The greatest water inflows were encountered where J, = 4, but

relatively large inflows also occurred in sections with both lower and higher J,-values.

The plot between water inflow estimates and the .J,,-parameter in Figure 8.4e shows that the

water inflows are relatively well-distributed for .J,, = 0.66 and J,, = 1.0.

From Figure 8.4f, most of the data belong to SRF' = 1, and is relatively well-distributed for
this category. No clear trend in the data is observed.

The plot in Figure 8.4g is dominated by that most of the ()-values were in the range between 1
and 10. The results have a relatively large degree of scattering. No clear increase nor decrease
of water inflow with different ()-values is seen.

There is a tendency from the plot in Figure 8.4h that the greatest water inflows occur in sec-

tions where the tunnel has a relatively high overburden (> 400 m).
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Figure 8.4: Plots of predictor variables against the response variable.
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8.1.3 Comparison of water inflow quantities and rock mass parameters

The semi-analytical approximation to specific leakage in probe drilling holes by Panthi (2006)
is applied in this section. The methodology used in this analysis have been presented previously,
and the reader is refered to Section 6.4.1 for information. The estimates by Equation 3.6, pre-
sented in Section 3.6.2, are compared with the actual inflow rates [I/min/m] in probe drilling
holes. The analysis is only performed for the main head race tunnel of Storavatn to limit the

analysis.

Estimation of the permeability factor (f,)

The calculation of the depth factor (D) was described in Section 6.4.1. For the parameters re-
garding the discontinuities, J; = 5 m and J, = 20 m are chosen. This is based on a general
observed spacing of the discontinuities in the tunnel. The discontinuities are persisting and can
generally be followed in the entire tunnel contour, also in cases where they have relatively sharp
angles to the tunnel alignment. Given a typically 20 m? cross-sectional area of the tunnel, the
value of joint persistence is set to 20 m. From these estimates, the permeability factor has been
estimated for each probe drilling result.

The estimated values of specific inflow by Equation 3.6 are compared to the actual inflow rates
in bore holes for both head race tunnels. Figure 8.5 shows the resulting average values at each
tunnel face location for both the estimates and the actual encountered specific inflows. Lines

indicate the overall mean of the results.

From the plot it can be observed that, generally, the approximated values of specific leakage
overestimate the mean of the actual encoutered inflow at each probe drill round. However, from
chainage 3+000 m to 3+100 this does not seem to be the case, where considerably higher water
inflows were encountered. The lines indicating the overall mean shows the tendency for the

overestimation of specific water leakage.

8.2 Rock mass grouting - Multiple Linear Regression (MLR)

A multivariate linear regression (MLR) model has been developed in an attempt to make a fit
between the grout take (response variable) and covariates related to rock mass parameters. The
aim of the MLR model is to analyze which of the rock mass parameters have a significant
influence on the cement consumption in rock mass grouting. Additionally, with a MLR model
it is investigated if the grout take can be adequately expressed by a linear combination of the

covariates.
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Figure 8.5: Distribution of estimated and actual inflow rates in probe drilling holes along the tunnel face
locations in the Storavatn main head race tunnel.

8.2.1 Description of the data set

The data set that has been used for the MLR model in this analysis includes data from the four
head race tunnels presented in Section 8.1.1. Table 8.2 shows the response variable (grout take)

and the covariates used in the model.

Table 8.2: Covariates and the response variable in the model. The Q-value is dependent on the other
RMG-parameters and was therefore not included.

Response variable Covariates

Crot[ 2] RMG_rqd
RMG_jn
RMG_jr
RMG_ja
RMG_jw
RMG_sif
Overburden [m]

The covariates are mainly related to rock mass quality parameters, but overburden of rock above
the tunnel has also been included. The response variable is defined as the ratio between the total

cement take in a pre-grouting round and the average length bore holes in the grout curtain (see

99



Chapter 8. Statistical analysis

Equation 8.1). The parameter (Cy;) is named Cem_per_m in Appendix E.1.

Ctot = 8.1

In total, n = 87 data points have been included in the model. Figure 8.6 shows a distribution
plot and a box plot of the grout take variable.
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Figure 8.6: Distribution and box plot of the response variable (Cio) in %g.
The plot shows that the 75 % of the data are below Q75 ~ 200%9. The median is located around
Chrot = 100%. The highest grout take per bored meter was around 1500 %. The distribution of

the response variable does not seem to fit well with a normal distribution.

Figure 8.7 shows pair plots between the response variable and the input variables.
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Figure 8.7: Plots of predictor variables against the response variable.
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8.2.2 Stepwise regression analysis

Initially, a MLR model was attempted to fit the grout take with the above-mentioned covariates,
but the normality assumption (described in Chapter 6) of residuals was violated. As commented
in Section 4.4, Nia et al. (2016) encountered a similar normality problem in a MLR analysis
of grout take. By log-transforming the response variable, a new MLR model was made which
satisfied the normality assumption. This transformation was also made in this MLR analysis
of grout take. The other assumptions described in Section 6.4 were tested. The procedure and

results are summarized below.

* The normality assumption of the residuals was fulfilled after testing with the Shapiro-Wilk
test. A p-value = 0.72 was well above the a = .05 significance level for the test. A plot

showing the distribution of the normalized residuals is shown in Figure 8.8.

* The assumption of homoscedasticity was fulfilled with a significance level of a = .05,
tested with Bartlett’s test. For information on this test, see Keating and Leung (2010).

* Collinearity between covariates was checked by the variation inflation factor (VIF). A
threshold of 5 was used to assess collinearity between the predictor variables during step-
wise regression (see Table 8.3).

0.4

0.3

0.2

0.0
-3 -2 -1 0 1 2 3 4
Normalized residuals

Figure 8.8: Distribution of the normalized residuals after log-transforming the response variable (Ctoy).

In the stepwise regression, covariates with a high p-value and a high variation inflation factor

were removed one by one. The resulting models for each step are shown in Table 8.3.
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Table 8.3: Models in stepwise regression using backward elimination of covariates.

‘ Model 1 Model 2 Model 3 Model 4 Model 5
Parameters | p-value VIF R?  pvalue VIF R?  pvalue VIF R*>  pvalue VIF R*  pvalue VIF R?
RMG_ja 0.605 7.6 0.090 0.186 1.7 0.090 0.157 1.7 0.089 0.148 1.7 0.089 0.254 1.1 0.080
RMG_jw 0.134 1.7 0.134 1.7 0.080 1.3 0.049 1.1 0.072 1
Overburden | 0.306 9.9 0.164 6.3 0.155 54 0.093 43 0.071 1.1
RMG_jr 0.680 11.1 0.400 42 0.384 42 0.369 4.1
RMG_jn 0.819 2.1 0.831 2.1 0.878 1.8
RMG_rqd | 0.812 47 0.842 3.8

RMG_srf 0.893 4.7

It is seen that if one assumes the validity of a multivariate log-linear model between the response

variable and the predictor variables, the covariates that are most likely to affect the grout take

are J,,, J, and the rock overburden. The table below shows the coefficients for each covariate.

Table 8.4: Results for the coefficients of covariates in the model with standard error and 95% confidence

interval.

Confidence interval (95 %)

Name Coefficient Std error Lower Upper
Constant 6.3083 0.811 4.696 7.921
RMG_ja 0.0731 0.064 -0.053 0.200
RMG_jw -1.1172 0.613 -2.337 0.102
Overburden -0.0022 0.001 -0.005 0.000

The model suggests that a lower value of RMG_jw increases the grout take, while a higher

value of RMG_ja increases the grout take. A lower overburden gives a slight increase in the ce-

ment consumption, but the influence on cement take is barely noticed. The confidence intervals

and standard errors of the coefficients evidence a relatively large uncertainty in the results.
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Chapter

Discussion

9.1 Analysis in areas of interest

Chapter 7 included a separate discussion for each of the analyzed tunnel segments. In this chap-
ter, the areas will be discussed together with respect to general characteristics and resemblances
related to the rock mass conditions relevant for the water inflows and the rock mass grouting.

Some aspects of the applied grouting strategy are also discussed.

9.1.1 Groundwater inflow

A joint set striking NE-SW and having a steep dip was present in both tunnel segment A and
tunnel segment B (JS4 1 and JSp 1 respectively). This joint set shared orientation with a set
of large-scale discontinuities observable on the surface (DS 1). The joint sets both gave wa-
ter inflows into the tunnel. Relative to the thrust zone near the Straumbotn mappe, the joints
have orientation in mean angles to the fault structure. This characteristic has been observed
in previous tunneling projects to possibly be related to discontinuities with a high potential for
water inflow in tunnels (Selmer-Olsen, 1981). A joint set striking NW-SE (JSp 2) in tunnel
segment B also had an orientation in mean angles to the fault. However, these discontinuities
did not dominate in tunnel segment A. The discontinuities observed on the surface and the steep,
water-conducting joints in the tunnel could have originated from processes that generate pinnate
fissures, observed in previous tunneling projects. It seems that a common characteristic of the
water-leading joints is that they have a steep dip and have a low amount of infill material. The
main rock type in both tunnel segments is the pre-Cambrian gneiss, associated with both high
strength and stiffness. These properties are known to facilitate persistent discontinuities which

can have a significant aperture, allowing fluid flow.
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Stress measurements by hydraulic jacking were performed for an area within tunnel segment
A. For tunnel segment B, the test locations were outside the area of interest. In the branch
tunnel to Storavatn lake, an area characterized by a reduced o3 was associated with high water
inflows (category 5). A reduction in the rock stresses could give an increased hydraulic conduc-
tivity in this area. Both the analyzed areas are located at great depth within the rock mass (>
100 m). If one considers the rock stresses induced from topographic effects, the major principal
stress could be oriented with sharp angles to the water-conducting joint sets. This will be a di-
rection favorable for the conductivity of the joints, with o3 possibly being oriented normal to the
discontinuities. Rock stresses are however a complex phenomenon that depend on the origin of
the rock stresses as well as the mechanical properties of the rock mass. Other than topographic

effects, the stress situation will for instance also be controlled by tectonic forces.

