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Abstract 
Water ingress into rock tunnels is a problematic phenomenon – especially 
in urban areas – as a lowered groundwater table may cause harmful 
settlements. Furthermore, too much ingress can be an incentive for the 
environmental court to halt the tunnel process, in order to protect the 
nature as part of a national interest. 

Water ingress is normally lowered by injecting a water and cement 
mixture into boreholes in the rock mass – a process called rock grouting – 
thus sealing the rock fractures. Very little information and research has 
been on the subject of how the rock fracture orientation interact with the 
orientation and geometry of the grouting holes.  

The purpose of this thesis is to investigate whether or not it is possible 
and feasible to select a grout fan geometry that will have the most 
intersections with the rock fractures, based on fracture information gained 
in an early pre-investigation stage. The suitability of different grout fan 
geometries will be determined by analyzing the amount of fracture 
intersections that each geometry has in a discrete fracture network, 
generated based on data obtained from rock cores in the Stockholm Bypass 
project. The assumption is that more fracture intersections means a higher 
chance of sealing the rock mass.  

The results show that there is no clear difference in number of 
intersections between the analyzed grout fan geometries, indicating that 
focus should not be on analyzing the grout fans as whole units, but rather 
on the scale of individual grouting holes and fractures. This thesis also 
highlights the importance of monitoring according to the observational 
method. 

Keywords  
Rock Fissure Grouting, Grout Fan Geometry, Geology, discrete fracture 
network 





 

Sammanfattning 
Vatteninläckage i bergtunnlar är ett problem, speciellt inom 

tätbebyggda områden, eftersom en sänkt grundvattennivå kan orsaka 
sättningar i jordlagren och följaktligen skada infrastruktur. Dessutom kan 
ett för högt vatteninläckage vara ett incitament för miljödomstolen att 
stoppa tunneldrivningen i ett försök att skydda den allmänna miljön i 
dennas roll som ett nationalintresse. 

Vatteninträngning i tunnlar minskas normalt genom att injicera en 
blandning av vatten och mikrocement i borrhål lokaliserade i bergmassan 
– en process som kallas för sprickinjektering – och genom detta täta 
bergmassan. Idag finns mycket lite information tillgänglig om hur 
sprickors och injekteringshålens orienteringar interagerar med varandra. 

Syftet med denna uppsats är att undersöka huruvida det är 
genomförbart att i ett tidigt förundersökningsskede bestämma en 
skärmgeometri som kommer ha så många sprickskärningar som möjligt.  

Olika skärmgeometriers lämplighet bedömdes genom att analysera 
mängden sprickskärningar som varje geometri hade i ett diskret 
spricknätverk, baserat på indata från utvalda kärnborrningar från 
Förbifart Stockholm. Analysen utfördes under antagandet att fler 
sprickskärningar ger en större chans att täta berget. 

Resultaten visar att det inte finns en klar skillnad i antalen skärningar 
olika skärmgeometrier emellan, vilket indikerar att framtida fokus inte bör 
läggas på att analysera skärmgeometrier som enheter, utan snarare att 
analysen bör utföras på individuella injekteringshål och sprickor. Denna 
uppsats markerar också vikten av observationer under utförandet av 
berguttag och sprickinjektering i enlighet med observationsmetoden. 
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Sprickinjektering i berg, skärmgeometri, geologi, diskreta spricknätverk
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1. Introduction 

1.1. Background 
Metropolitan Stockholm is one of the fastest growing regions in Europe. A 
rapid population growth is increasing the demand for new infrastructure 
and pushing the construction sector to its limits. Due to a lack of surface 
space for new constructions to accommodate in urban areas, many of 
recent and upcoming major road and railway projects are located 
underground in rock tunnels. The number of underground infrastructure 
projects in Sweden has increased drastically the last decades, including 
projects like the Southern and Northern link, the Stockholm City line, the 
Stockholm Bypass (here forth denoted SB) and the new expansion of the 
Stockholm subway system. 

The construction of tunnels or caverns in rock forms technically 
challenging tasks that demand a high level of technical skill from all 
involved parties – from consultants and contractors to the client - both 
during the design and construction phase. The challenges related to rock 
tunnel construction are made up of the rock mass conditions which to a 
large extent are unknown, even after pre-investigations have been made. 
The rock mass can be interpreted as a stochastic system of intact rock of 
various types, intersected by discontinuities such as fractures or joints, 
fracture zones, shear zones and faults. Uncertainties related to the rock 
mass conditions may be divided into several subgroups, e.g. the hydraulic 
properties of the rock mass, variations in lithology, variations in rock 
quality and overburden. 

Uncertainties related to rock tunneling cannot entirely be removed but 
can and need to be reduced. Uncertainties are normally quantified and 
thus reduced by carrying out being pre-investigations of the rock mass, 
such as core drillings, outcrop mapping, geophysical surveys and 
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soundings. Some of these methods are expensive or complicated to carry 
out, why the sheer number of pre-investigations often is limited, especially 
true for very large projects. In addition, most pre-investigations can be 
viewed as point samples in a vast, complex system and many uncertainties 
therefore remain until the production. Ultimately, knowledge can be 
gained about the ground conditions in the very point of investigation, and 
through the law of spatial correlation conclusions can be drawn about the 
nearby ground conditions. However, no one can ever really know the true 
ground conditions outside of the investigated points. 

In Sweden, a common way of handling the remaining uncertainties is 
through observations and monitoring throughout the tunnel production, 
based on the principles of the observational method proposed by Peck and 
Terzhagi, 1948 and Peck, 1969. The observational method is a way of 
accounting for parameter uncertainties related to the ground conditions by 
allowing for a variety of different designs for a specific scenario. To 
implement the observational method, the range of behavior for any given 
parameter must be quantified so that the most probable scenarios are 
accounted for in terms of design options (Stille and Palmström, 2010). For 
example, the parameter may be block size (block volume) defined by 
intersecting fractures, and the range of behavior may be 1 – 5 m3 for a given 
certainty. Simply speaking, the observational method means that the early 
designs based on predictions are adapted to the true ground conditions 
which are verified after excavation. 

1.1.1. Sealing Demands and Tunnel Water Ingress 

Water ingress is present in almost all underground excavations to a varying 
degree. Since the intact crystalline rock is impermeable, the amount of 
groundwater flow through a rock mass and into a tunnel is directly related 
to the rock masses hydraulic properties. The hydraulic properties are in 
turn stipulated by the amount of fractures in the rock mass, their inherent 
characteristics (e.g. filling material, physical and physical aperture) and 
the groundwater pressure (related to the depth of the excavation) 
(Eriksson & Stille, 2004). 
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The water entering a tunnel must be pumped out, and if the inflow 
exceeds the pumping capacity, water will naturally accumulate in the 
tunnel. An aggressive water ingress may create a local lowering of the 
ground water table, resulting in settlements of soils and consequently also 
buildings. A large groundwater ingress can also cause erosion within the 
rock fractures, ultimately reducing the rock strength. This may also lead 
flowing ground conditions if the rock quality is very poor (Stille, 2015). 

In any tunneling project in Sweden, there are sealing demands 
stipulated within the project, based on prevailing ground conditions and 
proximity to objects sensitive to fluctuations in the ground water level. 
These sealing demands are then reviewed by the Swedish environmental 
court. The sealing demands are determined at an early stage of the design 
process and expressed in terms of tunnel water ingress in liters per minute 
and 100 meters of tunnel. Any rock tunnel construction must comply with 
the limit for water ingress, and if the limit is exceeded, the environmental 
court has the ultimate ability to halt the tunnel excavation so that further 
attempts of lowering the water ingress can be made.   

The sealing demands of tunnel constructions in Sweden are normally 
very high. For a typical rock tunnel in urban areas, a flow of around 3– 10 
liters per minute and 100 meters of tunnel is normally accepted if the 
sealing demands are to be met, based on experience from various tunneling 
projects in Sweden (Andersson, 2000).  

1.1.2. Rock Fissure Grouting 

Rock fissure grouting is the most widely used method in Sweden for sealing 
rock tunnels (here forth referred to as rock grouting or grouting). Rock 
grouting is in Sweden always used as a method of permanently sealing the 
rock around the tunnel, simply since the rock mass and its characteristics 
allow for it. In other parts of the world, rock grouting is merely a temporary 
action and often succeeded by a concrete lining (Dalmalm, 2004).  
Grouting of rock tunnels in Sweden is said to have started around the 
1960’s when the Swedish subway was being built, and groundwater 
lowerings in central Stockholm created settlements of buildings as a result 
of drainage of water into the tunnels (Eriksson & Stille, 2004). 
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For long, rock grouting was a craft largely based on observations and 
knowledge gained throughout various projects in the world. In addition, 
grouting theory was never the base for the practical execution (Stille, 2015). 
Furthermore, the rock grouting design and execution was never really 
systematized. However, during the last decades, rock grouting has gained 
more attention due to its practical nature to reduce the environmental 
impacts that a tunnel construction has. Along with this, more emphasis has 
been placed on the grouting theory and several publications on the subject 
has paved the way for the present-day knowledge of the subject, e.g. by 
Eriksson 2002, Dalmalm 2004 and Stille & Gustafson 2005. A recent 
publication by Håkan Stille in 2015 – Rock Grouting – Theories and 
Applications - summarizes the status of research up to date, as well as 
includes experiences from more recent tunneling projects in Sweden. 

Rock grouting is normally executed by drilling an array of long 
boreholes (normally around 18-30 m) circumfering the tunnel perimeter 
(figure 1), into which a water/cement mix (the grout mix) is injected.  

 

 

 

 

Figure 1. A typical layout of a grout fan geometry. The fan displayed in this figure is 30 
meters long and has a look out of 10 m. The tip spacing is 2.5 m. 

