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Abstract

This thesis investigates the hydraulic properties of the excavation damage zone (EDZ).
The work includes numerical simulations of a new tunneling concept with respect
to water and frost protection that is currently carried out at Hestnes railroad tunnel.
The concept is to achieve a functional dry tunnel by a differentiated grouting proce-
dure with colloidal silica in the walls and the crown, and only micro cement in the
invert. The concept is that a higher degree of tightness is achieved in the zone grouted
with colloidal silica, and the resulting contrast in hydraulic conductivity between the
grouted zones diverts water flow towards the invert. Increased joint transmissivities
in the EDZ can increase the draining effect close to the tunnel excavation and reduce
groundwater pressure acting on the rock support. Because of its low hydraulic con-
ductivity, shotcrete is planned as a sufficient water barrier for the remaining flow.

Water pressure testing was carried out to assess the joint transmissivities in the ex-
cavation damage zone in the Hestnes railroad tunnel. A review of previously con-
ducted water pressure testing in the Gevingåsen and Drammen railroad tunnels was
also conducted to investigate joint transmissivity in the EDZ. Geological mapping and
2D doorstopper stress measurements were conducted to find input parameters for a
2D FEM matrix flow analysis in RS2 and 3D DEM joint flow analysis in 3DEC. The RS2
and 3DEC analysis included the same scenarios to assess the influence of the different
parts of the tunnel concept; the excavation damage zone, the grouted zone, and the
shotcrete. The 3DEC model included stress-induced aperture changes only and not
blasting-induced damage.

The main findings in Gevingåsen and Drammen show that the first 0.5 m from the ex-
cavation boundary have a higher frequency of high joint transmissivity than further
out in the rock mass. Water pressure testing in the Hestnes project had few valid mea-
surements in the EDZ. Difficulties with pressure build-up and leakage out of nearby
holes indicate that the joints are open and conductive. The numerical results show
that water flow is significantly altered towards the invert and that significantly less
flow occurs where colloidal silica is used. The 3DEC model shows that stress-induced
aperture changes influence fluid flow around the tunnel excavation and that joint pres-
sures are reduced in the zone grouted with colloidal silica and the EDZ. Due to large
horizontal stresses, most joints open in the walls and close towards the corners of the
invert and the crown. Horizontal joints tend to open in the crown and invert. The
RS2 analysis shows that the shotcrete diverts flow towards the invert and is close to
impermeable. Future work should evaluate the EDZ and the influence of stress and
blasting-induced changes to assess flow connectivity from the crown to the invert.





Sammendrag

Denne avhandlingen undersøker de hydrauliske egenskapene i sprengningsskades-
onen. Arbeidet inkluderer numeriske modelleringer av et nytt tunnelkonsept med
tanke på vann og frostsikring som utføres ved Hestnes jernbanetunnel. Konseptet
går ut på å oppnå en funksjonelt tørr tunnel ved å bruke en differensiert injeksjon-
sprosedyre med kolloidal silika og mikrosement i heng og tak, og kun mikrosement
i sålen. Konseptet innebærer at man oppnår høyere grad av tetthet i sonen som injis-
eres med kolloidal silika og at kontrasten mellom sonen injisert med kolloidal silika og
kun mikrosement fører til at grunnvannsstrømmen reduseres i heng og tak og ledes
mot sålen. Økt hydraulisk transmissivitet i sprekker i sprengningsskadesonen kan
øke vanndrenering og redusere vanntrykket på sprøytebetongen som er utført som en
del av bergsikringen. Sprøytebetongen er planlagt som eneste form for vannsikring
på grunn av dens lave hydrauliske konduktivitet.

Vanntapsmålinger ble utført i Hestnes jernbanetunnel for å undersøke sprekketrans-
missiviteten i sprengningsskadesonen. Sprekketransmissivitet ble også undersøkt i
tidligere utført vanntapsmålinger i to tunnelprosjekter: Gevingåsen og Drammen. I
Hestnesstunnelen ble det utført geologisk fertkartlegging og 2D-doorstopper spen-
ningsmålinger for å finne inngangsparametere for en 2D FEM vannstrømningsanalyse
i RS2 og 3D DEM vannstrømningsanalyse på sprekker i 3DEC. De numeriske analy-
sene inkluderte de samme scenariene for å undersøke effekten på grunnvannsstrømn-
ing og vanntrykk for tunnelkonseptet; sprengningsskadesonen, injisert sone og sprøyte-
betong. 3DEC modellen inneholdt kun spenningsinduserte sprekkeåpningsforandringer.

Hovedfunnene i Gevingåsen og Drammen prosjektene viser at de første 0.5 m i sprengn-
ingsskadesonen har en høyere frekvens av høy-transmissive sprekker. Vanntapsmålin-
gene i Hestnesprosjektet hadde få gyldige målinger i sprengningsskadesonen, vanske-
ligheter med trykkoppbygging og lekkasjer ut av nabohull tyder på at sprekkene i
spreningsskadesonen er åpne og har stor transmissivitet. De numeriske simulerin-
gene viser at grunnvannstrømning blir betraktelig redusert i sone injisert med kol-
loidal silika og vannet ledes mot sålen og at grunnvannstrykket reduseres i sone in-
jisert med kolloidal silica og i sprengningsskadesonen. På grunn av høye horisontale
spenninger så åpner sprekkene mest i vegg og lukkes i såle og tak generelt sett. Det
horisontale sprekkesettet åpner i heng og såle. RS2 analysen viser at intakt sprøyte-
betong er nærmest impermeabel og leder vann mot sålen. For å videre verifisere tun-
nelkonseptet må framtidige undersøkelser se om vannstrømning fra heng til såle er
sammenkoblet for både spenning- og sprengningsinduserte forandringer i sprengn-
ingsskadesonen.
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Section 1: Introduction

1 Introduction

1.1 Background

The primary purpose of this thesis is to investigate the hydraulic properties of the ex-
cavation damage zone (EDZ). The context which is investigated in this study is blast-
excavated tunnels in hard rock. The main goal of this study is to increase the knowl-
edge of the effects of the EDZ on water inflow, in-situ groundwater pressure when a
tunnel is pre-grouted with the requirement of achieving a functionally dry interior of
the rock support surface.

Studies show that the hydraulic properties are significantly altered in EDZ and that
joint transmissivity increases upto several magnitudes compared to in-situ rock (Aas
2020; Ericsson et al. 2015; Martino and Chandler 2004). The effect the EDZ has on hy-
draulic properties is important because increased hydraulic conductivity in the EDZ
can reduce the groundwater pressure acting on elements such as water- and frost pro-
tection or rock support in partially drained or drained tunnels (Holter 2015). Hestnes
railroad tunnel, currently under construction, aims to achieve a functional dry tun-
nel by pre-grouting, so the remaining inflow can be drained through the invert, and
traditional water and frost protection is not necessary.

The Hestnes project utilizes colloidal silica, a low-viscous grout material that has proven
effective in sealing finer apertures than cement-based based grout (Boden and Sievae-
nen 2005; Funehag 2008; Hölttä et al. 2008; Krokedal 2022). The shotcrete applied in
the crown and wall as part of the rock reinforcement is planned to be a sufficient wa-
ter barrier for the remaining inflow. Measurements in shotcrete by Holter and Geving
(2016) show that shotcrete has very low hydraulic conductivity, around 5× 10−14 m/s.

More knowledge of hydraulic properties in the EDZ is important so innovative con-
cepts like the one at Hestnes can succeed. The potential is significant; for Hestnes the
reduction in CO2-emission is estimated to be around 80 % and cost-reduction is esti-
mated around 50 % compared to a full cast-in-place concrete lining water protection
system (Resset 2023).
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1.2 Research objectives

The overall research objective of this thesis is to assess the hydraulic properties of
the excavation damage zone. The goal is to add knowledge about groundwater flow
and in-situ groundwater pressures to verify a conceptual model for a functionally dry
tunnel in hard rock achieved by pre-grouting. The research objective encompasses
investigations of a partially drained and grouted tunnel called the Hestnes tunnel,
which serves as a case study.

The overall research objective can be divided into three sub-objectives.

Objective one: investigations of the excavation damage zone

• Field and lab investigations to assess joint transmissivities and estimate hydraulic
apertures in the excavation damage zone

• Numerical simulations of stress-induced aperture changes and its effect on water
flow and pressure in the case study

Objective two: combined effect of EDZ and grouted zone

• Numerical simulations of the case study, which includes EDZ and grouted zone.
See the effect on water flow and pressure.

Objective three: combined effect of EDZ, grouted zone, and a shotcrete layer with
reduced permeability.

• Numerical simulations of the case study, which include EDZ, grouted zone, and
shotcrete. See the effect on water flow and pressure.
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1.3 Scope

The primary scope of this thesis is the hydraulic properties of the EDZ. The scope
includes investigations of a tunnel concept on a functionally dry rock support surface
achieved entirely by pre-grouting. Particular interest is given to joint transmissivity,
groundwater pressures, and water flow around a tunnel for scenarios that include the
EDZ, the grouted zone, and a shotcrete lining. Numerical simulations are done in RS2
(Rockscience 2021) and the distinct element method (DEM) software 3DEC, developed
by Itasca (Cundall 1988).

The main case study in this thesis is a railroad tunnel called the Hestnestunnel that was
under construction as the thesis was written. The work includes field and laboratory
investigations to find representative values for the rock mass and the joint system.
Hydraulic apertures were estimated based on joint transmissivity data from water
pressure testing (WPT) conducted at the construction site. The gathered data replicates
the case study in a 3D model in 3DEC. The objective of the 3D model was to investigate
how the grouted zone, shotcrete, and EDZ influence joint flow and pressure around
the tunnel. The same simulations were done in RS2 to have a reference scenario. Back-
calculating of in-situ stress was also done in RS2.

In addition to the main case study, previously conducted water pressure tests (WPT)
in two other railroad tunnels were investigated; Gevingåsen and Drammen. The in-
vested work in these projects served as useful practice in preparation for the main case
study and to investigate the hydraulic properties of the EDZ.
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1.4 Limitations of scope

One of the research objectives is to investigate the combined effect of the EDZ and
grouted zone. Due to tunnel excavation circumstances, the work could not include
hydraulic conductivity measurements in the grouted zone. Therefore, the predicted
tightness of the grouted zone is based on literature and experience in other projects
when included in the numerical simulations.

Water pressure testing conducted as part of the thesis had few valid measurements
close to the tunnel boundary, which is susceptible to blasting damage. Consequently,
data were lacking to replicate the blasting-induced damage in the excavation zone.
The numerical simulations only include stress-induced changes because of this.

Another limitation lies in the numerical software used to simulate the scenarios. In
3DEC, the rock reinforcement does not participate in the fluid flow calculations. There-
fore, a permeable shotcrete lining was simulated by a discharge boundary condition,
which is a compromise and not the ideal representation of the lining—very long solv-
ing times prevented experimenting with workaround solutions.

The thesis includes several comprehensive topics that would result in a very long the-
sis if all topics were elaborated. Consequently, the theory section and background in-
formation elaborate only on the most relevant theory. Pre-excavation grouting (PEG)
is a topic from which specific elements are used as part of the thesis but not elaborated
upon in the theory section because it is not the main constituent of the thesis. Aspects
of the topic are consecutively explained as needed.
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1.5 Outline and structure of this thesis

This thesis is divided into 14 chapters. Chapter 1 introduces the thesis. Chapter 2 in-
cludes the working method in the thesis. Chapter 3 presents the technical background
of the tunnel concept. Chapter 4 presents relevant theory and background information
used throughout the thesis. Chapter 5 presents the main case study; Hestnes railroad
tunnel. Chapter 6 includes a review of relevant previous studies. Chapter 7 consists of
an overview of the executed work. Chapter 8 includes field work. Chapter 9 includes
laboratory work. Chapter 10 presents the results and analysis of field and laboratory
work.

Chapter 11 presents the numerical simulations. The first sections include simulations
done in RS2 on the in-situ stress and flow analysis of the case study. After this, the nu-
merical modeling chapters include work done in 3DEC, the model’s build-up, assump-
tions, calculations, and choices taken regarding input parameters before the results are
presented. Chapters 12-14 have the thesis’s final discussion, limitations, conclusions,
and recommendations for future work.
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2 Working Method

The executed work in this thesis includes investigations of the hydraulic properties in
the EDZ and numerical simulations of a partially drained and grouted tunnel. The
Hestnes railroad tunnel was chosen as an investigation case. The Hestness tunnel
served as an ideal case for several reasons. First, it is the first railroad tunnel in Nor-
way that aims to achieve a functional dry tunnel through the pre-grouting and not use
the standard water- and frost protection measures, such as cast-in-place concrete with
waterproof membranes or sprayed membrane solutions. Instead, the applied shotcrete
is planned to be a sufficient hydrological barrier in the wall and crown, with a drained
invert. Second, the tunnel was under construction when this thesis was written, al-
lowing for back-calculating and predicting of hydrogeological properties. Another
favorable aspect is that it allowed for continuous geological mapping underground
on available rock surfaces that otherwise would be covered in shotcrete.

The following main topics will be presented in this study:

1. Technical background
2. General theory and background
3. Review of previous investigations
4. Field work
5. Laboratory work
6. Numerical simulations

The included work in the different topics will be described below.

2.1 Technical background and general theory

Technical background first introduces the tunnel concept that is carried out at Hestnes.
After follows a presentation of water- and frost protection measures in today’s railroad
tunnels. Tunnels as draining structures are also reviewed. Then relevant grout mate-
rials are presented. The general theory chapter is a presentation of the theory used
directly or indirectly in the work of this thesis.
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2.2 Review of previous investigations

As part of the work in this thesis, relevant studies were reviewed. These include in-
vestigations of raw WPT data of the EDZ in two projects;

• Drammen: Kobbervikdalen railroad tunnel, contract UDK01, currently under
construction

• Gevingåsen: Gevingås railroad tunnel, constructed 2009-2011

The data was used for core logging and joint transmissivity estimations. The review
also includes in-situ measurements by Pöyry. These measurements were used to find
the principal stresses in the 3D model.

2.3 Field work

The field investigations in this thesis were carried out at different locations in the Hes-
tnes railroad tunnel in two periods. 15-17.01.2023 and 01.03-03.03.2023. The data col-
lected in the field investigations were used for finding input parameters in the numer-
ical model and in the analysis of the hydraulic properties of the rock mass. The inves-
tigations included rock core drilling, WPT, and geological mapping. Core drilling and
WPT were carried out in collaboration with Sintef. Geological mapping was carried
out to investigate the joint system, orientations, spacing, persistence, and joint surface
conditions. Joint properties such as roughness (JRC), joint compressive strength (JCS),
and general rock mass properties were also mapped.

2.4 Laboratory work

All the laboratory work was carried out at the rock mechanics laboratory of the Depart-
ment of Geoscience and Petroleum at NTNU. Laboratory investigations were carried
out mainly because of two reasons. First, examine the joint transmissivities of the EDZ
in three different tunneling projects; Drammen, Gevingåsen, and Hestness. Rock cores
were logged and coupled to WPT data to estimate transmissivity and joint aperture for
individual joints. The last part of the laboratory investigations was conducted to find
input parameters in the numerical model for the rock types at the Hestnes site. Prop-
erties of intact rock were found through uniaxial compressive testing, and the basic
frictional properties of the joint were found through tilt testing. Two rock types were
tested. A gneiss and amphibolite.
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2.5 Numerical simulations

The field and laboratory investigations’ results were used to find input parameters in
the numerical models. A distinct element software called 3DEC was used to simulate
joint water flow. 3DEC was used because the software can fully simulate hydrome-
chanical coupling between the rock and fluid flow. A 3D model was considered the
most appropriate because of the non-symmetry of the joints and flow directions. A
simplified analysis of the scenarios was done in RS2 and also back-calculating of in-
situ stress. The stress-induced excavation damage and its influence on joint pressure
were investigated for different scenarios that included a non-grouted tunnel, grouted
tunnel, and also grouted tunnel with shotcrete with reduced permeability. Shotcrete
permeability was set to zero because software limitations did not allow rock reinforce-
ments to participate in the flow calculations.
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3 Technical background: the concept of a drained and

functionally dry tunnel

This chapter aims to present the background of the concept of a functionally dry tunnel
in relation to the case study, Hestnes railroad tunnel. First, the tunnel concept is elab-
orated. Then tunnels as draining structures and traditional water- and frost protection
measures are reviewed, followed by a brief introduction of grout material. Shotcrete
properties in terms of water transport and durability are elaborated last.

3.1 Conceptual tunnel model

The concept of a drained and functional dry tunnel is illustrated in figure 3.1 and is
based on the injecting procedure at Hestnes (Holter and Strømsvik 2023). The con-
cept includes a differentiated grouting procedure with colloidal silica (CS), micro ce-
ment (MC) in the walls and crown, and MC in the invert. Since CS can grout finer
joint apertures than MC, the zone grouted with CS has lower hydraulic transmissivity
than the MC grouted zone, and inflow is reduced in the walls and the crown. The
contrast in hydraulic transmissivity between the two zones diverts flow through the
invert. The EDZ near the excavation has larger hydraulic transmissivities because of
stress and blasting-induced damage. The increased hydraulic transmissivity in the
EDZ increases the draining of water towards the invert. Shotcrete applied as part of
permanent rock support has low hydraulic conductivity and acts as a water barrier for
remaining inflow.
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Figure 3.1: Concept of a functional dry tunnel, with a drained invert and a grouted zone
around the tunnel. The invert is grouted with MC, and the walls and the crown
are grouted with CS and MC. Shotcrete as part of rock reinforcement is planned to
be a sufficient water barrier for the remaining inflow. Increased hydraulic trans-
missivity in the EDZ increases drainage towards the invert. The blue arrows show
joint water flow; thickness indicates flow magnitude. CS = colloidal silica, MC =
micro cement.

3.2 Tunnels as draining structures

Excavating structures underground allows water to be drained into the now exposed
free surface. Water drawdown is unwanted for both external and internal conse-
quences. Water control usually starts with pre-grouting excavating (PEG) of the rock
mass. In the case of modern railroad tunnels, it is required to have water- and frost pro-
tection (BaneNOR 2022). The solutions can be either drained, undrained, or partially
drained. In a drained structure, the water protection is drained so that the hydrostatic
pressure is reduced. The opposite is undrained, where full hydrostatic pressure acts
on the water protection system. In a partially drained system, the wall and crown
can be undrained, and the invert drained. A conceptual view of tunnels as draining
structures can be seen in figure 3.2.
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Figure 3.2: Figure shows a conceptual view of how different water protection influences water
flow and groundwater pressure. From the left; a drained tunnel, an undrained
tunnel, and a partially drained tunnel. After Holter (2015).

3.3 Traditional water and frost protection in road and railroad tun-

nels

Road and railroad tunnels in Norway must have a water protection structure to protect
the traffic area from water leakage and ice formation. The design must be waterproof
and lead water to a frost-secure draining system. The structure must cover the entire
length of the tunnel at the whole cross-section of the tunnel, with the exception being
the invert (BaneNOR 2022; NRA 2022).

There are different requirements for roads and railroads. Bane NOR allows only the
following water- and frost-protection structures (BaneNOR 2022).

1. Cast-in-place concrete with lining
2. Waterproof sprayed concrete lining (SCL)

As an alternative measure, PEG can also be performed so that water- and frost protec-
tion is only needed above the rail tracks and around technical installations.

3.3.1 Cast-in-place concrete with membrane

Cast-in-place concrete solutions have a waterproof membrane and a geotextile cladded
outside the concrete slabs. The geotextile drains the structure. The structure is con-
structed with no air gaps. Between the permanent rock support layer of shotcrete and
the membrane, another layer of shotcrete is installed to ensure a smooth surface for
the membrane. Figure 3.3 shows a conceptual view of the structure.
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Figure 3.3: Cast-in-place concrete with waterproof membrane and geogrid. Translated and
obtained from BaneNOR (2022)

3.3.2 Waterproof sprayed concrete lining

Using a waterproof SCL as a part of the rock support and water protection is a concept
that has gained popularity and seen more use since 2000 (Holter 2015). Instead of
having a separate layer of water protection, a waterproof membrane is sprayed on as
a layer in the shotcrete. The membrane is elastic and can deform together with the
SCL. Similar to the cast-in-place solution, a smoothing layer of shotcrete is required to
ensure an even surface for the membrane. A conceptual view can be seen in figure 3.4.
The system is undrained unless the invert is drained.
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Figure 3.4: Sprayed concrete lining with embedded waterproof membrane. Translated and
obtained from BaneNOR (2022)

3.3.3 Shield structures

The shield structure is a water and frost protection system for low to medium-traffic
density road tunnels. Shield structures are completely drained. It is not one of the
allowed solutions for railroad tunnels (BaneNOR 2022), but dispensations can be given
for specific projects (Holter et al. 2013). As seen in figure 3.5 the structures can either
be thermally insulated cast-in-place concrete elements or thermal insulation with a PE-
sheet covered with shotcrete. The shield structure is an inner shell that catches water
and drains it towards the invert. The shield structures only have a waterproofing
function and are not part of the rock reinforcement (Holter et al. 2013).
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Figure 3.5: Water and frost protection solutions in road tunnels with low and medium traffic
density. After NRA (2012).

3.4 Grouting materials

PEG is a procedure where grout material is injected into the rock mass ahead of the
excavation face to seal water-bearing joints. The grouting materials can generally be
categorized into cement-based or non-cement-based materials. The choice of grouting
material depends on the inflow requirements and functional requirements. Cement-
based grout is the most common (Hognestad et al. 2010). Cement-based materials
can be sorted from industry cement to micro and ultrafine cement. The penetrability
decreases with increased coarseness, and finer cement is required for grouting finer
apertures. Categorization is usually done by grain size, d95. Industry cement is defined
by d95 > 25 µm, microfine d95 < 25 µm, and ultrafine d95 < 13 µm (NRA 2014).

Colloidal silica (CS) is a non-cement-based low-viscosity injection material. CS con-
sists of small particles around 0.016 µm dissolved in water and is suitable in situations
with high water tightness requirements (Hognestad et al. 2010).

Accelerators can be used as an additive to the grout mixture for controlled grout cur-
ing. Controlled curing can help pressure-build towards the end of grouting and limit
grouting time and material use (Hognestad et al. 2010). Alkali-free accelerators are
commonly used for cement-based grout; salt water is used for colloidal silica.
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3.5 Shotcrete properties: water transport and durability

For shotcrete to act as water- and frost protection, it must act as a water barrier and
withstand the wear and tear from factors such as temperature changes, freeze-thaw
and chemical reactions so that the lining has an acceptable service life. A view of the
different processes acting in the rock-lining-free surface interface can be seen in figure
3.6.

Considering flow properties, shotcrete can, with today’s technology, be considered a
nearly impervious material. Water transport occurs in three different ways (Holter
and Geving 2016):

• Capillary flow
• Vapor transport
• Flow through cracks in the shotcrete

Capillary flow occurs in the matrix of the shotcrete and is dependent on the pores’
porosity and size. In an adequately applied shotcrete without cracks, shotcrete is close
to impermeable. In testing conducted by Holter and Geving (2016), the results showed
that the hydraulic conductivity of shotcrete was lower than 5 × 10−14 m/s if correctly
applied and without flaws.

Vapor transport occurs regardless of the water pressure acting on the lining surface. It
is, therefore, a constant transport mechanism through the shotcrete that occurs in com-
bination with the capillary flow. The combined moisture transport by both capillary
flow and vapor transport has been measured to be 3 cm3 per day for a lining thickness
of 25-35 cm by Holter and Geving (2016). Vapor is believed to be the predominant
transport mechanism because of the low hydraulic conductivity of shotcrete.

Flow through shotcrete can be significantly increased if cracks are formed in the shotcrete.
Cracks can develop because of low quality, poor installment, or large displacements
in the rock mass. The main source of seepage through the shotcrete is cracks forming
due to shrinkage of the shotcrete (Holter et al. 2023).

The durability of the shotcrete is essential so that degeneration of the shotcrete due
to freeze-thaw effects, temperature variations, chemical reactions, and other effects do
not alter the service life beyond what is acceptable.
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Figure 3.6: Conceptual water transport through shotcrete lining in a tunnel.
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4 General theory and background

4.1 Water flow in rock

Water flow in rock can be modeled as either a matrix flow or flow on rock joints. Ma-
trix flow depends on the porosity and how the pores interconnect, while joint flow
depends on the joint properties, such as orientation, spacing, frequency, and aper-
tures. Some sedimentary rock types have large porosity and permeability in Norway,
and these are usually young and found on the continental shelf. An exception is the
Brumunddal sandstone. Mainland Norway is known as a hard-rock province with
nearly impermeable rock such as pre-Cambrian gneisses and metamorphic rock from
the Caledonian orogeny with little porosity (Ramberg et al. 2013). Therefore, water
flow in rock can be considered a function of the joint system and not the rock matrix
on mainland Norway.

Darcy’s law can express matrix flow through the rock. Assuming laminar flow, the
specific flow through a media can be expressed as below (Darcy 1856):

q = −dh
dl

· K (4.1)

According to Darcy’s law, the specific flow (q) is proportional to the hydraulic gradient
(dh/dl). The hydraulic conductivity is given by K (m/s). Equation 4.2 defines the
water head.

h =
P

ρwg
+ z (4.2)

4.1.1 Water flow in joints

Joints often appear as planar structures with persistence much greater than the joint
aperture. Because of this, joint fluid flow is usually considered between two parallel
planes with a constant aperture slot. The aperture is called the hydraulic aperture
(e) and is defined as the aperture that gives the mean flow of the physical aperture.
This system can be solved for a Newtonian fluid with shear stress τ, shear velocity γ,
density ρ, and viscosity µ. Transmissivity (T) of the rock joint can then be expressed
as seen in equation 4.4.

T =
ρg
µ

· e3

12
(4.3)
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The relationship in equation 4.4 also allows for estimations of the hydraulic aperture,
e. By solving for e, the hydraulic aperture can be expressed as below:

e = 3

√
12µTf

ρg
(4.4)

The assumption of flat planar joint surfaces is a simplification, and the actual physical
aperture varies over the joint plane. In some parts, the joint planes are in contact.
Zimmerman and Bodvarsson (1996) expressed the hydraulic aperture as a function of
the mean physical aperture (E), the variance σ and contact area (c). This relation can
be seen below in equation 4.5:

e3 = E3(1 − 1.5 · σ2/E2) · (1 − 2c) (4.5)

In a typical impermeable rock, water flows through the joints, not the matrix. The
hydraulic conductivity of the rock mass is, therefore, a function of the joint system, its
joint frequency, and the aperture of the joints. A common way to analyze flow in the
rock mass is given by Snow (1969). In Snow’s method, water flow occurs in a joint net-
work with a constant mean joint spacing (S) for a network of perpendicular joints. The
joints are assumed as smooth, planar, and parallel with a constant hydraulic aperture
(e). With regards to the physical aperture, the hydraulic aperture is always bigger or
close to equal due to the roughness of the natural joints (Barton and Lindstrøm 2003).
According to Snow (1969), the hydraulic conductivity of the rock mass in a 3D joint
network can be expressed as:

k =
e3gρ

6Sµ
(4.6)

Here g (m/s2) is the gravitational acceleration, ρ (kg/m3) is the density of water and µ

(Pa s) is the dynamic viscosity of water. The equation of Snow assumes that in a cubic
joint network with a parallel flow, the water will only flow in two of the joints.

A usual assumption regarding joint fluid flow is laminar flow, which is also the as-
sumption in the numerical model. In most cases, this can be considered a valid as-
sumption, but the likelihood of turbulent flow grows when the joint aperture in-
creases. Especially in joints close to tunnel contours or boreholes, the turbulent compo-
nent should be considered (Gustafson and Walke 2012). Reynold’s number can express
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the transition from laminar to turbulent flow:

dh
dl

< 13800 · µ2

gρ2b4 (4.7)

4.1.2 Influence of rock type on water flow

Generally, brittle rock types tend to be more jointed than soft rock, in which rock joints
are more often sealed. A distinction can be made between rocks of felsic and basic
origin. Felsic igneous rocks are more resilient to decomposition and weathering than
basic rocks because of mineral stability. Especially quartz is one of the most stable
minerals and a larger component of felsic rock compared to olivin or amphibole. Joints
tend to be more open in felsic rock types than in basic rock, where joints are more
likely to be filled with weathered and decomposed material. Basic rock also tends
to have lower Young’s modulus and higher tensile strength than felsic rock types,
which are more brittle. For example, one would expect coarse-grained granite to have
a higher joint transmissivity than soft phyllite. Even so, variation within the rock mass
is greater than the variation between the rock types (Gustafson and Walke 2012).