9.1.2 Rock mass grouting

Based on the rock mass condition and the orientation of the joints in the analyzed tunnel seg-
ments, a satisfactory grouting result was expected to be achieved fairly easy based on experience
with similar conditions. This is reflected in the expected rock mass grout consumption described
in the pre-liminary phase of the project, as well as general comprehensions acquired from ex-
perience with similar projects (Kliiver and Kveen, 2004). However, this has in many cases not
been the situation for Storavatn HPP. The discontinuities that need to be grouted in order to seal
the water inflows seem to have a considerable persistence and aperture. Similarly as for the
groundwater flow discussed above, the stress situation could also favor a high grout take in the

rock mass.

There is a tendency that micro cement types were used initially in the grouting process. How-
ever, a high grout consumption was generally observed using this cement type. With respect
to the rock mass type dominating in the tunnel segments, both industry and micro cements are
considered to be appropriate for the grouting works (Kliiver and Kveen, 2004). However, as
indicated by Hognestad et al. (2011), micro cements are intended for discontinuities having a
smaller aperture. There has been an alternating use of micro and industry cement in a majority
of the pre-grouting rounds in the tunnel segments. There are also indications toward that micro
cement have initially been used for rock mass grouting in these situations, before using industry
cement. The grout take with micro cement has surpassed 10 tonnes for pre-grouting rounds in
both tunnel segments. Despite the consumption of industry cement also being large (up to 70
tonnes) at some locations, this cement material seems to be more adapted to the water-leading
discontinuities. According to Johansen (2019), there has also been a tendency to avoid the use

of micro cement due to poor grouting results in the initial stages of the project.
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There have been limited information to the author regarding other aspects of the grouting strat-
egy applied at the relevant tunnel locations. A lower w/c-ratio is known to reduce the flow
properties of the grout. In the case of grouting water-filled discontinuities, an improved flow of
the grout can be experienced during the grouting process. The w/c-ratio has been determined by
workers in the tunnel depending on the conditions of the tunnel face at the relevant location and
can consequently vary at different locations, and even during the grouting process. Applying a
relatively low amount of water compared to cement is considered to be favourable for achieving
a good grouting result in the observed rock mass conditions. Further, results indicate a gen-
erally sparse use of accelerators in the grout mix for the pre-grouting rounds, even in cases of
industry cement consumption surpassing 50 tonnes at more than one pre-grouting round. Ac-
cording to Hognestad et al. (2011) the use of accelerators can have a reducing effect on the grout
take. Though its potential effect on the grout consumption is unknown for the analyzed areas, it
could have contributed in reducing both the time and cement consumption in the grouting works.
However, rock mass grouting is an experience-based field and must continuously be adapted to

the rock mass conditions. A general rule regarding the grouting procedure does not exist.

9.2 Statistical analysis

9.2.1 Groundwater inflow
Estimates of inflow using a semi-analytical approach

The semi-analytical approach proposed by Panthi (2006) was used to estimate groundwater in-

flows in the main head race tunnel of Storavatn and compare these to the actual inflows.

There is a tendency that the approach overestimates the groundwater inflows in the tunnel. At
certain chainages, the estimates correlate fairly well with the encountered water leakages, e.g.
where the tunnel face was located around 5+500 m. However, the overall mean of the estimates
is around three times higher than the mean of the measured data. Between chainage 3+000 m
and 3+100 m, an an area associated with high water pressures and large inflows, the encountered

leakages are in some cases observed to be greater than the estimated values.

The semi-analytical approach used in this analysis was developed by Panthi (2006) with the
intention to assess groundwater flow out of the head race tunnel during operation. The equa-
tion is based on experiments where water was pumped in bore holes with a pressure exceeding
the expected operating pressure in the tunnel. In this analysis, however, the equation has been
used to evaluate groundwater flow info the head race tunnel. The nearest water source on the

surface was used to evaluate the hydrostatic water pressure for a given probe drill hole in this
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analysis. The approximation, however, was developed considering a specific water source on
the surface, certain to be related to the flow of water. Since the groundwater flow in the rock
mass is complex and highly depends on the conditions of the discontinuities, the water sources
which were considered in this analysis might not affect the actual driving pressures for the water
inflows experienced. Instead, local groundwater tables within the rock mass could be the source
of the inflows. Thus, water sources not relevant for the encountered inflows will give incorrect
estimates of the hydrostatic water pressures and erroneous calculations of the water inflows.

While applying the approach another limitation was observed. When estimating the ground-
water inflow, the hydrostatic pressure will always be greater than zero. This is because the
nearest water source on the surface with respect to the tunnel condition is considered. Further,
the rock mass parameters used for input variables will also be greater than zero. The same re-
gards the permeability factor, f,, which similarly is estimated from parameters related to the
rock mass. Consequently, the estimates of groundwater inflow in bore holes will always surpass
zero. However, several situations have been observed where probe drill rounds ahead of the
tunnel face have not given any inflow of water. It is likely that these properties of the equation
contributes to the general overestimation of water leakage. Other, general limitations are asso-
ciated with the choice of rock mass parameters for probe drill holes. These will be discussed in
the next section.

Comparison of groundwater inflow quantities and rock mass parameters

Parameters regarding rock mass quality (Q-value) appear scattered for different water inflow
quantities. Generally, there seem to be no clear correlation between the considered rock mass
parameters and the water inflows. This is rather surprising since certain discontinuity parame-
ters are considered to have an influence on the inflow of water. For instance, a higher value of J,,
indicates more weathered joint surfaces and more infill material. Joints that are more weathered
and have more infill material are by several authors regarded to reduce the potential for water
inflows (Holmgy, 2008, Panthi and Nilsen, 2010, Singhal, 2010). A lower value of RQ D and
a higher J,,-value indicates more extensive jointing and fracturing of the rock mass. Since the
flow of groundwater mainly is limited to the discontinuities, one could be of the impression
that this would be associated with higher inflows. From the results in Chapter 8, this does not
seem to be the case. Panthi and Nilsen (2010) observed a similar result, but discussed that the
RQ@QD-value only covers a small range of the possible block size in the rock volume. However,
it was found that .J,, could be related to the water leakage and was proportional to the leakage
amount in bore holes. Observations in the tunnels show that higher water inflows can occur in
zones of heavier fracturing. However, situations with higher inflows have also been observed
where the rock mass has generally been of good quality with few, but persisting discontinuities.
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In this case, even a single open joint has been observed to be the source of the high inrush of

groundwater. This might give some explanation to the observed result.

Regarding the joint roughness, authors have different opinions on its effect on the groundwater
flow. Singhal (2010) reviews its dependence on the stress situation, but argues that a higher
roughness of the joints generally tend to reduce the hydraulic conductivity. Panthi and Nilsen
(2010) found that the J, parameter, similar to .J,, was proportional to the leakage amount.
Small variations of the joint roughness in the project could contribute to the result achieved in

this analysis, where no clear correlation to the water inflows was found.

There is a tendency that larger inflows occur in areas having greater rock overburden. In one
way this is logical since the water pressures will increase with depth from the groundwater table,
and pressure differences are the driving forces for groundwater flow. However, some empirical
relations have proposed negative correlations between the hydraulic conductivity and the rock
overburden and suggest that the inflows should generally be lower with higher rock cover. Then

again, severe water inrushes at great depths is not a new problem in tunnelling.

The results in the statistical analysis of rock mass parameters show the complexity regarding
water inflow in rock tunnels. No clear relationship was found between rock mass parameters
of the Q-system and the water inrushes during tunnel excavation. There are several limitations
that can influence the results. Firstly, the measured water inflows have in many cases been given
visual estimates by workers in the tunnel. If the estimates have strong deviations from the actual
values, this will reduce the quality of the analysis. Other limitations are discussed further in the

following.

The influence of grouting on the results from probe drilling

The encountered water inflow in probe drilling rounds can be influenced in areas where pre-
grouting ahead of the tunnel face has been performed. In cases where the probe drill holes
intersect the grouted rock mass, the hydraulic conductivity of the rock volume will be lower
than the fresh, un-grouted rock. Consequently, it is assumed that also the groundwater inflows
in these areas will be lower. A previously performed pre-grouting curtain can extend further
than a recently excavated zone. Bore holes drilled for a probe drilling round at the new tunnel
face location will then cross a zone of grouted rock mass having an unknown extent. However,

it has been challenging to identify probe bore holes which have been drilled in grouted rock.

Since a probe bore hole drilled in a grouted rock mass generally is assumed to give lower water
inflow, the maximum inflow of water in a probe drilling round was considered in the statistical

analysis. This was then an indication of the maximum potential for water inflow at the relevant
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tunnel location. To limit the data only to the maximum inflow, caused the number of data points
to reduce considerably. However, some measures were necessary to consider the probe drill
holes likely to not be affected by pre-grouted zones in the rock mass. Holmgy (2008) also called
attention to this problem and used a more sophisticated method to analyze results in her doc-
toral thesis. It was unfortunately not found time for applying this methodology or developing a
similar method for the analysis in this thesis. If a similar method had been applied, the analysis
could potentially include more of the gathered data. The model of the project in ArcGIS Pro
includes all results of groundwater inflow with categories shown along the tunnel alignments

(see Appendix C).