 
The theoretical idea of rock grouting is that by keeping a constant 

pumping pressure, the grout mix will flow into the rock fractures where it 
after time hardens, thus creating a watertight zone around the tunnel. 

However, a true watertight zone could never realistically be created. 
Instead, rock grouting aims to lower the hydraulic conductivity within the 
grouted zone to a value that would yield an acceptable inflow situation. The 
grouted zone is often presented as a continuous zone with a constant 
thickness around the tunnel. This is purely a simplified model, and the real 
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grouted zone is most likely very discontinuous since the natural variations 
within the rock mass would result in a non-continuous grout spread 
around the tunnel (Eriksson & Stille) (Figure 2). 
 

 

Figure 2. Comparison between the conceptual grouted zone and the real-life grouted zone 
(Eriksson, 2002). 

 
In Sweden, tunnel sealing is often performed as continuous rounds of 

pre-grouting, making up a part of the excavation cycle. Pre-grouting means 
that the rock mass is sealed ahead of the tunnel front so that the tunnel can 
be excavated under dry conditions, see Figure 3. In some instances, the 
sealing is performed as post-grouting in areas where the result of the pre-
grouting has not proved sufficient. Post grouting is most often used as a 
complement to the standardized pre-grouting works. 
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Figure 3. Graphical view of how grouting of rock fractures is executed (Gustafson & Stille, 
2005). 

 
Rock grouting terminology makes up a list of terms that may confuse 

the novice but are nonetheless important to have knowledge about to fully 
understand the concept of rock grouting. A full list of the terminology used 
in this report can be found in ‘List of Notations’.  

For every underground project, there are project-specific designs 
dictating the general structure of the grouting works. The design may for 
example require a specific number of grouting rounds, number of holes, 
certain grouting pressures and stop criteria. The number of holes, tip-
spacing, length and inclination together make up the grout fan geometry 
which is a term describing the general geometrical properties of a grout 
fan. For the purpose of this thesis, the direction of the fan is also included 
within the term “grout fan geometry”. 

The stop criteria are one of the most important factors of the grouting 
procedure. They state how and when the grouting for a single hole should 
stop – in other words – when the rock mass around the hole is assumed 
have been sealed or have reached a sufficiently low hydraulic conductivity. 
Nowadays, the stop criteria are determined and regulated by using 
grouting theory to find how and when a sufficient grout spread is reached. 
Different stop criteria may for example be related to the grouting pressure, 
grouting flow, volume, time or a combination of each. 
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1.2. Problem Formulation 
The word grouting itself is a broad term used in civil engineering 

describing the injection of a pumpable mixture into soil or rock with the 
purpose to change the physical properties of the material. A rock mass can 
be difficult to grout, as its groutability (the ability of the material to accept 
grout) is dependent solely on the fractures, joints and cavities within the 
rock mass. Given this fact, it is imperative that the grouting holes from 
which the grout is spread actually intersect the fractures. In theory, to 
achieve the most favorable intersection (i.e. to maximize the penetrability), 
the borehole needs to intersect a fracture set at a right angle. If, however, 
the borehole is parallel to the fracture set, it will theoretically not have any 
intersections with that fracture set, see example in figure 4.  

 

 

Figure 4. Demonstration of how a borehole perpendicular to a fracture set (red line) has a 
higher probability of intersecting fractures than a borehole parallel to a fracture 
set (yellow line). In this example, the red borehole is vertical, the yellow borehole 
is horizontal and the fractures are sub horizontal. 
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Given the complexity of stochastic systems, theories are somewhat 
diminished: no fracture is perfectly planar, fractures within a set are not 
identical, long boreholes are never perfectly straight and there is always 
more than one fracture orientation in the rock mass. There are also other 
parameters affecting the grouting performance and result, e.g. the 
rheological properties of the grout mix, the grouting equipment and the 
varying characteristics within the fracture. It could however be argued that 
being able to intersect all necessary fractures – or at least as many as 
possible - is the most important factor to achieve a satisfactory grouting 
result, since if a borehole does not intersect any (or very few) fractures, 
neither the grout mix properties nor the grouting equipment will matter as 
the grout penetration could never extend beyond hole-filling. 

Rock grouting design is often made long beforehand the actual 
excavation of the tunnel. The information of the ground properties at that 
time, e.g. fracture orientation, fracture sets and rock types, is very limited 
and obtained from sparse outcrop mappings of rock outcrops and rock core 
mappings. The rock grouting design is therefore highly dependent on 
observations made during the excavation phase, indicating that the early 
grouting designs need to have a degree of flexibility so that they can be 
adjusted according to the true rock mass conditions.  

In the literature, there is very little information about the role and 
impact of the orientation of rock fractures relative to the geometry of a 
grout fan. Kvartsberg (2013) writes about the use of engineering geological 
information in rock grouting design and focuses mainly on the 
hydrogeological properties of rock structures and the flow through fracture 
networks. Kvartsberg (2013) writes that “it should be possible to define the 
expected ground conditions for grouting design more clearly. Further 
investigations are advisable in order to identify suitable statistical 
analyses to predict the frequency and continuity of various geological 
settings (i.e. hydraulic domains), which are useful for estimating the 
number of designs”. While this is a valid and important point-of-view, the 
report demonstrates the general lack of research and focus on the subject 
of fracture orientation in rock grouting design - and maybe more so - the 
lack of understanding of the concept. On the subject of geological 
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parameters of relevance to grouting design, Kvartsberg (2013) mentions 
fracture orientation amongst other as a parameter affecting “network 
connectivity and thus grout spread and water inflow”. Palmqvist (1983) 
underlines the importance of selecting a grout fan geometry that has the 
greatest ability to intersect the rock structures: “The geometry of grout 
holes should have a high probability of intersecting water-conducting 
fractures. A fan layout should therefore be adapted to the orientation and 
frequency of the fractures to be sealed”. 

1.3. Aim and Objectives 
The aim of this master’s thesis is to determine whether or not it is possible 
to achieve a more favorable grouting result by adapting the grout fan 
geometries to the prevailing geological conditions. 

The questions that this report aims to answer are as following: 
• Is it possible to achieve an optimal grouting result by designing the grout 

fan geometry based on geological investigations prior to excavation? 
• How large impact does the orientation of geological structures relative 

to the orientation of the grouting holes have? 

1.4. Disposition 
Chapter 1 gives a brief overview of the problems dealt with in this 

report, as well as the basic information needed for the reader to grasp the 
upcoming contents and aims of the report. Chapter 2 is a literature review, 
diving deeper into the specifics of rock grouting and DFN modeling. 
Chapter 3 describes the general methodology. Chapter 4 is an in-depth 
description of how the DFN model was created. Chapter 5 aims to describe 
the process for creating the grout fan geometries. Chapter 6 explains how 
the modeling was setup and executed, chapter 7 presents the result and 
chapter 8 discusses the result. 
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1.5. Limitations 
• This report will not present the analytical equations regarding grout 

penetration in fractures. 
• The geological data used in the Discrete Fracture Network is obtained 

from a local area within Stockholm bypass, part of the contract of 
FSE403 Johannelund. The geological data is obtained from mappings of 
three boreholes, one rock outcrop and two underground facilities. 

• The grout fan geometries are modelled based on normally occurring 
grout fan geometries within Swedish infrastructure projects. 
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2. Literature Review 

2.1. Geology and Bedrock Characteristics 
The bedrock in Sweden originates from several orogeneses (mountain-

building processes), most of them older than 540 million years. The latest 
orogeny to occur is the Caledonian orogeny which formed the Swedish 
mountain chain around 500 million years ago. The bedrock around 
Stockholm originates from the Svecokarelian orogeny, around 1.8 – 2.0 Ga. 
Through ancient tectonic events, the bedrock has in periods been the 
subject of enormous differential stresses which has led to fracturing of the 
intact rock.  

In any large-scale orogenic event, new fractures are created, and old 
ones are reactivated. The majority of fractures in Sweden are very old, and 
research suggests that the present day lithostatic stresses only account for 
reactivation and growth of older fractures, rather than the creation of new 
ones (Hansen et. al. 2018). It is to be noted that the present-day stress 
regime (the in-situ stresses) in Scandinavia is different to that present 
millions of years ago.  

The upper – shallower – part of the bedrock is generally more fractured, 
and the fractures are more open due to the relatively low vertical stresses. 
Due to an unloading effect after the removal of the inland ice sheets from 
the latest glaciation, the upper part of the bedrock has an abundance of 
horizontal or near-to horizontal fractures. The deeper parts of the bedrock 
are less fractured, and the fractures are generally closed as the vertical 
stresses tend to equalize the much higher horizontal stresses at depth, 
creating a stress regime similar to hydrostatic pressure. 
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2.1.1. Geological Discontinuities 

Fractures are geological structures that can be defined by the term 
‘discontinuities’, which accounts for all planar or non-planar brittle 
geological structures in the rock mass. Aside from the fractures, other 
important discontinuities include e.g. fracture zones, shear zones, 
deformation zones and crush zones. Even though some of these terms are 
used synonymously, each aims to more precisely describe the vast span of 
different structures that occur in the bedrock. It is important to note that 
the definitions of these terms may deviate between the science of geology 
– which focuses on the natural origin of the structures – and the science of 
engineering geology and rock mechanics – which focuses on how these 
structures interact with the construction in the rock mass. Generally, these 
terms are used more interchangeably within the fields of engineering 
geology and rock mechanics, since they are expected to interact with the 
construction in a somewhat similar fashion. 