4.1.3 Analytical solutions for calculating water inflow in tunnels

Estimating water inflow into tunnels is important to predict or verify water inflow,
compare inflow requirements, help design decisions, or input parameters in a numer-
ical model. The effect of grouting and corresponding inflow can also be estimated.
There are several analytical solutions available for estimating water inflow into a tun-
nel. Table 4.1 shows some of the solutions provided by different authors: El Tani
(2003), El Tani (1999), Gustafson and Walke (2012), and Karlsrud et al. (2014). No-
tably, El Tani (2003) provides an exact solution for inflow into a tunnel in an isotropic
homogenous rock mass tunnel with a constant water head. As seen in the formulas
presented in table 4.1, inflow is dependent on the radius (r), water head (h), and the
hydraulic conductivity (k) of the rock mass. To estimate inflow (Q) in a tunnel with
a grouted rock mass, the two solutions are given by Gustafson and Walke (2012) and
Karlsrud et al. (2014). Here t is the thickness of the grouted zone, kg is the conductivity
of the grouted zone, and δ is the skin factor.
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Table 4.1: Some analytical solutions for water inflow into a tunnel with constant water head.
Q is given as volumetric inflow per unit length of the tunnel.

Reference Formula Description

Karlsrud et al. (2014) Q = 2πk h
ln( 2h

r −1)
Non-grouted

Lei (1999) Q = 2πk
h

ln
(

h
r +

√
h2

r2 − 1
) Non-grouted

El Tani (1999) Q = 2πK
1 − 3

( r
2h
)2(

1 − ( r
2h )
)2
(

ln(2h
r − r

2h )
)2 Non-grouted

El Tani (2003) Q = 2πk
λ2 − 1
λ2 + 1

h
ln λ

, λ = h
r −

√
h2

r2 − 1 Non-grouted

Karlsrud et al. (2014) Q = 2πkg
h

ln( (r+t)
r )

Grouted

Gustafson and Walke (2012) Q =
2πkhL

ln(2h
r )(

k
kg
) ln(1 + t

r ) + δ
Grouted

4.2 Water pressure testing

A common method used to acquire information about the hydraulic properties of rock
mass is water pressure tests (WPT). Since the hydraulic system is mainly a function of
the joint system, WPT is a good way to assess joints and their transmissivities. The
joint apertures can then be estimated by using equation 4.4. The tests are usually
performed by isolating sections with packers. Then water is pumped into the section
at a constant overpressure. The measured outflow of the section is then recorded.

4.2.1 Estimating transmissivity from water pressure testing

As section 4.1 outlines, water flows primarily through the joint system. WPT can be
used to estimate joint transmissivity. If large sections are used, the calculated trans-
missivity is a function of all the water-bearing joints of the section. If a joint has a
significantly higher transmissivity than the other joints, it can be hard to distinguish
since the calculated transmissivity will be the average of all the joints. If a single joint
is tested, the specific joint transmissivity is found.

A common method to estimate section transmissivity in a borehole is Moye’s Formula,
given in equation 4.8. Another approach is suggested by Gustafson and Walke (2012)
as seen in equation 4.9 is derived using other assumptions but gives nearly the same
answer as Moye’s equation.
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T =
Qρg

2π∆p
· ln
(

1 +
L

2rw

)
(4.8)

T =
Q

2π∆h
· ln
(

L
rw

)
(4.9)

In the case of a short transmissive joint where the conductivity is significantly higher
than the surrounding rock, pressure loss can be neglected, and transmissivity can be
estimated as shown in equation equation 4.10 (Gustafson and Walke 2012).

T =
QL

2πR∆h
(4.10)

In the above equations, T is the transmissivity, Q is the water flow out of the borehole,
L is the length of the tested section, rw is the borehole diameter, ∆h is the pressure
head, ∆P is the overhead pressure and R is the joint persistence.

4.3 Mechanical behavior of rock

Rock behavior is usually described by an elastic or a plastic model for numerical pur-
poses. Rock generally shows a linear relationship between strain and stress up to
failure during compressional testing. Because of this, an elastic model is considered a
good way to model rock behavior when deformation is reversible. Plastic models can
be used to describe rock behavior after failure. In rock mechanics, the plastic model
is generally an elastoplastic model where the rock is considered elastic until failure
and plastic as further deformation occurs. In this thesis, an isotropic-elastic model is
assumed. Rock failure is not expected to occur frequently in the tunnel and will be
considered a function of the discontinuities.

4.3.1 Isotropic elastic model

The well-known Hooks law can be applied to describe an isotropic elastic material.
The law states that the force applied to a spring object is proportional and opposite to
the displacement. The law has been expanded for numerical modeling and rock mate-
rial use. The law can be expressed as a combination of the volumetric and deviatoric
stress tensors for an isotropic continuous medium, as shown below in equation 4.11.

∆σij = 2G∆ϵij +

(
Kbulk −

2
3

G
)

∆ϵkkδij (4.11)
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In the equation, new stress increments are a function of strain increments and material
parameters. G is the shear modulus of the material, Kbulk is the bulk modulus, δij is
the kroenecker delta, where δij = 1 if j = i and 0 if j ̸= i. ∆ϵ is the strain increment, and
∆σij is the stress increment. Subtext i,j, and k refer to orthogonal vector coordinates
for the tensor coordinate system (i, j, k = 1, 2, 3). For i ̸= j, ij refers to the i plane with
a shear vector acting in the j direction. For i = j, ij refers to the normal vector to the i
plane. kk refers to the normal vector to the k plane.

New stress values can be obtained from the relation:

∆σN
ij = σij + ∆σij (4.12)

The parameters of bulk modulus, shear modulus, Poisson’s ratio (ν), and Young’s
Modulus (E) can be expressed in relation to each other as shown in equation 4.13-4.16.

Kbulk =
E

3(1 − 2ν)
(4.13)

G =
E

2(1 + ν)
(4.14)

E =
9KbulkG

3Kbulk + G
(4.15)

ν =
3Kbulk − 2G

2(3Kbulk + G)
(4.16)

4.4 Constitutive models for rock failure and joint slip

An essential part of rock mechanics is to predict rock mass behavior by applying rel-
evant constitutive models. The models are usually analytical or empirical, or a com-
bination. Since rock mass is a heterogenous and anisotropic material, such models
will always be a simplification. Therefore, the model must reflect the physical prob-
lem realistically so that results can be trusted. This is especially important in numer-
ical modeling, where the model tries to replicate a physical problem. Many different
models have been developed today. The Mohr-Coloumb and Hoek-brown criteria are
well-known and established. Barton-Bandis criterion is a common model for joint slip
(Barton and Choubey 1977).
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4.4.1 Mohr-Coloumb

A common way to describe rock failure or joint slip is the Mohr-Coloumb criterion
(MC). According to ISRM, it is a good first approximation of rock behavior when all
principal stresses are compressive, and the range of the mean stresses is limited (Labuz
and Zang 2012). The MC describes the conditions of how an isotropic material will
fail. The criterion, shown in equation 4.17, indicates that there is a linear relationship
between the shear stress (τ) on the failure plane, the cohesion (c), normal stress (σn),
and friction angle (ϕ).

τ = c + σn tan ϕ (4.17)

MC considers the maximum and minimum principal stresses. The failure envelope
can be constructed with a circle as a function of σ1 and σ3. The radius is equal to the
shear stress (equation 4.18), and the origin is equal to the mean stress (equation 4.19).

τm =
σ1 − σ2

2
(4.18)

σm =
σ1 + σ3

2
(4.19)

Cohesion is simply the intercept on the τ axis and, therefore, a curve-fitting parameter.
It can be seen as a function of the joint frictional properties, but its physical meaning
is disputed Barton (2013). The residual value is often set to zero. The residual value of
the friction angle ϕ can be found from tilt testing.

4.4.2 Barton-Bandis criterion

It has been shown that rock joint shear strength has a non-linear relationship with
normal pressure (Barton 1973). This is because of the asperities in the joint plane. The
roughness of the joint influences the interlocking of the joint and prevents shear move-
ment. Increased normal stress is associated with more crushing of asperities. Thus,
the joint shear strength depends on the joint’s frictional properties and the strength
of intact rock material. The Barton-Bandis criterion (Barton and Choubey 1977) is an
empirical equation that incorporates joint roughness, joint compressive strength, and
the effect of normal pressure. It is formulated as shown below in equation 4.20.
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τ = σn tan
(

JRC log
(

JCS
σn

)
+ ϕr

)
(4.20)

Here τ is the rock joint shear strength, σn is the normal stress and JRC is the joint
roughness coefficient and is usually measured with a profile gauge or as a function
of joint amplitude using empirical diagrams. JCS is the joint compressive strength
measured with a schmidthammer and estimated using the rebound values. For un-
weathered and undisturbed joint surfaces, the value is equal to the UCS values of the
rock. ϕb is the basic friction angle, usually measured with a tilt test using sawn-off
pieces.

In this thesis, parameters for the Barton-Bandis criteria will be collected in the field and
estimated in the laboratory. Since Mohr-Coloumb is the constitutive joint slip model
in 3DEC, cohesion and friction angle values are found by linearizing Mohr-Coloumb.
The procedure given by Hoek (2000) will be used.

4.4.3 Residual friction angle and basic friction angle

After post-peak shear strength in the joint is reached, asperities in the joint are grad-
ually crushed because of the shearing and displacement involved, and eventually, the
roughness (i.e., JRC) will reach zero. Thus, the frictional angle at zero roughness can
be defined as the residual friction angle (Barton 1982). The value is important when
modeling the joint behavior before and after shear failure, and it can be found by per-
forming in-situ or laboratory testing on joint surfaces. The common approach is to
approximate ϕr using the empirical relation in equation 4.21 by Barton and Choubey
(1977).

ϕr = 20 + r/R(20 − ϕb) (4.21)

Where:
R= Is the rebound value of a schmidthammer on an unweathered joint surface
r= Is the rebound value of a schmidthammer on a weathered joint surface
ϕb = Basic friction angle

The basic friction angle can be found by tilt-testing on sawn fresh rock surfaces in the
laboratory. Theoretically, the roughness should be zero along the surface so that the
measured sliding angle is only a function of the mineralogic properties of the rock type
(Li et al. 2019). Since UCS testing is often done parallel to tilt testing, a natural way
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to measure the basic friction angle is to use the rock cores from UCS testing. Using
the three-core method, the basic friction angle can be estimated by the equation 4.22,
given by (Li et al. 2019).

ϕb = arctan(0.866 tan α) (4.22)

α is in the above equation the tilt angle.

4.4.4 Joint normal and shear stiffness

Joint shear and normal stiffness are necessary parameters to predict joint displace-
ment. There are no established guidelines to find these parameters in the literature,
and several methods are available. Kulatilake et al. (2016) defines joint normal stiff-
ness (Kn) and joint shear stiffness (Ks) as the ratio of normal (σ) and shear stress (τ)
acting on a joint with respect to normal (u) and shear (v) deformation. The relationship
is non-linear and can therefore be expressed as in equation 4.23 and 4.24 below.

dσ = Kndu (4.23)

dτ = Ksdv (4.24)

Bandis et al. (1983) found that a hyperbolic function correlates to experimental data to
estimate Kn and Ks. Two input parameters are required to fit the hyperbolic curve; ini-
tial normal joint stiffness and maximum joint closure. Kulatilake et al. (2016) suggests
that Kn and Ks can be estimated by comparing laboratory results from axial and shear
stress testing and displacement of intact and jointed rock specimens.

Joint normal stiffness can also be estimated by assuming that deformation in the rock
mass is the sum of the deformation of intact rock and the joints in the rock mass. The
solution is presented in equation 4.25, from Barton (1972).

kn =
EiErm

L(Ei − Erm)
(4.25)

Here, kn is the joint normal stiffness. Ei and Erm are Young’s modulus of intact rock
and rock mass. L is the mean joint spacing. Analogous to equation 4.25, joint shear
stiffness can be expressed by equation 4.26.
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ks =
GiGrm

L(Gi − Grm)
(4.26)

Ks is joint shear stiffness, and Gi and Grm are the shear modulus of intact rock and rock
mass.

Based on laboratory experiments of shear and normal displacements of joints, Barton
(1972) formulated empirical relations, which are presented below in equation 4.27-
4.31. Here kni is the initial joint normal stiffness. Vm is the average maximum closure
of joints. aj is the average aperture thickness. Equation 4.30 shows a relation between
interlocked and mismatched joint normal stiffness.

kn = kni

(
1 − σn

Vmkni + σn

)−2

(4.27)

Vm = −0.2960 − 0.0056JRC − 0.2450

(
JCS
aj

−0.2450
)

(4.28)

kni = −7.15 + 1.76JRC + 0.02(
JCS
aj

) (4.29)

kn(int.)

kn(mism.)
≈ 2 +

JRC · JCS · σn

2500
(4.30)

aj =
JRC

5
(0.2

σc

JCS
− 1) (4.31)

Barton and Choubey (1977) suggest that equation 4.32 can be used to estimate joint
shear stiffness (Ks). The equation is based on a rule of thumb that says peak shear
strength is reached when shear displacement is approximate 1 % of the joint length
(L). L has an upper boundary value called the critical joint length (Lc). This is the
mean joint spacing of cross joints.

ks =
100
L

σn tan
(

JRC log(
JCS
σn

+ ϕr)

)
(4.32)

For the 3DEC model, equation 4.27-4.32 will be used to find the input parameters for
shear and normal joint stiffness.

26



Section 4: General theory and background

Also, for numerical purposes, Itasca advises that joint normal and shear stiffness is not
greater than ten times the equivalent stiffness of adjacent zones. The below equation
will be used to verify this.

kn < 10
(

max(
Kbulk + 4/3G

∆zmin
)

)
(4.33)

4.5 Q-system

Rock mass classification systems enable the geologist to quickly assess the quality of
the rock mass by simple inspection and easy-to-measure parameters. Based on the
classifications, design decisions can be made by correlating classifications with designs
in previous projects. In this thesis, the Q-system will be used.

The Q-system was first introduced by (Barton et al. 1974) and is a popular rock mass
classification system in Norway. The Norwegian Geotechnical Institute (NGI) is re-
sponsible for the system. It has seen continuous revisions over the years, last updated
in 2002, including now a database of over 2000 tunnels. The latest updates have incor-
porated new advances in rock support, such as concrete arches and energy absorption.

The three most important factors for rock mass quality are the degree of fracturing,
the frictional properties of the joints, and the stress situation. The Q-system consists of
6 parameters that, when combined, give the Q-value, which is a numerical value that
ranges from 0.001 to 1000. The equation can be seen in equation 4.34.

Q =
RQD

Jn
· Jr

Ja
· Jw

SRF
(4.34)

where;
RQD = Rock quality designation
Jn = Joint set number
Jr = Joint roughness number
Ja = Joint alteration number
Jw = Joint water number
SRF = Stress reduction factor

Each fraction in the equation expresses the three main components crucial for under-
ground excavation stability.

RQD
Jn

= Degree of fracturing
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Jr

Ja
= Frictional properties of the joint

SRF
Jw

= Stress situation

To find the recommended rock support, the span of the excavation and the excavation
support ratio can be used together with the Q-value in the diagram given by NGI
(2022). The rock support diagram is empirical and based on previous projects.

4.6 Excavation damaged zone

The rock mass surrounding an underground excavation is adversely affected by the
excavation; this zone is called the excavation damage zone (EDZ). According to Tsang
et al. (2005), the EDZ can be defined as a “zone in which hydromechanical and geo-
chemical modifications induce significant changes in flow and transport properties.
These changes can, for example, include one or more orders-of-magnitude increases
in flow permeability”. Other definitions by Martino and Chandler (2004) define the
EDZ by “measurable and permanent changes to the mechanical and hydraulic trans-
port properties of the rock surrounding the excavation”.

A conceptualized view of the EDZ according to Siren et al. (2015) can be seen in figure
4.1. The excavation damage in the EDZ comprises, according to Siren et al. (2015) of
two different causes:

• Reversible and irreversible property changes due to stress redistribution after
excavation.

• A Construction damage zone depending on the excavation method.

Figure 4.1: Categorization of different zones in the EDZ, according to Siren et al. (2015)
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4.6.1 Stress-induced excavation damage

After excavation, the in-situ stresses will redistribute around the opening. Some re-
gions experience stress concentrations, and others stress relief. The resulting stress
redistribution affects the extent of the EDZ and can lead to compressive or tension
forces working on the joints, affecting the joint aperture and the hydraulic properties.
Microcracks might also form due the rock strength being compromised in either com-
pressive or tensile strength. The extent of the EDZ is highly dependent on the nature
of stress concentrations around the tunnel, especially the ratio of σ1/σ3 and orienta-
tion of the tunnel axis relative principal stresses (Read and Chandler 1999). Previously
conducted research shows that the extent of the EDZ is higher in both zones of high
deviatoric stress or low confining stress (Martino and Chandler 2004; Read and Chan-
dler 1999; Souley et al. 2001). The studies involved assessments of the EDZ by several
methods, including visual observation. Numerical modelling and measurements of
transmissivity, permeability, and seismic velocity.

4.6.2 Construction induced damage

The excavation method also influences the EDZ. The zone which is damaged from the
excavation method is called the construction damage zone (CDZ). Blasting is more
likely to form microcracks, open existing joints, and activate healed joints (Siren et al.
2015). The extent of the EDZ can in a drill and blasted tunnel can range from 0.1 to
1.5 m (Tsang et al. 2005). Several studies have investigated the influence of drill and
blast on intact rock properties. Siren et al. (2015) found that the mean value of Young’s
modulus was 10 % lower in a blasted tunnel compared to a tunnel excavated with
TBM in the same rock type. The rock samples were obtained at a distance of 0.5-1 m
from the tunnel boundary. Tveit (2018) found no conclusive evidence that Young’s
modulus is significantly different when comparing rock cores from a blasted and TBM
excavated tunnel in the same rock mass.

4.6.3 Hydraulic properties of the EDZ

Research shows that the EDZ significantly alters the hydraulic properties of the rock
mass. Water pressure measurements as a function of distance from the tunnel bound-
ary by Holter (2015) show that the water pressure decreases close to the excavation.
The extent of induced changes in hydraulic properties will vary around the tunnel
boundary as a function of the excavation method and induced stress. Permeability
measurements by Souley et al. (2001) show permeability was significantly higher in
the crown and invert compared to the walls in a high horizontal stress situation with
spalling. Transmissivity measurements by Martino and Chandler (2004) found that the
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regions associated with reduced compression had a larger depth up to 1 m compared
to undisturbed rock, indicating that reduced compressive stress allowed microcracks
or joints to be open.

A study by Tveit (2018) compared the EDZ around a TBM excavated with blast ex-
cavated tunnel in the same rock mass. This study showed a significantly higher hy-
draulic transmissivity in the immediate rock mass around the blast-excavated tunnel
than the TBM-excavated tunnel. The water flow pumped during the outer sections of
the test holes was so high, that it was outside the range for the measuring equipment
for water flow during the pumping tests. Hence a significantly higher transmissivity
in the first 0.5 m in this study was observed but could not be precisely quantified.

According to Ericsson et al. (2015), changes caused by blasting can impact transmis-
sivity in three ways: Enlarging of existing joints, re-activation of healed joints, and
induced microcracks. Figure 4.2 show how joint transmissivity is increased close to
the excavation. The charging amount of explosives affects the EDZ, and the rock mass
will absorb more energy if the charging amount increases. Naturally, this is also ex-
pected to increase the joint frequency and permeability near the charge. Ericsson et
al. (2015) found that hydraulic conductivity around the bottom charge in a borehole
was higher than in the sections of the column charge. Because the invert generally is
charged heavier than the wall, the EDZ zone is expected to be larger in the invert. The
study by Ericsson et al. (2015) found that the extent of the EDZ occurred up to 0.3 m for
sections charges with a column charge (0.5/km) and 0.5 m for sections charges with
the bottom order (1.8/km). These findings correspond well with a review of the EDZ
by Bäckblom (2008). One of the studies in this review estimated that the EDZ of the
foot, which is charged heavier, had a depth of 0.8 m compared to 0.3 m in the wall.
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Figure 4.2: Section transmissivity plotted against depth for mapped joints put into different
groups (Ericsson et al. 2015).

4.7 Numerical methods

This thesis uses numerical modeling to simulate different scenarios of the Hestnes
railroad tunnel case study. Generally, there is a distinction between a continuous and a
discontinuous approach when modeling rock mass. The finite element method (FEM)
is a common solving scheme to model the first, and the distinct element method (DEM)
is used for the latter. Both these models will be used in this thesis.

4.7.1 Finite element method

FEM is a continuous approach that models rock mass as either free of discontinuities
or an equivalent jointed rock mass. In FEM, the model geometry is seen as a domain
divided into small subdomains called finite elements (Reddy 2019). The full discretiza-
tion of subdomains is usually called a mesh and is a collection of finite elements with
nodes at their boundaries. Interaction between each finite element is determined by
algebraic relations between element nodes that describe the physical problem to be
solved (e.g., displacement and stresses). Finite elements can, for example, be con-
structed by triangles or tetrahedra.
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4.7.2 Distinct element method

In DEM programs, the rock mass is treated as a medium divided into a finite number
of discrete interacting blocks. The blocks are separated by interfaces and contacts that
make up the domain. DEM allows for finite displacements between contacts, and the
blocks can rotate and detach. Another feature is that new contacts are automatically
recognized as the calculation progress (Cundall 1988). The blocks themselves can be
either rigid or deformable.

4.7.3 3DEC

First introduced as a numerical software in 1988 (Cundall 1988), 3DEC has been contin-
uously developed for over 40 years by Itasca Corporation, with the latest version (7.0)
released in 2020. Although 3DEC is usually referred to as a discontinuous method, it
is, in fact, a hybrid of continuum and discontinuous methods. The model is built up of
blocks that are split by joints. The blocks can be modeled as rigid or deformable (e.g., a
continuum). The joints are connected through contacts and can be given a constitutive
joint model and mimic discontinuous behavior by allowing displacements between
the contact points. 3DEC allows for fully hydromechanical coupling in the calculations
of joint flow and the modeling of aperture changes. This is done by alternating me-
chanical and fluid calculations. 3DEC uses an explicit time-marching scheme, mean-
ing that the simulation travels through time until a steady-state solution is achieved,
unlike an implicit solving scheme that RS2 uses, which arrives at the solution. This is
particularly useful when dealing with physical instabilities or nonlinear constitutive
behavior in the model. Itasca also has a built-in programming language called FISH,
which enables users to customize their own features in the model.

4.8 Statistical description of joint transmissivity

Statistical distributions are powerful tools that can be used to find representative val-
ues to be used in the numerical model. As part of the fieldwork in this thesis, water
pressure testing was performed to assess the joint transmissivity in boreholes. The
joint transmissivities were used to estimate the hydraulic aperture, which was later
used in the 3DEC model. The theory behind these estimations will be presented be-
low.
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4.8.1 General statistical terms

In this section, some general statistical terms will be introduced. The most common
statistical measure can be said to be the arithmetic mean. The mean of a value is
defined as the sum of all values divided by the number as shown.

x = 1/N ·
N

∑
n=1

xn (4.35)

The variance gives the spread of data. It is found by taking the sum of the square
of differences between the values and the expected value divided by the number of
values minus 1. Show below in equation 4.36. The standard deviation, σx, can be
approximated by taking the square root of s2.

s2 =
∑ x2

N − 1
− N · x2

N − 1
(4.36)

The expected value is the value the mean approaches as the ensemble grows. It can be
defined as the sum of the value times the probability of occurrence for that value.

E(x) =
N

∑
n=1

x · f (x) (4.37)

4.8.2 Cumulative distribution function diagram

When plotting the statistical distribution of transmissivities, a cumulative distribution
function (CDF) can be used (Gustafson and Walke 2012). A CDF shows the probabil-
ity that a measured value is below or equal to a given value (P(T ≤ Ti)). Welbull’s
formula can give the probability:

p(T ≤ Ti) =
ni

N + 1
(4.38)

The x-axis scale is often set to logarithmic because transmissivity values can vary be-
tween many orders of magnitude.

4.8.3 Pareto distribution

Another alternative to describe joint distribution is the Pareto distribution, also called
the power-law distribution. For general theory and application on the Pareto distri-
bution, see Adamic (2000). The Pareto distribution has been shown to describe calcu-
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lated values well, whereas, for example, the log-normal distribution often has larger
discrepancies at the endpoints (Gustafson and Walke 2012). Gustafson and Fransson
(2006) proposed that the Pareto distribution for calculated data can be expressed as
below in eq. 4.39. Here Tn is an arbitrary transmissivity value. In a log-log plot, the
Pareto distribution follows a power line with a slope of −k. The line intersection gives
the minimum transmissivity Tmin with the 1 − P(Tn) line. Maximum joint transmis-
sivity Tmax is given by eq. 4.40.

log(1 − P(Tn)) = log(Tk
max/(N + 1)− K log(Tn)) (4.39)

Tk
min =

Tk
max

N + 1
(4.40)

The work conducted by Gustafson and Fransson (2006) shows that the Pareto distri-
bution is a valid method to assess transmissivity distribution for borehole intervals. It
also confirms the common tendency that a few conductive joints contribute the most to
the borehole transmissivity and that other joints have a low transmissivity. According
to Gustafson and Fransson (2006) and Fransson (2002), data for the less transmissive
joints are harder to obtain since the measurements are less reliable.

4.9 Summary and discussion of theory and background

The tunnel concept described in section 3 is a composed topic involving aspects of;
flow characteristic of rock, material properties of shotcrete, grouting technology, and
functional requirements and rule work. Limiting the amount of theory involved in de-
scribing these different aspects was necessary. Consequently, the most focus was given
to presenting theories regarding the hydrogeological properties of rock, the excavation
damage zone, and the background related to today’s water- and frost protection prac-
tice.

Most of the theory presented in the chapter is directly applied to the conducted work.
However, some theory is also given to make the reader aware that alternative ap-
proaches have been evaluated. Some of the theories regarding numerical work are
only used in the software itself. In this case, the most important theory is elaborated
so that the physical coupling between the real world and a numerical model is under-
stood.

34



Section 5: Case study description: Hestnes railroad tunnel

5 Case study description: Hestnes railroad tunnel

Hestnes railroad tunnel, currently under construction, is a 3.1 km drill-and-blast exca-
vated hard rock tunnel between Kleverud and Espa. The project is a turnkey contract
with special regulations of the pre-excavation grouting works where Veidekke is the
main contractor and Bane NOR is the project owner. The tunnel is planned as a single
tunnel with a double-tracked railroad. The height of the tunnel is around 10.5 m with
a diameter of 14 m. The tunnel will have a cross-cut for each 1000 m with lengths of
340 m and 610 m (BaneNOR 2019). It is due to be completed in 2024. Figure 5.1 shows
an overview of the project. The tunnel starts south at Kleverud, marked with a red -TB
in figure 5.1. Two crosscuts are marked with numbers two and three. Number four is
the northern face at Espa.

Figure 5.1: Overview of KS-1 Hestnes tunnel. Obtained from BaneNOR (2019)

5.1 Rock mass description

A view of the mapped rock types in the region by NGU (2022) can be seen in figure 5.2.
The area is not mapped in detail and only on a 1:250 000 scale. The rock types in the
area belong to the tectonic unit of the Sveconorwegian belt, which was created due to
metamorphic, magmatic, and tectonic events around 1150-950 Ma at the southwestern
margin of Fennoscandia (Slagstad et al. 2020). Figure 5.2 shows that there are primarily
two main rock units with a range of different rock types inside each. According to
NGU (2022), the following rock types can be found inside each unit:

• A unit consisting of mica slate, greywhacke, quartzite, meta-arkose, meta-rhyolite
and amphibolite/hornblende schist.

• A unit consisting of granitic- and-/or augen gneiss, in places mylonitic.
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Figure 5.2: Rock types at the construction site. The black dashed area is the approximate loca-
tion of the tunnel. The map is based on available maps from NGU (2022). The scale
is 1:250 000.

