
Thesis submitted for examination for the degree of Master of
Science in Technology.

Espoo 29.7.2019
Thesis supervisor: Prof. Mikael Rinne
Thesis instructor: M.Sc. (Tech.) Antti Sorsa



Copyright © 2019 Hanna Lehtonen



Aalto University, P.O. BOX 11000, 00076 AALTO
www.aalto.fi

Abstract of master's thesis

Author
Title of thesis
Degree programme                      Code
Thesis supervisor
Thesis advisor
Date Number of pages Language

Abstract

Keywords



Aalto-yliopisto, PL 11000, 00076 AALTO
www.aalto.fi

Diplomityön tiivistelmä

Tekijä
Työn nimi
Koulutusohjelma                         Koodi
Työn valvoja
Työn ohjaaja
Päivämäärä Sivumäärä Kieli

Tiivistelmä

Avainsanat



 5

Acknowledgements
This thesis was conducted as a partial fulfillment
Geoengineering. The purpose of the thesis was to develop and test a new method, the
Analytical Hierarchy Process, for grouting material selection in hard rock. The study was
commissioned by Pöyry Finland Oy.

First, I would like to express my gratitude for Pöyry Finland Oy and my managers for the
opportunity to write the thesis and funding the project. Thank you for Agnico Eagle Finland
Oy for providing me for an interesting case study subject. Furthermore, I am grateful to all
the experts from Pöyry Finland Oy, Agnico Eagle Finland Oy and Bergteamet AB, who gave
me valuable interviews for the work. I would also like to acknowledge my colleagues at
Pöyry Finland Oy for assisting me in this thesis.

I would also like to thank my supervisor, Professor Mikael Rinne, and my advisor, Antti
Sorsa from Pöyry Finland Oy, for the valuable guidance and comments you gave me
throughout the thesis project.

Finally, I would like to thank my family and friends, not to mention Tuomas, for providing
me for the wonderful memories, great support and wise advises throughout my time at
University to the end of this thesis project.

Espoo 29.7.2019

Hanna Lehtonen



6

Table of Contents

Abstract
Tiivistelmä
Acknowledgements
Table of Contents .............................................................................................................. 6
Symbols and abbreviations ................................................................................................ 8
1 Introduction ............................................................................................................... 9

1.1 Background for the study .................................................................................... 9
1.2 Research objectives ........................................................................................... 10
1.3 Structure and research methods ......................................................................... 10
1.4 Scope of the research ......................................................................................... 11

2 Introduction to water management in underground spaces ....................................... 12
2.1 Reasons for water management ......................................................................... 12
2.2 Requirements for waterproofing in Finland ....................................................... 12
2.3 Waterproofing and management in underground spaces .................................... 14

3 Grouting .................................................................................................................. 16
3.1 Grouting in practice and equipment ................................................................... 16
3.2 Grouting methods .............................................................................................. 16
3.3 Grouting materials ............................................................................................. 17

3.3.1 Cementitious grouts ................................................................................... 17
3.3.2 Chemical grouts ......................................................................................... 20

3.4 Grouting material selection in grouting design ................................................... 25
4 The analytic hierarchy process ................................................................................. 27

4.1 Overview of the AHP ........................................................................................ 27
4.2 Defining the hierarchy ....................................................................................... 28
4.3 Pairwise comparison ......................................................................................... 29

4.3.1 Principles of comparison ............................................................................ 29
4.3.2 Pairwise comparison matrix ....................................................................... 30
4.3.3 Numerical scales used in the AHP .............................................................. 31

4.4 Determining the priority vector ......................................................................... 32
4.5 Consistency of the comparisons ......................................................................... 35
4.6 Simple example of AHP .................................................................................... 36
4.7 Criticism of AHP and other MCDM methods .................................................... 39

5 Implementation of AHP into grout selection ............................................................ 41
5.1 Goal and alternative solutions ............................................................................ 41
5.2 Determining the criteria ..................................................................................... 41

5.2.1 Execution of grouting work ........................................................................ 42
5.2.2 Costs and schedule ..................................................................................... 42
5.2.3 Rock conditions ......................................................................................... 42
5.2.4 Groundwater properties and environmental impacts ................................... 44

5.3 Hierarchy model for AHP.................................................................................. 45
5.4 AHP calculations ............................................................................................... 47

6 Case Study: Grout optimization for Kittilä Shaft by AHP ........................................ 48
6.1 Kittilä mine ....................................................................................................... 48

6.1.1 Expansion project and the new shaft ........................................................... 49
6.1.2 Site investigations and knowledge of the site .............................................. 50
6.1.3 Grouting and water management in the shaft .............................................. 51

6.2 Modified hierarchy model ................................................................................. 52



 7

6.2.1 Alternatives for grouting material ............................................................... 52
6.2.2 Hierarchy model for the AHP for Kittilä shaft ............................................ 53