Fracture zone. A fracture zone is a broad term describing a zone within 
the bedrock with a higher concentration of fractures than the surrounding 
rock. The fractures within a fracture zone generally have the same 
orientation, displaying signs of various amounts of tectonic movement. 
There is generally a gradual increase of fractures – a transition zone - until 
reaching the core of the zone, which is the most deformed part. A fracture 
zone is interpreted as a zone of brittle deformation, in which tectonic 
stresses have been accommodated by fracturing of intact rock and shearing 
along fracture surfaces. There may be signs of some plastic deformation in 
the zone, and it is important to note that many of the larger (regional) 
fracture zones extend a long way in the vertical direction, and it is not 
uncommon that a zone of this type is plastic or increasingly plastic at 
depth. It is not uncommon that the transition zones are more conductive 
than the core of the fracture zone. This is because the cores often contain 
clay derived from chemical alteration of the host rock, which creates a 
hydraulic barrier.  

Shear zone. A shear zone is a zone within the bedrock where movement 
(shearing) has occurred. Within a shear zone, brittle, brittle-ductile or 
ductile deformation can occur, depending on where in Earth’s crust the 
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deformation takes place. Due to tectonic uplift and subsidence, zones of 
plastic deformation may be reactivated as brittle zones and vice versa. The 
movement in a shear zone often takes place along two major fault planes 
separated by a rock mass with high degree of plastic deformation and 
chemical as well as mechanical altering of the rock. The core of the zone 
has the highest degree of plastic deformation. Generally, the degree of 
deformation increases from the boundary to the core of the zone. 

Deformation zone. A general term describing a zone within which any 
type of deformation has taken place.  

Crush zone. A zone that occurs in the bedrock where the compressive 
stresses are high, and the compressive strength of the rock is exceeded. The 
term is often vaguely interchangeable with fracture zone and shear zone: 
sometimes can an extremely fractured zone or a zone of high deformation 
due to shearing both be interpreted as a crush zone, deformation zone and 
fracture zone. 

2.1.2. Representation of Geological Data 

Geological structures are assumed to be perfectly planar so that they 
more easily can be described. Even though geological structures never are 
perfectly planar, the assumption has proved to be a sufficiently good 
estimation. The orientation in space of a planar geological structure – for 
example a fracture – is commonly defined by the direction of a horizontal 
line of the plane (the strike) and the plane’s inclination from a horizontal 
line, where a horizontal plane has the inclination of 0°. Since the strike is 
made up of a line that accordingly has two opposite directions, we let the 
‘right-hand-rule’ decide which of the two directions that will represent the 
strike. The right-hand rule states that if a right hand is placed on the plane 
with the fingers pointing downwards, then the thump is pointing in the 
general direction of the strike. The strike and dip are expressed as e.g. 
180/45, where 180° is the strike and 45° is the dip. Another common way 
of expressing a plane’s orientation in space is through the dip-direction 
rather than the strike, which at all times is 90° to the strike direction. There 
are other methods for describing the orientation of a plane, but they are 
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not discussed in this thesis. A visual explanation of how to measure a 
plane’s orientation in space is given in Figure 5. 
 

 

Figure 5. Illustration of how strike, dip and dip direction is measured (Image from 
Rockmass.net). 

 
The strike and dip can also be represented graphically, on so-called 

stereonets. A stereonet is essentially a half-sphere (normally, the bottom 
half sphere) on which 3D-data such as plane orientations and 1D-data such 
as lines, can be represented on a 2D-surface. Different projections can be 
used, such as an equal area projection or an equal angle projection. 
However, there is no practical difference between them two when 
representing geological data. 

A plane – such as that created by a fracture – is represented by the 
horizontal projection of the intersection line between the plane and the half 
sphere through the center point of the half sphere. A line – for example 
striae on a fracture surface – is represented by the horizontal projection of 
a point on the plane. For each plane on the stereonet, there is a 
corresponding pole. The pole is a point, defined by the horizontal 
projection of a point at a fix angle of 90 degrees to the plane to which it 
corresponds. More often than not, planes are represented by poles rather 
than lines (Figure 6). 
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Figure 6. Left: a visual description of how a plane’s orientation is projected at a stereonet. 
Right: a stereonet with mapped fractures represented by their poles (Image from 
Engineeringgeology.com). Contours have been created, representing areas of 
different pole concentration (Image from Osterman, 2017). 

 

2.1.3. Geological Pre-Investigations 

Geological, engineering geological and hydrogeological information make 
up important data to collect before any construction underground since the 
properties of the construction material – the rock mass – are unknown. 
Through data collection, models can be created and predictions regarding 
the rock mass can be made with varying degrees of certainty.  

Even though it is easy to think that the uncertainties can effectively be 
reduced by drastically increasing the number of investigations, the reality 
is not that simple. Pre-investigations are generally expensive to carry out, 
and clients tend to cut down on the number of investigations to save money 
in the end. Even though it could be argued that for a large project a 
reasonable number of additional investigations would not make much of a 
difference, some people state that benefits can be gained by in an early 
stage spending more on pre-investigations (Alm et al. 2012). According to 
a survey carried out by Alm et al. (2012) on the value and usability of 
different pre-investigation methods, geological mapping and rock coring 
was pointed out as two methods with high usability and value. For 
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reference, the method of gravimetry was deemed one of the least favorable 
based on the same criteria. 

Rock coring is a method of collecting geological data such as rock 
fracture orientation and fracture aperture. In this method, a core of rock is 
extracted from the rock mass through drilling in given direction. These 
cores tend to be long, around 50-100 meters normally. Mapping of these 
cores are often done automatically using a system like BIPS (Borehole 
Image Processing System) which images the borehole and has the ability 
to measure fracture orientations given the orientation of the core. 

Geological mapping is probably the cheapest pre-investigation method, 
as it requires only a geologist and practically no equipment. This is however 
the method that gives the least direct information of the rock mass at depth 
if carried out as surface or outcrop mapping, for which large amounts of 
assumptions are required.  

The information from pre-investigations are summed up, interpreted 
and presented in reports that make up a basis for the design; e.g. the 
engineering geological prognosis (Trafikverket, 2014). 

2.1.4. Fracture Network 

The fracture network together with the intact rock makes up the rock mass. 
A fracture network can be defined as a system made up of all fractures 
within the rock mass. The fracture network is in turn made up of a number 
of fracture sets. A fracture set is defined as a group of fractures with similar 
orientations - that is - the fractures within a fracture set are in theory 
parallel to each other. Normally, there are always a number of fracture sets 
present that are accompanied with so-called ‘random fractures’ that have 
orientations that correspond to neither of the dominating orientations. By 
analyzing large amounts of fracture orientation data for a given area, the 
dominating fracture orientations (the fracture sets) can be determined by 
plotting the data on stereonets and making a visual interpretation. 

Different rock types normally have different types and amounts of 
fracture sets within them. This is mainly due to the mineralogical and 
physiological composition of the rock, but also dependent on the structural 
deformation of the rock. For example, a granite is a non-deformed rock, 
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made up of medium to large sized crystals. Since the granite is a non-
deformed rock type, the intact rock can at larger scales be interpreted as a 
homogeneous medium. This results in that there are generally more 
random fractures within a granite, but also that the orientation of the 
regional stresses plays a greater role in determining the orientation of the 
fractures. A gneissic rock on the other hand has been deformed plastically 
through high compressive stresses in the earth’s crust, resulting in a 
‘banded’ appearance, having so-called foliation. Foliation is essentially 
concentrations of lighter minerals within the rock that have been 
accumulated in planar structures through compression, and the grains 
have oriented themselves in the direction perpendicular to the maximum 
compression. The foliation makes up planes of weakness in the intact 
gneissic rock, why it tends to form fractures along the foliation. 

Swedish bedrock is in general made up of hard crystalline rock, e.g. 
different types of felsic, intermediate and mafic rocks, normally formed at 
depth and exposed through uplift and erosion. This indicates that the intact 
rock itself is seldom a problem when tunneling in Sweden, and that it 
rather is the fractures that can cause problems mainly related to the 
tunnel’s constructional stability and water ingress. Normally, around one 
to three fracture sets as well as random fractures are expected, but the 
spatial variation is large. 

2.1.5. Sampling Bias and Terzaghi Correction 

When analyzing sets of fracture data on a stereonet, one needs to realize 
that there exists a bias towards recording some orientations more than 
other depending on the sampling direction (the orientation of the scan 
line), e.g. the direction of a rock core or the orientation of an outcrop 
relative to the orientation of the fractures.  To describe this phenomenon, 
the concept of the shadow zone was developed. The shadow zone describes 
the attenuation, 𝛼, of fracture frequency that occurs as the strike of a set of 
fractures approach the direction of the scan line.  
Figure 7 below demonstrates how the attenuation varies for fractures of 
different orientation, in this case given a horizontal borehole. Fractures 
that are either horizontal or vertical but parallel to the borehole have the 
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highest attenuation, whereas fractures that are perpendicular to the 
borehole have theoretically no attenuation (Berg, 2012). 
 

 

Figure 7. Visualization of the shadow zone on a stereonet. The borehole is horizontal, and 
its direction is represented by a black line (Berg, 2012). 

To deal with the sampling bias, a so-called ‘Terzaghi correction’ or 
‘Terzaghi weighting’ is applied to the data set, as originally proposed by 
Terzaghi 1965. The correction or weighting is performed by firstly 
obtaining the bias correction factor, 𝐶#, defined as: 
 

𝐶# = 	
&

'()	(+)
    Eq. (1) 

 
Where 𝛽 is the angular difference between the scan line direction and the 
strike of the fracture. The bias correction is used to adjust the fracture data 
to the shadow zone by calculating the correction factor for each fracture 
orientation, representing inherent ‘weights’ for each fracture within the 
dataset. For example, a fracture where 𝛽 = 10° is given a higher weight 
than a fracture perpendicular to the scan line (where 𝛽 = 90°) (Berg, 2012). 
In this process, no ‘new fractures’ are created. Rather, the already existing 
fractures are given more weight as they are duplicated n number of times - 
n corresponding to the bias correction factor. 