5.2 Tunnel design with respect to water and frost protection

Water- and frost protection was initially planned as a drained structure with cast-in-
place concrete lining, drainage geotextile, and sheet membrane waterproofing. The
design included a waterproof membrane cladded outside the concrete to make the
structure waterproof with a geotextile to drain the surrounding rock mass towards the
drainage system in the invert. The updated water- and frost-protection design regard-
ing the grouting procedure is elaborated on in the upcoming section. The shotcrete
is planned as a water barrier where inflow is sufficiently low following the grouting.
If the desired inflow is not achieved, these areas can be covered by the traditional
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water- and frost protection measures, like a sprayed-on membrane, PE-membrane,
PVC-membrane or PP-membrane (Holter and Strømsvik 2023).

5.3 Grouting procedure at Hestnes tunnel

Below is a description of the grouting works at Hestnes, from Holter and Strømsvik
(2023).

The grouting works at Hestnes are performed in three separate grouting fans:

• Fan one: Consist of MC and is performed around the whole tunnel. Accelerator
is added for controlled curing. Stop criteria is either 20-70 bar or 300-800 L de-
pending on overburden and rock mass conditions. Fan number one is meant to
seal the coarser joint apertures and limit the use of CS.

• Fan two: Consists of CS with an added accelerator of saltwater for controlled
curing. The fan is performed in the crown and the walls but not in the invert.
Stop criteria is either 15-60 bar or 400 L depending on overburden and rock mass
conditions. The purpose of fan number two is to fill the smaller joint apertures
not penetrated by the MC.

• Fan three: A second fan of CS is performed to seal seepage from rock bolts punc-
turing the grouted zone in critical areas with overlap.

Stop criterion is reached when grout flow during pumping is reduced to 2 L/min for
a sustained period of 30 s. The length of each fan is 24 m but reduced for challenging
rock mass conditions.

5.4 Expected tightness

Estimations of the penetrability of the grout can be related to the grout materials used
as part of the grouting procedure. Regarding micro cement, penetrability is related
to particle size. Studies show that clogging of joints starts at grain sizes five times
the physical aperture opening, and the smallest groutable aperture is three times the
particle size (Axelsson et al. 2009; Mitchell 1982). In Hestnes, the largest particle size
(d95) is around 25 µm in the micro cement. An estimate on the smallest physical joint
aperture that can be grouted can also be made by using a thumb of rule 4xd95, as sug-
gested by (Barton and Roald 2023). The smallest groutable aperture is then estimated
as 4xd95 = 100 µm.
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For colloidal silica, the behavior is not the same as for micro cement. Colloidal silica is
commonly used for grouting smaller apertures. Experience and testing show that col-
loidal silica can grout joint apertures in the range of 10-170 µm (Boden and Sievaenen
2005; Funehag 2008; Hölttä et al. 2008)). Findings in the master’s thesis by Krokedal
(2022) showed that the measured rock mass conductivity after grouting with colloidal
silica was around 10−10 m/s. The grouting works in this project were a part of the
Fornebu commuter tunnel project. The procedure included two injection screens, one
with micro cement and one with colloidal silica, similar to the grouting procedure at
Hestnes.

Expected tightness can be summarized as follows:

• The MC can likely penetrate physical joint apertures down to around 100 µm.
• Joints apertures down to 10 µm is expected to be grouted by the colloidal silica.
• Hydraulic conductivity of the CS grouted rock mass is expected to be around

10−10 m/s.

Calculations to predict inflow before and after grouting in the Hestnes project will be
presented in section 11.9. The analyses relied on gathered field and laboratory data
and are not presented here.

38



Section 6: Review of previous investigations

6 Review of previous investigations

As part of the work in this thesis, previous investigations related to the excavation
damage zone and in-situ stress measurements were reviewed. These include:

• WPT data from Gevingåsen and Drammen railroad tunnel.
• In-situ stress measurements at the Ulvintunnel.

6.1 Review of WPT data in Gevingåsen and Drammen

Sintef conducted the water pressure testing in two railroad tunnels; in Drammen
around 24.07.2022 and Gevingåsen 25.02.2022. The purpose of the testing was to as-
sess the hydraulic properties of the excavation damage zone. These projects have rock
mass and tunneling conditions similar to that of Hestnes and are ideal for compari-
son. The data from the Drammen test site and the WPT data were unprocessed and
core material was unlogged. The data from the Gevingås rail tunnel were included in
the study in order to provide a larger data basis. As a part of the work in this thesis,
the core material in these projects was logged, and the data from the WPT was used
to investigate the effect of the excavation damage zone on joint transmissivity. The
analysis is included in the lab work.

6.2 Review of in-situ stress measurements at the Ulvintunnel by Pöyry

In 2013 Pöyry (Afry from 2019) carried out 3D overcoring in-situ stress measurements
in the Ulvin railroad tunnel, approximately 15 km south of the Hestnes tunnel site. The
tunnel is relatively close to the Hestnes tunnel on the same side of Mjøsa. This makes
the measured data ideal for in-situ stress analysis because there are no drastic changes
in the topography between the locations, and the rock mass is similar. Since only
2D doorstopper measurements have been conducted at the Hestnesstunnel, the data
from Pöyry are essential for analyzing the in-situ stress situation so that representable
principal stresses are used in the 3DEC model.

Table 6.1 shows the summarized data of estimated horizontal and vertical stresses at
the Ulvintunnel. It can be seen that the ratio σH/σv varies between 7-2.4, and the ratio
of σh/σv varies between 0.8-2.4. The mean of σH is 7.1 MPa with a bearing of 138◦, the
mean of σh is 2.6 MPa with a 228◦ bearing. The mean of σv is 1.7 MPa. When com-
paring the bearings of the measured horizontal stresses, one can see the orientations
and magnitude coincide with expected horizontal stress directions above Oslo area
(Myrvang 2001).
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Table 6.1: Estimations of horizontal and vertical stress, from Pöyry.

Hole
depth σH σH bearing σh σh bearing σv

[ m] [MPa] [◦] [MPa] [◦] [MPa]
31.59 8.2 154 1.6 244 1.5
31.59 10.5 135 3.6 225 4.4
32.63 5.6 141 1.9 231 0.8
Mean 7.1 138 2.6 228 1.7

Based on the measurements done by Pöyry, the following assessments can be made:

• Measured σh in this area has a horizontal-to-vertical ratio between 0.8-2.4, with a
bearing between 226-244o.

• Measured σH in this area has a horizontal-to-vertical ratio between 2.4-8, with a
bearing between 135-154o.
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7 Executed work

A summary of the conducted work is given before the work is presented. The primary
purpose of the work was to assess the hydraulic properties of the EDZ and to evaluate
the conceptual tunnel model presented in section 3. The work was done in a stepwise
effort where field work laid the foundations for the lab work, and the gathered data
culminated into a numerical model. The work can be divided into three parts: field
work, laboratory work, and numerical simulations. An overview and description of
the main items can be seen in table 7.1.

Table 7.1: Overview of the main parts of the executed work

Executed work Description Section

Field work Mapping of geological conditions at the construction
site of the case study. Water pressure testing,
rock-core extraction, and in-situ stress measurements.

8

Laboratory
work

Core logging, transmissivity estimations from WPT
data, and rock mechanical testing.

9

Numerical
simulations:

Simulations in RS2:
1. Back-calculating of in-situ stress.
2. Fluid flow analysis of the EDZ, grouted zone,

and shotcrete.
Simulations of three scenarios in 3DEC:

1. Stress-induced EDZ.
2. Grouted tunnel with EDZ.
3. Grouted tunnel with shotcrete and EDZ.

11
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8 Field work

To find the necessary data for the input parameters in the 3DEC model, field investi-
gations were conducted several times at the Hestnes construction site. The investiga-
tions were carried out in the periods of 16-17.02.2023 and 01-03.03.2023. Rock mass
investigations, Q-system mapping, joint mapping, joint roughness (JRC), and joint
compressive strength (JCS) measurements were carried out as part of the investiga-
tions. Rock core drilling and water pressure testing in 8 boreholes was conducted
in collaboration with SINTEF between 16-17.02.2023 to gather information regarding
the transmissivity of the excavation zone. The measurements also in-included in-situ
stress measurements.

8.1 Rock mass description

Two different rock types were observed at the site, a massive pre-Cambrian bedrock
gneiss and an amphibolite. The gneiss was observed as the main geological body at the
site. The matrix consisted of fine material with varying color pink/red to dark/grey
nuances in some locations. Inside the matrix was porphyroclastic feldspar of different
sizes, in places forming characteristic augen. At other places, the gneiss had a more
granitic appearance. Some shearing with mylonitic bands was also observed. The am-
phibolite is interpreted as originally a diabase, which is a dark-colored fine-grained
igneous rock. The diabase has penetrated the gneiss as dykes and later been trans-
formed into amphibolite following metamorphosis. This can be seen in figure 8.1. The
amphibolite appeared in the field with a dark/black color and a fine-grained matrix.
Repeated tectonic events have given the amphibolite a chaotic appearance with hy-
drothermal quartz veins. At some locations, it is smeared into the augen gneiss, which
can be observed in figure 8.2.
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Figure 8.1: Amphibolite with a dyke-like appearance in the gneiss. The amphibolite dips
steeply 70 degrees into the tunnel face. The picture is taken at the Kleverud tunnel
face.

Figure 8.2: Strongly tectonized vertical amphibolite dyke with surrounding gneiss. The Pic-
ture was taken at the Espa tunnel face.
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8.1.1 Rock mass quality

Using the Q-value classification system, the rock mass quality was investigated at
three locations (Espa tunnel face, Cross-cut, Kleverud tunnel face). The guidelines
given by NGI (2022) were followed. Q-mapping was carried out after each blasting
round whenever possible. In the project, rock support depends on the rock support
class given by the Q-value. For this thesis, Q-mapping was done to assess the rock
mass quality and to understand the rock mass in the area. In each blasted section,
attention was given to the most critical area in terms of stability, to asses to assess the
Q-parameters. The mapped parameters and corresponding Q-vale are presented in
table 8.1.

The highest mapped Q-value was 9, and the lowest was 0.14, a range from C to E in
rock support classes according to the Q-system (NGI 2022). Generally, the rock mass
in the project had a massive appearance with high RQDs of 75-90. The exceptions
were location-specific amphibolite with higher joint intensity (figure 8.2) and areas
with bands of crushed rock. Most locations were mapped with three joint sets plus
random joints. Intermediate-scale joint features were generally planar to undulating
with rough and smooth small-scale surfaces. The joint fillings showed larger vari-
ations. Observations included bands of crushed rock with sandy/silty particles and
joints of hydrothermal quartz-filled veins. The presence of clay particles in some zones
of crushed rock was assessed as probable but not confirmed by physical investigation
other than visual observation. Physical confirmation was hard to achieve because of
no rock support in the crown or ongoing works at the tunnel face.

Very little water inflow was observed in the field. One bolt leaked water, and one
probing hole leaked a small amount, less than 1 L/min. The mapped areas were pre-
grouted (except the cross-cut tunnel), so minor inflow was expected. There is low
overburden at the Espa and Kleverud tunnel face, as low as 5 m in connection with
the Kleverud tunnel start. The low overburden gives an SRF value of 2.5 in most of
the tunnel. The exception is the cross-cut where the overburden is around 70 m, and a
value of 1 is given.
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Table 8.1: Mapped Q-values at the Hestnes tunnel site.

Site location RQD Jn Jr Ja Jw SRF Q-value
Espa face 75 12 1 6 1 2.5 0.25
Espa face 90 6 1 1.5 1 2.5 9

Kleverud face 70 12 1.5 1 1 2.5 3.75
Espa face 40 12 1.5 3 1 2.5 0.67

Kleverud face 80 12 1.5 2 1 2.5 2
Cross cut towards Espa 90 6 3 2 1 1 22.5

Cross cut towards Kleverud 30 3*12 3 6 1 1 0.14
Kleverud 40 12 1.5 4 1 2.5 0.5

8.2 Joint mapping

Joint parameters mapped during field investigations include joint orientation, persis-
tence, spacing, and JRC and JCS. The joint properties are essential input parameters in
the numerical model.

8.2.1 Joint orientations

A total of 64 joint orientation measurements were done as part of the joint mapping.
The measurements are presented as a pole plot and joint rosette in figure 8.3 and 8.4.
The joint system varied in orientation and appearance, depending on the location. This
is also evident in the spread of measurements in the pole plot. A total of 3 main joint
sets were found with a significant amount of random joints and, locally, less systematic
joint systems. This also coincides with the Q-mapping, where a Jn value of 12 (3 joints
plus random joints) was the most common observation.

Table 8.2 summarizes the joint set characteristics. Figure 8.7 shows joint spacing and
persistence observations. Of the three main orientations, two joint sets (J1 and J2) are
dipping steeply in the NE and SW directions, respectively. The last joint set (J3) is
sub-horizontal with a varying dip direction and dip between 0-30◦.

A foliation was in places visible in the amphibolite (see figure 8.8) with a steep fall in
the NE direction, coinciding with J1 joint orientation. The same foliation direction was
found in the gneiss from rock cuts on the surface. The jointing appeared chaotic at the
site, especially in the amphibolite. Even so, the main joint orientations were consistent
throughout the tunnel route. The joint sets were observed to be persistent through
both rock types, as illustrated in figure 8.5a and observations of the joint sets in both
rock types (see figure 8.5b and 8.10). Figure 8.6 and 8.7 show typical joint set spacing
observations.
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As shown by the Q-mapping in table 8.1, the joints were generally planar and undu-
lating in the intermediate scale with rough or smooth surfaces small scale. Some joint
infillings of crushed sandy/silty and possibly clay material was also observed in some
joints.

Table 8.2: Joint orientation characteristics for the three main joint set observations.

Joint set Dip/dipdirection (◦) Spacing (m) Persistence (m)
J1 69/64 0.5-5 m >7 m
J2 61/258 0.5-3 m >7 m
J3 9/9 2-4 m >10 m
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Figure 8.3: Joint pole plot for the measured joint orientations.

Figure 8.4: Joint rosette. The red-shaded area shows variations in tunnel alignment.
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(a) Joint set J1 with persistence through both rock
types. The picture was taken at the Kleverud
tunnel face.

(b) Joint set J1 and J3 visible in the amphibolite.
The picture was taken at the Kleverud tunnel
face. Scale of ruler is 1 m.

Figure 8.5

Figure 8.6: J2 joint set visible in the gneiss on the left-hand side. Joint spacing 0.5-3 m
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(a) Example of the sub-horizontal joint
set, J3. with an approximate spac-
ing of 4 m. Measured strike dip is
130/30NE (J3) and 142/88NE (J1).

(b) Joint sets in the gneiss with a spacing
of 5 m belonging to J1. Strike dip mea-
sured as 165/76E.

Figure 8.7: Example of joints from surface mapping

Figure 8.8: Amphibolite (left side) with a visible foliation parallel with the bedding with a
strike/dip of 180/65SE. The picture was taken at Espa tunnel face.
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Figure 8.9: Example of the sub-horizontal joint set J3 in the amphibolite, picture taken at the
same location as in figure 8.8. Strike/dip is 030/10W. Folding ruler for scale, 0.4 m.

(a) Example of the sub-horizontal joint
set J3 in a gneiss rock cut south of
Kleverud.

(b) Example of joint set J1 in a gneiss rock
cut south of kleverud.

Figure 8.10
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8.3 JRC and JCS investigations

JRC and JCS describe the rock joint’s roughness and compressive strength. They are
used in the equations to estimate rock joint shear strength, rock joint shear, and normal
stiffness. Data on JRC and JCS was gathered during all field investigations, with the
method described in the sections below.

8.3.1 Joint roughness number (JRC)

JRC was measured using a steel profilometer; see figure 8.11. First, the most probable
slip direction was identified, and the comb was pressed down in this direction. Af-
terward, the profile is drawn down using a pencil and a clean sheet. The JRC value
is later found by comparing the drawn profile with available JRC tables from (Barton
and Choubey 1977). Great care was taken to identify the most critical joint surfaces,
especially systematic joint sets. This was done to ensure that the measured JRC rep-
resents the joint system of the rock mass that would later be represented in the 3DEC
joint model. Measurements were done on joints for both rock types since different
values in the 3DEC model will represent them.

A total of 22 measurements were done. 13 in the gneiss and 9 in the amphibolite. The
corresponding JRC values can be viewed in figure 8.12, 8.13 and 8.14. Individual JRC
values and their respective strike/dip can be seen in table B.1 in appendix B.

Based on JRC measurements on the respective joint surfaces in both rock types, the
following JRC values are given to the respective joint sets:

Gneiss:
• J1: 3
• J2: 7
• J3: 5

Amphibolite:
• J1: 6
• J2: 4
• J3: 4
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Figure 8.11: Steel profilometer that was used to measure JRC. Length is 15 cm.
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Figure 8.12: Combined JRC values for measurements in both rock types. n=22.

Figure 8.13: JRC values for the measurements taken in the gneiss. n=13.

Figure 8.14: JRC values for the measurements taken in the amphibolite. n=9.
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8.3.2 Joint wall compressive strength (JCS)

JCS was measured with an L-type schmidthammer by following the guidelines given
by ISRM (Aydin 2015). The measurements were done as illustrated in figure 8.15a. The
schmidthammer was held perpendicular to the joint, then pressed down, and then the
measured value was read. Twenty measurements were done on each joint surface,
and the mean was used in calculating the JCS value. Obvious measurement errors,
e.g., measurements on a loose rock due to blasting, dirty rock surfaces, or bad contact
between the hammer and rock, were thrown away, and a new measurement was done.
According to Aydin (2015) all values are to be kept; however, in an environment with
a lot of direct and indirect influence of ongoing construction works, keeping measure-
ments that did not reflect the rock mass made no sense.

During the field investigations, an attempt was made to measure an unweathered joint
surface of each rock type for later correlations of UCS. Depending on the site condi-
tions, joint surfaces that appeared representative were tested as much as possible. Not
all joint surfaces that later will be used in the 3DEC model were tested, and this is due
to the nature of a tunnel under construction. Often there was limited time to do mea-
surements at the tunnel face, and not all joint sets presented themselves with a good
testing surface, making it difficult to get all the measurements one ideally would want
for each joint surface.

A statistical description of the recorded rebound values for the respective joint surfaces
is summarized in table 8.3. The normalized rebound values for the respective joint
surfaces can be viewed in figure 8.16.

Rebound values were adjusted to downwards facing according to the corrections given
by Barton and Choubey (1977). The rebound value had to be correlated to the UCS
value found in the laboratory testing to find the JCS. In a study by Aydin and Basu
(2005), who reviewed correlation equations for UCS and Young’s modulus found in
other studies, they found that the correlation between UCS, Young’s modulus, and
the rebound value can be expressed by either of the two following pair of equations.

UCS = a · e(b·R) & E = c · e(d·R) (8.1)

UCS = a · Rb & E = c · Rd (8.2)

To find a proper way of estimating JCS, the best fit of the UCS value and the highest
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rebound value was found by comparing the results of different studies. The best fit
was found in the correlation equation given by Karaman and Kesimal (2015), given in
equation 8.3. This study reviewed 47 different rock samples. A UCS value of 173 MPa
was estimated by using the highest adjusted mean rebound value taken in the amphi-
bolite (table 8.4) and the correlation equation found by Karaman and Kesimal (2015),
which is very close to the 170 MPa measured in the lab (Section 10.3.1). The rebound
value of 60 is also assumed to represent an unweathered joint surface, which in theory,
should be the same as the UCS value.

JCS = 0.1383 · R1.743 (8.3)

Here JCS is the joint compressive strength (MPa), and R is the rebound value from the
schmidthammer. The results of the JCS calculations are presented in table 8.4.

Based on the orientations of the tested joint surfaces, the following JCS values are
assigned to the different joint sets and rock types:

Gneiss:
• J1: 140 MPa
• J2: 97 MPa
• J3: 159 MPa

Amphibolite:
• J1: 105 MPa
• J2: 105 MPa
• J3: 105 MPa

Since no JCS measurements were done on the joint surfaces J1 and J2 in the amphibo-
lite, these joint sets are given the value of joint set J3.

(a) JCS testing on a joint surface in the augen
gneiss.

(b) JCS testing on a joint surface in the amphibo-
lite.

Figure 8.15
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Table 8.3: Statisical description for the schmidthammer rebound values from the field investi-
gations.

Strike/dip Mean Median Mode Minimum Maximum Range Rock type
177/70W 53 55 58 39 62 23 Gneiss
178/69W 47 48 48 35 53 18 Gneiss
168/80E 53 55 58 39 62 23 Gneiss
096/32N 57 57 58 49 66 17 Gneiss
140/81E 48 48 47 47 51 4 Gneiss

030/54NW 43 41 40 32 60 28 Amphibolite
030/10SW 46 45 45 38 55 17 Amphibolite
083/70N 60 62 62 45 70 25 Amphibolite

Table 8.4: Adjusted rebound values and calculated JCS values.

Strike/dip Rebound value Adjusted rebound value JCS (MPa) Rock type
177/70W 53 49 122 Gneiss
178/69W 47 43 97 Gneiss
168/80E 53 53 140 Gneiss
096/32N 57 57 159 Gneiss
140/81E 48 48 118 Gneiss

030/54NW 43 37 75 Amphibolite
030/10SW 46 45 105 Amphibolite
083/70N 60 60 174 Amphibolite
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Figure 8.16: Normalized schmidthammer values. The figure shows the value for different
joints in both gneiss and amphibolite, distinguished by strike/dip.
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8.4 Rock core extraction and water pressure testing

Rock core drilling and water pressure testing (WPT) were conducted in collaboration
with Sintef in two different periods (figure 8.17). 16-19.02.23 and 10-17.04.23. Drilling
and WPT were done in both the gneiss and amphibolite. The rock cores were later
mapped in the laboratory, together with the results of the WPT.

8.4.1 Rock core drilling

The holes were drilled in the cross-cut of the tunnel right before the split (Location 2
in figure 5.1 into the two main tunnel directions during the first investigation round
from 16-19.02.2023. The holes were elevated around 1.5 m above the tunnel foot and
drilled with about 2 m spacing using a 62 mm drill. Figure 8.18a shows a picture of the
setup. A total of 8 holes were drilled with a borehole length of around 3 m.

8.4.2 Water pressure testing

The rock cores from the rock core drilling were inspected, and the depth of the individ-
ual joints was identified and tested to find the joint transmissivity along the borehole
length. Individual joints were isolated using double-inflated packers with a test sec-
tion length of 15 cm. Figure 8.17 shows the setup of the WPT equipment. Figure 8.18b
shows a view of the packer setup. Test section pressure, hydrostatic pressure, and wa-
ter flow out of the borehole were recorded for each test section. Testing of individual
joints was done through a three-step pressure build-up to confirm linearity between
pressure and water flow. In the first meter of one borehole, water leaked out of an ad-
jacent borehole, and no joints were measured in the first meter of these two boreholes.
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Figure 8.17: WPT equipment setup (SINTEF 2023)

(a) Setup of the drilling of rock cores and holes
later used for WPT.

(b) Setup of the double packers with a 15 cm test
section.

Figure 8.18

59



Section 9: Laboratory work

9 Laboratory work

9.1 Rock core-logging of the Drammen and Gevingnåsen projects

In the period 09-13.01.2023, the rock cores of Drammen and Gevingåsen were logged
in the laboratory. The purpose of the mapping was to map the rock type, joint types,
RQD, joint spacing, JRC, and joint fillings and to assess the extent of the EDZ. In
addition, the mapped joints were coupled to WPT data so that estimations of joint
transmissivity and joint aperture of individual joints could be done.

9.2 Rock core-logging of the Hestnes Project

The cores were logged 21-23.02.2023. The logging procedure was the same as for the
Drammen and Gevingåsen project. Jr and Ja were also mapped for potential Q-value
and joint friction analysis. The rock-type boundaries were also mapped. More time
was spent investigating the joint system and joint sets in the different rock types to
complement the field investigations of the joint system. A typical rock core from the
project can be seen in figure 9.1.

Figure 9.1: Borehole 2 from field investigations in the Hestnes project. The first meter is in
characteristic augen gneiss, and the rest of the core is amphibolite.
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9.3 Transmissivity estimations

Transmissivity of individual joints was estimated using Moye’s formula and validated
by Gustafson’s equation presented in section 4.2.1. Joint apertures were calculated
using the cubic law, and only the transmissivities from Moye’s formula were used for
the statistical representation.

9.4 Method - Rock mechanical testing

Two tests were carried out in the laboratory; Uniaxial compressive strength (UCS)
and tilt test. The UCS value, Young’s modulus (E-modulus), and Poisson’s ratio are
obtained from the UCS test. The basic friction angle ϕb is obtained from the tilt test.

9.4.1 Specimen preparation

A total of 6 rock core cores were collected after core logging was conducted. Three
cores were collected from each rock type. An attempt was made to capture the rock’s
inhomogeneities by collecting cores that differed in visual appearances, such as color
and foliation. The original radius of 62 mm in the cores were kept. The average length
of the cores was cut to be around 165 mm. The length/core ratio is slightly above 2.6
and inside the ratio recommended by ISRM (Bieniawski and Bernede 1979). The ends
were sawn-cut and then grinded to have a smooth testing surface without irregular-
ities. Afterward, the cores were weighed, and the density and p-wave velocity was
measured and calculated. All testing was performed on dry cores. The descriptive
values are presented in table 9.1. The gneiss cores were labeled A1, A2, and A3. The
amphibolite cores were labeled B1, B2, and B3. Photos of the cores can be viewed in
figure 9.2 and 9.3.
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Figure 9.2: Prepared gneiss cores, labeled A1, A2 and A3.

Figure 9.3: Prepared amphibolite cores, labeled B1, B2 and B3.
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Table 9.1: Descriptives of test specimens used in UCS testing and tilt-testing

Specimen D L Weight volume Density Travel time Travel speed
mm mm g mm3 g/cm3 µm m/s

A1 61.94 165.49 1369.58 498.66 2.75 32 5172
A2 61.98 165.75 1353.8 500.09 2.71 32.8 5053
A3 62.03 165.76 1374.43 500.93 2.74 30 5525
B1 62.99 166.25 1472.96 501.76 2.94 28.4 5854
B2 61.97 166.38 1460.72 498.81 2.93 31.9 5184
B3 61.95 165.39 1450.33 498.52 2.91 20.4 5626

9.4.2 UCS-testing

The method used to prepare and perform the UCS test followed the guidelines ISRM
describes in Bieniawski and Bernede (1979). The testing was performed in a GCTS
RTR-4000 apparatus; see figure 9.4 for the test setup. The test specimen was covered
in a plastic sleeve to prevent flying debris from an explosive failure. Before testing,
one radial and two axial accelerometers were installed to measure axial and radial dis-
placement while testing. The radial accelerometer was attached around the circum-
ference of the core by a deformable chain held together by elastic straps. The radial
accelerometer was placed in the middle of the test specimen.

The length of the test section, which is covered by the two axial accelerometers (ap-
proximately the middle 50 % length of the test specimen), was used as the initial length
(L0) for calculating the strain. This was done to prevent any end effects during test-
ing. During testing, the load continuously increased at 0.8 MPa/s until yielding. An
automatic radial strain control was utilized to prevent explosive yielding of the rock
cores. For the amphibolite cores, which showed a very brittle behavior when yield-
ing, the loading rate was reduced manually when the stress-strain curve flattened and
approached the UCS value. This was done to reduce the risk of impairing the testing
equipment.
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9.4.3 Tilt-testing

Tilt testing was performed by the three core methods for which the testing methodol-
ogy is described by Alejano et al. (2018) and Li et al. (2019). The testing equipment and
setup can be viewed in figure 9.5. The test equipment consists of a tiltable board raised
and lowered by an air-driven piston controlled by a pressure valve. An inclinometer is
installed that measures the angle of the board during testing. A plastic wall locks the
two bottom cores on the sides to prevent any sidewards movement. A metal wall pre-
vents the two cores from sliding downwards during testing. The third core is placed
on top of the two bottom cores when the test is performed. The board was raised at
an angular speed of 24 ◦/min. When the first visual displacement occurred, the tilting
was stopped, and the tilt-angle registered. A total of 5 test was performed on each
core. After one core was tested, the places were swapped, and a new core was tested.
The cores were split into four quadrants with a marker to ensure no surface was tested
more than five times. This was done to reduce the grinding that might occur when the
core slides on the same surface repeatedly.
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Figure 9.4: GCTS RTR-4000 testing apparatus used in the UCS testing.