Assigning Q-values to the probe drilling results

Probe drill holes can cross several intervals associated with different Q-values. In cases where
the bore hole crosses more than one interval, the smallest Q-value has been chosen. In her
doctoral thesis, Holmgy (2008) followed a similar approach arguing that the smallest Q-value
should be chosen to prevent more fractured zones in the rock mass to be neglected.

This approach has limitations in that it favors a low Q-value for the results of the bore hole.
The actual position along the bore hole where the main source of the higher inflow of water is
located may be in an area of the rock mass with a higher Q-value. In many cases it has been
difficult to identify exactly where along the bore hole the main source of the water inflow was
located. An improved approach might consist of giving weights to the rock mass quality for dif-
ferent locations dependent on their respective contribution to the inflow. For such an approach

to be feasible, the conditions along the bore hole should be logged with more detailed results.

One should not disregard the limitation to the Q-system itself. The rock mass classification
system is intended to be used for the stability of underground constructions. Its applicability
for statistical analysis of groundwater inflow is therefore questioned. Finally, the categoriza-
tion of the rock mass with a Q-value is subjective and depends on the perception of the person

investigating the rock mass.

9.2.2 MLR model of grout take and rock mass parameters

The results from the MLR model show that the fit of the data does not explain the variation of the
response variable well. The coefficient of determination is 0.08, and is consequently well below
1. Further, the coefficients of the covariates have a high standard deviation. This indicates the
relatively large uncertainty related to how the covariates influence the response variable. Within
a 95 % confidence interval, J,, and J, can both have a positive or a negative effect on the grout

take. From these observations, the multiple linear regression model does not seem to be a suit-
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able approach for explaining the grout take.

The diagnostics of the model put limitations to the credibility of the information one can ex-
tract from the regression. Considering the backward regression, it seems that the SRF, RQD
and J,, have a small influence on the grout take. From the model it was found that the joint
roughness had a relatively low significance to the model with a p-value of 0.369. Since the grout
material penetrates discontinuities it could be thought that a more fractured rock mass would
be associated with higher grout takes. However joint conditions such as aperture and roughness
can also influence the grout consumption. For instance, many discontinuities with small aper-

ture can give a lower grout take than a single joint with a significant aperture.

The results show that the alteration of the joints, J,, and the overburden have the highest p-
value based on this data set. Of these covariates, J,, is most likely to have an influence on the
model. The positive correlation between .J, and the grout take indicates that higher values of
joint alteration gives a higher grout take. This was also an observation by Strgmsvik (2019) in
her studies of grout take in selected Norwegian tunnelling projects. Since weathering of the joint
surfaces and infill material in the void space tend to seal the discontinuities, this is regarded as
a somewhat surprising result. However, the resistance to the flow of grout in discontinuities is

assumed to also be dependent on the type of infill material.

A lower value of J,, indicates a higher amount of water dripping or flowing into the struc-
ture after excavation. It is natural that locations having a lower joint water reduction factor and

higher inflows can be locations where it has been necessary to grout the rock mass.

Limitations to the model

When describing the data set it was found that the distribution of grout takes deviated from a
normal distribution and the residuals of the model failed to fulfill the Shapiro-Wilk test for nor-
mality. The response variable was then log-transformed, an approach also followed by Nia et al.
(2016) in a similar analysis. However, Changyong et al. (2014) have indicated the shortcomings
that this approach can have. They argue that log-transforming the response variable should be
avoided since the approach in some cases will not make the data more normal. The influence on
log-transforming the variable to the model is not discussed in depth here, but must be regarded
as a possible limitation to the analysis.

Though the presented model fulfills the normality assumption of the residuals and homoscedas-
ticity, the model is without poor in respect to expressing a relation between the covariates and

the grout take. A coefficient of determination of 0.08 indicates a weak correlation. Further, the
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covariates generally have a high p-value (above 0.05) and their influence on the model can there-
fore also be challenged. Other parameters not considered in this model can have a greater effect
on the grout take. The applied grout pressure drives the grout penetration in discontinuities
and is consequently considered as a parameter that should have been included. Unfortunately,
the final grouting pressure has only been available for some pre-grouting rounds. The parame-
ters was consequently not included. Finally, other statistical model could be more appropriate
for analysing this data set. For instance, non-linear regression models are available and could

possibly have been used.
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e 10

Conclusions and recommendations

10.1 Conclusions

This master thesis has included an analysis using empirical methods for two tunnel segments
of the Storavatn HPP. Statistical methods have also been applied to compare certain rock mass
parameters to the experienced groundwater inflows in both Smibelg and Storavatn hydro power
project. The statistical analysis related to the groundwater inflows also included the application
of a semi-analytical approach. To investigate potential dependencies between the rock mass
parameters and the experienced grout consumptions in the project, a model using multiple lin-
ear regression was developed. Further, the master thesis has also consisted of systematic data

gathering from the project and presenting the results in a model using ArcGIS Pro.

* The analysis shows that the discontinuities related to the high water inflows in the tunnel
have a steep dip and could originate from processes generating pinnate fissures in the rock

mass.

» Unexpectedly high grout takes have been observed in the project. The analysis indicates
that the orientation and character of discontinuities make the grouting process challeng-
ing. Industry cement seems to be the most adequate cement type for grouting with respect
to the rock mass conditions in two analyzed tunnel segments. An increased use of accel-

erating additives is a measure that could potentially have reduced the grout takes.

* Application of a semi-analytical approach proposed by Panthi (2006) generally seems to
overestimate the water inflows. At certain locations of the Storavatn head race tunnel, the

estimates correspond fairly well with the actual inflow rates.

* In a statistical comparison between rock mass parameters and groundwater inflow quan-
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tities, a weak correlation is observed for parameters regarding rock mass quality by the
Q-system. There is a tendency that the water inflow quantities increase with increasing

rock overburden.

¢ A multiple linear regression model between grout takes in pre-grouting rounds and differ-
ent rock mass parameters indicate that J,, J,, and the rock overburden have the greatest
influence to the model. However, the MLR model does not give a satisfactory fit to the
data. Other statistical models and/or other parameters could be used to give a better pre-

diction of the grout consumption.

10.2 Recommendations for further work/research

This thesis has focused on which parameters, relevant for the rock mass, control the amount of
water inflow and the grout takes experienced in the SmiSto hydro power project. Uncertainties
are associated with the methodologies that have been used. An improvement for the analysis
could consist of applying a methodology where the rock mass quality for different segments of
a bore hole is weighted depending on the amount of water inflow experienced. A similar ap-
proach would not be possible for the analysis regarding grout take, since it is generally unknown

how the grout propagates in the rock mass.

For further research on the topic it could be interesting to apply similar statistical methods
to other tunneling projects. Methods related to the dependency between similar measurement
locations (e.g. by geostatistics) could also be of interest. Since the grout take depends on fac-
tors related to the grouting process itself, a similar analysis should include measurements of the
applied grout pressure and the applied w/c-ratio if available. The dependency of grout take and
different cement materials could also be an interesting relationship to analyze.

Finally the results from the study indicates that discontinuities oriented in mean angles to nearby
tectonic faults, have been related to joints with significant potential for water inflow in the tun-
nel. The water-conducting discontinuities are steep, persistent and are located in rocks with high
strength and stiffness. In future tunneling projects where similar observations are made, consid-
erable water inflows may be encountered. In these cases, the characteristics should be analyzed

to investigate the hold of this theory, proposed almost 40 years ago.
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The Q-system (NGI, 2015)
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Table 1 RQD-values and volumetric jointing.

1 RQD (Rock Quality Designation)

A Very poor (> 27 joints per m?) 0-25
B Poor (20-27 joints per m?®) 25-50
C Fair (13-19 joints per m®) 50-75
D Good (8-12 joints per m?) 75-90
E Excellent (0-7 joints per m*) 90-100
Note: i) Where RQD is reported or measured as < 10 (including 0) the value 10 is used to evaluate the Q-value
i) RQD-intervals of 5, i.e. 100. 95. 90. etc.. are sufficiently accurate

Table 2 J, - values.

2 Joint set number

A Massive, no or few joints 0.5-1.0
B One joint set 2
C One joint set plus random joints 3
D Two joint sets 4
E Two joint sets plus random joints 6
7 Three joint sets 9
G Three joint sets plus random joints 12
H Four or more joint sets, random heavily jointed “sugar cube”, etc 15
J Crushed rock, earth like 20
Note: i) For tunnel intersections, use 3 x J,
i) For portals, use 2 x J,




NG|

Table 3 J - values.

3 Joint Roughness Number

a) Rock-wall contact, and
b) Rock-wall contact before 10 cm of shear movement

A | Discontinuous joints 4
B | Rough or irregular. undulating 3
C | Smooth, undulating 2
D | Slickensided, undulating 1.5
E | Rough. irregular. planar 1.5
F | Smooth, planar 1
G | Slickensided, planar 0.5
Note: i) Description refers fo small scale features and intermediate scale features, in that order

¢) No rock-wall contact when sheared

H | Zone containing clay minerals thick enough fo prevent rock-wall contact when sheared 1

Note: ii) Add 1 if the mean spacing of the relevant joint set is greater than 3 m (dependent on the size
of the underground opening)
ii) J,=0.5 can be used for planar slickensided joints having lineations, provided the lineations are oriented
in the estimated sliding direction




NG

Table 4 J,—values.