 LITERATURE REVIEW | 19 
 

 

Since the correction or weighting approaches infinity for values of 𝛽 
close to zero, there may exist a tendency to over-estimate the number of 
fractures parallel or sub-parallel to the scan line when correcting the 
fracture data, as suggested by Davy et al. (2006). 

To deal with this issue, Priest (1993) suggested a limit (maximum value) 
to the correction factor (figure 8). It is however important to note that it 
might not always be meaningful to implement a maximum value to the 
correction factor. For example, Zetterlund et al. (2012) carried out a 
sensitivity analysis for the Terzaghi correction showing that the impact of 
a maximum correction of 10 was negligible as few instances of the factor 
exceeded that number. Zetterlund et al. (2012) instead assumed that no 
fracture should account for more than 5 – 10 % of total number of fractures 
after correction. 

 

Figure 8. A graph displaying equation 3. At 𝛽 = 90, the fracture is perpendicular to the scan 
line and there is no attenuation (correction factor = 1). As beta decreases, the 
correction factor becomes infinitely large, why the limit of 10 samples was 
introduced. This limit is the dotted line. 
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2.2. DFN Modeling 
There are two main approaches for modeling a fractured rock mass; the 

continuum models and the discrete models (Eriksson, 2002). Since 
accounting for the specific appearance of each individual fracture is 
difficult, the rock mass may in the case of a continuum approach be 
interpreted as an equivalent continuum with the same properties in every 
direction, much like a very homogeneous soil (Gustafsson, 2009). This 
means that that the rock mass is given effective values to represent its 
properties. The continuum approach of modelling will require that the 
scale of the system is examined: it is generally only valid on larger scales 
when the amount of fractures in a given volume of rock would yield a 
regime similar to that of a homogeneous medium (Rehbinder et. al. 1995).  

If, for example, a volume of rock had one or two single fractures through 
which flow occurred, the continuum approach would be unsuitable. This 
concept is connected to the REV – representative elementary volume – 
which is the smallest volume for which a certain concept is valid, e.g. the 
continuum or the discrete approach of modeling (Oda, 1988). 

A discrete fracture network (DFN) is a network of discrete fractures 
defined by the fracture orientation, fracture size and fracture intensity. The 
fracture size is measured as the radius of a circular fracture, and the 
fracture intensity is the spacing between the fractures in a fracture set.  

A key characteristic with a DFN model is that the network is based on 
geological mappings of fracture orientation, length and intensity for 
example (Elmo et al. 2014). 

DFN models have an advantage over conventional continuum models 
on smaller scales, since there is a larger chance of making a better and more 
comprehensive geological description of the rock mass for the model to be 
based on, if the volume is smaller. The opposite is true on larger scales 
where the number of fractures per unit volume is large enough to mimic 
the characteristics of a homogeneous medium (Elmo et al. 2014). 

The fracture orientation for each fracture set is an important parameter 
that need to be quantified through statistical methods in order to create the 
DFN. To determine the orientation of each fracture set, fracture 
orientation data needs to be collected and then plotted on a stereonet. 
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Through either a manual or automatic analysis, concentrations of poles 
which would represent separate fracture sets are determined.  

The fracture size is visually represented by the area of a polygon but 
determined by the area of a circle with a radius so that the area of the circle 
and the polygon are the same (Golder, 2018). 

The fracture intensity is an important parameter in fracture modeling. 
However, within the engineering society, the term ‘fracture spacing’ is used 
to describe the mean distance between fractures in a set rather than 
‘intensity’, which is a term bound to DFN modeling. The term intensity is 
a measure of the amount of fractures in a given space, whether it’s a 1D, 2D 
or 3D space (Niven & Deutsch, 2010). According to Golder Associates 
(2010), the term intensity is preferably used over ‘spacing’ since the latter 
“ignores issues of orientation bias, spatial arrangement and discontinuity 
size”, all of which are important to consider within fracture modeling.  

Fracture intensity is measured as the number of fractures per given unit 
of space. Derschowitz & Herda (1992) defined different classes of fracture 
intensity based on measurements in one, two or three dimensions, see 
table 1. The classes are based on the dimension of the measured fracture 
and the dimension of the space that the fracture was measured within. 

Table 1. Description of the different ways of measuring fracture intensity and density. 

Class Description Unit 
P10 Lineal fracture intensity: number of fractures per 

unit length 
L-1 

P20 Areal fracture intensity: number of fractures per 
unit area 

L-2 

P30 Volumetric fracture intensity: number of fractures 
per unit volume 

L-3 

P21 Areal fracture intensity: length of fracture traces 
per unit area 

L-1 

P32 Volumetric fracture density: area of fracture per 
unit volume 

L-1 

P33 Fracture porosity: volume of fracture per unit 
volume 

- 
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P stands for ‘persistence’ and the following numerals in subscript refer 
to 1) the dimension of the region measured in and 2) the dimension of the 
measured fracture. The most widely used classes are P10, P21 and P32, since 
they are all scale independent (units in ‘per length’), and therefore 
preferred for fracture modelling (Niven & Deutsch, 2014). Since P10 is 
merely a count of fractures, it neither accounts for the orientation of the 
borehole nor the orientation of the fractures. This means that the recorded 
intensity from P10 is not necessarily the true one. To deal with this issue, 
P10 is converted to P32 - which is a non-directional intensity property – 
using a method proposed by Wang (2006) and further described by Rogers 
et al. (2009). 

For example: P10 suggests that the number of fractures intersecting a 
line is measured (e.g. fracture count in a rock core), P21 that the length of 
fracture traces is measured on an area (e.g. fracture traces on an outcrop) 
and P32 that fracture surfaces are measured in a volume (e.g. 3D seismic 
data) (Golder Associates, 2008). 

2.3. FracMan 
FracMan is a software that was developed by Golder Associates Inc. and 
aims to model flow through discrete elements such as fractures, faults, 
karsts and similar geological structures. The software can among many 
other features model the flow of water through the fracture network to 
determine tunnel water ingress, simulate grout penetration in a fractured 
rock mass to aid the grouting design, performing statistical and 
geometrical analyses as well as conducting stability analyses. FracMan can 
be applied to several fields of science, including rock mechanics, 
hydrogeology, hydrology, geology, petroleum engineering and 
mining/tailings engineering (Golder, 2018). 

2.3.1. Components in FracMan 

FracMan has implemented a so-called hierarchical object model in which 
the highest object is the ‘scene’ that consists of ‘children objects’. Example 
of important objects are according to Golder (2018): 
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Fractures and Fracture sets. The fractures in FracMan are displayed as 
polygons with more than 3 edges. Even though it is possible to generate 
single fractures, normally fractures are created in groups that are called 
fracture sets. The properties for each fracture set are generated either 
stochastically or through a pre-defined distribution based on geological 
information.  
Surfaces. Surfaces in FracMan are made up of polygons connected in their 
vertices, making up a Triangular Irregular Network (TIN). These surfaces 
cannot be created within FracMan and must be imported from GIS or CAD 
types of softwares. A surface is often used to define the model boundaries 
but can also be interpreted as a part of the model by converting it to a 
fracture and assigning properties to it. 
Regions. Regions are volumes in the model in which fractures are 
generated. The regions can be defined to create fractures with different 
properties for each region, yielding a model with varying fracture 
characteristics in different parts of the model. A region could for example 
be created to mimic a fault which by nature is more like a fractured volume 
rather than a single plane. 
Wells. Wells in FracMan are linear, well-shaped trajectories that can be 
used to collect information from the fracture network such as P10 sampling 
intervals, flow logs, perforation intervals etc or other geometric data. This 
information can be used to find specific information about each fracture 
set like size, aperture and orientation. 

2.3.2. Fracture Set Distributions 

There are two main types of distributions in FracMan, the vector 
distribution and the scalar distribution. The difference between the two is 
that a vector distribution allows one to define a distribution for several 
parameters, whereas a scalar distribution only allows for one single 
parameter.  

Normally, a vector type of distribution is used to define the distribution 
of fracture orientations, determined by the mean trend and plunge of the 
pole to a group of fractures (in extension by the mean strike and dip) 
(figure 9). 
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Figure 9. Example of a fracture set defined by the Bivariate Normal distribution. This is an 
example and the input parameters were randomly selected. 

 
Below, a short description for each type of vector distribution in FracMan 
is presented. 

Constant. The distribution ‘constant’ will yield a distribution where all 
fractures have identical orientations. 

Univariate Fisher Distribution. The univariate fisher distribution is 
comparable to a normal distribution on a sphere. The use of this 
distribution is suitable when the fracture orientations seem to appear 
random as a result of variations in rock mass properties that cannot be 
correlated. One drawback is that the variation around the mean pole is 
perfectly symmetrical, resulting in that the variations in strike will be the 
same as for the dip.  

Bivariate Fisher Distribution. The bivariate Fisher Distribution is a 
fisher distribution with two or more parameters, K1 and K2. When K1 > 
K2, the distribution concentrates in the directions of 0 and 180, whereas it 
disperses in the directions of 90 and 270. The opposite is true for when K1 
< K2. When the parameters within the bivariate fisher distribution are set 
equal so that K1 = K2, the distribution becomes univariate, meaning that 
symmetry in all directions is obtained. 