Figure 9.5: Tilt testing setup.
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10 Analysis and results from field and laboratory inves-

tigations

10.1 Results of corelogging

The core log of the three projects can be viewed in appendix B, B, and B. The cores
generally had a larger joint intensity close to the tunnel contour. This is probably due
to the effect of blasting, which is expected to induce new and enlargen existing joints.
Figure 10.1 shows an example of blasting-induced damage in two boreholes and the
corresponding cores for two boreholes in Hestnes.

(a) Signs of blasting-induced damage in gneiss.
Both longitudinal and parallel open joints can
be seen.

(b) Open joints close to the excavation, likely due
to blasting damage.

Figure 10.1: Example of blasting damage in two boreholes and corresponding cores.

10.1.1 Transmissivity and aperture distribution

Figure 10.2 and 10.3 show the transmissivity and aperture distributions in the Gev-
ingåsen, Drammen, and Hestnes project as a function of distance from the tunnel wall.
As both figure 10.2 and 10.3 show, there is little to no correlation between distance,
transmissivity, and aperture for the full borehole length. However, there is an increase
in both transmissivity and aperture close to the start of the borehole, especially the first
0.5 m, except a few high transmissivity joints between 1-2 m. Looking at both scatter
plots, the frequency of higher transmissivity joints is higher the first 0.5 m.
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Figure 10.2: Scatterplot of transmissivity data in the Hestnes, Gevingåsen, and Drammen
projects as a function of borehole depth.
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Figure 10.3: Scatterplot of estimated hydraulic aperture in the Hestnes, Gevingåsen, and
Drammen projects as a function of distance from the tunnel boundary.

10.2 Results in the Hestnes project: transmissivity and aperture es-

timations

The gneiss had only three valid measurements in all the boreholes, and the trans-
missivity and corresponding aperture are summarized in table 10.1. The table also
includes the only measurement in the EDZ of the amphibolite.

Table 10.1: Transmissivity and aperture estimations for all valid gneiss measurements and the
one valid measurement inside the edz for the amphibolite.

gneiss amphibolite
Position T Aperture Position T Aperture

[m] [m2/s] [mm] [m] [m2/s] [mm]
0.15 1.8e-06 0.242 0.16 5.65e-07 0.189
0.24 2.6e-07 0.145
2.75 9.6e-09 0.049
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Figure 10.4 shows the amphibolite’s pareto distribution for joint apertures. Four mea-
surements with transmissivities that hovered between 1e-09 and 1e-10 were removed
for this plot, as these joints were considered impermeable. Figure 10.4 shows that the
transmissivity data correlates well with a pareto distribution with a R2 ≈ 0.92. The
probabilities for different percentiles for the transmissivity, T being higher than an
arbitrary transmissivity, Tn, are given in table 10.2. The table also shows the corre-
sponding aperture. As can be seen, the probability of the transmissivity being higher
than 4.5e-09 is 95 %, and the probability of being higher than 5.7e-07 is 5 %. The middle
value (50 %) is 1.3e-08, equalling an aperture of 0.054 mm.

Table 10.2: Shows the probabilities of the transmissivities and corresponding aperture being
higher or lower than an arbitrary transmissivity value Tn.

1 − P(T < Tn)

Probability 95 % 75 % 50 % 25 % 5 %
Transmissivity [m2/s] 4.5e-09 6.6e-09 1.3e-08 4.1e-08 5.7e-07

Aperture [mm] 0.038 0.043 0.054 0.079 0.190

Figure 10.4: Pareto distribution for estimated joint transmissivities in the amphibolite.
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10.3 Results from rock mechanical testing

10.3.1 UCS-testing

A total of 6 cores were successfully tested until failure, and the corresponding stress-
strain curves are shown in figure 10.5 and 10.6. Descriptive values of UCS, Young’s
modulus, Poissons’ratio, and density can be seen in table 10.4. The gneiss showed a
consistent UCS value with a mean of 116 MPa. The largest value was 126 MPa. The
Young’s modulus, as well as the Poisson’s ratio, were similar between the cores, with
a mean of 62 MPa and 0.27 respectively. The Amphibolite showed a larger spread in
values compared to the gneiss. The largest UCS value was 170 MPa and the lowest
131 MPa. There is a discrepancy between the results of the B2 core compared to the
other cores of the Amphibolite. The B2 showed a very high Poisson’s ratio and a lower
Young’s modulus and UCS than the other cores. The calculated mean does not include
these values because of observed deviations in radial displacements at the start of the
test and bad linearity when measuring Young’s modulus and Poisson’s ratio. The
failure state of all cores can be seen in figure 10.7 and 10.8. The gneiss and amphibolite
showed clear signs of failure along the foliation (zig-zag pattern) and not pure shear
failure, apart from core B3, which was the only core that showed crushing along the
whole failure plane, which is characteristic of shear failure.

10.3.2 Tilt testing

A complete view of the test result from the tilt testing can be seen in table F.1 in ap-
pendix F. The summarized results and calculated basic friction angle (ϕb) are presented
in table 10.3. By the recommendations of Alejano et al. (2018), the median tilt angle (α)
is used to calculate ϕb, rather than the mean, to avoid the influence of outliers. The
gneiss had a median of 27.6◦, and the amphibolite had a higher median of 31.8◦. The
calculated ϕb was 24.4◦ for the gneis and 28.2◦ for the Amphibolite.

Table 10.3: Results of the tilt-testing

Rock type Tilt angle (◦) ϕb (eq.4.22)
Gneis 26.6 24.4

Amphibolite 31.8 28.2
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Table 10.4: Results of the UCS-testing, A belong to the gneiss samples, B the Amphibolite.

Specimen UCS [MPa] Young’s-modulus [GPa] Poisson’s ratio Density [kg/m3]
A1 126 60.2 0.25 2.75
A2 111 62.7 0.27 2.71
A3 110 63.2 0.29 2.74

Mean 116 62 0.27 2.73
B1 170 68.9 0.34 2.94
B2* 131 57 0.4 2.93
B3 149 61 0.33 2.91

Mean 150 65 0.33 2.93
*When calculating the mean the B2 results is not used for Young’s modulus and
Poisson’s ratio because of non-linearity around the 50 % stress measuring point and
deviations in radial displacement during test start.

Figure 10.5: Stress-strain curves for the different rock cores belonging to gneiss, from the uni-
axial compressive test.
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Figure 10.6: Stress-strain curves for the different rock cores belonging to amphibolite, from the
uniaxial compressive test.

Figure 10.7: Yielded cores in the gneiss after UCS-testing.
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Figure 10.8: Yielded cores in the amphibolite after UCS-testing.

10.4 Joint properties estimation

10.4.1 Residual friction angle

Before the final joint input parameters Kn and Ks can be estimated, residual friction
angle ϕr has to be estimated by the findings from field and laboratory investigations.
Residual friction angle is estimated by equation 4.21. In this equation, r/R is the ratio
between weathered and unweathered rock joint surfaces, i.e., R should, in principle,
be equal to the UCS value of the rock. For the gneiss, which showed failure along the
foliation and not a valid shear loss, the UCS is, in this case, not representative of the
real rock strength and, as such, not suitable to estimate ϕr. However, two measure-
ments were taken on the same joint surface of joint set J2 in the gneiss (table 8.4). Since
these two sets showed significantly different rebound values, the ratio between the
lowest and highest value is assumed as the weathering ratio of the joints in the gneiss.

The highest rebound value was measured on a fresh rock surface in the amphibolite.
The UCS value estimated by equation 8.3 is nearly identical to the value from the
lab test on the specimen that showed a valid shear failure (174 MPa and 170 MPa).
Therefore, the unweathered rebound value is assumed to equal the highest reading in
the amphibolite. The weathered value is considered equal to the measurement done
on J3, as this was the only reading on one of the three main joint sets. The estimation
of ϕr (based on the weathering ratio explained above) is presented in the table 10.5.
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Table 10.5: Weathering degree and residual friction angle estimation from field and laboratory
investigations.

Rock type ϕb r R Degree of weathering (r/R) Residual friction angle (ϕr)
Gneis 24.4 43 49 0.88 22

Amphibolite 28.2 45 60 0.75 23.2

10.5 Discussion of joint transmissivity in Gevingåsen, Drammen,

and Hestnes

The results showed little correlation between joint transmissivity and hole depth for
the whole borehole. This is also to be expected because as the effect of excavation
damage decreases, the transmissivity distribution should be even, independent of hole
depth. This is also what figure 10.3 and 10.3 show. The results align well when com-
pared to the findings of Ericsson et al. (2015), who found an EDZ depth of around
0.5 m. The difference in the depth of the EDZ is dependent on the charging amount,
as pointed out by Ericsson et al. (2015). Hence there will be differences between dif-
ferent projects. Rock-type characteristics will also influence the results, for example,
soft-rock versus hard-rock. The first 0.5 m had a higher frequency of high transmissive
joints compared to the rest of the borehole, which supports the findings that the first
0.5 m are the most disturbed from excavation. It should be pointed out that there is no
distinct separation between the in-situ rock and the EDZ; it will naturally vary along
the tunnel axis and in-depth because of varying geology and other factors related to
excavation.

Joint transmissivity data fit very well to a pareto distribution, as seen in figure 10.4.
This also gives a reasonable estimate of the joint aperture distribution of in-situ rock,
where the most probable value is around 55 µm. This is below the 100 µm aperture,
which is estimated as the smallest aperture which MC can grout (if we assume e ≈ E).
This indicates that most of the finer apertures can only be grouted by CS, down to
10 µm.

A limiting factor when looking at the measured transmissivity data is the lack of data
in the expected area of the EDZ. The lack of data is not due to a lack of joints but mea-
surements that could not be analyzed. The reasons can be divided into two groups:
1) error on the part of test personnel/equipment or 2) geological factors. Some of the
testing holes did experience water leakage out of the hole itself, which might indicate
poor installment of the packers or longitudinal joints. However, many measurements
were non-valid because water leaked into the rock mass at a rate higher than the test
equipment could inject water. Some of these holes leaked out of the shotcrete; others

74



Section 10: Analysis and results from field and laboratory investigations

had no visible leakage. In one borehole, the leakage came out of an adjacent borehole
around 2 m away. These observations tell us one thing; the joints in the EDZ appear
open and conductive with a degree of interconnectivity or persistence. The probable
transmissivity of these joints is likely several magnitudes higher than the measure-
ments presented in figure 10.2 (for the Hestnes project).

A limiting factor in analyzing the in-situ joint transmissivity is the lack of data from the
gneiss. It is observed as the main geological body at the construction site, but almost
every rock core consists of amphibolite at the chosen borehole locations. Therefore the
data is insufficient to analyze differences in apertures between the two rock types.

10.6 Discussion of lab results: rock mechanical properties

As pointed out in the result section, both rock types showed a lower compressive
strength than expected for the respective rock types. The gneiss had a UCS value
of around 116 MPa. An expected value would be closer to 200 MPa (Myrvang 2001).
The recorded foliation direction was around 50◦, unfavorable for getting a valid shear
failure. Visual inspection also confirmed a zig-zag failure pattern along the foliation.
Because of this, the real UCS value for the gneiss should be higher. The same problem
was encountered in the amphibolite except for one sample, which had a valid shear
failure and a UCS value of around 170 MPa (sample B3). The actual UCS value for the
amphibolite probably lies around this value.

As for the tilt-testing, the values for the gneiss had a significantly lower ϕb than one
would expect for similar rock types (Li et al. 2019). There are two possible explana-
tions; one, the rock was very coarse-grained, which will reduce the frictional proper-
ties of the rock when the sample is smoothed. Two, the rock was observed to have
low-friction minerals such as mica. The amphibolite also had lower friction angles
than expected but less drastic as the calculated value is close to the standard deviation
in the testing conducted by Li et al. (2019).
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10.7 Conclusions regarding rock joint transmissivities and rock me-

chanical properties

Regarding rock joint transmissivity estimations, the following conclusions can be made:

• WPT show a higher frequency of high-transmissive joints in the first 0.5 m.
• In the Hestness project, the lack of valid measurement results close to the tunnel

boundary is likely due to high-transmissive joints in the EDZ. These joints also
show some persistence or interconnectivity.

• Pareto distributions fit in-situ joint transmissivity data very well.
• Estimations of hydraulic apertures indicate that most of the apertures can only

be grouted by CS and not MC.

Regarding the rock mechanical results, the following conclusions can be made:

• The gneiss showed a high degree of anisotropy, and repeated failure along the
foliation during testing points towards a UCS value that is likely, not represen-
tative. The same problem was encountered in the amphibolite cores, where only
one measurement had a valid UCS result.

• Low friction values from the tilt-testing in the gneiss are likely due to large grain
size and the presence of mica.
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11 Numerical simulations

11.1 Analysis of in-situ stress and fluid flow in RS2

The simulations in RS2 includes the following models:

1. Back calculating of in-situ stresses
2. Analysis of pore pressure distribution and flow in a fluid flow-only analysis for

different scenarios.

11.2 Back-calculating of insitu-stress

An important part of the input parameters in the numerical model is the in-situ stress.
The magnitude and orientation of the principal stresses influence how the rock mass
behaves after the railroad tunnel is excavated. The stress measurements carried out
represent the stress distribution of a disturbed rock mass after excavation. Therefore
a back calculating of in-situ stresses is required to estimate the in-situ stresses which
are to be used in the 3DEC model. This was done by a simplified stress analysis in
RS2. Table 11.1 shows the in-situ measurement data used to compare the numerical
simulation results in RS2. (ϵ

′
+ ϵ

′′
)− (ϵ

′′
+ ϵ

′′′′
) indicate measure quality, 0 is best.

Table 11.1: Stress measurements at Hestnes.

Hole
depth

E ϵ′ ϵ
′′

ϵ
′′′

ϵ′′′′
(ϵ

′
+ ϵ

′′
)−

(ϵ
′′
+ ϵ

′′′′
)

σ
′
v σ

′
h

Orientation
from vertical

[ m] [GPa] [µm] [µm] [µm] [µm] [µm] [MPa] [MPa] [◦]

Borehole S1, with dip/dipdir of +4/302

0.83 43.7 84 216 360 -67 7 14.8 -1 -54

1.05 54.2 49 151 261 -62 1 13.1 -2.1 -54

1.43 44.3 56 120 222 -21 -25 8.6 -0.2 -52

Borehole S3, with dip/dipdir of +4/302

0.55 52.2 -6 -46 -21 -28 -3 -0.6 -2.3 175

0.89 58.3 48 -7 9 31 1 2.7 -0.1 11

1.19 44 28 -16 5 9 -2 1 -0.4 3

11.2.1 Method

Back calculating of in-situ stresses was done by running the model with different ratios
of horizontal stresses. The vertical stress was set equal to the theoretical vertical stress
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from a rock overburden of 70 m, the overburden at which the measurements were
taken. The resulting principal stresses and direction around the tunnel were compared
to in-situ stress measurements. The horizontal stress ratio was adjusted to find the best
fit. The model was run in 2 stages to simulate the excavation, and the tolerance was set
to 0.001. The constitutive behavior of the material was set as elastic Mohr-Coulomb.

11.2.2 Influence of topography

An initial assumption for the numerical simulation was a vertically orientated vertical
stress equal to the overburden. The terrain is slightly sloping (16◦), and the maximum
height difference is around 25-30 m over 100 m in proximity to the tunnel. In general,
the terrain is undulating. The topography is, therefore, likely to influence the in-situ
stresses somewhat. Because the slope is deemed reasonably gentle and the tunnel
overburden is significantly larger than the height difference of the slope above, the
error of ignoring the topographic effect was expected to be minimal and ignored.

11.2.3 Input parameters and assumptions

The input parameters of the RS2 model can be seen in table 11.2. The stress measure-
ments were done in the cross-cut tunnel before the split (location number 2 in figure
5.1). It is assumed that the tunnel face is sufficiently far away, so a 2D approximation
is valid for the situation. The rock properties of the gneiss are used as input parame-
ters since the gneiss was observed as the primary rock type at the site. The rock mass
modulus was estimated using the equation by Palmström and Singh (2001). This equa-
tion is valid for Q-values between 1-30 and rock with σcm > 150 MPa. The lab results
showed that the gneiss had a lower rock mass strength than 150 MPa, but because of
non-valid shear failure along the foliation, it is reasonable to assume that the true rock
strength of the gneiss is above 150 MPa. The highest mapped Q-value in the cross-cut,
with a value of 22.5, was used in the calculation. Based on available maps, the cross-
cut tunnel is assumed to be in the 215◦ direction. The direction corresponds well to the
borehole direction of 302◦ where the stress measurements were conducted (table 11.1)
if one assumes that the borehole is drilled perpendicular to the tunnel contour.

Erm = 8Q0.4 (11.1)

11.2.4 Geometry and boundary conditions

The boundaries of the model were chosen to be 6 times the excavation size. The size
of the cross-cut tunnel is less than the main tunnel. The cross-cut tunnel has approx-
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imately a width of 7 m, 2 m wall height, and a 3.5 m radius of the crown arc. The
boundary conditions were set as rollers. The mesh was done with a graduation factor
of 0.1. Figure 11.1 shows a view of the model setup.

Table 11.2: Input parameters used in the RS2 model.

Parameter Value Source
Erm 28 MPa Field mapping and eq. 11.1

Poisson’s ratio 0.27 Lab results
Density 2.73 kg/m3 Lab results

Peak friction angle 35◦ Assumption
Peak cohesion 10.5 MPa Assumption

Rock overburden 70 m Site situation

Figure 11.1: RS2 model setup. Scale in meters.

11.3 Fluid flow model

The 3DEC model included fully hydromechanical coupling and flow on rock joints,
which is a complicated interaction between fluid and rock. A flow-only analysis was
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done in RS2 to assess the tunnel concept in a simplified manner and for later compar-
ison with 3DEC results.

11.3.1 Flow scenarios

A total of three scenarios was run in the fluid flow analysis:

• Scenario 1: Flow analysis with only EDZ
• Scenario 2: Flow analysis with EDZ and grouted zone
• Scenario 3: Flow analysis with EDZ, grouted zone, and permeable shotcrete

11.3.2 Geometry and boundary conditions

The model had a 50x50 boundary, identical to the 3DEC model, with a boundary dis-
tance between 3-4 the excavation size. The mechanical boundaries were fixed. The
fluid boundaries had a total head of 70 m boundary condition on all boundaries to
simulate constant groundwater with no drawdown. The excavation was that of the
main tunnel, 14 m width, 3.5 m wall height, and 7 m radius of the crown arc. Same
graduation factor as for the back-calculating model.

11.3.3 Analytical prediction of water inflow and hydraulic conductivity

Predicted water inflow was calculated for a grouted and non-grouted tunnel. The
estimations serve as an important double-check of the assumed hydraulic parameters
of the rock mass and the joint system in terms of the connection between the model’s
assumptions and the physical reality of the problem. The results of the calculations are
presented in table 11.3. Hydraulic conductivity and hydraulic apertures can be found
by using equation 4.6 and the principle of an equivalent hydraulic conductivity in a
jointed rock mass. For this, estimations of hydraulic conductivity from literature and
hydraulic apertures estimations from the lab were used. The gneiss has an estimated
k = 4.48e-08 with a mean joint spacing of 4. The amphibolite has an estimated k =
6.71e-08, a mean joint spacing of 2.7. Both in-situ apertures are assumed as 55 mm,
based on table 10.2.

The grouted zone hydraulic conductivity is assumed to be 1× 10−8 m/s in rock grouted
with micro cement, which is a common assumption according to Holmberg et al.
(2012). It is also around the same hydraulic conductivity measured by Krokedal (2022)
in rock mass grouted with micro cement. This equals an aperture of 34 µm by us-
ing Snow (1969) equation. To find the hydraulic conductivity of the silica colloidal
grouted zone, an aperture of 10 µm was first assumed based on the research of Boden
and Sievaenen (2005), Funehag (2008), and Hölttä et al. (2008). The calculated conduc-
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tivity by using an aperture of 10 µm gave a hydraulic conductivity of 2.69× 10−10 m/s,
which is very close to the measured conductivity in the work of Krokedal (2022), and
was therefore used as the joint aperture of the CS grouted zone. For the predicted in-
flow, only the conductivity of the CS grouted zone was used since the inflow through
the invert is of less concern (the invert is only grouted with MC and drained).

Looking at table 11.3, the inflow is expected to be larger in the amphibolite, both after
and before grouting, due to higher joint frequency. Both rock types are expected to
have less inflow than 5 l/min/100m, and the calculated inflows are viewed as realistic
for the grouted scenario. The estimations provided by different authors give close to
an identical answer, which is also to be expected when h/r > 0.3 (El Tani 2003).

Table 11.3: Predicted inflow for solutions provided by different authors for both gneiss and
amphibolite. The equations used are presented in table 4.1.

Reference Q [m3/s] LRIR [l/min/100m] Scenario

Gneiss (S=4, k=4.48e-08)

Karlsrud et al. (2014) 6.36e-06 38.1 non-grouted
Lei (1999) 6.36e-06 38.1 non-grouted

El Tani (1999) 6.33e-06 38 non-grouted
El Tani (2003) 6.33e-06 38 non-grouted

Karlsrud et al. (2014) 1.59e-07 0.95 grouted
Gustafson and Walke (2012) 1.56e-07 0.94 grouted

Amphibolite (S=2.7, k=6.71e-08)

Karlsrud et al. (2014) 9.53e-06 57.2 non-grouted
Lei (1999) 9.54e-06 57.2 non-grouted

El Tani (1999) 9.5e-06 57 non-grouted
El Tani (2003) 9.5e-06 57 non-grouted

Karlsrud et al. (2014) 2.38e-07 1.43 grouted
Gustafson and Walke (2012) 2.34e-07 1.40 grouted

81



Section 11: Numerical simulations

11.3.4 Input parameters and assumptions

Table 11.4 shows the different hydraulic conductivities given to different zones in the
model. The hydraulic conductivities are based on the findings in 11.3.3 for a rock mass
consisting of gneiss and a mean joint spacing of 4 m. The table also includes transition
zones, with a gradual decrease in conductivity before the grouted zones, to reduce
large contrasts in conductivity and synthetic flow gradients. Figure 11.2 shows how
the model is built up by zones with different hydraulic conductivities.

Since there was a lack of measurements in the first 0.5 m for the Hestnes project, there is
insufficient information regarding the joint transmissivities close to the tunnel bound-
ary. The EDZ was, because of this, approximated by using the largest joint transmis-
sivities for the whole borehole. This is likely an underestimation of the real hydraulic
conductivity, considering that the joints in the EDZ might be open and conductive
(section 10.7).

Table 11.4: Table shows different hydraulic conductivity and the equivalent aperture for dif-
ferent zones in the RS2 model. Colloidal silica (CS) is used in the walls and the
crown, while micro cement (MC) is used in the invert. In addition, there is a 8 cm
thick shotcrete layer with hydraulic conductivity of 5 × 10−14 m/s for scenario 3.

Distance
from excavation

Hydraulic
aperture

Hydraulic
conductivity

Included
scenario Description

m µm m/s
0 - 0.25 190 1.85E-06 1-3 EDZ

0.25 - 0.5 95 2.31E-07 1-3 EDZ
0.5 - 0.75 55 4.48E-08 2-3 in-situ
0.75 - 1 32.5 9.23E-09 2-3 CS
0.75 - 1 32.5 2,37E-08 2-3 MC

1 - 6 10 2.69E-10 2-3 CS
1 - 6 34 1.06E-08 2-3 MC
6 - 7 25 4.2E-09 2-3 CS
6 - 7 41 1.85E-08 2-3 MC
7 - 8 40 1.72E-08 2-3 CS
7 - 8 48 2.98E-08 2-3 MC
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Figure 11.2: RS3 model for scenario 3 showing zones with different hydraulic conductivities.
Scale in meters.
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11.4 Results of in-situ stress back calculating

The result of the best fit found for the analysis can be seen in figure 11.3. The figure
shows sigma one stress contours and directions around the excavations. The query on
the right side shows sigma one as a function of distance from the tunnel boundary at
the approximate height where in-situ measurements were done. The best fit was found
using a horizontal ratio of 0.85 compared to the vertical stress. The query shows that
sigma 1 varies from around 2.7-3 MPa in the area of 0-1.5 m. Compared to the stress
measurement of 2.7 MPa at 0.89 m (table 11.1), the numerical results are very similar.

Figure 11.3: RS2 stress analysis result. Scale in meters.

11.5 Results of fluid flow analysis

Figure 11.4-11.9 shows pore pressure distribution and flowlines with total head and
total discharge through the invert for scenarios 1-3. Scenario 1 only includes increased
hydraulic conductivity in the first 0.5 m. Drainage is larger through the crown, which
can be seen by the pore pressure distribution. The flowlines are close to uniform to-
wards the excavation. Scenarios 2 and 3 are nearly identical regarding pore pressure
and flowlines. This indicates that the grouted zone has the largest influence on the
flow regime. It can be seen that for both scenarios, the flow is diverted and skewed
towards the invert. For scenario 3, the discharge is increased through the invert com-
pared to scenario 2 because of the reduced conductivity of the shotcrete. Assuming the
total inflow is the same for scenarios 2 and 3, a 0.7 × 10−6 m3/s difference in discharge
means that the water shielding effect of shotcrete equals 4.2 liter/min/100m.
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Figure 11.4: Pore pressure distribution for scenario 1 in RS2.

Figure 11.5: Total head and flowlines with discharge in invert for scenario 1 in RS2.
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Figure 11.6: Pore pressure distribution for scenario 2 in RS2.

Figure 11.7: Total head and flowlines with discharge in invert for scenario 2 in RS2.
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Figure 11.8: Pore pressure distribution for scenario 3 in RS2.

Figure 11.9: Total head and flowlines with discharge in invert for scenario 3 in RS2.
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11.6 Discussion of in-situ stress analysis

By assuming a vertical stress overburden, the numerical simulation gave a similar re-
sult to one stress measurement. A closer look at the orientation estimations of σv in
borehole s3 shows that σv is orientated close to vertical for all measurements. This
makes a good argument for vertical-orientated stress equal to the overburden. One in-
situ stress measurement fits well with the numerical result for a horizontal-to-vertical
ratio of 0.85 for vertical-oriented stress. This one measurement had the best quality
reading of 1 µm, calculated by the difference of displacements (0 equals a perfect read-
ing).

An important discussion about the back-calculation results is the lack of consistency in
the in-situ measurements. σh ranged from 0.6-14.8 MPa. A possible explanation of the
disparity in σh estimations can be stress transfer in the joints. Because of the jointing
in the rock mass, the stress distribution will depend on the joint orientation and other
factors such as joint contact (e.g., zones of crushed rock will not transfer shear stress
the same way as an interlocked joint, or not at all). Therefore some areas will have
stress concentration and other stress relief, depending on the joints’ orientation and
properties.

11.7 Discussion of flow analysis

The results show that the contrast between the zone grouted with CS and MC, and
only MC causes a significant alteration in the flow paths that increases the flow through
the invert of the tunnel. The results also show that the shotcrete further amplifies
discharge through the invert. The flowlines towards the tunnel did not change sig-
nificantly from scenarios 2 and 3, most likely because of limited flow through the CS
grouted zone. The model is an idealization of the tunnel concept. Since water flows
primarily on joints in the rock mass, an assumption of matrix flow with a constant
hydraulic conductivity simplifies the actual situation. Still, it illustrates the tunnel
concept and gives a good reference scenario for the 3DEC model. Limited information
about the conductivity in the EDZ region of the first 0.5 m exists. Most likely is the
hydraulic conductivity higher because of open and connected joints that could not be
measured.
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11.8 Conclusions regarding in-situ stress and flow analysis

The following conclusions can be made from the back-calculating results:

• The assumption of vertical-orientated stress equalling the overburden seems rea-
sonable.

• Back-calculated σh is approximately 0.85σv = 1.6 MPa. With an orientation of
around 125◦

The following conclusions can be made from the fluid flow analysis:

• The flow paths are significantly altered by the grouted zones. The contrast be-
tween the silica colloidal grouted zone and the micro cement grouted zone causes
increased flow towards the invert of the tunnel.