4

Joint Alteration Number

a) Rock-wall contact (no minerai fillings, only coatings)

(Dr
QAppProx.

Tightly healed, hard, non-softening. impermeable filling.

Jo depends on percent of swelling clay-size particles.

A i.e.. quartz or epidote. 0.75
B | Unaltered joint walls, surface staining only. 25-35° 1
Slightly altered joint walls. Non-soffening mineral coatings; sandy particles. o
C " 25-30 2
clay-free disintegrated rock, etc.
Silty or sandy clay coatings, small clay fraction LGIEe
2 (non-softening). AL B
Softening or low friction clay mineral coatings, i.e.. kaolinite or mica.
E | Also chlorite, talc gypsum, graphite, etc., and small quantities of swelling 8-16° 4
clays.
b) Rock-wall contact before 10 cm shear (thin mineral filings)
F | Sandy particles, clay-free disintegrated rock. etc. 25-30° 4
c Strongly over-consolidated, non-softening. clay mineral 16-24° 6
fillings (continuous, but <5 mm thickness).
H Medium or low over-consolidation, softening. clay mineral fillings (continuous, 12-16° 8
but <6 mm thickness).
J Swelling-clay fillings. i.e.. montmorillonite (continuous, but <5 mm thickness). 6-12° 8-12
Value of J, depends on percent of swelling clay-size particles.
¢) No rock-wall confact when sheared (thick mineral filings)
Zones or bands of disintegrated or crushed rock. o
K ) 16-24 6
Strongly over-consolidated.
L Zones or bands of clay, disintegrated or crushed rock. 12-16° 8
Medium or low over-consolidation or softening fillings.
Zones or bands of clay, disintegrated or crushed rock. o
M h " . . 6-12 8-12
Swelling clay. J, depends on percent of swelling clay-size particles.
N Thick contfinuous zones or bands of clay. 12-16° 10
Strongly over-consolidated.
o Thick, continuous zones or bands of clay. 12-16° 13
Medium to low over-consolidation.
P Thick, continuous zones or bands with clay. Swelling clay. 6-12° 13-20
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Table 5 J,—values.

Joint Water Reduction Factor

A | Dry excavations or minor inflow ( humid or a few drips) 1.0
B | Medium inflow. occasional outwash of joint fillings (many drips/“rain”) 0.66
C | Jetinflow or high pressure in competent rock with unfilled joints 0.5
D | Large inflow or high pressure, considerable outwash of joint fillings 0.33
Exceptionally high inflow or water pressure decaying with fime.
E - . 0.2-0.1
Causes outwash of material and perhaps cave in
F Exceptionally high inflow or water pressure continuing without 0.1-0.05
noficeable decay. Causes outwash of material and perhaps cave in o
Note: i) Factors C fo F are crude estimates. Increase J,, if the rock is drained
or grouting is carried out
i) Special problems caused by ice formation are not considered
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Table 6 SRF-values.

6 Stress Reduction Factor

a) Weak zones intersecting the underground opening. which may cause foosening of rock mass

Multiple occurrences of weak zones within a short section containing clay or chemically
A | disintegrated. very loose surrounding rock (any depth). or long sections with incompetent 10
(weak) rock (any depth). For squeezing. see 6L and 6M
B Multiple shear zones within a short section in competent clay-free rock with loose 75
surrounding rock (any depth) :
C | Single weak zones with or without clay or chemical disinfegrated rock (depth < 50m) 5
D | Loose. open joints, heavily jointed or “sugar cube”, etc. (any depth) 5
E | Single weak zones with or without clay or chemical disinfegrated rock (depth > 50m) 2.5
Note: i) Reduce these values of SRF by 25-50% if the weak zones only influence but do not
intersect the underground opening
b) Competent, mainly massive rock, stress problems ocloy | oy /oc SRF
F | Low stress, near surface, open joints >200 <0.01 2.5
G | Medium stress, favourable stress condition 200-10 [ 0.01-0.3 1
High stress, very tight structure. Usually favourable to stability. 0.5-2
H | May also be unfavourable to stability dependent on the orientation of 10-5 | 0.3-04
stresses compared to jointing/weakness planes* 2-5*
J | Moderate spalling and/or slabbing after > 1 hour in massive rock 53 0.5-0.65| 5-50
K | Spalling or rock burst affer a few minutes in massive rock 3-2 0.65-1 | 60-200
L | Heavy rock burst and immediate dynamic deformation in massive rock <2 >1 200-400

Note: i) For strongly anisotropic virgin stress field (if measured): when & < 5, /o, < 10, reduce 6_10 0.75 5.
When o, /o, > 10, reduce o o 0.5 o, where o = unconfined compression strength, ¢, and s, are
the major and minor principal stresses, and G, = maximum tangential stress (estimated from elastic
theory)

i) When the depth of the crown below the surface is less than the span; suggest SRF increase
from 2.5 to 5 for such cases (see F)

¢) Squeezing rock: plastic deformation in incompetent rock under the influence of o, /o SRF
high pressure °

M | Mild squeezing rock pressure 1-5 5-10

N | Heavy squeezing rock pressure >5 10-20

Note: iv) Determination of squeezing rock conditions must be made according to relevant literature (i.e. Singh
et al., 1992 and Bhasin and Grimstad, 1996)

d) Swelling rock: chemical swelling activity depending on the presence of water SRF
O | Mild swelling rock pressure 5-10
P | Heavy swelling rock pressure 10-15
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Table 7 ESR-values.

7 Type of excavation

A | Temporary mine openings, etc. ca. 3-5
Vertical shafts*: i) circular sections ca. 2.5

B i) rectangular/square section ca. 2.0
* Dependant of purpose. May be lower than given values.
Permanent mine openings. water tunnels for hydro power (exclude high pressure

C . . } - 1.6
penstocks) water supply funnels, pilot tunnels, drifts and headings for large openings.

D | Minor road and railway funnels, surge chambers, access funnels, sewage funnels, etc. 1.3

£ Power houses, storage rooms, water tfreatment plants, major road and railway funnels, 1.0
civil defence chambers, portals, intersections, etc.

F Underground nuclear power stations, railways stations, sports and public facilitates, 0.8
factories, etc. ’

G Very important caverns and underground openings with a long lifefime, =~ 100 years, or 0.5
without access for maintenance. '

Table 8 Conversion from actual Q-values to adjusted Q-values for design of

wall support.
In rock masses of good quality Q>10 Multiply Q-values by a factor of 5.
Multiply @-values by a factor of 2.5.
For rock masses of infermediate quality 0.1<Q«<10 In cases of high rock stresses, use the actual
Q-value.
For rock masses of poor quality Q<0.1 Use actual Q-value.
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Appendix B

Typical documentation
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B.2 Engineering geological mapping
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B.3 Rock mass grouting
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Appendix C

SmiSto - ArcGIS Pro model
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C.1 Legend

Results

Rock mass quality (Q-value)

Water inflow category [I/min]
5 - (> 500)
4 - (100 - 500)
3-(50-100)
2-(0-50)
1-0

Grouting category [tonnes]
5- (> 30)
4 - (20 - 30)
3-(10 - 20)
2-(5-10)
1-(0-5)

Geology

Main rock types

Gneiss, granitic to monzonitic
Amphibolite, metamorphosed sill

Mica-rich gneiss, banded amphibol-leading
Mica schist, gneissic, garnet-leading
Marble

Ultramafic rocks

Doooo

—a__ Fault

Tunnel system
B Hydro power station

o Intake

Tunnel

Contour interval on maps= 5m

138



C.2 SmiSto overview
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C.3 Smibelg HPP
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Appendix D

Longitudinal profiles
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D.1 Longitudinal, geologic profiles from Chapter 7
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D.2 Longitudinal profiles Storavatn main head race tunnel
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Appendix E

Python scripts for data processing
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E.1 Standard formatting names

data.txt

Standard names used in excel-files

"ALL" = Sheet with PD, RMG and Tunnel mapping

"o = Sheet with Q values from tunnel mapping

"RMG" = Sheet with data from Rock Mass Grouting

"pD" = Sheet with data from Probe Drilling Results

"Elev" = SHeet with data regarding terrain and tunnel elevation
"Pd_after" = Probe drilling holes drilled after a pre-grouting round

"Start" = Start of Q value interval [m]
"Mid" = Mid-point of Q value interval [m]
"End" = End of Q value interval [m]

"RQD" = RQD-value

"Jn" = Jn-value

"Jr" = Jr-value

"Ja" = Ja-value

"Jw" = Jw-value

"SRE" = SRF-value

"o = Q-value

"Face_loc" = Location of tunnel face [m]

"Delta_face" = Change in location of tunnel face [m]
"Pd_len" = Length of probe drill hole [m]

"Pd_end" = End of probe drill hole [m]

"Pd_cat" = Category of water inflow amount in PD
"Pd_com" = Comment to the probe drill hole
"Pd_quantity" = Water inflow quantity measured in [1/min]
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"Pd_rqgd" RQD-value for PD interval

"Pd_ijn" = Jn-value for PD interval

"Pd_jr" = Jr-value for PD interval

"Pd_ja" = Ja-value for PD interval

"Pd_jw" = Jw-value for PD interval

"Pd_srf" = SRF-value for PD interval

"Pd_g" = Q-value for PD interval

Additional columns for Smibelg and Storavatn main head race tunnel:

"W_source" Name of water source used in eqg_Panthi

"W_level" = Elevation of water table for water source

"H_static" = Height of water column above the tunnel level

"ot = Inflow [1/min] per m in a probe drill hole

"Egq_Panthi" = Equation for water flux in bore holes by Panthi and Nilsen 2010

"Face_loc" = Location of tunnel face [m]

"Date" = Date of grouting [dd.mm.yyyy]
"Nr_hol" = Number of grout holes at tunnel face
"Av_hol_len" = Average length of grout holes [m]
"End_avg" = Average end of bore hole length [m]
"Bore_m" = Total bore meter of grout holes [m]
"Nr_packs" = Total number of packers used

"Nr_ex_packs"
"Ind_cem"

"Micro_cem"

"Cem_type_contr_setting"=

"Spec_type"
"Cem_tot"
"Cem_pr_m"
"Bolt_mort"
"Poly_ue"
"g ifs "
"Dyn_sxn"
"Pres"
"Pump_t "
"EXit n

n Cat "

Number of extra packers used
Total
Total
Total
Total
Total

industrial cement used at face
[kq]
of cement with accelerator additive

amount [kg]

amount micro cement used at face
amount [kg]

amount of cement with coarser material grains [kg]
cement
of

amount

used [kg]

"Cem_tot"

sum of Ind, Mic, Contr, Spec

Ratio and
Total
Total
Total

Total

"Bore_m"
of bolt mortar used [kg]

amount of Polyuretan used at face

[kg]
[kg]
[kg]

Pressure in bore holes at stop of grout process

amount of Silica Slurry used at face

amount of Dynamon SXN used at face
[bar]
Total RMG pumping time [hours]

Extra time needed after pumping for RMG hardening [hours]

Rock mass grouting category
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E.2 Identify standard formatted columns in Excel

on Sun Sep 22 11:36:30 2019

This includes a function named find

find_ opens an Excel sheet with results of probe drilling and tunnel mapping.
Based on standard formatted column names, it identifies the column where the
parameters are located. results are saved in a data dictionary to be imported

in the

2md "Assign_Q_val231019.py".

Haakon J

) Haugerud

def find_col():
import openpyxl as pxl
import os

dataDict = {}

path = input ('Type the ame for the excel file

thout

filename = input ('Type the name of the file

filename = filename +'.xlsx'

os.chdir (path)

wb = pxl.load_workbook (£ilename,data_only=True)

sheet_q _string = input('Write the name of the st re the Q values are saved \n')

sheet_alle_string input ('Write the name of the

where all r

ults are saved \n')

input ('Remember to follow standard name

in the sheets, see textfile \n')

sheet_gq = wb([sheet_g_string]
sheet_alle = wb[sheet_alle_string]
dataDict['wb'] = wb
dataDict['sheet_g'] = sheet_g
dataDict['sheet_alle'] = sheet_alle

for col_alle in range(l,sheet_alle.max_column+l):
for row_alle in range(l,sheet_alle.max_row+l):
if sheet_alle.cell(row_alle,col_alle).value ==
dataDict['

= col_alle

elif sheet_alle.cell(row_alle,col_alle).value ==

dataDict['col_pd_len'] = col_alle

elif sheet_alle.cell(row_alle,col_alle).value == 'Pd_end':
dataDict['col
elif sheet_alle.cell(row_alle,col_alle).value == 'Pd_rad':

i'] = col_alle

dataDict['col_alle_rqd'] = col_alle

elif sheet_alle.cell(row_alle,col_alle).value ==
dataDict['col_alle

elif sheet_alle.cell(row_alle,col_alle).value
databDict['col_alle

elif sheet_alle.cell(row_alle,col_alle).value
dataDict['c

elif sheet_alle.cell(row_alle,col_alle).value
dataDict['

elif sheet_alle.cell(row_alle,col_alle).value
dataDict['col_alle,

'] = col_alle

'] = col_alle

b1_alle_ja'l = col_alle

col_alle_jw'] = col_alle

'] = col_alle

elif sheet_alle.cell(row_alle,col_alle).value ==
databict['col_all

= col_alle

for col_g in range(l,sheet_g.max_column+l):
for row_g in range(l,sheet_g.max_row+l):

if sheet_g.cell (row_q,col_q).value ==

dataDict['col_q start'] = col_g

elif sheet_qg.cell(row_q,col_q).value ==

databict['col_g mid'] = col_g
elif sheet_g.cell(row_g,col_g).value ==

dataDict['col_g end'] = col_g
elif sheet_g.cell(row_g,col_g).value == 'ROD':
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dataDict['col_q rqd'] = col_g

elif sheet_g.cell (row_q,col_q).value
dataDict['col_q jn']l = col_g
elif sheet_g.cell(row_g,col_q).value == 'Jr':

dataDict['col_g jr'] = col_gq

elif sheet_qg.cell(row_qg,col_q).value
dataDict['col_g ja'] = col_q
elif sheet_qg.cell(row_qg,col_q).value == 'Jw':

dataDict['col_q jw'] = col_g

elif sheet_qg.cell (row_g,col_q).value ==
dataDict['c
elif sheet_g.cell (row_g,col_g).value == 'Q':

_q srf'] = col_q

dataDict['col_g g']l = col_g

return(dataDict)
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E.3 Assign Q-values to bore holes

#!/usr/bin/env python3

—#- coding: utf-§ —+-

ted on Sun Sep 22 11:

lts from tunnel maj
1

ipt uses Q-value ping and probe drilling dat

the Q lated to t

meters r alue to the water

gn

The script presupposes that the find_col function in find_col_final.py

Q@author: H on Jgrlo Haugerud

import pandas as pd
import openpyxl as pxl
import os

from operator import itemgetter

#0s.chdir ('C:\ Pro\spyder")

from find_col_final import find_col #import
dataDict = find_col() #Runs t

unpacking dict
wb, sheet_q, sheet_alle, col_face_loc, col_pd_len, col_pd_end, col_alle_rqd,\
col_alle_jn, col_alle_jr, col_alle_ja, col_alle_jw, col_alle_srf, col_alle_q,\
col_q_start, col_g mid, col_g end, col_qg rqd, col_qg jn, col_g_jr, col_q ja,\

col_q_jw, col_q srf, col_q g = itemgetter(sdataDict.keys()) (dataDict)

for row_alle in range(2,sheet_alle.max_row+l):

face_loc_ref = sheet_alle.cell(row_alle,col_face_loc)

t tunnel face location

face_loc = face_loc_ref.value

pd_end_ref=sheet_alle.cell (row_alle,col_pd_end) #end of probe drill hole

pd_end = pd_end_ref.value
if pd_end == None:

pass
else:

for row_g in range(2,sheet_qg.max_row): #Iterate rows in O sheet

if row_g < sheet_g.max_row+l and row_alle < sheet_alle.max_row+l: #Check if not past last row

if sheet_g.cell(row_g+l,col_g start).value != None: #Check if you're not comparing with last row with None elements of Q
if face_loc >= sheet_g.cell(row_q,col_g start).value and face_loc < sheet_g.cell (row_g+l,col_g start).value:

#Check if probe drill length is in entire g value interval

if face_loc >= sheet_g.cell(row_q,col_g start).value and pd_end <= sheet_g.cell(row_g,col_q end).value:

if sheet_g.cell(row_g,col_qg_q).value

None: # If that interval s no Q-value. Dont do anything
pass

else: #If that interval has Q values. Implement those
sheet_alle.cell (row_alle,col_alle_rqd).value = sheet_g.cell (row_g,col_g rqgd) .value
sheet_alle.cell (row_alle,col_alle_jn).value = sheet_g.cell (row_q,col_q_jn).value
sheet_alle.cell (row_alle,col_alle_jr).value = sheet_g.cell (row_q,col_q_jr).value
sheet_alle.cell (row_alle,col_alle_ja).value = sheet_g.cell (row_g,col_q_ja).value
sheet_alle.cell(row_alle,col_alle_jw).value = sheet_g.cell(row_qg,col_qg jw).value
sheet_alle.cell(row_alle,col_alle_srf).value = sheet_qg.cell (row_g,col_qg_srf).value
sheet_alle.cell(row_alle,col_alle_q).value = sheet_qg.cell(row_q,col_qg_g).value

#Check if probe drill length is crossing q value intervals

elif face_loc >= sheet_q.cell(row_g,col_qg_start).value and pd_end > sheet_q.cell (row_g,col_qg_end).value:
teller = 0 # Setter teller lik 0

nonNone = [] # Definerer liste med ikke None elementer
if sheet_g.cell(row_g,col_g_g).value != None:
nonNone.append (teller) # Hvis denne current rad Q-verdi ikke er None, append til nonNone

else:

176



pass

while pd_end > sheet_g.cell (row_g+teller,col_g_end).value and row_g+teller <= sheet_qg.max_row:
teller = teller + 1 #Find how many g intervals the bore hole is crossing

if sheet_g.cell (row_g+teller,col_qg_q).value None:

nonNone.append(teller) #Append alle nonNone verdier av g som PD-boret krysser

else:

pass

#Set start values

if nonNone == []:
rgd = None
jn = None
jr = None
ja = None
jw = None
srf = None
q = None

else:
rad = sheet_g.cell (row_g+nonNone[0],col_qg_rqgd) .value
4n = sheet_g.cell (row_g+nonNone[0],col_q_jn) .value
jr = sheet_g.cell (row_g+nonNone[0],col_g_jr).value
ja = sheet_g.cell (row_g+nonNone[0],col_g_ja).value
jw = sheet_g.cell (row_g+nonNone[0],col_g_jw) .value
srf = sheet_g.cell(row_g+nonNone[0],col_g_srf).value
q = sheet_g.cell (row_g+nonNone[0],col_q q).value

for i in nonNone: #Compare and find minimum Q values in ir s that string crosses

#if row_q + nonNone[i] != sheet_g.max_row:

if sheet_g.cell (row_g+nonNonel[il,col_g_q) .value <= q:#If next O-value is lower than previous, update parameters

rqd = sheet_g.cell (row_g+nonNone[i],col_g rqd) .value
jn = sheet_g.cell (row_g+nonNone[i], col_g_jn).value
jr = sheet_g.cell (row_g+nonNone[i],col_q_jr).value
ja = sheet_g.cell (row_g+nonNone[i],col_q_ja).value
jw = sheet_g.cell (row_g+nonNone[i],col_q_jw).value
srf = sheet_g.cell (row_g+nonNone[i], col_g_srf).value

q = sheet_q.cell (row_g+nonNone[i],col_q_q) .value

#Assign verdier til cellene i PD
sheet_alle.cell(row_alle,col_alle_rqd).value = rqd
sheet_alle.cell (row_alle,col_alle_jn).value = jn
sheet_alle.cell (row_alle,col_alle_jr).value = jr
sheet_alle.cell(row_alle,col_alle_ja).value

ja
sheet_alle.cell (row_alle,col_alle_jw).value = 3w
sheet_alle.cell (row_alle,col_alle_srf).value = srf

sheet_alle.cell (row_alle,col_alle_q).value = q

else:
pass
elif sheet_g.cell(row_g+l,col_q start).value == None:
#Check if probe drill length is in entire g value interval

if face_loc >= sheet_g.cell(row_q,col_g_start).value and face_loc < sheet_g.cell(row_q,col_qg_end).value and pd_end <= sheet_q.c

if sheet_g.cell(row_g,col_qg_qg).value None: # If that interval has no Q-value. Dont do anything
pass

else: #If that

erval has Q values. Implement those

rqd = sheet_g.cell (row_q,col_q rqd) .value
jn = sheet_g.cell (row_q,col_g_jn).value
jr = sheet_g.cell (row_q,col_g_jr).value
ja = sheet_g.cell(row_qg,col_g_ja).value
jw = sheet_g.cell(row_qg,col_g_jw).value
srf = sheet_g.cell (row_q,col_q srf).value
q = sheet_g.cell(row_qg,col_g_gq).value

#Assign verdier til cellene i PD

sheet_alle.cell (row_alle,col_alle_rqd).value = rqd
sheet_alle.cell(row_alle,col_alle_jn).value = jn
sheet_alle.cell (row_alle,col_alle_jr).value = jr
sheet_alle.cell(row_alle,col_alle_ja).value = ja
sheet_alle.cell(row_alle,col_alle_jw).value = jw
sheet_alle.cell(row_alle,col_alle_srf).value = srf

sheet_alle.cell(row_alle,col_alle_q).value = g
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else:

pass

new_filename = input('Name the new saved file \n')
new_filename = new_filename + '.xlsx’

wb.save (new_filename)
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E.4 Processing of strike and dip results

# —#- coding: c

ike and dip treatment
def strike_dip_complete():

# —— coding: utf-8 —#-

on Wed Oct

This

ientation of discontinuities

function open an Excel sheet with info

in eng. geol. mapping. It fills in dip d tion and strike of a joint given

that either strike, dip and dip directior given or that the d

is given.

at a file location and name for the

@author: Haakon Jrlo Haugerud

import openpyxl as pxl
import os

path = input ("Type path for excel file

os.chdir (path)

filename = input ("Type name of the excel file \n"

filename = filename + ".xlsx"

wb = pxl.load_workbook (filename)

e name of excel

sheet = input ("

sheet_data = wb[sheet]

max_row = sheet_data.max_row

max_col = sheet_data.max_column

for rows in range(l,max_row+1l):
for cols in range(l,max_col+l):

if sheet_data.cell(rows,cols).value ==

col_ch = cols
row_ch = rows

elif sheet_data.cell(rows,cols).value

col_dd = cols
row_dd = rows

elif sheet_data.cell(rows,cols).value == "Strike":
col_strike = cols
row_strike = rows

elif sheet_data.cell(rows,cols).value == "Dip":
col_dip = cols
row_dip = rows

elif sheet_data.cell(rows,cols).value == "Dir":
row_dir = rows
col_dir = cols

strikes = []

dip_dirs = []

for rows in range(2,max_row+l):
chainage = sheet_data.cell(rows,col_ch).value
dip_dir = sheet_data.cell (rows,col_dd).value
strike = sheet_data.cell (rows,col_strike).value
dip = sheet_data.cell (rows,col_dip).value

direction = sheet_data.cell (rows,col_dir).value

if dip_dir == None:
if dip == 90:
if strike <= 90:
sheet_data.cell (rows,col_dd).value = strike + 90

else:

:lculate dip dir value

sheet_data.cell(rows,col_dd).value = strike - 90
elif dip < 90:
if strike >= 0 and strike <= 90:

if direction == "NW" or direction == or direction == "N"
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if strike + 270 360:
sheet_data.cell (rows, col_dd)
else:

sheet_data.cell(rows,col_dd)

ngEn

elif direction

or direction
sheet_data.cell (rows,col_dd) .value

elif strike > 90 and strike <= 180:
if direction == "SW" or direction ==
sheet_data.cell (rows,col_dd) .value
elif direction "NE"

or directio
sheet_data.cell(rows,col_dd) .value

if strike

== None: #For calculating strike,

if dip_dir >= 90 and dip_dir < 270:
if dip_dir - 90 == 180:

sheet_data.cell (rows,col_strike).value =

else:
sheet_data.cell (rows, col_strike).value

elif dip_dir >= 270 and dip_dir < 360:
sheet_data.cell (rows,col_strike) .value =

.value =

360 -

.value = 0

strike + 270
or direction
= strike + 90

g

or direction ==
= strike + 90

nyn
= strike -90

or direction ==

when dip_dir

= dip_dir - 90

(dip_dir + 90)

strikes.append(sheet_data.cell (rows,col_strike).value)

dip_dirs.append(sheet_data.cell (rows,col_dd) .value)

new_file = input("Type name of ne \n")

new_file = new_file + ".xlsx"

wb.save (new_file)
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E.5 Overburden calculation

# —%— coding: utf-8 —#-—

ated on Fri

inclination and surface elevation

ndard names

ript presupposes that columns in s

attached .txt file in tt

The script timates the terrain level at the ce location and u to calculate

overburden independent on the le

the probe drill hole

It searches for the nearest known terrain point at face 1

dependent on the Digi Elevation Data points' density.

@author: Haakon Jg

import openpyxl as pxl

import os

new_dir = input ('Write directory \n')

os.chdir (new_dir)

filename = input ('Write name of ex file \n'")
filename = filename+'.xlsx'
sheet_elv = input ('Write name of elevation sheet \n')

sheet_pd = input ('Write name of sheet f which you want to calculate overbruden values \n')

wb = pxl.load_workbook (filename, data_only=True)

sheet_elev = wb[sheet_elv]

sheet_pd = wb[sheet_pd]

tunnel_elev_list = []

overburden_list = []

for rows_pd in range (1, sheet_pd.max_row+1) :

for cols_pd in range(l,sheet_pd.max_column+l) :

if sheet_pd.cell (rows_pd, cols_pd).value
col_terrain = cols_pd
row_terrain = rows_pd

elif sheet_pd.cell (rows_pd,cols_pd).value == "Tunnel_elev":
col_t_elev = cols_pd
row_t_elev = rows_pd

elif sheet_pd.cell (rows_pd,cols_pd).value == erburden”:
col_ob = cols_pd

row_ob = rows_pd

elif sheet_pd.cell (rows_pd,cols_pd).value

col_floc = cols_pd
row_floc = rows_pd

for rows_elev in range(1l,sheet_elev.max_row+l) :

for cols_elev in range(l,sheet_elev.max_column+l) :

if sheet_elev.cell (rows_elev,cols_elev).value
col_X = cols_elev

row_X = rows_elev

elif sheet_elev.cell(rows_elev,cols_elev).value ==
col_Z = cols_elev

row_7Z = rows_elev

elif sheet_elev.cell (rows_elev,cols_elev).value == "Incl":
col_incl = cols_elev
row_incl = rows_elev

elif sheet_elev.cell(rows_elev,cols_elev).value

col_hor = cols_elev

row_hor = rows_elev

elif sheet_elev.cell (rows_elev,cols_elev).value
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col_vert = cols_elev

row_vert = rows_elev

incl = []
hlims = []
vlims = []
j=1

while sheet_elev.cell (row_hor+(3),col_hor).value None:
hlims.append (sheet_elev.cell (row_hor+(j),col_hor).value)
vlims.append (sheet_elev.cell (row_vert+(j),col_vert).value)

incl.append(sheet_elev.cell (row_incl+j,col_incl) .value)

j=3+1
# hlims is a list with horizontal distance where the tunnel changes inclination
# incl is a ation between hlims

for i in range(0,len(hlims)):

for row_pd in range(row_floc+l,sheet_pd.max_row+l): #Iterates on the face locations

face_loc = sheet_pd.cell (row_pd,col_floc).value

if i <= (len(hlims)-2) and face_loc > hlims[i] and face_loc < hlims[i+1]:

tunnel_elev = vlims[i] + (face_loc - hlims[i]) #* incl[i+1]

tunnel_elev_list.append(tunnel_elev)

diff_x_list = []

vert_list = []

horz_list = []

for row_terrain in range (row_X+1,sheet_elev.max_row+l) :
horz = sheet_elev.cell (row_terrain,col_X).value

vert = sheet_elev.cell(row_terrain,col_2Z).value

vert_list.append (vert)

horz_list.append(horz) #Import all terrain points

diff_x = abs(face_loc - horz)

diff _x_list.append(diff_x)

min_diff = min(diff_x_list)

diff_min_index = diff_x_list.index(min_diff)

overburden = round(vert_list[diff_min_index] - tunnel_elev)

overburden_list.append (overburden)

sheet_pd.cell (row_pd,col_terrain).value = vert_list[diff_min_index] #Assign terrain values

sheet_pd.cell (row_pd, col_ob) .value = overburden #Assign overburden values

sheet_pd.cell (row_pd, col_t_elev) .value = tunnel_elev #Assign tunnel elev

else:
pass

new_filename = input('Name the new saved file \n')
new_filename = new_filename + '.xlsx'

wb.save (new_filename)
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E.6 Export maximum inflow in probe drilling round to new
Excel file