Elliptical Fisher Distribution (EF Distribution). The EF Distribution 
works well when the variability differs between the strike and dip within a 
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fracture set. For example, when the strike varies more than the dip, and the 
poles ‘create an ellipse’ on the stereonet. The EF Distribution has two 
additional parameters compared to the Fisher distribution; the direction 
in which the dispersion is greatest and the ratio between the 
concentrations of the long and short axes (K2). According to the FracMan 
manual, the EF Distribution should be used when the poles plots as an 
ellipse on an equal area stereonet. The manual also recommended to 
review the geologic controls of the system by considering what mechanisms 
formed the fractures, if the fractures are part of larger folds or faults and/or 
if there are strong lithological or mechanical heterogeneities in the rock 
mass that need to be accounted for. 

Bivariate Normal Distribution. The Bivariate Normal Distribution is 
similar to the EF Distribution in the sense that they both are used when the 
variability in strike is larger the variability in dip. The Bivariate Normal 
Distribution is however only used for very small variations in orientations 
(~< 4° difference). 

2.4. Rock Fracture Grouting 

2.4.1. Grout Mix Properties 

A fluid – unlike a solid body – will deform for as long as an external 
force is acting on it. However, it is not the deformation itself that 
establishes the criteria for equilibrium, but rather the velocity at which 
deformation occurs (Håkansson, 1994). Every fluid has a viscosity, which 
can be interpreted as an inner resistance to flowing. A fluid having only a 
viscosity is called ‘Newtonian fluid’. However, not all fluids are Newtonian. 
Suspensions of different kinds are affected by the interparticle forces, 
resulting in an internal yield stress that needs to be exceeded before the 
fluid can flow. These types of fluids are called ‘Bingham fluids’. 

There are two common types of grouts: chemical grouts (which in 
reality are extremely fine suspensions) and cement suspension grouts 
(Bingham fluids). Here forth, the term ‘grout mix’ in the text exclusively 
refers to a cement suspension grout, if not written otherwise. Since the 
grout mix is a suspension of cement particles in water, it is classed – and 
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behaves – as a Bingham fluid. The concept of a suspended grout mix 
rheology is however very complex as it is governed by both physical and 
chemical processes that changes over time, as argued by Nguyen & Boger 
(1985) and Håkansson (1994). 

One of the most important factors that affect the rheological properties 
of the grout mix is the water/cement ratio (VCT), defined as the ratio 
between the weight of cement to the weight of the water in the grout mix. 
The VCT of a grout mix directly affects its viscosity. A higher ratio means 
that there is more water than cement, and that the mix has a higher 
viscosity. A lower ratio means that there is more cement than water, and 
that the mix becomes more inert.  

Penetrability is a term that describes ability of the grout mix to 
penetrate rock fractures. A cement-based grout contains cement particles 
of different grain sizes, which suggests that – unlike water - there is a limit 
to the aperture through which the grout mix can pass. Even though there 
is a wide range within the distribution of fracture apertures in a rock mass, 
it has been showed that a majority of fractures in the rock mass have very 
small apertures, (<=100 my), see figure 10. Normal micro cement-based 
grouts can be expected to penetrate a fracture with an aperture of no 
smaller than 90 my. The distribution of hydraulic fracture apertures is 
often described as a log-normal distribution, with the majority of fractures 
having very small apertures and a minority having larger apertures. 
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Figure 10. Hydraulic fracture aperture distribution, as measured by Snow 1970. 

 
The cement particles within a grout mix have a natural tendency to 

flocculate, which means that the particles form clusters through attraction. 
If these clusters get large enough, they may prevent the grout mix from 
penetrating the fractures (Stille, 2015). To describe this phenomenon, a 
model was developed by Eriksson (2002) which defines two important 
parameters, bmin and bcrit (minimum and critical, respectively) The upper 
limit - bcrit – defines the aperture through which the grout can flow freely 
without any filtration occurring. The lower limit - bmin – defines the 
aperture where total filtration is happening, and no grout can penetrate. 
These two parameters define the upper and lower boundaries of fracture 
aperture within which clusters or “plugs” form, causing varying degrees of 
filtration. Between bmin and bcrit, there is a continuous change in filtration 
tendency. This suggests that it is not favorable in terms of penetrability to 
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overly decrease the grain size since the grains will at some point cluster and 
form even larger grains. This concept is displayed in figure 11. 

 

 

Figure 11. A graph that depicts the tendency of particles in suspension to flocculate after a 
certain limit. The x-axis, d95, means that a given value represents the wire mesh 
width for which 95% of a grout mix can pass through, given in 𝜇𝑚. The y-axis is 
the aperture of a fracture, given in 𝜇𝑚. Image from Stille (2015). 

 

2.4.2. Fracture Orientation 

Another parameter affecting the grouting result is the layout and 
orientation of fractures within the rock mass. In theory, the most favorable 
intersection between a fracture and a borehole is obtained when the 
borehole is normal to the idealized fracture plane. Since each fracture set 
is expected to have a reoccurring number of fractures parallel or semi-
parallel to each other, the number of intersected fractures for a borehole 
will statistically be higher if the borehole is drilled normal to the fracture 
set. In theory, if the borehole parallels the fracture sets, no intersections 
will occur. To which extent this phenomenon affects the grouting process 
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is hard to define since the number of uncertainties during the grouting 
process is high, and it therefore is hard to single out the effect from one 
parameter. Additionally, an intersection between the borehole and a 
fracture does not directly mean that the grout can propagate through the 
fracture, since the fracture aperture varies and the flow paths for the grout 
may locally be shut or limited. However, the orientation of the fractures 
relative to the boreholes is important since if no fractures are intersected, 
grouting beyond hole filling will be impossible, resulting in a poor grouting 
result. Additionally, the case might be that specific structures account for 
most of the water ingress into the tunnel, making it important to carry out 
analyses regarding the fracture orientations and making sure that these 
fractures are intersected. Such an analysis could also help analyze areas 
where the grouting is expected to lack in performance due to unfavorable 
orientations of the fractures. 
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3. General Methodology 

Suitabilities of different grout fan geometries were determined by 
analyzing how many fractures that was intersected by each grout fan 
geometry. 

A DFN model was created based on information obtained from three 
boreholes from the Stockholm Bypass project. The fracture orientation in 
terms of strike and dip and the depth along the core for each fracture was 
recorded and organized before importing the data in FracMan. Fracture 
intensities for each fracture set was then analyzed to better understand the 
relative amount of fractures within each fracture set. 

Once the parameters regarding the DFN had been determined, the 
model was validated. To determine the suitability of different grout fan 
geometries, each geometry had to be created and imported into FracMan 
in terms of start and end coordinates for each borehole.  

When the grout fan geometries had been imported into FracMan, the 
P10 intensity for each different grout fan geometry was calculated by 
analyzing the amount of fracture intersections. 

The hypothesis is that it should be possible to select an optimal layout 
of the grout fan geometry by creating a DFN network based on geological 
data available prior to excavation and analyzing the statistics of the 
intersection points between the fan geometry and the fractures in several 
different cases. The hypothesis assumes that the more intersections points, 
the higher probability of having a successful grouting. 

The input data for the DFN was then verified with geological mappings, 
in an attempt to create a DFN truer to the real situation, having a focus on 
the larger structures in the system. The suitability of the grout fans was also 
determined for this verified DFN. The boreholes used in the creation of the 
DFN are all located in Johannelund and are thus assumed to represent the 
same geological domain.  
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4. Creating the DFN  

4.1. Data Collection 
Fracture orientation data was collected from the software CHAOS 
developed by the Swedish Road Administration. CHAOS is used to store 
files and protocols related to various infrastructure projects.  

All fracture orientation data available within FSE403 Johannelund was 
deemed relevant for the DFN. However, only the three boreholes were used 
in the creation of the DFN since the P10 intensity of an outcrop could not 
be calculated in FracMan. The fracture orientation data thus ultimately 
came from three boreholes, their properties described in Table 2. 

Table 2. Descriptive parameters of the fracture orientation data used in the creation of the 
DFN. 

Type Name Length  Orientation Fracture count 
Borehole 12F204K 101,7 m 50/45 141 
Borehole 13A203K 86,8 m 357/40 196 
Borehole 13A210K 114,8 m 250/51 376 

 
The total number of fractures collected was 713.  

4.2. Original DFN 
Firstly, the three boreholes were created as ‘wells’ in FracMan with the 
designated trend and plunge for each well. The starting coordinates were 
set to the same for all wells (x, y, z = 0, 0, 0) since their actual placement 
in space does not have any effect on the intersection angle with a fracture. 

The fracture intersection logs for each well was then imported into 
FracMan and connected to each well, see figure 12. 
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Figure 12. The three wells representing the boreholes. Along each well the intersecting 
fractures from the borehole log can be seen. 

 
To get an idea of how fractured each core is, the intensity was calculated 

for each well. To do this, an ‘interval set’ was created for each well, 
specifying along which interval the P10 intensity had to be calculated. For 
example, the core 13A203K lacks fractures the last 30 meters - not because 
the rock was intact but rather because the core could not be mapped. For 
this case, the P10 calculation interval ends at the last mapped fracture. 

The intervals chosen for P10 intensity calculation for each well was 
according to table 3. 

Table 3. The P10 intervals specified for each well. 

Well / Borehole P10 Interval [m along core] 
12F204K 3.850 – 101.700 
13A203K 10.900 – 58.850 
13A210K 2.078 – 97.552 

 
For each interval specified in Table 3, the P10 intensity was calculated in 
the unit of [m-1]. 
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Next, the fracture orientation data was analyzed on a stereonet plot in 
order to determine the main fracture set orientations. Contours were 
created for the fracture pole data so that higher concentrations of poles 
would more easily be visible. The projection of the stereonet were set to 
‘equal area’ and ‘equatorial’ as opposite to ‘equal angle’ and ‘polar’. The 
fisher distribution exponent K was set to 50, see figure 13. 
 