• The shotcrete diverts flow towards the drained invert because of its low perme-
ability and has a significant water shielding effect.
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11.9 3DEC setup

In the following chapter, the setup of the 3DEC model is presented. The following
items are presented and explained; model scenarios, geometry and model size, mesh,
jointing, boundary conditions, rock support, hydromechanical coupling logic, simula-
tion stages, and model optimizations.

11.9.1 Model scenarios

Considering the complex geology at the site, it was important to find a proper way to
have an appropriate representation of the geology at the construction site. The main
geological body was the gneiss, with the amphibolite appearing more randomly. Be-
cause of this, a model consisting of only gneiss was chosen as the main geological
model. In addition, a model with an amphibolite dyke was built, similar to the ob-
servation in figure 8.8. Early attempts at this model had unstable behavior. Because
of the long calculation times in the other model, there was not enough time to build a
stable model. The calculated input data for the amphibolite is still presented.

A total of three scenarios are included in the numerical simulations to evaluate the
tunnel concept elaborated in section 3:

• Tunnel with stress-induced EDZ in gneiss
• Grouted tunnel with stress-induced EDZ in gneiss
• Grouted tunnel with stress-induced EDZ and impermeable shotcrete

11.9.2 Geometry and model size

A view of the model can be seen in figure 11.10. The model has a size of 50x50x50 m.
To minimize numerical effects, the x- and z-direction lengths were chosen to have close
to 4 times the excavation size in the model size. The excavation is a horseshoe-shaped
tunnel with a radius of 7 m for the crown and a wall height of 3 m. The width of the
invert is 14 m.

11.9.3 Mesh setup

Finding the proper resolution for the mesh in the model was a compromise between
calculating times and model detail. A graded mesh that increases gradually with a
zone size of 0.5 m from the centre to 3 m to the edge was chosen. A graded meshing
allows for higher resolution close to the excavation and less detail close to the edges,
where the detail is not of high concern. The resulting meshed model can be seen in
figure 11.10
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Figure 11.10: Geometry of the 3DEC model with mesh. Scale in meters.

11.9.4 Joint representation

The following joints and their properties were implemented in the 3DEC model:

• J1: 69/64 dip/dip direction. Spacing of 5
• J2: 61/258 dip/dip direction. Spacing of 3 m.
• J3: 00/00 dip/dip direction. Spacing of 4 m.

A distinct joint representation was chosen based on the mapped joint set presented in
table 8.2. The joint spacings are based on field observations in 8.8 and 8.7b. All joints
are represented with infinite persistence and constant spacing and orientation. The
dip of joint set three had to be reduced to 0◦ because bad block geometries created
instabilities in the initial models. Since this joint set dip is sub-horizontal, it is not
expected to influence the results too much.
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11.9.5 Mechanical and flow boundary conditions

All mechanical boundaries were fixed so no displacement could occur in the x,y, and
z directions. According to Itasca (2019), a fixed boundary is the usual boundary con-
dition in models where the principal stresses do not align with the boundaries of the
model, which is the case in this model. The boundary conditions can potentially un-
derestimate the stresses, opposite to a stress boundary.

The fluid boundary conditions were chosen to emulate a constant groundwater table
level with no drawdown. The following boundary conditions are used:

• A constant joint pressure boundary condition was applied to the boundary planes
in the x-direction and the z-direction.

• A zero discharge boundary condition was applied in the y-direction planes, nor-
mal to the tunnel direction.

• A zero pressure boundary in the tunnel invert after excavation.
• A zero discharge boundary along the tunnel wall and crown to simulate a shotcrete

layer.

After excavation, a zero joint pressure to the tunnel boundary allows fluid to be drained.
A zero discharge boundary was chosen to replicate a shotcrete layer with low perme-
ability. Several considerations made this the most reasonable approach:

• The shotcrete could be replicated by giving a slice of the rock mass properties of
shotcrete and turning on matrix flow. The applied shotcrete is 8 cm. Compared
to the mesh size, this is a very thin layer and would generate significant problems
regarding meshing and calculation times.

• The time step of the models were around 6× 10−5 s. Expected discharge through
shotcrete is around 3.5 cm3/day according to Holter and Geving (2016), which
equals a discharge in the order of 10−11 m3/s. Such a large contrast in discharge
would require long solving times to reach equilibrium.
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Figure 11.11: Fluid boundary conditions. The x and y-planes at position -50 are cut for visibil-
ity. Scale in meters.

11.9.6 In-situ stress

Table 11.5 shows an overview of assumed in-situ stresses. σv and σh are found from
the analysis in RS2, and σH is assumed, based on stress measurements by Pöyry in
appendix A. The back-calculated stresses gave a horizontal stress of 1.6 MPa with an
assumed vertical stress equal to the overburden of 1.9 MPa. Almost all stress measure-
ments had a near-vertical stress component, making this a reasonable assumption.
The direction of the cross-cut tunnel (305◦) is assumed to be in the same direction as
σH (305 − 180 = 125). Accordingly, the back-calculated σh is in the principal direc-
tion. Looking at the measured principal stresses by Pöyry, one can see that the direc-
tion of σH ranges from 135-154◦, which is very close to the assumed direction of 125◦.
The measurements by Pöyry show that σH is larger than σv. The Pöyry measurement
that gives a K around 2.5 for σH gave a K of 0.82 for σh, almost identical to the back-
calculated ratio for σh. The direction of σH is 135◦, very close to the assumed 125◦. The
chosen stresses for the model are deemed reasonable because of the good fit between
the back-calculated in-situ in RS2 and the measurements by Pöyry.
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Table 11.5: Back-calculated and assumed in-situ stress with magnitude and direction, at 70 m
depth.

Stress Magnitude Direction K

[MPa] [◦] [vertical/horizontal]
σv 1.9
σh 1.6 35 0.85
σH 4.75 125 2.5

11.9.7 Rock mechanical properties

Table 11.6 shows the calculated rock properties used in the 3DEC model. Bulk- and
shear modulus are calculated from equation 4.13-4.14. Bulk- and shear modulus is the
preferred input parameter instead of Young’s modulus and Poissons’ratio because,
according to Itasca (2019), the parameters (K and G) better capture the behavior of
rock and prevent numerical instabilities that can occur with a higher Poisson’s ratio.
Values for intact rock are used because joints are represented explicitly in the model.

The blocks are assumed to behave like isotropic elastic material. At an overburden
of 70 m with relatively strong rock, rock failure is not expected outside of the discon-
tinuities. This was also confirmed by site inspection and communication with site
geologists, which confirmed that discontinuities govern the rock mass behavior. The
disturbance factor is set at 0, meaning the rock properties do not change near the tun-
nel boundary.

Table 11.6: Rock mechanical properties.

Rock type Density Poisson’s
ratio (ν)

Young’s
modulus (E)

Bulk
modulus (K)

Shear
modulus (G)

[kg/m3] [GPa] [GPa] [GPa]
Gneis 2.73 0.27 62 45 24

Amphibolite 2.93 0.33 65 64 24

11.9.8 Joint mechanical properties

The joint mechanical properties were calculated from field and laboratory investiga-
tion data. The summarized input data in the 3DEC model can be seen in table 11.7-
11.8. Effective joint normal stress (σn) was found by decomposing the in-situ stresses in
table 11.5 for the different joint sets and subtracting the joint pressure. The joint pres-
sure was assumed to be equal to a water head of 70 m, equalling a joint pressure of
0.7 MPa. The stiffness parameters (kn, ks) were calculated using equation 4.27-4.32. All
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joint normal stiffness values above 125 GPa/m were reduced to 125 GPa/m to main-
tain a reasonable ratio between kn and ks as recommended by N. Barton (Personal
communication, May 7, 2023). Initially, the B-B criterion (equation 4.20) was used to
find the joint shear strength (τ). Since the B-B criterion is not yet implemented as a
constitutive model in 3DEC, the calculated parameters were linearized to the classic
M-C criterion (equation 4.17) by following the procedure described by Hoek (2000).

Table 11.7: Estimated joint parameters for the Gneiss.

Gneiss
Joint set JRC JCS ϕr σn Kn (inter.) Kn (mism.) Ks c ϕ

[MPa] [◦] [MPa] [GPa/m] [GPa/m] [GPa/m] [MPa] [◦]
J1 3 140 22 1.4 268 119 0.27 0.04 27
J2 7 97 22 2.3 73 28 0.4 0.18 30
J3 5 159 22 1.2 110 46 0.23 0.06 30

Table 11.8: Estimated joint parameters for the Amphibolite.

Amphibolite
Joint set JRC JCS ϕr σn Kn (inter.) Kn (mism.) Ks c ϕ

[MPa] [◦] [MPa] [GPa/m] [GPa/m] [GPa/m] [MPa] [◦]
J1 6 105 23.2 1.4 62 26 0.27 0.1 32
J2 4 105 23.2 2.3 142 59 0.43 0.09 28
J3 4 105 23.2 1.2 74 34 0.23 0.05 29

11.9.9 Rock support

A view of the rock support parameters used in the 3DEC model can be seen in ta-
ble 11.9. The diameter and bolt lengths (3 m) was obtained through communication
with the site geologist. Other relevant parameters were found either through product
catalogs or relevant literature. The bolts were installed with a c/c of approximately 2.
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Table 11.9: Rock support parameters and source.

Rock support parameter Value Source
Bolt properties

Bolt diameter 20 mm Dywidag (2012)
Bolt cross-sectional area 315 mm2 Dywidag (2012)

Bolt modulus 205 GPa Modulus of steel
Bolt tensile strength 190 kN Dywidag (2012)

Bolt strain limit 5 % Dywidag (2012)
Grout properties

Cohesion 1.4 MPa Bryne et al. (2014)
Shear stiffness 7.5 GPa Badika et al. (2022)

Liner properties
Liner thickness 8 cm Site geologist
Liner modulus 29 GPa Sika (2021)

Liner Poisson’s ratio 0.2 Yasir et al. (2018)
Tensile strength 4.5 MPa Sika (2021)

Cohesion 1.4 MPa Bryne et al. (2014)
Normal stiffness 15 GPa Badika et al. (2022)
Shear stiffness 7.5 GPa Badika et al. (2022)
Friction angle 59 % Badika et al. (2022)

11.9.10 Hydraulic apertures in the model

Initially, the two rock types were planned to have different hydraulic apertures based
on transmissivity estimations from WPT. Since only the amphibolite had sufficient
measurements for statistical analysis, the given hydraulic apertures are based on the
amphibolite data. The following apertures were chosen for the different hydraulic
apertures in the model:

• An in-situ hydrualic aperture of 55 µm.

• A grouted zone aperture of 10 µm in the wall and crown and 34 µm in the invert
for scenario 2-3. From section 11.3.3.

Figure 11.12 shows how the grouted zones are implemented for scenarios 2-3 before
excavation. The hydraulic apertures in the two zones are forced, meaning they are
constant during calculation. The thickness is 6 m. There is a transition zone between
the grouted zones and in-situ rock where the apertures are set lower but allowed to
open to simulate a transition zone. The first meter from the excavation can open freely
to simulate stress-induced aperture changes following excavation.
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Figure 11.12: Grouted zones in the 3DEC model. Invert has forced hydraulic aperture to 34 µm,
the wall and crown has forced aperture to 10 µm. There is a transition zone be-
tween the grouted zone and in-situ hydraulic apertures.

11.9.11 Hydromechanical coupling

The model was solved with fully hydromechanical coupling. The coupling logic is
quasi-static, meaning the model is solved to mechanical equilibrium for each fluid
step. Since this procedure would give very long solving times, the model was limited
to a specific amount of mechanical substeps per fluid step, 20 in this case. This means
that mechanical equilibrium is gradually achieved as the model solves through time.
For the scenarios run in this study, most fluid steps were solved to a one-to-one ratio
with mechanical substeps, meaning that full hydromechanical coupling was run for
most of the simulation.
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11.9.12 Simulation stages

The following stages were implemented to simulate the EDZ, the grouted zone and
tunnel advancement:

1. Model was solved to equilibrium for the initial stress state with constant hy-
draulic apertures.

2. For scenarios 2-3, grouted apertures are set before the final stage. This had to
be done to prevent the fluid from being trapped in the joints when forcefully
decreased.

3. Fully hydromechanical simulation is done in four excavation stages to simulate
tunnel advancement. Apertures can open and close.

After each excavation stage, the joint apertures that increase are given the value of
kn(mismatched) to simulate reduced normal joint stiffness for these joints.

11.9.13 Model optimizations

The following model optimizations were implemented to reduce calculations times
and increase solving efficiency:

• Limitations on the minimum flow plane area and minimum flow knot volumes
to prevent small fluid time steps.

• Reduced fluid stiffness so that apparent fluid stiffness is equal to the apparent
stiffness of the surrounding block material.

• The maximum joint normal stiffness is reduced (kn) to prevent large stiffness
contrasts in the model. This is also done to keep a reasonable ratio between kn

and ks, as recommended by N. Barton. (Personal communication, May 7, 2023)
• Determinism off, meaning that the result might not be reproduced because of

different round-off orders, but still within the finite-precision floating point error
range and valid.
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11.10 3DEC results

In the following sections, the results of the simulations will be presented. Only the
most relevant properties will be presented for each scenario to limit the number of
figures and information. The results will be presented in the following way:

1. Scenario one: homogenous gneiss with stress-induced apertures

• Includes sigma one distribution, displacements, hydraulic apertures, joint
pressures, and discharge lines

2. Scenario two: homogenous gneiss with stress-induced apertures and a grouted
zone with reduced apertures

• Includes joint pressures and discharge lines

3. Scenario three: homogenous gneiss with stress-induced apertures and a grouted
zone with reduced apertures and impermeable shotcrete

• Includes joint pressures and discharge lines

Stress-induced aperture changes are only presented for scenario 1, as the stress situa-
tion does not change for the different scenarios. The cut is done halfway through the
model for all results showing a cross-section or an orthographic view.

For scenarios 2-3, there might be some areas in the grouted zone where the pressures
are not steady state because of very low flow rates. It will likely not affect any of
the conclusions drawn because it is the general trends and the big picture which is
analyzed and not specific numbers.
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11.11 Results scenario 1: Stress-induced EDZ in gneiss

Figure 11.13 shows sigma one stress distribution after the final excavation stage. As
expected, the largest stress concentrations occur in the invert and the tunnel’s crown.
Relative stress relief occurs in the wall of the tunnel and propagates laterally. The
largest stress is around 7-9 MPa around the excavation and the lowest around 1 MPa.
Due to the effect of the joints, the stress concentrations vary greatly in different areas,
even within each block. Figure 11.20 shows that displacements are larger in the walls
and extend further laterally than in the crown and the invert.

A view of the hydraulic apertures is seen in figure 11.15. The maximum value is set
at 80 µm, corresponding to the 75 percentile from the statistical analysis (table 10.2).
Any values above are colored red. From figure 11.15 and 11.16, it can be seen that the
trend is that joints open laterally from the walls but that there is variation in both the
wall, crown and the invert. The joints generally close in the crown and the corner of
the invert, where stress concentration occurs. Notably, the horizontal joint planes are
compressed in the walls and open in the invert and the crown, see figure 11.17. In the
invert, the joints open in the middle and close towards the corners. A perspective view
of aperture changes can be seen in figure 11.15, showing that the apertures in the invert
have asymmetrical aperture changes. This is probably a numerical effect because the
in-situ stress directions are not perpendicular to the boundaries. Outside the influence
zone of the tunnel, the joint apertures are in the range of 55-65 µm, indicating a slight
opening of in-situ apertures.

The distribution of joint pressures and the resulting water drawdown can be seen in
figure 11.18. The original hydrostatic pressure at the model’s top was 0.2 MPa. From
the figure, it can be seen that there is a significant drawdown of the water table be-
cause of the excavation. In the area around the tunnel excavation, the pressures are
reduced by close to a magnitude of the original hydrostatic pressure due to the tun-
nel’s draining effect. Figure 11.20 shows discharge and flowlines around the tunnel;
the figure shows that the discharge is close to uniform.
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Figure 11.13: Sigma 1 stress distribution for scenario 1 after the final excavation stage. Stress
concentrations happen in the invert and the crown. Stress relief occurs laterally
from the wall.

Figure 11.14: Displacements for scenario 1. The displacements are around 9 mm in the wall
and extends further than in the invert and the crown.
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Figure 11.15: Ortopgraphic view of hydraulic apertures close to the excavation for scenario 1.
The apertures generally open in the walls and close in the crown.

Figure 11.16: Perspective view of hydraulic apertures around the excavation contour. Joint
apertures are increased in the wall and in the middle of the invert.
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Figure 11.17: Cross-section of hydraulic apertures for scenario 1. It can be seen that the hori-
zontal joint set opens in the invert and the crown.

Figure 11.18: Ortographic view of joint pressures for scenario 1. There is a significant draw-
down of groundwater. Pressure reduction is more prominent in the walls.
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Figure 11.19: Cross-section of joint pressures for scenario 1. The pressures are lower in the wall
compared to the crown.

Figure 11.20: Discharge illustrated as lines for scenario 1. The lines point towards the base.
The color and magnitude of the lines are given by the discharge rate. Discharge
is close to uniform around the excavation.
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11.12 Results scenario 2: Homogenous gneiss with grouted zone

Figure 11.21 and 11.22 shows an orthographic and cross-section view of the joint pres-
sure distribution for scenario 2. Compared to the ungrouted scenario, the grouted sce-
nario has less groundwater drawdown. The pressure distribution appears more uni-
form compared to scenario one. The low-pressure zone is also smaller for the grouted
scenario than the non-grouted scenario and extends roughly as far as the grouted zone.
Figure 11.23 shows the discharge flowlines. It can be seen that flow is diverted towards
the invert because of the CS grouted zone and that less flow occurs in the CS grouted
zone. There is also increased flow around the tunnel contour in the EDZ because of
stress-induced aperture changes.

Figure 11.21: Ortographic view of the joint pore pressures in Scenario 2 A low-pressure zone
around the tunnel extends roughly as far as the grouted zone.
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Figure 11.22: Cross-sectional view of joint pressure in the model for scenario 2. A low-pressure
zone can be seen around the whole tunnel.

Figure 11.23: Discharge illustrated as lines for scenario 2. The lines point towards the base.
The color and magnitude of the lines are given by the discharge rate. The fig-
ure shows that the flow is significantly decreased in the CS grouted zone and
increased through the invert that is grouted with MC.
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11.13 Results scenario 3: Homogenous gneiss with grouted zone and

impermeable shotcrete

Figure 11.24 shows that the water drawdown is similar to scenario 2, indicating that
more water is drained through the invert. Looking at pressure distributions in figure
11.24 and 11.25, the difference compared to scenario 2 is that the pressures are slightly
higher. Still, the pressures are lowered close to the excavation, extending roughly as
far as the grouted zone. This is likely due to the combined effect of the EDZ and the
grouted zone. Figure 11.26 shows discharge flowlines around the tunnel. The figure
shows that the flow is significantly reduced in the SC grouted zone and increased in
the MC grouted zone. Flow mostly increases in the joints that open, indicating that
the stress-induced aperture changes alter the flow in the EDZ. The zones with lower
pressures in the first 1 m are mostly associated with the joints that open, see figure
11.15 in scenario 1 for comparison.

Figure 11.24: Overview of the joint pore pressures in Scenario 3. Joint pressures are reduced in
the grouted zone and close to the excavation but slightly larger than for scenario
2. The largest pressure outside the shotcrete is around 0.2 MPa.
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Figure 11.25: Cross-section of joint pressures for scenario 3. A low-pressure zone around the
tunnel extends roughly as far as the grouted zone. Joint pressures are increased
compared to scenario 2.

Figure 11.26: Discharge illustrated as lines for scenario 3. The lines point towards the base.
The color and magnitude of the lines are given by the discharge rate. The fig-
ure shows that the flow is significantly decreased in the CS grouted zone and
increased in the invert.
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12 Discussion

The following sections will include a discussion of the findings in this study. Assump-
tions and implementation in the numerical simulations are discussed. The hydraulic
properties of the EDZ based on WPT and numerical simulations are discussed. A
discussion is made on the main findings concerning the tunneling concept.

12.1 Validity of joint properties

The cubic law and the hydraulic aperture are used in the flow calculations in 3DEC.
The hydraulic aperture is a simplification of the larger physical joint aperture. With
increasing smoothness and planarity, the physical and hydraulic aperture approaches
each other, making the approximation more valid. However, as roughness increases
and the asperities of the rock joints creates more contact area, the difference between
the physical aperture and hydraulic aperture increases (Barton 1982). The rock joints
mapped in the Hestnes tunnel are generally planar with JRC values from 4-6. There-
fore, the error of using the hydraulic aperture is not expected to be large. Another
aspect is how the closure or opening of joints affects the validity of the cubic law. As
joints close, the contact area of the asperities decreases, and the flow complexity in-
creases as the fluid is forced to flow between asperities.

Laboratory investigations by Witherspoon et al. (1980) show that the cubic law is valid
regardless if the joints open or close. A study by Alvarez et al. (1995) found that there
is a linear relationship between closure and hydraulic aperture for stresses lower than
25 MPa. Since the assumed stresses at Hestnes are well below 25 MPa, hydraulic aper-
ture can predict flow in closing joints realistically. The assumed hydraulic aperture
could predict flow well in all studies included in the review by Alvarez et al. (1995).
Based on the findings of Alvarez et al. (1995) and Witherspoon et al. (1980), the error
of using the cubic law in a hydromechanical scenario with closure and relief of joints
is probably not too large.

The 3DEC scenarios include joints with infinite persistence and constant spacing. All
joints are also saturated. This assumption is probably unrealistic compared to the
in-situ situation. Several leakages at the Hestness project have been observed to be
concentrated in a single spot, not constant seepage from all the joints. This indicates
that the fluid flow occurs in a more channel-like flow in a 1D network, not a 2D net-
work, which is the assumption in the numerical simulations. This is probably the case,
especially in the non-grouted tunnel, which is also evident from the results, that some
open joints influence the flow distribution significantly more than others. The joint
properties are assumed as constant but as figure 8.12-8.14 and figure 8.16 illustrates,
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the values for JRC and JCS vary within the rock types and the joint sets. Some of
this is accounted for by giving different properties for the respective joint sets, but the
conditions are likely not as uniform as assumed in the model.

The jointing is likely higher close to the tunnel excavation due to blasting damage.
A more sophisticated DFN model could replicate this situation more accurately. This
was done by Wang and Cai (2020), who created a zone within the EDZ with different
fracture intensities. The study only considered mechanical response, but if the same
model could be built for a hydromechanical analysis, it could solve some of the short-
comings mentioned.

12.2 Implementation of the grouted zone

There are certain limitations with the implementation of the grouted zone in 3DEC.
The amount of water-bearing joints in the model is the same before and after reducing
the apertures. In a real scenario, the amounts of open joints would be decreased be-
cause open joints are filled with grout material. Discharge may be exaggerated because
of too many water-bearing joints in the grouted zone. A possible workaround is to dis-
able joints above a certain aperture size after the excavation. Matrix flow could also
have been enabled instead of joint flow in the grouted zone. Hydraulic conductivity
of the grouted zone is easily measured in the field and easier used in numerical mod-
eling compared to reducing apertures. Long calculation times in the order of weeks
prevented experimentation of these options. The strength of the chosen implementa-
tion is that it captures how contrasts in joint apertures influence the flow directions
around the tunnel boundary. The results are similar to the RS2 results in how the fluid
flow, which give cause to believe that the 3DEC model captures some of the essential
behavior a grouted zone will have on fluid flow.

12.3 Implementation of the EDZ

Originally the 3DEC model was planned to include excavation-induced damage. Be-
cause WPT gave very little information regarding the transmissivity in this area, blasting-
induced damage was not included. Early attempts used the highest values from the
WPT and set the hydraulic apertures based on these transmissivities in the first 0.5 m,
like the RS2 model. Early test runs of the model showed that the stress-induced aper-
ture changes were mostly larger than these values. Hence, it was decided to do a
conservative approach and not include blasting-induced damage. Blasting-induced
damage was initially planned to be implemented by setting the minimum hydraulic
aperture equal to the initial aperture so that apertures in the construction damage
zones are forced to be larger. There are some limitations to this method:
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• Microcracks due to blasting damage are not included.
• Re-activation of healed joints is not included.
• Joints exposed to compressional stress are forced to stay open.

If the minimum aperture is increased close to the tunnel, it is expected to reduce the
joint pressures. For the results of this implementation, the author refers to the work
of Nilsen (2019), who included blasting-induced damage by limiting the minimum
apertures in a scenario for a partially drained tunnel with an impermeable membrane.
The findings showed significant joint pressure reduction close to the tunnel boundary.
The work did not include the grouted zone, as is the case in this study.

12.4 Comparison between RS2 and 3DEC analysis

One of the major differences between the RS2 and 3DEC models is that RS2 uses matrix
flow. Accordingly, water flow is continuous in the whole model. If the flow paths in
the EDZ are continuous, it will likely be a significant draining effect. This can reduce
hydrostatic pressure acting on the shotcrete, as shown by Holter (2015). Assuming a
continuous and connective EDZ might be too optimistic. The literature is not clear
whether the EDZ is continuous or not. Studies conducted by Ericsson et al. (2015),
Mellanen et al. (2009), and Olsson et al. (2004) found no clear evidence of continuous
flow paths. Hence, the RS2 should be treated as a concept model and might represent
too optimistic flow in the EDZ.

Most of the joints in the 3DEC model show a significant pressure reduction in scenario
3. This indicates that stress-induced aperture changes increase flow towards the invert.
Some joints have higher pressure because little flow occurs and are closed because of
stress redistribution. The zone grouted with CS reduced flow significantly, and there
is very little inflow in the EDZ from the CS grouted zone. The joint pressures are also
reduced since the EDZ is more conductive than the CS grouted zone. A thorough
investigation of groundwater pressure across the whole tunnel boundary should be
done to assess connectivity in the EDZ.

12.5 Stress-induced aperture and joint pressure changes in the EDZ

The results from the numerical simulations showed that, generally, the apertures opened
where stress relief occurred and closed where stress concentration occurred. This
means that the apertures in the wall and lateral distance opened relative to the aper-
tures in the roof, where they closed. An exception is the sub-horizontal joint set that
closed in the walls and opened up in the roof and the invert, and the middle part of
the invert. Considering that the tangential stresses will act parallel to the horizontal
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joint set in the roof and the invert, it is sound that the horizontal joint set is exposed
to tensile forces in these areas. The results align well with the reports by Tsang et al.
(2005); according to Tsang et al., bedding planes are typically opened in the roof and
the invert in the EDZ. There is also stress relief in the middle of the invert, where the
joints also open, but laterally, they close.

The results also show that stress directions are not the only factor that decides which
joints open or close. The joint orientation also decides how the stress distribution af-
fects the joint apertures. Therefore, individual joint orientations must be evaluated
when considering aperture changes in the EDZ. The joint pressure distribution coin-
cides with the distribution of stress. It shows that pressure is reduced laterally from
the walls, where the compressional stress is lower, and is higher in the crown, where
stress concentration occurs. These findings align with Read and Chandler (1999), who
found that less pressure is associated where stress relief occurs and higher in regions
of high compressive stress.

12.6 Numerical simulations versus in-situ measurements in the EDZ

As previously discussed, the findings in section 10 suggest that the joints in the EDZ
are open and have large transmissivities (Hestnes project). This hypothesis shows
good agreement with the 3DEC simulations, which indicates that several joint planes
are opened beyond what was measured in situ. The initial aperture was set at 55 µm,
based on the values from WPT. When the coupled solution is run, these joints can
close or open. The results show that most joints open slightly but are still within the
75 percentile of the estimated joint apertures seen in table 10.2. This indicates that
chosen values for rock’s mechanical properties, in-situ stress, and initial apertures in
the numerical model are reasonable.