# —%- codi

eated on Thu Nov 14 12:05:53 2019

obe drilling

with maximum inflow to a new excel sheet.

s then asked the location the resulting f

Haugerud

import pandas as pd

import os

#Reads exce

1 roc

s with probe drillin ing re

grout

dir_smvatn = r'C:\Users\hjh\OneDrive - NTNU\Skole\5. &r\MASTEROPPGAVEN\EXCEL for ArcGIS Pro\Smibelg\Smibelgvatn'
os.chdir (dir_Smvatn)

filename = r'Alle_resultater_Smibelgvatn'

filename = filename + '.xlsx'

sheet_RMG = 'RMG'

sheet_PD = 'PD'

sheet_RMG1 = pd.read_excel (filename, sheet_name=sheet_RMG)

sheet_PD1 = pd.read_excel (filename, sheet_name=sheet_PD)

dir_Smhov = r'C:\Users\hjh\OneDrive - NTNU\Skole\5. &r\MASTEROPPGAVEN\EXCEL for ArcGIS Pro\Smibelg\Hovedlop'
os.chdir (dir_Smhov)

filename = r'Alle_resultater_SmHov'

filename = filename + '.xlsx'

sheet_RMG2 = pd.read_excel (filename, sheet_name=sheet_RMG)

sheet_PD2 = pd.read_excel (filename, sheet_name=sheet_PD)

dir_Sthov = r'C:\Users\hjh\OneDrive - NTNU\Skole\5. &r\MASTEROPPGAVEN\EXCEL for ArcGIS Pro\Storavatn\Hovedlop'
os.chdir (dir_sthov)

filename = r'Alle_resultater_StHov'

filename = filename + '.xlsx'

sheet_RMG3 = pd.read_excel (filename, sheet_name=sheet_RMG)

sheet_PD3 = pd.read_excel (filename, sheet_name=sheet_PD)

dir_Stgren = r'C:\Users\hjh\OneDrive - NTNU\Skole\5. Ar\MASTEROPPGAVEN\EXCEL for ArcGIS Pro\Storavatn\Grentunnel'
os.chdir (dir_Stgren)

filename = r'Alle_resultater_gren'

filename = filename + '.xlsx'

sheet_RMG4 = pd.read_excel (filename, sheet_name=sheet_ RMG)

sheet_PD4 = pd.read_excel (filename, sheet_name=sheet_PD)

#Gathers rock mass grouting resu n one dataf.

ame

round in the tu
i 2", press any key to continue \n")
- atn", "SM Hou", "ST Hov","S
icti y with the Probe dril results
Pd_sheets_dict["s "]=sheet_PD1
Pd_sheets_dict[" "]=sheet_PD2
Pd_sheets_dict[" "]=sheet_PD3
Pd_sheets_dict[" 4"]=sheet_PD4
soes through each probe d sults excel file and looks for the max w category
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for k in new_sheet_names:

writer = pd.ExcelWriter (new_filename, sheet_name=k)

if k =
sheetPD = Pd_sheets_dict["sheet_PD1"]

"SM Vatn":

os.chdir(dir_Smvatn)

#Kopieres nedover
elif == "SM Hov":

sheetPD = Pd_sheets_dict["sh t_PD2"]

os.chdir (dir_Smhov)

elif k== "ST Hov":
sheetPD = Pd_sheets_dict["sheet_PD3"]
os.chdir (dir_Sthov)

else:
sheetPD = Pd_sheets_dict["sheet_PD4"]
os.chdir (dir_Stgren)

ps_fc = sheetPD.columns.tolist().index( ce_loc") #COlumn position face location

ps_cat = sheetPD.columns.tolist().index("Pd_cat") #COlumn position pd category
face_locs = []

rows_pd = 0

count = 0

while rows_pd < sheetPD.shape[0]: # Check that you are not in the last row

face_loc = sheetPD.iloc[rows_pd,ps_fc]

face_locs.append (face_loc)

Pd_cat = []

i=0

while sheetPD.iloc[rows_pd+i,ps_fc]
Pd_cat .append (sheetPD.iloc[rows_pd + i , ps_cat])
i=i+1
if (rows_pd+i >= sheetPD.shape[0]):
break

face_loc: #Make list with pd categories for same face location

i_max = rows_pd + Pd_cat.index(max(Pd_cat)) #Index in rows for max category for current face location

row_series = sheetPD.iloc[i_max, :]

# Creates a dataframe including the row with the maximum inflow category in the probe drilling round

df = pd.DataFrame (row_series)
df = df.transpose()

if count == 0:
df.to_excel (writer, startrow=count, startcol=0)
count = count + 2
else:
df.to_excel (writer, startrow=count, startcol=0, header=False)
count = count +1

rows_pd = rows_pd + i #+1?  #Oppdater til neste rad under

writer.save() #Saves the file with maximum inflow category at the same folder as the read excel

# dataframe from each newly saved file with maximum inflow categories

if == Vatn":

df_Smvatn = pd.read_excel (new_filename)
elif k == "SM Hov":

df_SmHov = pd.read_excel (new_filename)
elif k == "ST Hov":

df_StHov = pd.read_excel (new_filename)

else:
df_StGren = pd.read_excel (new_filename)

# Merge all dataframes together and save to new excel file where user specifies path and filename

file
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df = pd.concat ([df_SmHov, df_StHov,df_StGren,df_Smvatn])

dir_final = input("Type the path where you

t the file with all results saved \n")

filename = input("Type the name of the file with all results \n")

os.chdir(dir_final)
df.to_excel (filename+".x1sx")
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E.7 Semi-analytical water leakage analysis with approach pro-
posed by Panthi (2006)

sts of two parts:

Es mation of fa anc alculation of specific 2akage [ min/n by Panthi's equat on .
- The following parameters are used:

* D has been

Tp

innel

@author:

import pandas as pd

import os

import numpy as np

import matplotlib.pyplot as plt

#Tmpor g the data

directory = r'C:\Users\hjh\OneDrive — NTNU\Skole\5. &r\MASTEROPPGAVEN\EXCEL for ArcGIS Pro\Stor&vatn\Hovedlop'
filename = r'Alle_resultater_StHov.xlsx'

sheet_PD = 'PD'

sheet_elev = 'E

os.chdir(directory)

sheet_PD = pd.read_excel (filename, sheet_name=sheet_PD)
sheet_PD = sheet_PD[["F

e_loc", "Pd_quantity","Ot", "E_static", "Pd_jr","Pd_jn", "Pd_ja"1]

sheet_elev = pd.read_excel (filename, sheet_name=sheet_elev)

que tunnel face

f_locs = sheet_PD["Face loc"].drop_duplicates ()

nge (0, len (sheet_PD["F
diff_list = [] #
D_list = []

f_loc = sheet_PD.iloc[row_pd, 0]

for row_pd in r

for row_elev in range (0, len(sheet_elev["D"].dropna())):
D = sheet_elev.loc[row_elev, "D"]

H_dist = sheet_elev.loc[row_elev, "H dist"]

diff_list.append(abs (f_loc—H_dist))
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D_1i

st .append (D)

min_pos = np.argmin(diff_list)

D_export

sheet_PD

= D_list[min_pos]

.loc[row_pd,"D"] = D_export

#Panthi params

fa = Jp/
sheet_PD

h_static
panthi_j
panthi_j
panthi_j

eq_panth

sheet_PD

(IJs*D_list [min_pos])
.loc[row_pd,"fa"] = fa

= sheet_PD.loc[row_pd, "H_st
r = sheet_PD.loc[row_pd, "P
a = sheet_PD.loc[row_pd,"P
n = sheet_PD.loc[row_pd, "Pd

atic

_jr"]

i = fa » h_static * panthi_jr  panthi_jn / panthi_ja

.loc[row_pd, "Eq Panthi"] = eq_panthi

B
# Part 2 - Calculating mean values of specific leakage at tunnel face location
#
qt_mean_list = []
panthi_mean_list = []
i=0
for f_pos in f_locs:
qt_list = []
panthi_list = []

if i < len(s

f_loc_pd

while f_.

q_pa:
qt =

if n

else

if n

else

if i

else

qt_mean

heet_PD["Face_loc"]):

= sheet_PD.loc[i,"F

loc_pd £_pos:

nthi = sheet_PD.loc[i,"Eq Panthi"]

sheet_PD.loc[i,"Qt"]
p.isnan(qgt) True:
pass

qt_list.append(qt)

p.isnan(g_panthi) == True:
pass

panthi_list.append(g_panthi)

i+ 1
len(sheet_PD["Face_lc
break

f_loc_pd = sheet_PD.loc[i,"