 

Figure 13. All mapped fractures plotted as poles on a stereonet. Contours have been 
created to visualize areas of higher pole density. 

 
In order to make a valid interpretation of the main fracture 

orientations, a Terzhagi correction or weighting of the contours had to be 
carried out. This correction is when chosen automatically calculated based 
on the intersection angles between the normal of the fracture planes and 
the wells. When the fracture orientation data had been corrected for 
sampling bias, the center points of each interpreted fracture set was 
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marked on the stereonet, see figure 14. Table 4 describes the attributes of 
the fracture sets. 

 

 

Figure 14. The Terzaghi-corrected contours and the added markers representing the 
interpreted fracture sets. 

 

Table 4. Description of the orientation parameters of the manually defined fracture sets. 

Fracture 
Set 

Mean Pole 
Trend [°] 

Mean Pole 
Plunge [°] 

Mean Plane 
Strike [°] 

Mean Plane 
Dip [°] 

Set 1 124 8 214 82 
Set 2 200 56 290 34 
Set 3 58 8 148 82 

 
After the fracture sets had been manually marked on the stereonet, the 

‘Set Identification Definition’ tool was used. The Set Identification Tool 
automatically compares different mathematical distributions (the fracture 
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set distributions described in chapter 2.3.2) with the data on the stereonet 
to determine which distribution that would generate the best fit for the real 
fracture orientation data. For the Set Identification, the number of 
iterations was set to 200 (a higher number is suggested for larger and more 
complex datasets), the weight was set to ‘Terzaghi’ and the convergence 
method was set to ‘Hard Sector’. The sector choice indicates whether the 
probability of each fracture belonging to a specific set is of highest weight 
(hard sector) or whether a larger degree of randomness is included in the 
process (soft sector/no sector). 

The result of the distribution fitting was presented as tables in FracMan 
in which a ‘K_S Probability-factor’ generally determines the suitability for 
each distribution. The factor is expressed as a percentage, where a higher 
percentage generally indicates a better fit distribution. 

Table 5 present the chosen best fit distributions for the fracture sets, 
and table 6 present the mathematical properties of each fracture set 
distribution that will be the input for the generation of the DFN. 

Table 5. General properties of the mathematical distributions chosen for each fracture set. 
The K_S Probability value indicate the general suitability of each distribution for 
the corresponding dataset. 

Fracture Set Fitted Distribution K_S Probability [%] Fracture 
Count 

Set 1 Elliptical Fisher 47.5172 491 

Set 2 Elliptical Fisher 35.1804 533 

Set 3 Elliptical Fisher 74.4567 375 

 

Table 6. Description of the mathematical properties of the Elliptical Fisher distributions 
describing each fracture set. These parameters make up the input for the 
generation of the DFN. 

Fracture Set Mean Pole Tr/Pl [°] Major Axis [°] K1 K2 
Set 1 142.945 / 7.225 233.884 / 7.364 7.86084 1.336 
Set 2 217.856 / 73.200 8.273 / 14.712 6.90744 1.36653 
Set 3 57.312 / 5.111 324.834 / 25.802 7.16951 1.28024 

 
To be able to calculate the P10 Intensity for each individual fracture set, 
intervals specific for each fracture set in each well need to be specified 
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similarly to when the P10 intensity was calculated for all fractures within a 
well, see figure 15. 
 

 

Figure 15. The created intervals for each fracture sets within which the P10 intensity was 
calculated. 

In the same way as for all fractures (as earlier described), the P10 intensity 
was calculated for each fracture set specific for each well. As the fracture 
sets have different intensities in each well, a mean value had to be 
calculated and used for the individual sets, see table 7. 

Table 7. Mean P10 intensities for each fracture set, based on the intensities for each set in 
each well. 

Fracture Set Mean P10 Intensity [L-1] 
Set 1 0.75 
Set 2 1.32 
Set 3 1.07 

 
To start generating discrete fractures, the parameters regarding the 
orientation distribution, the radius distribution and the intensity needed 
to be specified. The fracture orientation distribution and its properties had 
already been determined (see tables 5 & 6). A power law distribution was 
chosen as the distribution for the fracture radius. The technical parameters 
related to the power law distribution are specified in table 8. 
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Table 8. Parameters related to the power law distribution describing the radii of the 
fractures. 

Minimum Radius [m] 3 
Trace Length Slope 1.5 

Minimum Truncation [m] 3 
Maximum Truncation [m] 1000 

 
There was no information about the size of the fractures – since data was 
obtained from boreholes – and the minimum radius was thus set to 3, 
which is an arbitrarily chosen number but thought to represent the most 
important fractures reasonably well. 
Since the discrete fractures are generated using statistical distributions, 
there will be a degree of variation between different realizations. To deal 
with this issue, the model variability needed to be assessed. If for example 
the variability is large, that would invalidate the model and vice versa.      
The input intensity was specified in terms of area per unit volume (P32), 
and before the validation was initiated, it had to be determined which P32 -
input was suitable for each fracture set. The suitability of the input P32 was 
determined by generating the DFN, measuring the P10 intensity, comparing 
the measured intensity with the observed and iterating this process – each 
time with a new input P32 – until the measured P10 intensities are close 
enough to the observed intensities specified in Table 7. 

Once the input P32 values had been determined for each fracture set, the 
variability of the model could be analyzed. This was done by generating 
several realizations of each fracture set - using the same input parameters 
for each realization - and measuring the P10 intensity for each individual 
realization and well. The mean P10 value for each fracture sets as well as the 
standard deviation are then compared to the observed intensity specified 
for each fracture set in table 7. If there is too large of a variation within the 
measured P10 in the different realizations, the model could be deemed 
invalid.  For the validation, 10 realizations per fracture set was created. The 
P10 intensity was thus calculated 10 times – one time for each realization – 
for each fracture set in each well, see tables 9 and 10.  

 
 



40 | CREATING THE DFN 
 

 

 

Table 9. Validation of the model 

Realization 
no. 

12F204K P10 [L-1] 13A203K P10 [L-1] 13A210K P10 [L-1] 
Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 Set 1 Set 2 Set 3 

1 0,59 1,20 1,27 0,77 1,02 0,86 0,58 1,75 1,13 
2 0,62 1,02 1,24 1,11 1,19 0,94 0,62 1,71 1,11 
3 0,60 1,14 1,54 1,04 0,92 0,69 0,48 1,59 0,82 
4 0,47 0,99 1,36 0,98 1,25 0,69 0,57 1,71 1,02 
5 0,49 1,01 1,19 1,17 1,13 0,96 0,49 1,74 1,04 
6 0,64 1,18 1,19 1,19 0,83 1,00 0,51 1,90 0,96 
7 0,57 1,24 1,40 1,06 0,92 1,11 0,56 1,89 1,02 
8 0,59 1,21 1,33 1,08 1,44 1,13 0,43 2,01 0,97 
9 0,55 1,00 1,33 1,25 1,15 0,90 0,54 1,81 0,88 

10 0,53 1,06 1,28 1,13 0,98 1,00 0,63 1,65 0,98 

Table 10. Result of the validation. 

Set Input 
P32 [L-1] 

No of 
Realizations 

Average 
Measured 
P10 [L-1] 

STDV 
Measured 
P10 [L-1] 

Average 
Observed 
P10 [L-1] 

Diff from 
Observed 
P10 [L-1] 

1 2,1 10 0,72 0,08 0,75 4,0% 
2 2,3 10 1,32 0,13 1,32 0,1% 
3 2 10 1,08 0,11 1,07 0,6% 

4.3. Verified DFN 
Since the original fracture data was obtained from boreholes, the only 

conclusion that could be drawn about the fracture sizes was that they would 
be at least as wide as the borehole radius. This indicated that the data from 
the boreholes may have contained an excessive number of fractures – some 
of which not even of interest for this analysis due to being too small or 
isolated. For this reason, it was decided that the fracture data needed to be 
verified primarily with regards to the fracture radii. 

This analysis was done by utilizing manual fracture mappings from the 
tunnels in the Stockholm Bypass. These mappings were assumed to 
represent the geological structures of interest since the fractures that are 
mapped in a tunnel are generally the larger and more conductive with 
longer traces. 

A geological mapping protocol from the same area that the boreholes 
were drilled in – Johannelund – was used as a basis for this analysis, see 
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figure 16. In order to get a measure of the observed intensity (representing 
the “real” intensity”), the lengths of the traces on the protocol were 
calculated and compared to the total area of the tunnel, giving the P21 
intensity – the measure of the length of a fracture trace per aerial unit, see 
table 11. 

Table 11.	Input	parameters	for	the	calculation	of	the	observed	P21	intensity	in	the	tunnels.	

No. of Fractures Total Length (m) Tunnel Area (m2) P21 Observed m-1 
47 409 1000 0,4 

 
 
 

 

Figure 16. The geological mapping protocol used for the verification of the fracture sizes. 

 
After having determined the observed P21, a tunnel shape representing the 
true tunnel geometry was created in FracMan.  
For this verification, the DFN specified in the previous chapter was used. 
The P32 intensity for each fracture set was set to 2, in order to simplify the 
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model. The minimum radius was set to 0.15 to include even the smallest 
fractures to create a true picture of the fracture network. The trace length 
slope that originally were set to 1.5, was set to 1.8 so that the ratio of smaller 
fractures to larger fractures increased, see Figure 17.  
 

 

Figure 17. Input parameters for the power law distribution determining the fracture sizes. 