12.7 Evaluation of the findings concerning the tunnel concept

The RS2 and 3DEC analysis results show that the grouting procedure, with SC and
MC in the wall and crown, and only MC in the invert, diverts the flow paths towards
the invert and significantly less water flow through the SC grouted zone. The results
also show that groundwater pressures are reduced in the grouted zone. The results in
3DEC represent a more realistic situation: water flows on rock joints and not through
the matrix with a constant hydraulic conductivity. Since the results are similar, it gives
more credibility to the grouting concept. The predicted tightness (hydraulic apertures
and hydraulic conductivity) is based on research from other projects. Therefore, the
achieved tightness at the Hestnes project still needs to be measured to verify the nu-
merical results and perform new simulations with the updated data.
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The 3DEC analysis included stress-induced aperture changes only. Scenarios 2 and 3
in the results show a significant increase in the flow in the open apertures compared
to those that close. The analysis in RS2 shows that the shotcrete has low enough hy-
draulic conductivity to divert flow toward the invert. The flow directions in the 3DEC
model also show that water generally flows towards the invert, but in this case, the
shotcrete is completely impermeable. However, the findings from the FEM analysis
suggest that shotcrete will be close to impermeable. The findings from WPT and joint
transmissivities in the EDZ for Gevingåsen and Drammen show that the frequency
of high transmissive joints is higher close to the tunnel boundary (Figure 10.2). WPT
from the Hestnes tunnel did not indicate this, but as previously discussed, the lack of
measurements in Hestnes is likely due to open and conductive rock joints.

Scenario 3 in the 3DEC model shows that the joint transmissivity is not continuous
across the tunnel boundary because joints open and close depending on the stress dis-
tribution. If the 3DEC model included blasting-induced joint transmissivities, there
is likely to be more connectivity between the crown and the invert. The 3DEC model
needs to be updated with WPT data close to the tunnel excavation so that the influ-
ence of blasting-induced damage can be verified and put into the model. Other studies
suggest a significant increase of joint transmissivities in the EDZ due to blasting dam-
age (Aas 2020; Ericsson et al. 2015; Martino and Chandler 2004). Similar simulations in
3DEC that included an estimation of blasting-induced EDZ showed that joint pressure
reduction occurs more uniformly behind the shotcrete lining, depending on the stress
distribution, indicating a connective EDZ (Nilsen 2019). Still, as already discussed,
there are uncertainties regarding the connectivity in the EDZ.

The numerical simulations show that the horizontal stresses generally cause more
joints to open in the wall, except the horizontal joint set that open in the crown and
invert. Accordingly, there might be connectivity between the conductive joint sets
around the tunnel boundary since the results show that conductive joints are associ-
ated with open joints. Since the horizontal joint set has a dip between 0-30◦, it can
transport water towards the invert. Site observations also confirmed that the horizon-
tal joint set was injected by grout, indicating that the joint set is conducting.

113



Section 12: Discussion

12.8 Verification of conceptual model

A comparison of the concept and the results of the numerical models can be seen in fig-
ure 12.1. The results of this study agree with several principles of the tunnel concept.
The numerical results show that the zone grouted with CS will significantly reduce
inflow toward the walls and the crown. Water flow increases in the invert because
of the contrast in hydraulic conductivity in the two grouted zones. The groundwater
pressures are lowered in the grouted zone, likely because of the combined effect of the
EDZ and the grouted zone. This fits well with the concept model, that groundwater is
drained towards the invert in the EDZ, and that groundwater pressure acting on the
shotcrete is reduced. Estimations from WPT in Drammen and Gevingåsen indicate a
significant increase in joint transmissivity in the EDZ compared to in-situ transmissiv-
ity.

The numerical models do not include both stress-induced and blasting-induced dam-
age. Still, both RS2 and 3DEC models show increased drainage outside the shotcrete.
Most likely are the results conservative concerning transmissivity in the EDZ. The RS2
model confirms that shotcrete is close to impermeable if we assume that the shotcrete
is intact and without cracks, which might be too optimistic (Holter et al. 2023). The
study lacks in-situ measurements in the grouted zone to confirm the hydraulic con-
ductivities in the CS and MC grouted zone. Also, flow connectivity from the crown to
the invert is not investigated in this study. Interaction between joint flow and shotcrete
is also not addressed properly in 3DEC.
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Figure 12.1: A comparison of the tunnel concept and the numerical results in RS2 and 3DEC.
Both numerical models verify that flow is altered towards the invert and flow is
reduced in the crown and wall, which is grouted with CS. Increased drainage in
the EDZ is also seen.
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13 Limitations

The author would like to highlight the following limitations:

• The 3DEC model needs to be large to be scale appropriate. At the same time, the
resolutions need to be high close to the excavation. It was necessary to compro-
mise to have the desired detail close to the excavation boundary while having
a model with an acceptable solving time. Calculations times were over three
weeks for certain scenarios.

• It was challenging to represent permeable shotcrete in the 3DEC model since the
rock reinforcement does not participate in the fluid flow calculations.

• The hydraulic conductivity of the grouted rock mass is based on literature and
not in-situ measurements, which unfortunately could not be conducted in time.
Therefore there are uncertainties regarding the tightness predicted in the numer-
ical simulations.

• Conducted WPT in the Hestnes project gave few valid measurements close to
the tunnel boundary, and it was hard to quantify the transmissivities in the EDZ
because of this.

• The 3DEC model only considers stress-induced aperture changes because WPT
results had few measurements in the most critical area of the EDZ close to the
tunnel excavation. There is expected to be a significant contribution from blast-
ing damage in the form of re-activation of healed joints, forming of microcracks,
or opening of existing joints. The joint pressures close to the tunnel excavation
might be overestimated.

• Very long solving times in 3DEC prevented experimenting with different scenar-
ios and implementing features such as permeable shotcrete.

• The models were run to equilibrium by monitoring a set number of points and
their pressure history. Equilibrium is reached when pressure changes flatten out
and reach a steady state. There might be some areas where the joint pressures are
not steady state because of very low flow rates. This is, however, not expected to
affect any of the broader conclusions reached in this study.
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14 Conclusions

This thesis investigated the hydraulic properties of the excavation damage zone. The
investigations include joint transmissivity estimations based on WPT data from Gev-
ingåsen, Drammen, and Hestnes railroad tunnel. Numerical simulations were done
on the main case study, the Hestnes tunnel, in 3DEC and RS2. The scenarios included
a new tunneling concept, a partially drained and functionally dry tunnel, achieved by
a differentiated grouting procedure so that traditional water- and frost protection mea-
sures can be neglected. This is done using CS, a low-viscous grout material that can
penetrate finer apertures than traditional grout materials like MC. The main findings
of this study are summarized below.

The following conclusions can be made on investigations of the EDZ from WPT:

• Estimations of joint transmissivities from WPT in Drammen and Gevingåsen
tunnels show a higher frequency of high transmissivity joints close to the ex-
cavation, approximately the first 0.5 m.

• Estimated joint transmissivities in Hestnes show no conclusive difference in joint
transmissivity in the EDZ compared to in-situ rock. There was a lack of valid
measurements in the first 0.5 m of the boreholes. Leakage out of nearby holes and
in the shotcrete indicates that the joints are open and conductive. Core material
and boreholes had visible signs of blasting-induced damage.

• Estimations of hydraulic apertures in the Hestnes project indicate that most of
the finer apertures can only be grouted by colloidal silica.

The main findings from the numerical simulations are as follows:

• Results from numerical simulations show a significant increase in joint apertures
due to excavation-induced stress.

• Large horizontal stress compared to vertical generally causes the joint to open in
the wall while closing in the invert and crown. The aperture changes vary and
are not uniform. Joint orientations also influence which joints open and close.
The results show that horizontal joints tend to open in the invert and the crown,
and other joints close in the corners of the invert and the crown.

• Joint pressure distribution around the excavation is anisotropic, and less pres-
sure is associated with the joints that open.

• The numerical simulations in both 2D and 3D show significantly less water flow
through the zone grouted with both MC and SC. Flow is instead diverted to-
wards the invert. Joint pressures are reduced in the grouted zone and the EDZ.
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• Results from the FEM analysis indicate that the shotcrete has a significant water-
shielding effect.

Conclusions concerning verification of the concept model:

• The numerical simulations show that the CS grouted zone reduced water flow
significantly. Water flow is diverted through the invert because of the differen-
tiated grouting procedure. The RS2 analysis shows that intact shotcrete without
cracks is close to impermeable. Numerical simulations show that stress-induced
damage can increase the water-draining effect outside the shotcrete and that joint
pressures are generally reduced in the grouted zone and the EDZ.

• WPT shows that joint transmissivity increases in the EDZ due to blasting, which
can increase the draining effect in the EDZ.

• The study fails to address flow connectivity in the EDZ and the influence of blast-
ing damage in the numerical simulations. Achieved tightness by the differenti-
ated grouting procedure is not verified.
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15 Recommendations for future work

The following suggestions are recommended for future work at the Hestnes tunnel

• Another round of in-situ stress measurements to verify σH.
• A new round of WPT in ungrouted rock to have more valid measurements of

transmissivities in the EDZ.
• WPT of the grouted zone to verify hydraulic conductivity in the grouted zone,

both the foot and the wall, to see the difference between achieved tightness in
CS and MC grouted areas. These investigations should also aim to verify the
transmissivity of the EDZ and the transition to the grouted rock.

• Further work should investigate flow connectivity around the whole excavation
boundary.

The following suggestions are made for future work in numerical simulations:

• A more sophisticated joint model with a DFN in different zones of the EDZ to
have more realistic jointing and flow.

• A larger FEM model in 3D that incorporates groundwater drawdown, grouted
zone, shotcrete permeability, and excavation damage. A larger model in 3DEC is
perhaps unrealistic, taking the calculation time into perspective.

• Finding a proper way to introduce blasting-induced damage into the numerical
simulations that capture; forming of microcracks, re-activation of healed joints,
and opening of existing joints.

• Having a geological model with both gneiss and amphibolite so that the influ-
ence of a more complex geology is included.
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B FIELD MAPPING RESULTS

JRC measurements

Table B.1: Table of all JRC values from field investigations.

Gneiss Amphibolite

Strike/dip JRC Strike/dip JRC

177/70W 10 030/54NW 3

178/69W 7 030/15SW 4

013/71W 7 060/85SE 6

165/88W 8 030/10SW 4

090/56N 8 090/28N 5

096/32N 5 180/70e 6

170/67E 3 150/80W 4

165/73E 4 050/64SE 7

030/78SE 2 056/60SE 6

168/80E 1

160/56NE 5

155/60NE 4

140/81NE 5
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Date drilled 25.02.2022
Core material logged 11.01.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Gevingåstunnelen Coordinates J1,J2, J3 … Rock joint sets r_w = 3,100 cm
LOCATION: Lokalitet 2/4 Hole inclination -5 Foliation Jointing along foliation structure Hydrostatic pressure = 96,000 kpa
HOLE NUMBER: BH1 Hole direction N100 Blasting induced From blasting

HOLE SECTION (from-to, m) 0-3.2 Extraction Core damage related to

extraction

NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation Cubic law

JOINTS / m SPACING [m] FILLING MEASURED STATIONARY [l/min]  [kPa] Dh [m] Section transmissivity [m2/s] Joint hydr aperture [mm] Section transmissivity [m2/s] Joint hydr aperture [mm]

0,00
0,03
0,06
0,09
0,12
0,15 0,17 0,056 295 19,9 1,40595E-08 0,055 1,1769E-08 0,052

0,18 0,06 0,120 613 51,7 1,15965E-08 0,052 9,70721E-09 0,049

0,21 Rock joint, J1 4 0,269 913 81,7 1,645E-08 0,058 1,377E-08 0,055

0,24
0,27
0,30 0,1

0,33 blasting induced 0,32
0,36 0,37 0,124 299 20,3 3,05183E-08 0,072 2,55464E-08 0,067

0,39 rock joint, J2 4 0,218 611 51,5 2,11487E-08 0,063 1,77032E-08 0,060

0,42 0,06 0,3 912 81,6 1,83682E-08 0,060 1,53757E-08 0,057

0,45 50 0,404 1208 111,2 1,81514E-08 0,060 1,51943E-08 0,057

0,48 5 foliation 8 2 fracture intersect

0,51
0,54 0,075 0,52
0,57
0,60 Rock joint 14 fractured due to 0,60 0,054 317 22,1 1,22078E-08 0,053 1,02189E-08 0,050

0,63 blatsting(?) 0,106 624 52,8 1,00301E-08 0,049 8,39606E-09 0,047

0,66 0,172 935 83,9 1,02424E-08 0,050 8,57374E-09 0,047

0,69
0,72
0,75 0,75
0,78
0,81 0,48

0,84
0,87
0,90
0,93
0,96
0,99
1,02
1,05
1,08
1,11
1,14
1,17
1,20
1,23 1,24 0,073 317 22,1 1,65031E-08 0,058 1,38145E-08 0,055

1,26 Rock joint 20 Along quartz vein 0,142 624 52,8 1,34366E-08 0,054 1,12476E-08 0,051

1,29 fresh 0,198 935 83,9 1,17907E-08 0,052 9,86977E-09 0,049

1,32
1,35 0,06

1,38
1,41 Blasting induced? along quartz vein 1,39
1,44 70 5 not fractured

1,47 1,47 0,00 297 20,1 0 0,000 0 0,000

1,50 0,08 Rock joint 8 quartz foliation 0,055 605 50,9 5,39858E-09 0,040 4,51906E-09 0,038

1,53 0,121 906 81 7,46337E-09 0,045 6,24747E-09 0,042

1,56 0,227 1211 111,5 1,01715E-08 0,050 8,51441E-09 0,047

1,59 Rock joint 5

1,62 1,62
1,65 0,07

1,68
1,71
1,74
1,77 rock joint 8

1,80
1,83
1,86
1,89
1,92 0,55

1,95
1,98
2,01
2,04
2,07
2,10
2,13
2,16
2,19
2,22
2,25
2,28
2,31
2,34
2,37
2,40 rock joint 15 Fresh fracture

2,43 0,075

2,46 blasting induced? sub-parallel with core

2,49
2,52 rock joint 7

2,55
2,58
2,61 91 6

2,64 0,31 2,65 0,044 889 79,3 4,68442E-09 0,038 2,32051E-09 0,030

2,67 0,069 1169 107,3 5,42907E-09 0,040 2,68939E-09 0,032

2,70 0,110 1490 139,4 6,66202E-09 0,043 3,30015E-09 0,034

2,73 rock joint sub parallell

2,76 with core

2,79
2,82
2,85 foliation 10 partly fresh

2,88 0,01
2,91 foliation 10 fresh

2,94
2,97 0,26

3,00
3,03
3,06
3,09
3,12
3,15
3,18 foliation fresh

3,21 0,11 3,20
3,24
3,27
3,30
3,33

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

Equation variables

Estimations

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type

C CORE LOGGING GEVINGÅSEN
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Date drilled 27.02.2022
Core material logged 12.01.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Gevingåstunnelen Coordinates J1,J2, J3 … Rock joint sets r_w = 3,100 cm
LOCATION: Testlokalitet 2/4 Hole inclination -5 Blasting induced From blasting Hydrostatic pressure = 96,000 kpa
HOLE NUMBER: BH2 Hole direction N100 Extraction Core damage related to

HOLE SECTION (from-to, m) 0-3.25 extraction

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [mm] Joint transmissivity [m2/s]

0,00 metagråvakke
0,03
0,06
0,09
0,12
0,15
0,18
0,21
0,24
0,27
0,30 0,30 2,668 36 -6 2,22162E-06 0,299 1,85968E-06

0,33 3,640 76 -2 9,09298E-06 0,478 7,61158E-06

0,36 4,961 125 2,9 8,54685E-06 0,468 7,15443E-06

0,39 7,168 172 7,6 4,71215E-06 0,384 3,94446E-06

0,42 15 3+
0,45 0,45
0,48 0,45 1,065 125 2,9 1,83479E-06 0,280 1,53587E-06

0,51 1,953 218 12,2 7,99792E-07 0,213 6,69493E-07

0,54 2,961 310 21,4 6,91289E-07 0,202 5,78666E-07

0,57 4,078 413 31,7 6,42721E-07 0,198 5,38012E-07

0,60 0,60 4,717 515 41,9 5,62453E-07 0,189 4,70821E-07

0,63
0,66
0,69
0,72
0,75
0,78
0,81 0,15
0,84
0,87
0,90
0,93 rock joint 10 fresh fracture
0,96 0,03 rock joint 7 full flow was 
0,99 measured here
1,02
1,05 0,8 1,05 1,077 314 21,8 2,46828E-07 0,144 2,06615E-07

1,08 foliation 10 1,672 599 50,3 1,66075E-07 0,126 1,39018E-07

1,11 foliation 14 2,283 910 81,4 1,40125E-07 0,119 1,17297E-07

1,14 0,02
1,17 0,02 foliation 15
1,20 1,20
1,23 foliation 20 fresh fracture
1,26
1,29
1,32
1,35
1,38
1,41 0,09 1,43 0,009 313 21,7 2,07213E-09 0,029 1,73455E-09

1,44 40 9 0,015 603 50,7 1,47815E-09 0,026 1,23733E-09

1,47 extraction discont. Fragment 0,023 909 81,3 1,41342E-09 0,026 1,18315E-09

1,50 0,02 rock joint 11 fresh
1,53 rock joint 10 fresh
1,56
1,59
1,62 0,12 1,58
1,65
1,68
1,71 Core extraction
1,74 0,1
1,77
1,80
1,83
1,86 foliation fresh fracture
1,89 0,07
1,92
1,95
1,98
2,01 no flow measured in sections below
2,04
2,07
2,10
2,13
2,16
2,19
2,22
2,25
2,28
2,31
2,34 0,54
2,37
2,40
2,43
2,46
2,49
2,52 100 02.jan
2,55
2,58
2,61
2,64
2,67 rock joint 4
2,70
2,73 0,18
2,76
2,79
2,82
2,85 rock joint 7 fresh fracture
2,88
2,91
2,94
2,97 0,27
3,00
3,03
3,06
3,09
3,12
3,15
3,18
3,21
3,24
3,27 rock joint 8 fresh and discontinous
3,30

intersect 
eachother

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

Equation variables
DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type

Crushed rock, 
probably because 
of blasting. A 
subparallel 
fracture with core 
is prominent



Date drilled 27.03.2022
Core material logged 12.01.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Gevingåstunnelen Coordinates J1,J2, J3 … Rock joint sets r_w = 3,100 cm
LOCATION: test location 2/4 Hole inclination -5 Blasting induced From blasting Hydrostatic pressure = 96,000 kpa
HOLE NUMBER: BH3 Hole direction N100 Extraction Core damage related to

HOLE SECTION (from-to, m) 0-3.2 extraction

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [mm] Joint transmissivity [m2/s]

0,00 metagråvakke
0,03
0,06
0,09
0,12
0,15
0,18
0,21
0,24
0,27
0,30 0,32 4,927 25 -7,1 3,46704E-06 0,347 2,9022E-06

0,33 6,247 35 -6,1 5,11654E-06 0,395 4,28297E-06

0,36 blasting induced fracture along foliation 7,390 47 -4,9 7,535E-06 0,449 6,30742E-06

0,39
0,42 rock joint 10 intersects fracture above
0,45 23 6 0,47
0,48 0,055 0,47 5,431 31 -6,5 4,17447E-06 0,369 3,49438E-06

0,51 foliation 7 7,819 56 -4 9,76621E-06 0,489 8,17513E-06

0,54
0,57 0,1
0,60
0,63 rock joint/foliation 10 0,63
0,66 marks 0,63 1,953 121 2,5 3,90299E-06 0,360 3,26713E-06

0,69 4,086 317 22,1 9,23721E-07 0,223 7,73232E-07

0,72 0,13 6,364 613 51,7 6,14999E-07 0,195 5,14806E-07

0,75 7,385 761 66,5 5,54835E-07 0,188 4,64443E-07

0,78 0,78
0,81 rock joint 0,78 3,764 67 -2,9 6,48465E-06 0,427 5,42819E-06

0,84 blasing induced subparalell 5,289 114 1,8 1,46803E-05 0,561 1,22887E-05

0,87 blasting induced perpendicular 6,514 159 6,3 5,16585E-06 0,396 4,32425E-06

0,90 7,630 204 10,8 3,52968E-06 0,349 2,95464E-06

0,93 0,93
0,96
0,99
1,02
1,05 0,06 Rock joint 14 foliation 1,05 1,426 224 12,8 5,56601E-07 0,188 4,65922E-07

1,08 blasting induced cracks 3,382 307 21,1 8,00803E-07 0,213 6,70339E-07

1,11 0,01-0,02 rock joint 10 foliation 5,037 427 33,1 7,60289E-07 0,209 6,36426E-07

1,14
1,17 rock joint 9 foliation
1,20 1,20
1,23 blasting induced? non fractured
1,26 0,17
1,29
1,32
1,35
1,38 52 10 rock joint 8
1,41 0,05 1,43 2,551 64 -3,2 3,98286E-06 0,363 3,33399E-06

1,44 3,195 114 1,8 8,86815E-06 0,474 7,42339E-06

1,47 4,006 216 12 1,66788E-06 0,272 1,39615E-06

1,50 rock joint 5 intersects below
1,53
1,56 rock joint/foliation 10 intersects above 1,58
1,59 0,1 1,58 0,483 296 20 1,20657E-07 0,113 1,01E-07

1,62 0,692 610 51,4 6,72632E-08 0,093 5,6305E-08

1,65 0,846 911 81,5 5,18618E-08 0,085 4,34127E-08

1,68 0,04 foliation 10 1,670 1201 110,5 7,55073E-08 0,097 6,32059E-08

1,71
1,74 0,12 rock joint 16 oxid. Material 1,73
1,77
1,80
1,83
1,86
1,89 core extraction fresh
1,92
1,95
1,98
2,01
2,04
2,07
2,10 0,21
2,13
2,16 rock joint 12
2,19
2,22
2,25
2,28 2,30 2,353 22 -7,4 1,58864E-06 0,267 1,32982E-06

2,31 4,205 43 -5,3 3,96392E-06 0,362 3,31813E-06

2,34 7,583 94 -0,2 0,000189429 1,315 0,000158568

2,37 core extraction
2,40
2,43 75 6 rock joint 7 Some white material
2,46 rock joint 7 2,45
2,49
2,52
2,55
2,58
2,61
2,64
2,67
2,70
2,73
2,76 foliation fresh fracture
2,79
2,82
2,85
2,88
2,91 rock joint discontinous, fresh
2,94
2,97 rock joint 7
3,00
3,03
3,06
3,09
3,12
3,15
3,18
3,21
3,24 core extraction
3,27
3,30
3,33
3,36

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type

Equation variables

crushed rock

intersects

Comments

ROCK JOINT DATA WATER PRESSURE TESTING



Date drilled 27.02.2022
Core material logged 12.01.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Gevingåstunnelen Coordinates J1,J2, J3 … Rock joint sets r_w = 3,100 cm
LOCATION: Test location 2/4 Hole inclination -5 Blasting induced From blasting Hydrostatic pressure = 96,000 kpa
HOLE NUMBER: BH4 Hole direction N100 Extraction Core damage related to

HOLE SECTION (from-to, m) 0-3.2 extraction

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [mm] Joint transmissivity [m2/s]

0,00 metagråvakke
0,03
0,06
0,09
0,12
0,15
0,18
0,21
0,24
0,27 0,28 4,124 217 12,1 1,70282E-06 0,273 1,4254E-06

0,30 4,913 311 21,5 1,14168E-06 0,239 9,55679E-07

0,33 6,265 417 32,1 9,75104E-07 0,227 8,16243E-07

0,36 blasting induced cracks 0,36 7,251 526 43 8,42489E-07 0,216 7,05234E-07

0,39
0,42
0,45 0,43
0,48
0,51
0,54 0,18
0,57
0,60 0,61 2,384 217 12,1 9,84364E-07 0,228 8,23995E-07

0,63 86 3+ 3,577 317 22,1 8,08651E-07 0,213 6,76909E-07

0,66 rock joint,J1 11 4,495 413 31,7 7,08443E-07 0,204 5,93026E-07

0,69 rock joint 2 phyrrite discontinous 5,3 515 41,9 6,3197E-07 0,196 5,29012E-07

0,72 6,313 618 52,2 6,04227E-07 0,194 5,05788E-07

0,75 0,09
0,78 0,76
0,81 0,76 0,000 315 21,9 0 0,000 0

0,84 J1 8 oxid, phyrrite 0,001 615 51,9 9,62648E-11 0,010 8,05817E-11

0,87 0,004 914 81,8 2,4431E-10 0,014 2,04508E-10

0,90
0,93
0,96 0,91
0,99
1,02
1,05
1,08
1,11 0,45
1,14
1,17
1,20
1,23
1,26
1,29
1,32 1,32 2,130 317 22,1 4,81529E-07 0,179 4,0308E-07

1,35 rock joint 10 phyrrite 3,701 615 51,9 3,56276E-07 0,162 2,98233E-07

1,38 0,04 5,218 920 82,4 3,16382E-07 0,156 2,64838E-07

1,41 0,02 rock joint 16
1,44
1,47 1,47
1,50 rock joint 12
1,53
1,56 60 5
1,59
1,62 0,2
1,65 1,65 0,275 310 21,4 6,42028E-08 0,092 5,37431E-08

1,68 0,619 611 51,5 6,00507E-08 0,090 5,02675E-08

1,71 1,916 921 82,5 1,16032E-07 0,112 9,71282E-08

1,74
1,77 rock joint 8 phyrrite
1,80 0,075 1,8
1,83 rock joint 8 oxid phyrrite
1,86
1,89
1,92 0,14
1,95
1,98 core extraction
2,01
2,04 2,05 0,507 312 21,6 1,17271E-07 0,112 9,81653E-08

2,07 1,746 614 51,8 1,68403E-07 0,126 1,40967E-07

2,10 0,095 4,177 910 81,4 2,56374E-07 0,145 2,14607E-07

2,13
2,16
2,19 0,015 rock joint 8 white/green coat
2,22 rock joint 8 white/green coat 2,20
2,25
2,28 0,14
2,31
2,34 rock joint 7
2,37
2,40
2,43
2,46 87 6 0,25
2,49 2,51 0,000 315 21,9 0 0,000 0

2,52 0,001 621 52,5 1,14198E-10 0,011 9,55929E-11

2,55 0,017 908 81,2 1,04599E-09 0,023 8,75581E-10

2,58 0,024 1211 111,5 1,0754E-09 0,023 9,00202E-10

2,61 rock joint, J1? greenish coat
2,64
2,67 0,2 2,67
2,70 2,70 0,553 305 20,9 2,16696E-07 0,138 1,10658E-07

2,73 1,143 615 51,9 1,80364E-07 0,129 9,21049E-08

2,76 3,939 906 81 3,98266E-07 0,168 2,03378E-07

2,79
2,82 rock joint 19 oxid. Phyrritefracture along quartz vein
2,85
2,88
2,91
2,94 0,16
2,97
3,00
3,03
3,06
3,09
3,12 0,015
3,15
3,18 rock joint fresh, core extraction?
3,21 3,20
3,24 0,05
3,27
3,30 0,03 core extraction
3,33
3,36
3,39
3,42
3,45

Equation variables

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type

Crushed rock
from blasting

not fresh, along 
foliation



Date drilled 28.02.2022
Core material logged 12.01.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Gevingåstunnelen Coordinates J1,J2, J3 … Rock joint sets r_w = 3,100 cm
LOCATION: Gevingåsen Hole inclination -5 Blasting induced From blasting Hydrostatic pressure = 96,000 kpa
HOLE NUMBER: BH5 Hole direction N100 Extraction Core damage related to

HOLE SECTION (from-to, m) 0-3.0 extraction

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [mm] Joint transmissivity [m2/s]

0,00
0,03
0,06
0,09
0,12
0,15
0,18
0,21
0,24
0,27 0,27 0,024 607 51,1 2,34652E-09 0,030 1,96424E-09

0,30 0,088 918 82,2 5,34867E-09 0,040 4,47728E-09

0,33 0,296 1209 111,3 1,32871E-08 0,054 1,11224E-08

0,36 0,09
0,39 0,25
0,42 0,42
0,45 rock joint 20 0,42 5,189 30 -6,6 3,92803E-06 0,361 3,28809E-06

0,48 blastin induced not fractured 6,534 41 -5,5 5,93542E-06 0,415 4,96844E-06

0,51 7,919 61 -3,5 1,13041E-05 0,514 9,4625E-06

0,54
0,57 0,57
0,60
0,63
0,66 42 4
0,69 0,71 0,014 311 21,5 3,2533E-09 0,034 2,72329E-09

0,72 rock joint phyrrite 0,040 626 53 3,77067E-09 0,036 3,15637E-09

0,75 0,02 0,106 930 83,4 6,35001E-09 0,042 5,31549E-09

0,78 0,17 rock joint 17 phyrrite 0,289 1214 111,8 1,29149E-08 0,054 1,08108E-08

0,81
0,84
0,87 0,86
0,90 0,9 2,679 120 2,4 1,3391E-05 0,544 4,66837E-06

0,93 4,349 217 12,1 4,31178E-06 0,373 1,50317E-06

0,96 6,097 313 21,7 3,37062E-06 0,343 1,17506E-06

0,99 7,929 421 32,5 2,92677E-06 0,327 1,02033E-06

1,02
1,05
1,08
1,11
1,14
1,17
1,20
1,23
1,26
1,29
1,32
1,35 10
1,38
1,41
1,44
1,47
1,50
1,53
1,56
1,59
1,62
1,65
1,68
1,71
1,74
1,77
1,80
1,83
1,86
1,89
1,92
1,95
1,98
2,01
2,04
2,07
2,10
2,13
2,16
2,19
2,22
2,25
2,28
2,31
2,34
2,37 10
2,40
2,43
2,46
2,49
2,52
2,55
2,58
2,61
2,64
2,67
2,70
2,73
2,76
2,79
2,82
2,85
2,88
2,91
2,94
2,97
3,00
3,03
3,06
3,09
3,12
3,15
3,18
3,21 3,2
3,24

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type

Equation variables

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

Weakness zone. Area might 
be additionally fractured due 
to blasting

Weakness zone.  Gouge filling 
material  can be seen in in 
fractures.

fresh, 
Intersected by 
discontinous 
joint



Date drilled 24/07/2022
Core material logged 10/01/2023
Core material logged by Fredrik Rian L = 15,000 cm

SITE: Kobbervikdaltunnelen Coordinates r_w = 3,800 cm
LOCATION: testlokalitet 3/4 Hole inclination -5,00 Hydrostatic pressure = 15,000 kpa
HOLE NUMBER: BH1 Hole direction N148
HOLE SECTION (from-to, m) 0-3.2

NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation Cubic law

JOINTS / m SPACING [m] FILLING MEASURED STATIONARY [l/min]  [kPa] Dh [m] Section transmissivity [m2/s] Joint hydr aperture [mm] Section transmissivity [m2/s] Joint hydr aperture [mm]

0,00 Drammen granitt

0,03 0,05 Blasting induced Fresh fracture. Clear Blasting induced fracture

0,06
0,09 0,05 Blasting induced Fresh fractures

0,12
0,15 0,04 Blasting induced Fresh fractures 0,317 325 31 4,5567E-08 0,082 3,72437E-08 0,076

0,18 J2 5 0,656 626 61,1 4,78427E-08 0,083 3,91037E-08 0,078

0,21 2,794 806 79,1 1,57399E-07 0,124 1,28649E-07 0,116

0,24
0,27 0,04--0,06 Blasting induced Fresh fractures

0,30
0,33 J2 6

0,36 -0,001 341 32,6 1,3669E-10 0,012 1,11722E-10 0,011

0,39 8 0,06 Blasting induced 0,044 634 61,9 3,16749E-09 0,034 2,58891E-09 0,031

0,42 0,081 952 93,7 3,85211E-09 0,036 3,14848E-09 0,034

0,45 0,93 Blasting induced

0,48 48

0,51
0,54
0,57
0,60
0,63
0,66
0,69
0,72
0,75
0,78
0,81
0,84
0,87
0,90
0,93
0,96
0,99
1,02
1,05
1,08
1,11
1,14
1,17
1,20
1,23
1,26
1,29
1,32
1,35
1,38 83 7

1,41
1,44
1,47
1,50 0,10 non-geological Fresh fracture. From extraction?