= np.mean (qt_list)

gt_mean_list.append(gt_mean)

panthi_m

panthi_mean_list.append(panthi_mean)

else:

pass

ean = np.mean(panthi_list)

"] #Update the face_loc
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E.8 Multivariate linear regression in Python

of developing the MLR and running

the validity an

port

ng modules
import os

import pandas as pd

import matplotlib.pyplot as plt
import matplotlib as mpl

import seaborn as sns

import math

from sklearn import linear_model

get_ipython().run_line_magic('matp ib',

inline')

from statsmodels.stats.outliers_influence import variance_inflation_factor

import pingouin as png

sns.set (style='darkgrid')

dir_smvatn = r'C:\Users\hjh\OneDrive - NTNU\Skole\5. r\MASTEROPPGAVEN\EXCEL for ArcGIS Pro\Smibelg\Smibelgvatn'

os.chdir(dir_Smvatn)

filename = r'Alle_resultater_Smibelgvatn'
filename = filename + '.xlsx'
sheet_RMG = 'F

sheet_PD = 'PD'
sheet_RMG1 = pd.read_excel (filename, sheet_name=sheet_RMG)

sheet_PD1 = pd.read_excel (filename, sheet_name=sheet_PD)

dir_Smhov = r'C:\Users\hjh\OneDrive - NTNU\Skole\5. r\MASTEROPPGAVEN\EXCEL for ArcGIS Pro\Smibelg\Hovedlop'
os.chdir(dir_Smhov)

filename = r'Alle_resultater_SmHov'

filename = filename + '.xlsx'

sheet_RMG2 = pd.read_excel (filename, sheet_name=sheet_RMG)

sheet_PD2 = pd.read_excel (filename, sheet_name=sheet_PD)

dir_Sthov = r'C:\Users\hjh\OneDrive - NTNU\Skole\5. r\MASTEROPPGAVEN\EXCEL for ArcGIS Pro\Storvatn\Hovedlop'
os.chdir (dir_sthov)

filename = r'Alle_resultater_StHov'

filename = filename + '.xlsx'

sheet_RMG3 = pd.read_excel (filename, sheet_name=sheet_RMG)

sheet_PD3 = pd.read_excel (filename, sheet_name=sheet_PD)

dir_Stgren = r'C:\Users\hjh\OneDrive - NTNU\Skole\5. r\MASTEROPPGAVEN\EXCEL for ArcGIS Pro\Storvatn\Grentunnel'
os.chdir (dir_Stgren)

filename = r'Alle_resultater_gren'

filename = filename + '.xlsx'

sheet_RMG4 = pd.read_excel (filename, sheet_name=sheet_RMG)

sheet_PD4 = pd.read_excel (filename, sheet_name=sheet_PD)

sheets_RMG = pd.concat ([sheet_RMG1, sheet_RMG2, sheet_RMG3, sheet_RMG4])
sheets_PD = pd.concat ([sheet_PD1, sheet_PD2, sheet_PD3, sheet_PD4])

able

NaN-el frame and def.

ponse

df = sheets_RMG[["Cem_pr_m", "Rl
df_removedNAN = df.dropna ()

_rqd", "RMG_jn", "R

, "RMG_

in_vars = df_removedNAN[[ ", "RMG_jn", "RMG_

out_var = df_removedNAN["

Cor ']
log_out_var = [math.log(x) for x in df_removedNAN
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Definig the dataframe of covariates and the response variable

s

for final implementation in MLR model

X = df_removedNAN.ix[:,1:]

#y = log_out_var #Use when comparing non-log values of grout take to covariates
y = log_out_var #Use when comparing log values of grout take to covariates
X

# Import the Statsmodels module

import statsmodels.api as sm

import statsmodels.formula.api as smf

# Creating the MLR model

Xc = sm.add_constant (X)
linear_regression = sm.OLS (y,Xc)

fitted_model = linear_regression.fit ()

# Gives summary of the first model

fitted_model.summary ()

# Shows a heat map of the correlation between covariates

corr = X.corr()

sns.heatmap (corr, xticklabels=corr.columns, yticklabels=corr.columns, cmap="RdEu")

# Shows distribution of the residuals and tests for normality

model_norm_residuals = fitted_model.get_influence().resid_studentized_internal
pltx = pd.Series(model_norm_residuals,name="Normalized residuals")
fig=sns.distplot (pltx)

from scipy.stats import shapiro

shapiro(model_norm_residuals)

# Checks for multicollinearity in the covariate dataframe

#Multicollinearity by VIF
#gather features

Xc_rem = Xc.ix[1:,:]

features = "+".join(Xc_rem.columns)

# get y and X dataframes based on this regression:

#y, X = dmatrices('Cem pr_m ~' + features, df_removedNAN, return_type='dataframe')

vif = pd.DataFrame ()

= [variance_inflation_factor(Xc_rem.values, i) for i in range(Xc_rem.shape[1])]

Xc_rem.columns

vif.round(1)

# Removing SRF

Xc2 = Xc[["const", "RMG_jn", "RMG_jw", "RMG_rqd", "RMG_ja", "RMG_jr", "Overburden"]]

# Checks for multicollinearity in the covariate dataframe
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#Multicollinearity by VIF
#gather features
Xc_rem = Xc2.ix[1

features = "+".join(Xc_rem.columns)

# get y and X dataframes based on this regression:

#y, X = dmatrices('Cem_pr_m ~' + features, df_removedNAN,

vif = pd.DataFrame ()

return_type='dataframe')

VIf["VIF Factor"] = [variance_inflation_factor (Xc_rem.values, i) for i in range (Xc_rem.shape[1])]

vif["features"] = Xc_rem.columns

vif.round(1)

# Creates the second MLR model

linear_regression = sm.OLS(y,Xc2)
fitted_model = linear_regression.fit ()

fitted_model.summary ()

# Removes RQD

Xe3 = Xc[["const™, "RMG_jn", "RMG_Jjw", "RMG_ja", "RMG_jr"
linear_regression = sm.OLS(y,Xc3)
fitted_model = linear_regression.fit ()

fitted_model.summary ()

# Checks for multicollinearity in the covariate dataframe

#Multicollinearity by VIF
#gather features

Xc_rem = Xc3.ix[

features = "+".join(Xc_rem.columns)

# get y and X dataframes based on this regression:

' + features, df_removedNAN,

#y, X = dmatrices('Cem_pr_m ~
vif = pd.DataFrame ()
VIE["T

vif["features"] = Xc_rem.columns

vif.round(1)

#Removes Jn

"RMG_jr", "Overburd

Xcd = Xc[["const", G_jw", "RMG_ja
linear_regression = sm.OLS(y,Xc4)
fitted_model = linear_regression.fit()

fitted_model.summary ()

# Checks for multicollinearity in the covariate dataframe

#Multicollinearity by VIF
#gather features

Xc_rem = Xc4.ix[

features = . join (Xc_rem.columns)

# get y and X dataframes based on this regression:

#y, X = dmatrices('Cem_pr.m ~' + features, df_removedNAN,

vif = pd.DataFrame ()
vif["VIF Fac

vif["features"] = Xc_rem.columns

"ove

rburden"]]

return_type='dataframe’)

F Factor"] = [variance_inflation_factor(Xc_rem.values, i) for i in range(Xc_rem.shape[1])]

n"11

return_type="'dataframe')

or"] = [variance_inflation_factor(Xc_rem.values, i) for i in range(Xc_rem.shape[1l])]
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vif.round(1)

# Removes Jr

Xc4 = Xc[["const", "RMG_ja", "RMG_jw", "Overburden"]]
linear_regression = sm.OLS (y,Xc4)
fitted_model = linear_regression.fit()

fitted_model.summary ()

# Tests for homoscedasticity

png.homoscedasticity (Xc, method="bartlett", alpha=0.05)

# Checks for multicollinearity in the covariate dataframe

#Multicollinearity by VIF
#gather features
Xc_rem = Xcd.ix[1:

features = .join(Xc_rem.columns)

# get y and X dataframes based on this regression:

#y, X = dmatrices('Cem_pr_m ~' + features, df_removedNAN, return_type='dataframe')

vif = pd.DataFrame ()
ViE["

vif["features"] = Xc_rem.columns

F Factor"] = [variance_inflation_factor(Xc_rem.values, i) for i in range(Xc_rem.shape[1])]

vif.round(1)

# Removes Ja

Xe5 = Xc[["const", "RMG_jw", "Overburden"]]
linear_regression = sm.OLS(y,Xc5)
fitted_model = linear_regression.fit()
fitted_model.summary ()

# Checks for multicollinearity in the covariate dataframe

#Multicollinearity by VIF
#gather features

Xc_rem = Xc5.ix[

features = . join (Xc_rem.columns)

# get y and X dataframes based on this regression:

#y, X = dmatrices('Cem_pr.m ~' + features, df_removedNAN, return_type='dataframe')

vif = pd.DataFrame ()
vif["VIF Fact

r"] = [variance_inflation_factor(Xc_rem.values, i) for i in range(Xc_rem.shape[1l])]

vif["features"] = Xc_rem.columns

vif.round(1)

# Creates the last MLR model

Xc5 = Xc[["const", "RMG_jw", "Overburden"]]

linear_regression = sm.OLS (y, Xc5)

fitted_model = linear_regression.fit ()

fitted_model.summary ()
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