 
Next, the DFN was realized in a smaller volume – slightly larger than the 
tunnel - and the fracture traces created from the fracture intersections 
between the tunnel and the DFN was analyzed. In order to compare the 
fracture traces in the model to the traces of the geological mapping, all 
fracture traces shorter than 5 m was filtered out. The reason for filtering 
out fractures with traces smaller than 5 m, was that this was approximately 
the minimum mapped fracture trace from the real tunnel mappings, 
thought to represent the general size of fractures visible in the tunnel. The 
P21 intensity was then measured for the fracture traces larger than 5 m, 
and then compared to the observed intensity presented in table 11, see 
figure 18.  
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Figure 18. The tunnel model as seen from above. Upper: the fracture traces from the DFN 
unfiltered. Both larger and smaller fractures can be seen, but predominantly very 
small fractures. Lower: the fracture traces with a filter that removes fracture 
traces shorter than 5 m. The P21 intensity of these traces was compared to the 
real, observed intensity. 

 
After having determined that the P21 intensity for the filtered traces 

matched the observed intensity, the variability of the model was 
determined through the same methodology described in the methods 
section. The result of this assessment is presented in tables 12 and 13. 
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Table 12.	Assessment	of	the	model's	variability. 

DFN Measured P21 
Realization 1 0,39 
Realization 2 0,36 
Realization 3 0,26 
Realization 4 0,37 
Realization 5 0,44 
Realization 6 0,43 
Realization 7 0,36 
Realization 8 0,40 
Realization 9 0,44 

Realization 10 0,37 
Average 0,38 

 

Table 13.	The	determined	variability	of	the	model. 

Measured P21 Observed P21 Difference 
0,38 0,41 6,7 % 

 
The final realizations of the validated DFN model were done in a cube with 
sides of 200 m. Only fractures larger than a certain radius was of interest. 
Theoretically, all fractures could have been generated in the volume after 
which the smallest had been filtered, but it would have consumed too much 
time due to the smallest fractures being only 0.15 m. To deal with this issue, 
the minimum truncation setting was set to the desired lowest limit for the 
fracture radii. Three minimum fracture radii were analyzed: 5, 10 and 15 
m. Since the intensity changes when removing the smallest fractures, the 
input P32 intensity then had to be adjusted so to match the original 
intensity. This was done according to equation 2: 
 

𝑃56,			89:;<=>9 = 𝑃56,			?@ABAC8D ×
@FGH

(IJKL)M@FNO
(IJKL)

@P(IJKL)
    (Eq. 2) 

 
 
 
 
 



CREATING THE DFN | 45 
 

 

 
 
 
 
 
 
 
 
 
 
 
  
 





GROUT FAN GEOMETRIES | 47 
 

 

5. Grout Fan Geometries 

The grout fans were modelled based on (1) a tunnel along a North-South 
oriented axis and (2) a tunnel along a West-East oriented axis. This meant 
that the grout fan geometries would be represented in a total of four 
different fan directions: north, south, east and west.  
The N- and S-directions were chosen since the main tunnels in the 
Stockholm Bypass at the Johannelund contract are roughly directed 
towards north (varies between N and NE). The E- and W-directions were 
complementary chosen to analyze the impact of grout fan direction. Note 
however that no main tunnels are being driven in an E-W direction in the 
Johannelund contract within the SB. 
The grout fan geometries were specified in terms of the start and end 
coordinates of the boreholes within each grout fan in a cartesian coordinate 
system. The x- and z-coordinates representing the look out (or the 
thickness of the “grouted zone”) for each geometry were extracted from 
CAD-drawings (see figure 19) and exported as Excel sheets. The y-
coordinates representing the grout fan length (the “depth” in the plane 
view) were known for each geometry and were manually added to the 
existing data sets of x and y-coordinates.  
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Figure 19. The grout fan geometries in a plane view. The outer circumference represents the 
thickness of the theoretical grouted zone – the look out - and the inner 
circumference represents the tunnel contour. The red lines represent boreholes.  

 
The coordinates for the grout fan geometries were only specified for one of 
the fan directions, as the geometries could be rotated within FracMan. 
The geometry of the modelled tunnel is the same as for the main tunnels in 
the Stockholm Bypass. 
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6. Modeling 

For each grout fan direction (north, south, east and west) there were nine 
unique grout fan geometries determined by combinations of the fan length 
and the thickness of the grouted zone. This gives a total of 36 unique 
combinations. The modelled cases are presented in figure 20. 
 

 

Figure 20. The different grout fan geometries and the possible combinations. Each branch 
represents a unique grout fan geometry. 

 
The suitability of the different grout fan geometries, for each grout fan 
direction was determined for 1) the original DFN, as described in chapter 
4.2 and for 2) the DFN verified with data from geological mapping 
protocols as described in chapter 4.3. Here forth, these fracture networks 
are known as DFN 1 (original) and DFN 2 (verified).  
The suitability for the grout fans in both DFN 1 and DFN 2 was measured 
as the mean P10 intensity for each grout fan geometry, based on the 
measured P10 intensity for each individual hole within the fan. The reason 
for choosing a normalized measure like the P10 intensity is that the 
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number of holes and the length of the holes differ between the geometries, 
making a measure of just ‘number of intersections’ misleading. 

For both the original and the verified model, the DFN was realized 10 
times and the mean P10 intensity was chosen to represent the suitability 
for any given grout fan geometry. For DFN 2, the suitability of the grout 
fan geometries was determined for three different minimum fracture radii, 
5, 10 and 15 m. 
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7. Result 

7.1. DFN 1 
In this subsection, the results for DFN 1 – the original DFN – is 

presented. 
The reader is urged to note that the color scales presented in the tables 
below have the purpose to highlight differences within a given data set and 
is not comparable to the same colors in other tables. This means that the 
colors do not correspond to certain numbers and are dependent on the max 
and min values of the data set. 
The P10 intensities for each grout fan geometry in DFN 1 is presented in 
table 14. 

Table 14. The table displays each individual grout fan geometry and its calcualted P10 
intensity for each grout fan direction. The color scale is automatically generated 
in Excel with the purpose to highlight differences in the data. 

Fan Geometry P10 Intensity [m-1] 
Length [m] Look Out [m] North South East West 

30 10 3,62 3,65 3,56 3,60 
30 7,5 3,64 3,67 3,56 3,60 
30 5 3,69 3,68 3,54 3,58 
24 10 3,60 3,66 3,61 3,59 
24 7,5 3,62 3,72 3,60 3,58 
24 5 3,66 3,73 3,61 3,59 
18 10 3,56 3,68 3,65 3,55 
18 7,5 3,57 3,73 3,65 3,57 
18 5 3,63 3,77 3,63 3,57 

 
The results presented in Table 14 show that there is a present yet small 

difference between the grout fan geometries in terms of mean P10 intensity. 
The fans directed towards south generally had the highest intensities 
whereas the fans directed towards west had the lowest. With some 
exceptions, the geometries with a look out of 10 m had the least number of 
fracture intersections and the geometries with heights of 5 m had the 



52 | RESULT 
 

 

 

highest number of fracture intersections. Note that the difference is in the 
range of around one tenths of a whole unit. The percentual difference 
between the highest and lowest recorded intensity for any grout fan 
geometry was about 6 %, see table 15. 

Table 15. Summarized information. 

Highest P10 [m-1] Lowest P10 [m-1] Percentual Diff 
3.77 3.54 6.1 % 

 
For the North- and South directed groups, the geometries with a look out 
of 5 m exclusively displayed the highest number of intersections. These 
fans regularly displayed around 1% – 2% more intersections than the 
corresponding fans with the same length, but with a look out of 10 m. 

The intensities calculated for each geometry per separate realization of 
the DFN are presented in the Appendices section, see Appendix 1 and 
Appendix 2.  

7.2. DFN 2 
In this subsection, the collected results for DFN 2 – the verified DFN – 

is presented. Note that the color scale used here do not correspond to the 
same values, but rather highlights differences in any individual dataset. 
Summarized information from the findings is found in table 16. 

Table 16.	Summarized	information 

Min. Radius [m] Highest P10 [m-1] Lowest P10 [m-1] Percentual Diff 
5 0,208 0,176 15,4 % 
10 0,125 0,093 25,6 % 
15 0,093 0,078 16,1 % 

 
The following subsections present the results for when the minimum radii 
in the DFN was set to three different values, 5, 10 and 15 m. The hypothesis 
regarding the change in minimum radius was that the number of 
intersections would decrease the more filtering occurred. 
Generally, it can be said that there are differences between DFN 1 and DFN 
2, but that these differences probably are due to the stochastic nature of 
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the fracture network and each generation of the DFN, rather than being 
affected by the fan geometries or fracture radii. 

7.2.1. Minimum Radius - 5 m 

For the minimum radius of 5 m, the north-directed fan geometries had 
the highest number of fracture intersections. The mean P10 intensity is 
here substantially lower than in the original fracture network, since the 
fractures smaller than 5 m are filtered out. Generally, the grout fan 
geometries with a look out of 5 m performed best, with the majority having 
the highest number of intersections, see table 17. 

Table 17. The table displays each individual grout fan geometry and its calculated P10 
intensity for each grout fan direction, with the minimum radius set to 5 m.  

 
 

7.2.2. Minimum Radius – 10 m 

For the minimum radius of 10 m, the north-directed fan geometries 
performed best, and especially the geometries with a fan length of 18 m. 
The same geometries but directed towards south performed worst based 
on the same criteria. It is worth noticing that it is here not as clear 
differences between different look out angles as in previous settings, see 
table 18. 

 
 

Fan Geometry P10 Intensity [m-1] 
Length [m] Look Out [m] North South East West 

30 10 0,193 0,195 0,189 0,186 
30 7,5 0,197 0,202 0,187 0,188 
30 5 0,200 0,202 0,191 0,190 
24 10 0,197 0,195 0,191 0,182 
24 7,5 0,203 0,199 0,193 0,185 
24 5 0,208 0,200 0,193 0,193 
18 10 0,200 0,190 0,194 0,176 
18 7,5 0,204 0,195 0,196 0,179 
18 5 0,206 0,199 0,199 0,186 
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Table 18. The table displays each individual grout fan geometry and its calculated P10 
intensity for each grout fan direction, with the minimum radius set to 10 m. 