1,53
1,56 J3 Tight fracture

1,59 0,01 J1? or J2 6 1,958 336 32,1 2,71807E-07 0,148 2,22158E-07 0,139

1,62 0.01 J3 3 3,75 626 61,1 2,73491E-07 0,149 2,23535E-07 0,139

1,65 0,01 J3 15 Hard clay filling  and gray hard filling presumed clay. White coat. 6,154 940 92,5 2,96462E-07 0,153 2,4231E-07 0,143

1,68 limestone coating

1,71 rock joint Discontinous joint,

1,74
1,77 0,41

1,80
1,83
1,86
1,89
1,92
1,95
1,98
2,01
2,04
2,07
2,10 0,04 J2 4 0,005 334 31,9 6,98445E-10 0,020 5,70866E-10 0,019

2,13 0,02 J2 7 0,012 634 61,9 8,6386E-10 0,022 7,06066E-10 0,020

2,16 0,07 931 91,6 3,4053E-09 0,034 2,78328E-09 0,032

2,19 0,08 J3 4

2,22
2,25
2,28
2,31 70 5 0,02 Non-geologcal, J3? rotation marks but also non fresh joint 0 333 31,8 0 0,000 0 0,000

2,34 0,40 Non-geological, J1? rotation marks but also non fresh joint 0,006 637 62,2 4,29847E-10 0,017 3,5133E-10 0,016

2,37 0,025 931 91,6 1,21618E-09 0,024 9,9403E-10 0,023

2,40
2,43
2,46
2,49
2,52
2,55
2,58
2,61
2,64
2,67
2,70
2,73
2,76
2,79
2,82
2,85
2,88
2,91
2,94
2,97
3,00
3,03
3,06

Comments

ROCK JOINT DATA

Equation variables

WATER PRESSURE TESTING Estimations

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPECORE PHOTOBORE HOLE IMAGE PHOTO Joint type

0,15

0,30

0,35

0,50

1,6m

1,75m

2,11m

2,26m

2,29m

2,44m

D CORE LOGGING DRAMMEN

134



Date drilled 21/07/2022
Core material logged 10/01/2023
Core material logged by Fredrik Rian L = 15,000 cm

SITE: Kobbervikdaltunnelen Coordinates r_w = 3,800 cm
LOCATION: Test location 3/4 Hole inclination 5 Hydrostatic pressure = 15,000 kpa

HOLE NUMBER: BH2 Hole direction N148
HOLE SECTION (from-to, m) 0-3.2

NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation Cubic law

JOINTS / m SPACING [m] FILLING MEASURED STATIONARY [l/min]  [kPa] Dh [m] Section transmissivity [m2/s] Joint hydr aperture [mm] Section transmissivity [m2/s] Joint hydr aperture [mm]

0,00
0,03
0,06 0,05 J2 5

0,09
0,12 0,95 J1 5 feldspar/- Fresh fracture intersects 0,14 2,597 323 30,8 3,75728E-07 0,165 3,07097E-07 0,154

0,15 limestone? 3,7 414 39,9 4,1322E-07 0,171 3,37741E-07 0,159

0,18
0,21
0,24 0,14 j2 4

0,27
0,30 60 6 0,29
0,33 0,3 0,225 330 31,5 3,18291E-08 0,073 2,60152E-08 0,068

0,36 0,11 j2 6 Fresh fracture also intersect 0,407 634 61,9 2,92993E-08 0,071 2,39474E-08 0,066

0,39 0,531 921 90,6 2,61168E-08 0,068 2,13462E-08 0,064

0,42
0,45 0,45
0,48 0,45 0,043 324 30,9 6,20102E-09 0,042 5,06833E-09 0,039

0,51 0,08 j2 fresh fracture partly along 0,095 628 61,3 6,90583E-09 0,044 5,6444E-09 0,041

0,54 tight J3 due to extraction 0,184 941 92,6 8,85441E-09 0,047 7,23705E-09 0,044

0,57
0,60 0,6
0,63 0,35 j2 8 0,6 0,028 325 31 4,02484E-09 0,036 3,28966E-09 0,034

0,66 0,106 631 61,6 7,66793E-09 0,045 6,26729E-09 0,042

0,69 0,195 933 91,8 9,46553E-09 0,048 7,73654E-09 0,045

0,72
0,75 0,75
0,78
0,81
0,84
0,87
0,90
0,93
0,96
0,99
1,02 0,1 j1 4

1,05
1,08
1,11
1,14 0,17 j1 4

1,17
1,20
1,23
1,26
1,29 1,3 0,049 328 31,3 6,97597E-09 0,044 5,70173E-09 0,041

1,32 0,01 non-geological fresh fracture, extraction? 0,103 635 62 7,40284E-09 0,045 6,05063E-09 0,042

1,35 0,14 J1 8 0,154 944 92,9 7,38683E-09 0,045 6,03754E-09 0,042

1,38
1,41 41 10-14

1,44 1,45
1,47
1,50 0,05 non-geological rotation marks 1,5 0,031 321 30,6 4,51433E-09 0,038 3,68974E-09 0,035

1,53 0,066 626 61,1 4,81344E-09 0,039 3,93421E-09 0,036

1,56 0,025 J2 2 black coating smooth joint 0,103 935 92 4,98887E-09 0,039 4,0776E-09 0,037

1,59
1,62 0,02 non-geologcal fresh fracture , extraction?

1,65 0,03 non geological fresh fracture, extraction? 1,65
1,68 0,04 J1 6 some feldspar

1,71 0,03 j2 8 might be fresh from extration 1,7 0,011 326 31,1 1,5761E-09 0,027 1,28821E-09 0,025

1,74 0,023 651 63,6 1,61147E-09 0,027 1,31712E-09 0,025

1,77 1,77-1,95: Crushed rock 0,046 925 91 2,25252E-09 0,030 1,84107E-09 0,028

1,80 from extraction and jointing 

1,83
1,86 1,85
1,89
1,92
1,95
1,98
2,01 0.06 J1 15 Fresh fracture along J1

2,04
2,07
2,10 0,03 Non-geological Rotation marks 2,1 0 331 31,6 0 0,000 0 0,000

2,13 0,13 J1 10 Dark mineral 0,015 675 66 1,01275E-09 0,023 8,27756E-10 0,021

2,16 filling 0,017 920 90,5 8,37053E-10 0,022 6,84156E-10 0,020

2,19
2,22
2,25 2,25
2,28 2,27 0 312 29,7 0 0,000 0 0,000

2,31 0,21 J1 8 Phyrite minerals intersected by J3 0,006 630 61,5 4,34739E-10 0,017 3,55329E-10 0,016

2,34 0 j2 7 0,014 900 88,5 7,04916E-10 0,020 5,76156E-10 0,019

2,37
2,40 46 10

2,43 2,42

2,46
2,49 2,5 0,011 322 30,7 3,06074E-09 0,033 2,76909E-09 0,032

2,52 0,12 J2 7 0,02 588 57,3 2,98158E-09 0,033 2,69748E-09 0,032

2,55 0,031 918 90,3 2,93255E-09 0,033 2,65312E-09 0,032

2,58
2,61
2,64
2,67 0,06 J2 9

2,70
2,73 0,06 J2 7

2,76
2,79 0 Random joint 15

2,82
2,85
2,88
2,91
2,94
2,97
3,00 0,16 J1 9

3,03
3,06 0 Random joint Sealed by injection mass

3,09
3,12
3,15
3,18
3,21 3,2

Comments

ROCK JOINT DATA WATER PRESSURE TESTING Estimations

Equation variables
DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPECORE PHOTOBore hole section [m] Joint type



Date drilled 21/07/2022
Core material logged 10/01/2023
Core material logged by Fredrik Rian L = 15,000 cm

SITE: Kobbervikdaltunnelen Coordinates r_w = 3,800 cm
LOCATION: Test location 3/4 Hole inclination -5 Hydrostatic pressure = 17,000 kpa
HOLE NUMBER: bh3 Hole direction N148
HOLE SECTION (from-to, m) 0-3.2

NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation Cubic law

JOINTS / m SPACING [m] FILLING MEASURED STATIONARY [l/min]  [kPa] Dh [m] Section transmissivity [m2/s] Joint hydr aperture [mm] Section transmissivity [m2/s] Joint hydr aperture [mm]

0,00 Drammens granitt

0,03
0,06
0,09
0,12
0,15 0,17 1,974 203 18,6 4,72919E-07 0,178 3,86535E-07 0,167

0,18 0 Random joint 4 3,033 307 29 4,66044E-07 0,178 3,80916E-07 0,166

0,21 0,18-0,39 7,772 417 40 8,65816E-07 0,218 7,07665E-07 0,204

0,24 crushed rock

0,27
0,30
0,33 0,32
0,36 44 4+

0,39 0,19 J1 3

0,42
0,45
0,48
0,51
0,54 0,54-72

0,57 crushed rock 0,58 0,019 320 30,3 2,79424E-09 0,032 2,28384E-09 0,030

0,60 0,032 596 57,9 2,46277E-09 0,031 2,01292E-09 0,029

0,63 0,042 915 89,8 2,08413E-09 0,029 1,70344E-09 0,027

0,66
0,69
0,72 0,25 J1 8 fresh fracture along 

0,75 joint plane 0,73
0,78
0,81
0,84
0,87
0,90
0,93
0,96 J1 4 fine filling might be crushed

0,99 material

1,02
1,05 0,04 J2 8 fresh fracture

1,08
1,11 0,035 J2 8

1,14
1,17 0,01 geological 4 uncertain orient.

1,20 0,03 J1 5 intersected by  

1,23 0,05 J1 5 discontinous J3

1,26
1,29 1,3 0,036 325 30,8 5,2084E-09 0,040 4,25703E-09 0,037

1,32 0,042 635 61,8 3,0284E-09 0,033 2,47523E-09 0,031

1,35 0,02 J1 5 0,068 925 90,8 3,33715E-09 0,034 2,72758E-09 0,032

1,38
1,41
1,44 0,4 J2? 16 Fracture from 1,45
1,47 0,7 nongeological extraction?

1,50 11 11+

1,53
1,56 0,11 J1 12 Joint partly along

1,59 J1 plane 1,6 0,054 323 30,6 7,86367E-09 0,046 6,42728E-09 0,043

1,62 0,101 636 61,9 7,27082E-09 0,044 5,94273E-09 0,041

1,65 0,256 930 91,3 1,24946E-08 0,053 1,02123E-08 0,050

1,68 0 J1 6 Fresh fracture 

1,71 initiated from J1.

1,74 0 Random joint 10 sup-parallell joint 1,75
1,77 1,77 0,08 334 31,7 1,12456E-08 0,051 9,19149E-09 0,048

1,80 1,8-2 0,135 631 61,4 9,79757E-09 0,049 8,00793E-09 0,046

1,83 crushed rock 0,193 935 91,8 9,36844E-09 0,048 7,65719E-09 0,045

1,86
1,89
1,92 1,92

1,95
1,98
2,01
2,04
2,07
2,10 2,1 0,089 324 30,7 1,29183E-08 0,054 1,05586E-08 0,050

2,13 0,4 J1 5 0,214 671 65,4 1,45811E-08 0,056 1,19177E-08 0,052

2,16 0 Random joint 3 0,302 925 90,8 1,48209E-08 0,056 1,21137E-08 0,053

2,19
2,22
2,25 2,25

2,28 2,28-2,64

2,31 crushed rock

2,34
2,37
2,40 2,4 0,06 348 33,1 8,07748E-09 0,046 6,60204E-09 0,043

2,43 0,173 631 61,4 1,25554E-08 0,053 1,0262E-08 0,050

2,46 0,265 919 90,2 1,30916E-08 0,054 1,07003E-08 0,050

2,49
2,52
2,55 35 4+ 2,55

2,58 2,6 -0,001 310 29,3 2,77588E-10 0,015 2,49808E-10 0,014

2,61 0,004 607 59 5,51413E-10 0,019 4,9623E-10 0,018

2,64 0,013 916 89,9 1,17612E-09 0,024 1,05842E-09 0,023

2,67 0,08 J1 4

2,70
2,73 0,26 J1 5 Discontinous along

2,76 J1

2,79
2,82
2,85
2,88
2,91
2,94
2,97
3,00
3,03
3,06
3,09
3,12 0,155 J1 8 Fresh fracture 

3,15 along J1

3,18
3,21 3,2

3,24 J1 12 Fresh fracture 

3,27 along J1

3,30

Comments

ROCK JOINT DATA WATER PRESSURE TESTING Estimations

Equation variables
DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPECORE PHOTOBore hole section [m] Joint type



Date drilled 21/07/2022
Core material logged 11/01/2023 Equation variables
Core material logged by Fredrik Rian L = 15,000 cm

SITE: Drammen Coordinates r_w = 3,800 cm
LOCATION: Kobberviktunnelen Hole inclination 5 Hydrostatic pressure = 96,000 kpa
HOLE NUMBER: Bh6 Hole direction N148
HOLE SECTION (from-to, m) 0-3

NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation Cubic law

JOINTS / m SPACING [m] FILLING MEASURED STATIONARY [l/min]  [kPa] Dh [m] Section transmissivity [m2/s] Joint hydr aperture [mm] Section transmissivity [m2/s] Joint hydr aperture [mm]

0,00
0,03
0,06
0,09 Drammen granitt

0,12 blasted? looks fresh

0,15
0,18 0,9 0,2 1,275 48 4,8 1,18365E-06 0,242 9,6744E-07 0,226

0,21 3,416 83 8,3 1,17092E-05 0,520 1,49898E-06 0,262

0,24 blasted or looks fresh 5,551 124 12,4 8,83418E-06 0,473 1,63044E-06 0,269

0,27 extraction 7,067 170 17 4,25555E-06 0,371 1,51405E-06 0,263

0,30
0,33 0,23

0,36 0,35
0,39 95 3

0,42 0,43 0,769 325 22,9 1,49639E-07 0,122 1,22305E-07 0,114

0,45 3,85 422 32,6 5,26255E-07 0,185 4,30128E-07 0,173

0,48 blasted or rough and fresh 6,303 521 42,5 6,60863E-07 0,199 5,40149E-07 0,186

0,51 extraction

0,54
0,57 0,27

0,60 0,58
0,63
0,66
0,69 0,7 0 325 22,9 0 0,000 0 0,000

0,72 non geological for stress 0 625 52,9 0 0,000 0 0,000

0,75 measurement 0 925 82,9 0 0,000 0 0,000

0,78 non geological

0,81
0,84
0,87 0,2 0,85
0,90
0,93
0,96
0,99
1,02
1,05
1,08
1,11
1,14
1,17
1,20 1,2 0,425 333 23,7 7,99086E-08 0,099 6,53124E-08 0,092

1,23 1,032 626 53 8,67674E-08 0,101 7,09184E-08 0,095

1,26 4,314 925 82,9 2,31888E-07 0,141 1,89531E-07 0,132

1,29
1,32
1,35 1,35
1,38 1,4 1,363 103 0,7 8,67662E-06 0,470 7,09174E-06 0,440

1,41 Random joint Large joint 2,211 206 11 8,95672E-07 0,221 7,32067E-07 0,206

1,44 injected 2,854 305 20,9 6,085E-07 0,194 4,97351E-07 0,181

1,47
1,50 28 3+

1,53
1,56
1,59 0,17 1,6 1,101 102 0,6 8,1769E-06 0,461 6,6833E-06 0,431

1,62 1,633 204 10,8 6,73776E-07 0,201 5,50703E-07 0,188

1,65 1,65 2,092 306 21 4,4391E-07 0,175 3,62825E-07 0,163

1,68
1,71 Geological joint 5

1,74
1,77
1,80
1,83
1,86 1,85
1,89
1,92
1,95 Geological joint 7

1,98
2,01
2,04
2,07
2,10 0,2

2,13
2,16
2,19 2,2 0 333 23,7 0 0,000 0 0,000

2,22 0 646 55 0 0,000 0 0,000

2,25 0 932 83,6 0 0,000 0 0,000

2,28 foliation 12 natural joint

2,31
2,34 folation 10 fresh fracture

2,37 folation 16 discontinous and 2,35
2,40 fresh

2,43 0,7

2,46
2,49 cut 2,5 0 340 24,4 0 0,000 0 0,000

2,52 0 693 59,7 0 0,000 0 0,000

2,55 65 7 0 912 81,6 0 0,000 0 0,000

2,58
2,61
2,64
2,67
2,70 cut

2,73 0,03 non geological very rough and fresh

2,76
2,79 0,075

2,82
2,85 folation 20 fresh, likely 
2,88 from extraction

2,91 0,04

2,94 foliation 8 natural joint

2,97
3,00 0,04 folation 6

3,03
3,06
3,09
3,12 3,1

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPECORE PHOTOBore hole section [m] Joint type Comments

ROCK JOINT DATA WATER PRESSURE TESTING Estimations

Crushed rock

Crushed rock



Date drilled 21/07/2022
Core material logged 11/01/2023
Core material logged by Fredrik Rian L = 15,000 cm

SITE: Kobbervikdaltunnelen Coordinates r_w = 3,800 cm
LOCATION: Test location 3/¤ Hole inclination 5 Hydrostatic pressure = 96,000 kpa
HOLE NUMBER: BH4 Hole direction 148
HOLE SECTION (from-to, m) 0-3.2

NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation Cubic law

JOINTS / m SPACING [m] FILLING MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] Section transmissivity [m2/s] Joint hydr aperture [mm] Section transmissivity [m2/s] Joint hydr aperture [mm]

0,00
0,03 Drammens granitt

0,06
0,09
0,12
0,15 0,15 2,76 30 -6,6 1,86345E-06 0,282 1,52307E-06 0,263

0,18 4,56 50 -4,6 4,41733E-06 0,376 3,61046E-06 0,351

0,21 geological 9 5,884 75 -2,1 1,24855E-05 0,531 1,02049E-05 0,497

0,24
0,27 0,03-0,11

0,30 0,3
0,33 0,3 1,927 320 22,4 3,83342E-07 0,166 3,1332E-07 0,155

0,36 5,211 418 32,2 7,21137E-07 0,205 5,89414E-07 0,192

0,39 6,769 540 44,4 6,79351E-07 0,201 5,5526E-07 0,188

0,42
0,45 0,45
0,48 12 8+ 0,45 0,229 322 22,6 4,51523E-08 0,082 3,69047E-08 0,076

0,51 0,448 626 53 3,76665E-08 0,077 3,07863E-08 0,072

0,54 geological 14 along foliation. 0,807 919 82,3 4,36945E-08 0,081 3,57132E-08 0,075

0,57 Random joint Intersects above

0,60 0,12 joint, looks open 0,6
0,63 Blasting induced? 0,6 0,748 323 22,7 1,46835E-07 0,121 1,20014E-07 0,113

0,66 Geological 12 along foliation. 1,616 662 56,6 1,27227E-07 0,115 1,03987E-07 0,108

0,69 non-geologica subparallel core, 2,097 919 82,3 1,13541E-07 0,111 9,28012E-08 0,104

0,72 from extraction?

0,75 0,07 0,75
0,78 geological along foliation. 0,75 0,733 320 22,4 1,45817E-07 0,121 1,19182E-07 0,113

0,81 non geological from extraction 1,227 620 52,4 1,04344E-07 0,108 8,52841E-08 0,101

0,84 0,05 1,893 920 82,4 1,02371E-07 0,107 8,36717E-08 0,100

0,87 Foliation 5 joints intersetcs,

0,90 J1 5 identical but non 0,9
0,93 fractured intersect

0,96 below, but open.

0,99
1,02
1,05
1,08 1,1 0,703 324 22,8 1,37396E-07 0,118 1,12299E-07 0,110

1,11 Geological 2 1,294 637 54,1 1,06583E-07 0,109 8,71148E-08 0,101

1,14 0,02-0,05 1,817 922 82,6 9,80229E-08 0,106 8,0118E-08 0,099

1,17
1,20 J1 5

1,23
1,26 0,075 1,25
1,29 1,3 0,21 324 22,8 4,10428E-08 0,079 3,35459E-08 0,074

1,32 0,404 637 54,1 3,32764E-08 0,074 2,71981E-08 0,069

1,35 foliation 6 0,65 925 82,9 3,49391E-08 0,075 2,85571E-08 0,070

1,38
1,41 0,03

1,44 33 10+ non-geological

1,47 1,45
1,50
1,53 0,18

1,56
1,59 1,6 0,165 329 23,3 3,15559E-08 0,072 2,57919E-08 0,068

1,62 0,347 625 52,9 2,92299E-08 0,071 2,38907E-08 0,066

1,65 non-geological fresh, extraction 0,535 922 82,6 2,8862E-08 0,070 2,359E-08 0,066

1,68 0,03

1,71 foliation 9

1,74 0,04

1,77 foliation not fractured 1,75
1,80 0,03 foliation

1,83
1,86 random joint 8 fresh fracture

1,89
1,92 0,01-0,03 foliation 7

1,95
1,98
2,01
2,04 2,05 0,035 322 22,6 6,90101E-09 0,044 5,64046E-09 0,041

2,07 0,03 foliation 12 fresh break 0,117 640 54,4 9,58384E-09 0,049 7,83325E-09 0,045

2,10 0,196 928 83,2 1,04975E-08 0,050 8,58001E-09 0,047

2,13 J1 discontinous

2,16
2,19 2,2

2,22
2,25 2,25 0,156 326 23 3,02238E-08 0,071 2,47031E-08 0,067

2,28 0,7 0,445 625 52,9 3,7485E-08 0,077 3,06379E-08 0,072

2,31 J1? 14 looks fresh 3,267 926 83 1,75398E-07 0,128 1,43359E-07 0,120

2,34
2,37
2,40 0,43 6+ 0,01-0,03 2,4

2,43 2,4 0,031 329 23,3 1,18365E-08 0,052 4,84575E-09 0,039

2,46 non geological from extraction 0,069 626 53 1,15822E-08 0,052 4,74164E-09 0,038

2,49 0,19 929 83,3 2,0292E-08 0,062 8,30737E-09 0,046

2,52
2,55
2,58
2,61 0,28

2,64
2,67
2,70
2,73 non geological fresh break

2,76
2,79
2,82
2,85
2,88 0,12 non geological fresh break
2,91
2,94
2,97
3,00

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPECORE PHOTOBore hole section [m] Joint type Comments

ROCK JOINT DATA WATER PRESSURE TESTING Estimations

Equation variables

crushed rock
crushed rock



Date drilled 21/07/2022
Core material logged 11/01/2023
Core material logged by Fredrik Rian L = 15,000 cm

SITE: Kobbervikdaltunnelen Coordinates r_w = 3,800 cm
LOCATION: Test location 3/4 Hole inclination 5 Hydrostatic pressure = 96,000 kpa
HOLE NUMBER: BH5 Hole direction N148
HOLE SECTION (from-to, m) 0-3.1

NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation Cubic law

JOINTS / m SPACING [m] FILLING MEASURED STATIONARY [l/min]  [kPa] Dh [m] Section transmissivity [m2/s] Joint hydr aperture [mm] Section transmissivity [m2/s] Joint hydr aperture [mm]

0,00
0,03
0,06
0,09 non-geological fresh fracture

0,12 0,05 close to concrete

0,15 0,15 0,969 105 0,9 4,79771E-06 0,386 3,92136E-06 0,361

0,18 2,49 202 10,6 1,04676E-06 0,232 8,55556E-07 0,217

0,21 4,285 302 20,6 9,26908E-07 0,223 7,57598E-07 0,209

0,24 random joint 5

0,27 0,03-0,11

0,30 0,3
0,33 0,3 0,015 320 22,4 2,98398E-09 0,033 2,43892E-09 0,031

0,36 non-goelogical blasting induced? 0,033 620 52,4 2,80631E-09 0,032 2,29371E-09 0,030

0,39 0,055 929 83,3 2,94219E-09 0,033 2,40477E-09 0,031

0,42 34 7+

0,45 0,45
0,48
0,51 non-geological rotation marks

0,54
0,57 0,13

0,60 0,6 0,075 321 22,5 1,48536E-08 0,056 1,21404E-08 0,053

0,63 J1 4 feldspar J1 and J2 0,169 625 52,9 1,42359E-08 0,055 1,16355E-08 0,052

0,66 J2 3 intersects 0,24 916 82 1,30422E-08 0,054 1,06599E-08 0,050

0,69
0,72
0,75 0,75
0,78 0,21

0,81
0,84
0,87
0,90 geological Fresh fracture 0,9 0,071 325 22,9 1,38158E-08 0,055 1,12922E-08 0,051

0,93 along foliation 0,03 627 53,1 2,51756E-09 0,031 2,0577E-09 0,029

0,96 0,07 0,02 922 82,6 1,07895E-09 0,023 8,81871E-10 0,022

0,99
1,02
1,05
1,08 1,05
1,11
1,14
1,17
1,20 1,2 0,112 326 23 2,16992E-08 0,064 1,77356E-08 0,060

1,23 foliation 6 sub-parallell with 0,237 626 53 1,99262E-08 0,062 1,62865E-08 0,058

1,26 core material 0,644 910 81,4 3,52545E-08 0,075 2,88149E-08 0,070

1,29 geological 8 uncertain orient.