Fan Geometry P10 Intensity [m-1] 
Length [m] Look Out [m] North South East West 

30 10 0,114 0,110 0,115 0,110 
30 7,5 0,112 0,112 0,118 0,109 
30 5 0,111 0,114 0,117 0,108 
24 10 0,119 0,103 0,118 0,109 
24 7,5 0,119 0,106 0,121 0,110 
24 5 0,117 0,107 0,119 0,110 
18 10 0,125 0,096 0,114 0,110 
18 7,5 0,124 0,093 0,117 0,109 
18 5 0,125 0,096 0,120 0,109 

 

7.2.3. Minimum Radius – 15 m 

For the minimum radius of 15 m, the west-directed fan geometries 
performed best in terms of mean P10 intensity. It can also be noted here 
that the south-directed fans had the lowest mean intensity, see table 19. 

 

Table 19. The table displays each individual grout fan geometry and its calculated P10 
intensity for each grout fan direction, with the minimum radius set to 15 m. 

Fan Geometry P10 Intensity [m-1] 
Length [m] Look Out [m] North South East West 

30 10 0,084 0,078 0,082 0,087 
30 7,5 0,082 0,078 0,083 0,090 
30 5 0,080 0,079 0,085 0,093 
24 10 0,084 0,082 0,079 0,088 
24 7,5 0,082 0,079 0,081 0,089 
24 5 0,081 0,079 0,083 0,091 
18 10 0,081 0,079 0,078 0,082 
18 7,5 0,079 0,079 0,081 0,087 
18 5 0,079 0,079 0,085 0,091 
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8. Discussion 

8.1. Results 
The suitability of nine different grout fan geometries in four different 

directions (N, E, W and S) was evaluated based on the number of 
intersections between each geometry and a discrete fracture network. 
Suitabilities were determined in two (2) discrete fracture networks: DFN 1 
which is the original network, and DFN 2 which is the verified network.  

All versions of the discrete fracture networks were realized 10 times, 
and the result presented in this thesis are averages of all ten realizations. 
The results were evaluated in terms of mean P10 intensity based on the 
intensity for each individual hole in a geometry, per realization of the DFN.  

8.2. DFN 1 
The results show that there is a small difference in P10 intensity between 

the geometries for all directions, but that the difference is small enough to 
not entail any meaningful information about the suitability of any given 
geometry. It should be mentioned that this analysis was based on the 
fractures that would normally appear in a granitoid type of rock, that 
mechanically behaves more homogeneous on larger scales resulting in 
several different fracture sets. There are other types of rocks – for example 
gneisses, layered sedimentary rocks or other rocks with clear layering or 
schistosity, that would have performed different in this analysis. These 
rocks often have one mayor fracture set parallel with the layering. 

The difference between the lowest and highest recorded intensity for 
any geometry was 0.23 m-1, which corresponds to a percentual difference 
of roughly 6 %. It can be argued that a difference that small would lie within 
any model’s margin of error. 
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The grout fan geometries directed towards south generally had the 
highest intensities, whereas the fans directed towards east and west had 
the lowest intensities. The fans with a look out of 5 m displayed a higher 
number of intersections than the fans with a look out of 7,5 m, which in 
turn had more intersections than the fans with a look out of 10 m. This was 
true for all geometries directed towards North and South. Since the main 
fracture sets are sub-vertical and roughly perpendicular to the tunnel axis 
(N-S), grout fans along the same axis have a higher probability of 
intersecting the fractures. This was especially true for the fans with a look 
out of 5 m, in which individual holes were more ore less normal to the main 
fracture sets. For grout fans with look outs larger than 5 m, the individual 
holes become less normal to the main fractures, yielding fewer 
intersections. 

8.3. DFN 2 
The second fracture network – DFN 2 – was created to verify the input 

data mainly with regards to the fracture sizes which is a parameter hard to 
analyze through a borehole.  The method of verification assumed that 
fractures that are noted on a geological mapping protocol are 
predominantly large fractures (>5 m traces), and that these are the 
fractures of actual interest when investigating the intersection statistics 
between a grout fan and a DFN. This is based on the idea that larger 
fractures have a higher probability of being interconnected with other 
fractures, as well as a higher probability of being transmissive, and 
therefore of higher interest when it comes to grouting design. The 
assumption that the larger fractures in a fracture network are the only ones 
of interest may generally be valid for grouting design purposes, but it must 
also be said that fractures may or may not be transmissive, regardless of 
size. For example, larger fractures may have been subjected to more 
deformation than smaller ones. This could have resulted in the creation of 
debris and fill material in the fracture due to physical deformation, as well 
as chemical alteration which may have formed clay within the fracture. 
These facts indicate that this fracture – despite of being large – is hard to 
grout since the penetrability was lowered. 
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It can however be said that this assumption is valid for at least this 
scenario, since when the smallest fractures were filtered out from the DFN, 
the remaining traces on the tunnel had striking similarities to the traces 
presented on the real fracture mapping protocol. This would indicate that 
the DFN is a good representation of the mapped fracture system. 

To assess the sensitivity of the system to fracture size, the minimum 
boundary of fracture radius was altered in three steps, and for each step 
analyzed to see its effect on the amount of intersections between the 
different grout fan geometries. 

Generally speaking, shorter grout fan geometries and smaller look out 
angles resulted in a higher number of fracture intersections than longer 
fans and larger look out angles. This is far from a rule though, and even 
though the difference is present, it is small enough to be negligible. In few 
cases, the shorter fans performed worst. 

When increasing the minimum allowed fracture radius, the amount of 
fractures in the system decreases. This process is the same as creating all 
fractures in the system and filtering out all fractures with a radius smaller 
than a given value. The results showed that when increasing the minimum 
allowed radius 1) there were fewer intersections on average and 2) 
individual differences between different geometries decreased. Fewer 
intersection as a result from filtering out many fractures was a clearly 
expected behavior.  

This result otherwise demonstrates that the fewer fractures present in 
the system, the more other parameters may start to matter, for example the 
placing of the grout fan in the model. It could be explained such as that the 
randomness increases when there are fewer fractures, much similar to the 
comparison between a heavily fractured rock mass (homogeneous in a 
way) and a more or less intact rock mass (very heterogeneous). For 
example, when designing tunnels in hard rock, it is generally the fractures 
in the rock mass that is the governing factor for strength and stability of 
the construction. As the number of fractures in the rock mass decreases, 
other parameters - such as the strength of the intact rock mass - starts to 
matter more, and one or few single fractures might have a larger impact on 
the tunnel’s stability than in any other case. 
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8.4. Practical Implementation 
Today’s grouting design and practice constitutes a practice that has 

been moving from being based on nothing but experience to 
predominantly on predictions – and perhaps more importantly – on 
verification through observations. 

It is clear that making a grouting design with the lack of relevant 
information available at the very beginning of any large projects is a 
difficult – or near-to-impossible – task, which sometimes succeed, and 
sometimes not. At the same time, we should ask ourselves, what is the 
information that wee need in order to succeed with our grouting designs? 
Even though there somehow was enough information, which data would 
be the basis for design?  

This thesis was an attempt to test a method that – if working – could 
provide the designers with a new tool to predict at least one of the 
parameters of the main design – the grout fan geometry. This method 
proved to entail some interesting information about the way grout fan 
geometries interact with fractures, some information about what was 
already known, but much more highlighted 1) the lack of knowledge on the 
subject and 2) the fact that there probably is not much to know of the 
subject. The grouting design will continue to improve as more and more 
knowledge is gained within the industry, and for sure, theory and practice 
will both play a large role in the development of the concept of rock fissure 
grouting. However, it is not unreasonable to believe that our early 
predictions will only be so good, and that the grouting design will need to 
rely heavily on the observational method.  

This does not necessarily mean that the concept and idea of directing 
boreholes to have a more favorable intersection with a fracture is irrelevant 
– on the contrary – this should be the main core of the observational 
method applied to rock grouting design. What the results of this thesis 
entail is only that there is no luck in trying to generalize the grout fan 
geometries as whole units. To say that “grout fan X has Y % more fracture 
intersections than grout fan Z”, and then base a whole design concept 
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around that is much too uncertain and unpractical. Additionally, any 
fracture model is really only valid for the geological domain from which the 
fracture data was taken, and who can really say how large that domain is, 
with a reasonable level of certainty that is required. 

In order for the observational method to fully be usable in terms of rock 
grouting design, there need to be a common realization in the industry that 
standardized grouting fans does not necessarily work in any given 
geological setting, but also that these standardized fans do fill an important 
role in the design, as long as the execution of the grouting is not restricted 
and tied to it and it only.  
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9. Conclusions and Suggestions for Future Work 

The conclusions and main findings of this thesis is presented below in a 
bullet list. The analysis conducted as a part of this thesis is based on the 
assumption and simplification that more fracture/borehole intersections 
is better than fewer. The fractures have solely been analyzed as planes 
without any characteristics other than a radius and an orientation. 
 
• The results showed that there were small differences in intensity 

between the grout fan geometries for the studied geological domain, and 
that these are negligible as they probably lie within the model’s margin 
of error.  

• Future work should be intensified on being able to more easily alter the 
geometries within a grout fan, and/or orienting additional holes so that 
specific water bearing structures can be targeted. 

• Increased focus on mapping water bearing structures, and especially 
noticing which fracture orientations that account for the water ingress, 
need to be established in order to gain the full benefit of using the 
observational method for rock grouting design. 
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