1,32
1,35 1,35
1,38
1,41 0,16

1,44
1,47 45 6+

1,50
1,53 non-geological fresh fracture

1,56  from extraction

1,59 1,6 0 326 23 0 0,000 0 0,000

1,62 non-geological rotation marks 0 625 52,9 0 0,000 0 0,000

1,65 0,004 910 81,4 2,18972E-10 0,014 1,78974E-10 0,013

1,68
1,71 0,16

1,74
1,77 1,75
1,80
1,83 random joint 5 fresh fracture

1,86  party along joint,

1,89 joint is tight

1,92
1,95 0,07

1,98 geological 10 uncertain orient.

2,01 no fresh marks

2,04
2,07
2,10
2,13
2,16
2,19
2,22 0,41

2,25
2,28
2,31
2,34
2,37
2,40 2,4 0,006 316 22 1,21529E-09 0,024 9,93307E-10 0,023

2,43 95 6 0,054 620 52,4 4,59214E-09 0,038 3,75334E-09 0,036

2,46 0,113 923 82,7 6,08872E-09 0,042 4,97654E-09 0,039

2,49
2,52 non geological fresh fracture 

2,55 from extraction 2,55
2,58 0,8

2,61 2,6 0,116 321 22,5 3,94385E-08 0,078 1,87772E-08 0,061

2,64 j1 7 0,563 626 53 8,12602E-08 0,099 3,8689E-08 0,077

2,67 0,888 926 83 8,18427E-08 0,099 3,89664E-08 0,078

2,70 0,1

2,73
2,76 J1 11 open fracture,

2,79 0,3 channel visible

2,82 random joint 9

2,85
2,88 0,12
2,91
2,94
2,97
3,00
3,03
3,06 j1 6

3,09 0,11 random joint sub-parallell with

3,12 core

3,15 j1 7

3,18
3,21 3,1

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPECORE PHOTOBore hole section [m] Joint type Comments

ROCK JOINT DATA WATER PRESSURE TESTING Estimations

Equation variables

crushed rock
crushed 



Date drilled 15.02.2023
Core material logged 21.01.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Hestnestunnelen Coordinates id1,id2,id3… Rock joint sets r_w = 3,100 cm
LOCATION: Crosscut Hole inclination 4 Foliation Joint from foliation Hydrostatic pressure = 405,000 kpa
HOLE NUMBER: BH1 Hole direction 302 Blasting induced From blasting

HOLE SECTION (from-to, m) 0-3.2 Core drilling Core damage related to

Core drilling

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING,Ja MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [mm] Joint transmissivity [m2/s]

0,00
0,03
0,06
0,09
0,12
0,15 Blasting induced
0,18
0,21
0,24
0,27 0,28 6,032 661 26 1,17722E-06 0,242 9,85428E-07
0,30 core drilling
0,33
0,36
0,39
0,42 0,43
0,45 90 0
0,48
0,51 Augen gneiss
0,54
0,57
0,60
0,63
0,66
0,69
0,72 core drilling
0,75
0,78
0,81
0,84
0,87
0,90
0,93
0,96 core drilling
0,99
1,02
1,05
1,08
1,11
1,14
1,17
1,20
1,23
1,26
1,29
1,32 core drilling
1,35
1,38
1,41
1,44
1,47
1,50 rock joint,id1 8 3,0 1,49 0,019 708 30 3,13289E-09 0,033 2,62249E-09
1,53 0,041 1004 60 3,41973E-09 0,034 2,8626E-09
1,56 0,081 1304 90 4,50153E-09 0,038 3,76816E-09
1,59 100 3 0,21
1,62 amphibolite
1,65 1,64
1,68
1,71 rock joint,id1 4 1,5
1,74
1,77
1,80 0,18
1,83
1,86
1,89 rock joint,id1 2 1,0 red coating, 2
1,92
1,95
1,98
2,01 core drilling disc. Joint
2,04
2,07
2,10
2,13
2,16
2,19 0,4
2,22
2,25
2,28
2,31
2,34 rock joint,id2 2 1,5 red coating,2
2,37
2,40
2,43
2,46 70 6 0,2
2,49
2,52 2,53 0,049 707 30 8,10632E-09 0,046 6,78567E-09
2,55 rock joint,id2 2 1,5 red coating,2 0,031 1002 60 2,59431E-09 0,031 2,17166E-09
2,58 0,02 rock joint,id2 12 3,0 red coating,2 0,055 1305 90 3,0532E-09 0,033 2,55578E-09
2,61
2,64 rock joint,id2 2 3,0
2,67 2,68
2,70
2,73
2,76 rock joint, id3 20 4,0 disc. Joint, sub parallell
2,79
2,82 2,82 0,004 707 30 6,61741E-10 0,020 5,53932E-10
2,85 0,008 1004 60 6,67264E-10 0,020 5,58556E-10
2,88 0,016 1304 90 8,89191E-10 0,022 7,44327E-10
2,91 rock joint, id2 4 1,5
2,94 0,12
2,97 2,97
3,00
3,03 rock joint, id2 8 3,0 Grouted
3,06
3,09 Gneiss
3,12
3,15
3,18
3,21
3,24
3,27
3,30

Equation variables

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type Jr

Crushed rock

1,43

1,05

E CORE LOGGING HESTNES

140



Date drilled 15.02.2023
Core material logged 21.01.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Hestnestunnelen Coordinates id1,id2,id3… Rock joint sets r_w = 3,100 cm
LOCATION: Crosscut Hole inclination 4 Foliation Joint from foliation Hydrostatic pressure = 405,000 kpa
HOLE NUMBER: BH1 Hole direction 295 Blasting induced From blasting

HOLE SECTION (from-to, m) 0-3.2 Extraction Core damage related to

extraction

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING/Ja MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [mm] Joint transmissivity [m2/s]

0,00
0,03
0,06
0,09
0,12
0,15 Blasting induced
0,18
0,21
0,24
0,27 0,28 1,126 599 19 2,89982E-07 0,152 2,42739E-07
0,30 1,349 704 30 2,25411E-07 0,139 1,88688E-07
0,33 core drilling/B.I 16,0 3,0 fresh fracture 5,317 977 57 4,64414E-07 0,177 3,88753E-07
0,36 0,05
0,39 core drilling/B.I 9,0 3,0 fresh fracture
0,42 0,43
0,45 100 0
0,48
0,51
0,54
0,57
0,60
0,63
0,66 core drilling/B.I 12,0 3,0 fresh fracture
0,69 Augen gneiss
0,72
0,75
0,78
0,81
0,84
0,87 core drilling
0,90
0,93
0,96
0,99
1,02
1,05 1,07 1,127 706 30 1,87065E-07 0,131 1,56589E-07
1,08 amphibolite 1,126 1006 60 9,36049E-08 0,104 7,83552E-08
1,11 1,349 1307 90 7,47206E-08 0,096 6,25474E-08
1,14
1,17 rock joint, id1 3,0 3,0 disc. fracture
1,20 0,05 1,22
1,23 rock joint,id1 5,0 1,5 foliation
1,26
1,29 rock joint, id1 5,0 1,5 foliation
1,32
1,35
1,38 rock joint, id2 12,0 1,5 foliation 1,38 0,015 706 30 2,48977E-09 0,031 2,08415E-09
1,41 0,115 1004 60 9,59192E-09 0,049 8,02924E-09
1,44 50 8 rock joint/core drilling along foliation 0,125 1309 90 6,90838E-09 0,044 5,78289E-09
1,47
1,50
1,53 rock joint? 6,0 3,0 1,53
1,56 0,05
1,59
1,62
1,65
1,68 0,18
1,71
1,74
1,77 rock joint,id1 7,0 1,5 4 foliation
1,80 1,81 0,115 706 30 1,90882E-08 0,061 1,59785E-08
1,83 0,1 0,173 1006 60 1,43816E-08 0,056 1,20386E-08
1,86 0,227 1295 89 1,2743E-08 0,053 1,06669E-08
1,89 rock joint,id3 10,0 1,5
1,92
1,95 1,96
1,98 0,13 1,98 0,164 705 30 2,73122E-08 0,069 2,28626E-08
2,01 0,247 1007 60 2,04991E-08 0,063 1,71595E-08
2,04 0,301 1308 90 1,66538E-08 0,058 1,39406E-08
2,07
2,10
2,13 2,13
2,16 rock joint, id1 7,0 3,0 foliation
2,19
2,22 2,21 0,035 707 30 5,79023E-09 0,041 4,84691E-09
2,25 100 0,23 0,047 1004 60 3,92018E-09 0,036 3,28152E-09
2,28 0,056 1302 90 3,11911E-09 0,033 2,61095E-09
2,31
2,34
2,37 2,36
2,40 rock joint,id1 8,0 3,0 foliation
2,43 2,44 0,02 705 30 5,66026E-09 0,041 5,11763E-09
2,46 0,033 1005 60 4,66972E-09 0,038 4,22204E-09
2,49 0,038 1303 90 3,59282E-09 0,035 3,24838E-09
2,52
2,55
2,58
2,61
2,64
2,67
2,70
2,73
2,76
2,79
2,82
2,85
2,88
2,91
2,94
2,97
3,00 3,00
3,03
3,06 0,28 0,83 706 30 3,49721E-07 0,161 3,27277E-07
3,09 1,594 989 58 3,46167E-07 0,161 3,23951E-07
3,12 3,00
3,15

Equation variables

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type Jr

Blasting induced



Date drilled 15.02.2023
Core material logged 21.02.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Hestnestunnelen Coordinates J1,J2, J3 … Rock joint sets r_w = 3,100 cm
LOCATION: Crosscut Hole inclination 4 Foliation Joint from foliation Hydrostatic pressure = 405,000 kpa
HOLE NUMBER: BH3 Hole direction 302 Blasting induced From blasting

HOLE SECTION (from-to, m) 0-3.2 Core drilling Core damage related to

Core drilling

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [mm] Joint transmissivity [m2/s]

0,00
0,03
0,06
0,09
0,12
0,15
0,18
0,21
0,24
0,27
0,30
0,33 0,05 core drilling fresh, foliation
0,36 rock joint, random 5
0,39 0,01
0,42 rock joint, ranrdom 5 3
0,45 3
0,48 80 3
0,51 amphibolite
0,54 Core drilling
0,57
0,60
0,63
0,66
0,69
0,72 0,5
0,75
0,78
0,81 Core drilling
0,84
0,87
0,90
0,93
0,96
0,99
1,02 1,02 4,062 705 30 6,76478E-07 0,201 5,66268E-07
1,05 6,03 828 42 7,12216E-07 0,204 5,96184E-07
1,08
1,11 rock joint,  id1 3 2 3 foliation
1,14
1,17 1,17
1,20 core drilling
1,23
1,26
1,29 0,26 1,28 0,085 704 30 1,42031E-08 0,055 1,18892E-08
1,32 0,577 1005 60 4,80462E-08 0,083 4,02187E-08
1,35 4,997 1298 89 2,79571E-07 0,150 2,34025E-07
1,38
1,41 rock joint, id1 2 1 foliation
1,44 0,08 1,43
1,47 1,43 0,148 705 30 2,46476E-08 0,067 2,06321E-08
1,50 87 6 rock joint, random 8 3 foliation 0,414 1006 60 3,4416E-08 0,074 2,88091E-08
1,53 5,706 1297 89 3,19596E-07 0,157 2,67529E-07
1,56
1,59 1,58
1,62
1,65 0,23 1,65 0,091 705 30 1,5155E-08 0,057 1,2686E-08
1,68 0,153 1007 60 1,26978E-08 0,053 1,06292E-08
1,71 0,165 1304 90 9,16978E-09 0,048 7,67588E-09
1,74 rock joint, id1? 10 3 fresh, foliation
1,77
1,80 1,8
1,83
1,86
1,89
1,92
1,95
1,98
2,01
2,04
2,07
2,10
2,13
2,16
2,19
2,22
2,25
2,28
2,31
2,34
2,37
2,40 core drilling
2,43
2,46
2,49
2,52
2,55 Augen gneiss 100 0
2,58
2,61
2,64 2,65 0,049 705 30 1,18313E-08 0,052 1,05019E-08
2,67 0,077 1005 60 9,29604E-09 0,048 8,25147E-09
2,70 0,1 1306 90 8,03959E-09 0,046 7,1362E-09
2,73
2,76
2,79
2,82
2,85
2,88
2,91
2,94 core drilling
2,97
3,00
3,03
3,06
3,09 3
3,12
3,15

Equation variables

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type Jr



Date drilled 15.02.2023
Core material logged 22.02.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Hestnestunnelen Coordinates id1,id2,id3… Rock joint sets r_w = 3,100 cm
LOCATION: Crosscut Hole inclination 293 Foliation Joint from foliation Hydrostatic pressure = 405,000 kpa
HOLE NUMBER: BH4 Hole direction -3 Blasting induced From blasting

HOLE SECTION (from-to, m) 0-3.2 Core drilling Core damage related to

core drilling

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING/Ja MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [mm] Joint transmissivity [m2/s]

0,00
0,03
0,06 augen gneiss
0,09
0,12
0,15
0,18
0,21
0,24
0,27
0,30
0,33
0,36
0,39
0,42
0,45
0,48
0,51
0,54
0,57
0,60
0,63
0,66
0,69
0,72
0,75
0,78
0,81
0,84
0,87
0,90
0,93
0,96
0,99 Rock joint 9 1,5
1,02 amphibolite
1,05
1,08 0,12
1,11
1,14 75 3 1,14 0,071 707 30 1,87341E-08 0,061 1,68205E-08
1,17 0,147 999 59 1,23642E-08 0,053 1,7706E-08
1,20 rock joint 11 2,0 sub-parallell, disc. 0,239 1298 89 1,33715E-08 0,054 1,91485E-08
1,23
1,26 rock joint disc. along foliation
1,29
1,32
1,35 augen gneiss
1,38
1,41
1,44
1,47
1,50
1,53
1,56 1,6
1,59
1,62

Equation variables

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type Jr

1m

Blasting
induced



Date drilled 16.02.2023
Core material logged 22.02.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Hestnestunnelen Coordinates id1,id2,id3… Rock joint sets r_w = 3,100 cm
LOCATION: Crosscut Hole inclination -2 Foliation Joint from foliation Hydrostatic pressure = 300,000 kpa
HOLE NUMBER: BH5 Hole direction 108 Blasting induced From blasting

HOLE SECTION (from-to, m) 0-3.2 Core drilling Core damage related to

Core drilling

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING/Ja MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [mm] Joint transmissivity [m2/s]

0,00
0,03
0,06
0,09
0,12 augen gneiss
0,15
0,18 core drill/blasting fresh
0,21
0,24 core drill/blasting fresh
0,27
0,30 amphibolite
0,33
0,36 34 4
0,39
0,42 rock joint 5 3
0,45
0,48 0,12
0,51
0,54
0,57
0,60 rock joint 7 3
0,63 0,1
0,66 core drilling
0,69
0,72
0,75 rock joint 7 3
0,78
0,81 0,03 core drilling
0,84
0,87 rock joint 4 3
0,90
0,93
0,96
0,99 rock joint 4 1 oxidated, 2
1,02
1,05
1,08
1,11
1,14
1,17
1,20
1,23
1,26
1,29
1,32 rock joint 20 2 oxidated, 2 esti. sub.parallell joint
1,35
1,38
1,41
1,44
1,47
1,50 10 4+
1,53
1,56
1,59
1,62
1,65
1,68
1,71 rock joint 6 2 grey clay + sand, 3
1,74
1,77
1,80
1,83
1,86
1,89 1,89 0,007 610 31 1,12816E-09 0,024 9,44365E-10
1,92 rock joint 5 3 0,02 918 62 1,61687E-09 0,027 1,35346E-09
1,95 0,02 0,77 1209 91 4,23215E-08 0,080 3,54267E-08
1,98
2,01
2,04 rock joint, id1 7 foliation 2,04
2,07 0,02 rock joint, id1 4 2 foliation
2,10
2,13
2,16
2,19 0,48
2,22
2,25
2,28 85
2,31
2,34
2,37
2,40
2,43
2,46
2,49 2,51 0,036 607 31 5,85867E-09 0,041 4,9042E-09
2,52 0,039 907 61 3,21004E-09 0,034 2,68707E-09
2,55 0,083 1208 91 4,56696E-09 0,038 3,82293E-09
2,58 rock joint, id1 8 foliation, disc.
2,61
2,64 rock joint, 5 1 oxid. mat., 3 2,66
2,67
2,70
2,73
2,76
2,79
2,82
2,85
2,88
2,91
2,94
2,97
3,00
3,03
3,06
3,09
3,12
3,15
3,18 100
3,21
3,24
3,27
3,30
3,33 rock joint 10 3
3,36
3,39
3,42
3,45
3,48
3,51
3,54

Equation variables

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type Jr

Crushed rock
+ sub-parallel joint

Same orientation
as rock boundary, 
foliation?

Rock boundary,
hydrothermal 
vein, grouted?



Date drilled 15.02.2023
Core material logged 21.02.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Hestnestunnelen Coordinates id1,id2,id3… Rock joint sets r_w = 3,100 cm
LOCATION: Crosscut Hole inclination 0 Foliation Joint from foliation Hydrostatic pressure = 300,000 kpa
HOLE NUMBER: BH6 Hole direction 120 Blasting induced From blasting

HOLE SECTION (from-to, m) 0-3.2 Core drilling Core damage related to

Core drilling

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING/Ja MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [m] Joint transmissivity [m2/s]

0,00
0,03
0,06
0,09
0,12
0,15
0,18 augen gneiss
0,21
0,24
0,27 amphibolite
0,30 77 2
0,33 Core drilling fresh
0,36
0,39
0,42
0,45
0,48
0,51
0,54
0,57 Rock joint 6 1,5
0,60
0,63 rock joint 9 3,0 sub-parallell
0,66
0,69 Core drilling
0,72
0,75
0,78
0,81
0,84
0,87
0,90
0,93
0,96
0,99
1,02 rock joint,id1 5 1,5
1,05
1,08
1,11
1,14
1,17
1,20
1,23
1,26 0,3
1,29
1,32
1,35
1,38 rock joint, id1 8 1,5
1,41
1,44 0,07
1,47 rock joint, id2 4 1,0
1,50
1,53 0,13
1,56 70 7
1,59
1,62 rock joint, id2
1,65
1,68 rock joint 20 3,0 fresh, sub parallell
1,71
1,74 1,75 0,2 602 30 3,3087E-08 0,073 2,76966E-08
1,77 0,353 904 60 2,91993E-08 0,070 2,44423E-08
1,80 0,725 1205 91 4,00243E-08 0,078 3,35037E-08
1,83 rock joint, id1 3 1,5
1,86
1,89 1,9
1,92 0,17 1,92 1,128 607 31 1,83572E-07 0,130 1,53665E-07
1,95 2,105 907 61 1,7326E-07 0,128 1,45033E-07
1,98 4,701 1183 88 2,65989E-07 0,147 2,22655E-07
2,01 rock joint, id1 7 1,5
2,04
2,07 2,07
2,10 core drilling 2,07 1,222 603 30 2,01495E-07 0,134 1,68668E-07
2,13 1,868 906 61 1,54006E-07 0,123 1,28916E-07
2,16 4,778 1180 88 2,71268E-07 0,148 2,27074E-07
2,19
2,22 rock joint,id1 13 3,0 2 foliation 2,22
2,25
2,28 0,13
2,31
2,34
2,37 2,37 0,589 599 30 9,8419E-08 0,106 8,23849E-08
2,40 rock joint,id1 6 3,0 foliation 0,665 904 60 5,50072E-08 0,087 4,60456E-08
2,43 0,854 1213 91 4,67328E-08 0,082 3,91193E-08
2,46 0,13
2,49 85 3
2,52 rock joint, id1 3 1,5 foliation 2,52
2,55
2,58
2,61
2,64
2,67
2,70
2,73
2,76
2,79
2,82
2,85
2,88 0,45
2,91
2,94
2,97
3,00
3,03
3,06
3,09
3,12 0,03 rock joint 8 3,0 grouted
3,15
3,18 rock joint, random 8 3,0
3,21
3,24
3,27
3,30
3,33
3,36
3,39
3,42
3,45

Equation variables

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type Jr

Blasting induced

Rock boundary
Amphibolite/augen 
gneiss



Date drilled 15.02.2023
Core material logged 21.02.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Hestnestunnelen Coordinates id1,id2,id3… Rock joint sets r_w = 3,100 cm
LOCATION: Crosscut Hole inclination 2 Foliation Joint from foliation Hydrostatic pressure = 300,000 kpa
HOLE NUMBER: BH7 Hole direction 102 Blasting induced From blasting

HOLE SECTION (from-to, m) 0-3.2 Core drilling Core damage related to

Core drilling

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING/Ja MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [m] Joint transmissivity [m2/s]

0,00
0,03
0,06
0,09
0,12
0,15
0,18
0,21
0,24 Augen Gneiss 40 3 16 2,0 2
0,27
0,30
0,33
0,36
0,39
0,42
0,45
0,48
0,51 0,08
0,54
0,57
0,60
0,63
0,66 rock joint 9 1,5
0,69
0,72 rock joint 12 3,0 fresh
0,75
0,78
0,81
0,84
0,87 0,3
0,90 augen gneiss
0,93 amphibolite
0,96
0,99
1,02
1,05 rock joint 5 3,0
1,08
1,11
1,14 rock joint 12 2,0 2 sub-parelell
1,17
1,20
1,23 26 7
1,26
1,29 rock joint 8 2,0 2
1,32 0,05
1,35 rock joint,id1 8 3,0
1,38
1,41
1,44 rock joint 20 3,0 white coating along weakness
1,47
1,50
1,53
1,56
1,59
1,62
1,65
1,68
1,71 rock joint,id1 4 1,0 red odix, 3 along foliation
1,74
1,77
1,80
1,83 0,26
1,86
1,89
1,92
1,95 1,95 0,005 594 29 8,49684E-10 0,022 7,11257E-10
1,98 rock joint,id1 4 3,0 along foliation 0,008 904 60 6,61741E-10 0,020 5,53932E-10
2,01 0,021 1206 91 1,15805E-09 0,024 9,69382E-10
2,04 0,03 rock joint,id1 2 1,5
2,07
2,10 2,1
2,13 2 0,008 607 31 2,61327E-09 0,032 2,40116E-09
2,16 0,018 908 61 2,96894E-09 0,033 2,72796E-09
2,19 0,24 0,032 1208 91 3,53424E-09 0,035 3,24739E-09
2,22
2,25
2,28
2,31 rock joint, id1 6 3,0
2,34 0,04
2,37 rock joint 20 4,0
2,40
2,43 92 3
2,46
2,49
2,52
2,55 0,6
2,58
2,61
2,64
2,67
2,70
2,73
2,76
2,79
2,82
2,85
2,88
2,91
2,94 3
2,97
3,00
3,03
3,06
3,09
3,12 rock joint 3 1,0
3,15
3,18
3,21

Equation variables

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type Jr

Crushed rock from
 blasting

Sub-parallell joint



Date drilled 18.02.2023
Core material logged 23.02.2023 Joint types Explanation
Core material logged by Fredrik Rian Rock joint Natural occuring joint L = 15,000 cm

SITE: Hestnestunnelen Coordinates id1,id2,id3… Rock joint sets r_w = 3,100 cm
LOCATION: Crosscut Hole inclination -2 Foliation Joint from foliation Hydrostatic pressure = 312,000 kpa
HOLE NUMBER: BH8 Hole direction 102 Blasting induced From blasting

HOLE SECTION (from-to, m) 0-3.2 Core drilling Core damage related to

Core drilling

Estimations
NUMBER OF JOINT COATING SECTION WATER FLOW RATE PUMPING PRESSURE Pumping Head Moye's equation Cubic law Gustafson's equation

JOINTS / m SPACING [m] FILLING/Ja MEASURED [m] STATIONARY [l/min]  [kPa] Dh [m] TRANSMISSIVITY [m2/s] Joint hydr aperture [m] Joint transmissivity [m2/s]

0,00
0,03
0,06
0,09
0,12
0,15
0,18
0,21
0,24
0,27 amphibolite 0,28 3,133 612 30 5,21764E-07 0,184 4,3676E-07
0,30 5,956 801 49 6,08528E-07 0,194 5,09389E-07
0,33 rock joint 8 1,5 red, 2
0,36
0,39
0,42 0,44
0,45
0,48
0,51 100 1
0,54
0,57 0,6
0,60
0,63
0,66
0,69
0,72 core drilling 4 fresh
0,75
0,78
0,81
0,84
0,87
0,90
0,93 0,95 0,163 618 31 2,66134E-08 0,068 2,22777E-08
0,96 core drilling 6 fresh 0,265 901 59 2,24784E-08 0,065 1,88163E-08
0,99 0,441 1206 89 2,46454E-08 0,067 2,06303E-08
1,02
1,05
1,08 rock joint 4 looks fresh 1,1
1,11 1,1 0,133 605 29 2,26787E-08 0,065 1,8984E-08
1,14 0,11 0,255 920 61 2,09542E-08 0,063 1,75404E-08
1,17 0,459 1204 89 2,57088E-08 0,068 2,15205E-08
1,20
1,23 80 4 rock joint, id1 7 3 1,25
1,26
1,29 0,2
1,32
1,35 1,35 0,353 614 30 5,83986E-08 0,089 4,88845E-08
1,38 0,425 910 60 3,55077E-08 0,075 2,97229E-08
1,41 0,906 1211 90 5,03504E-08 0,085 4,21475E-08
1,44
1,47 rock joint, id1 4 3
1,50 1,5
1,53
1,56
1,59 0,16
1,62
1,65
1,68
1,71
1,74 id3 12 2 2
1,77
1,80
1,83
1,86
1,89
1,92
1,95 rock joint,id1 4 1,5
1,98
2,01
2,04
2,07
2,10
2,13 2,15 0,036 623 31 5,78331E-09 0,041 4,84112E-09
2,16 0,096 903 59 8,11556E-09 0,046 6,7934E-09
2,19 0,163 1209 90 9,07883E-09 0,048 7,59974E-09
2,22 0,16
2,25
2,28 2,3
2,31 rock joint, id1 5 1 2,27 0,007 604 29 1,19771E-09 0,024 1,00258E-09
2,34 0,016 904 59 1,35031E-09 0,025 1,13032E-09
2,37 0,023 1209 90 1,28106E-09 0,025 1,07236E-09
2,40 0,09
2,43 80 4 2,42
2,46 2,4 0,018 604 29 3,07981E-09 0,033 2,57806E-09
2,49 rock joint, id2 4 3 disc. Foliation? 0,035 904 59 2,9538E-09 0,033 2,47258E-09
2,52 0,09 0,056 1209 90 3,11911E-09 0,033 2,61095E-09
2,55 2,55
2,58 rock joint, id2 weakness plane 2,5 0,035 608 30 1,07392E-08 0,051 9,77676E-09
2,61 0,074 904 59 1,13529E-08 0,051 1,03354E-08
2,64 0,29 0,166 1203 89 1,6921E-08 0,059 1,54046E-08
2,67
2,70
2,73
2,76
2,79
2,82
2,85
2,88
2,91
2,94
2,97
3,00
3,03 rock joint,id3 16 2 2 sub-parallell
3,06
3,09
3,12 3,2
3,15 rock joint, id1 5 1,5
3,18
3,21
3,24

Equation variables

Comments

ROCK JOINT DATA WATER PRESSURE TESTING

DRILLCORE LOG

RQD JRC

DESCRIPTION OF CORE

ROCK TYPE/PHOTOCORE PHOTOBore hole section [m] Joint type Jr

Sub-parallell rock joint



F LABORATORY RESULTS - ROCK MECHANICAL TESTING

Tilt testing

Table F.1: Results from the tilt testing

Specimen Tilt angle (α) Median std (+/-)

A1 27.7 26.5 26.5 27.6 29.20 27.6

A2 27.1 30.7 31.8 32 33.20 31.8

A3 27.4 24.5 26.5 29.8 26.5 26.5

27.6 2.4

B1 30 34.3 32.8 34.1 32.1 32.8

B2 29.3 32 27.5 28.5 27.6 28.5

B3 27.3 34.4 29.3 32.3 31.8 31.8

31.8 2.5
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