6.3 The priorities of criteria with respect to the goal ................................................ 54
6.3.1 Priorities according to the client ................................................................. 55
6.3.2 Priorities according to the contractor .......................................................... 55
6.3.3 Priorities according to the designer ............................................................. 56
6.3.4 Final priorities of criteria at level 1 ............................................................. 57

6.4 The priorities of alternatives with respect to the criteria ..................................... 58
6.4.1 Execution of grouting work ........................................................................ 58
6.4.2 Costs and schedule ..................................................................................... 61
6.4.3 Rock conditions ......................................................................................... 63
6.4.4 Groundwater properties and conditions ...................................................... 70

6.5 Results from the AHP analysis .......................................................................... 72
7 Discussion and proposals ......................................................................................... 75

7.1 Discussion of the literature review and the AHP hierarchy ................................ 75
7.2 Analysis of the case study ................................................................................. 76
7.3 Reliability of the APH method in grout selection ............................................... 79
7.4 Usability of the AHP in grout selection ............................................................. 80
7.5 Proposals ........................................................................................................... 81

8 Conclusions ............................................................................................................. 83
References ....................................................................................................................... 84
List of Appendices .......................................................................................................... 91



8

A [-] Matrix A
CI [-] Consistency index
CR [-] Consistency ratio
RIn [-] Consistency index of a random-like matrix, i.e. the average

CI of 500 randomly filled matrices
X [-] Set of alternatives
aij [-] Preference between alternatives xi and xj
d95 [µm] In sieve analysis

is comprised of particles with smaller diameter
n [-] Number of elements in a row/column in an  sized matrix
wn [-] Priority/weight/preference of an alternative
w [-] Vector w/the priority vector w/the eigenvector w
wT [-] Transpose of vector w i.e. (wT)ij = (w)ji
xn [-] Alternative

max [-] Maximum/principal eigenvalue

ABI Acoustic televiewer
AC Acrylic grout
AHP Analytic hierarchy process
BY Finnish Concrete Association (Suomen betoniyhdistys ry)
C3A Tricalcium aluminate
Ca2+ Calcium-ion
CE Cement
CS Colloidal silica
ELECTRE Elimination and choice expressing reality
GFZ Graphite fault zone
MCDM Multi-criteria decision-making
MFC Micro-cement
MML Massive basalt
MPL Massive pillow lava
OBI Optical borehole imager/imaging
OPC Ordinary Portland cement
OTV Optical televiewer
PU Polyurethane
PVC Polyvinyl chloride
SO4

2- Sulfate-ion
TOPSIS Technique for order of preferences by similarity to ideal

solution
UFC Ultrafine cement
w/c-ratio Water-to-cement ratio

Micro-cement, see MFC
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1

1.1 Background for the study
Water management is one of the most significant risks in successfully completing an
underground construction project (Crouthamel, et al., 2005). The inflowing water can cause
safety concerns, effect the environment, slow down excavation rates, delay the construction
and create additional costs.

In Finland, the ingress of water is mainly controlled by shotcrete and drainage systems. Rock
grouting is usually conducted systematically with cement in verified leakage areas.
Traditionally, Rapid-cement is the most used grouting material in Finland. (Ritola & Vuopio,
2002.) Since the requirements of waterproofing have become stricter throughout the recent
years, the utilization of microfine and ultrafine cements as well as chemical grouting
materials with their smaller particle sizes have increased in grouting. Consequently, today a
substantial amount of different materials and trademarks of grouting materials are available
on the markets. As many decisions in a construction project, the selection of a suitable grout
for the grouting program involves considering many factors. The grout selection can, in
reality, become a complicated problem by involving geological, hydrogeological, economic,
environmental and empirical factors.

In general, there is no universal way of selecting a grouting material for an underground
construction project. Conventionally, the material is selected by the designer, who considers
the geological and hydrogeological requirements and construction specific needs of the
project to create the requirements for the grouting materials. The contractor then suggests a
material or materials to be used, which then are approved by the designer and client.
Generally, the initial selection of the grouting material by the designer is based on previous
knowledge of the material behavior in similar environmental conditions and projects. This
creates a situation in which different individuals may have a very different and subjective
perception of the most optimal grout to be used.

The objective of this study was to create a systematic method for grouting material selection
that could be used to support design work in any possible underground rock construction
project. The method tested for this purpose is called the Analytic Hierarchy Process (AHP),
which belongs to the group of multi-criteria decision-making (MCDM) tools. Being a
MCDM tool, the AHP analysis enables the use of multiple criteria and grouting material
alternatives in one single analysis. As a result, the alternative materials are ranked
numerically by their suitability to the underground rock construction project in question.
Furthermore, a systematical method used for the material selection in grouting could deliver
the selection of the most suitable material and prevent the use of unsuitable or even
hazardous materials in the environment in question.

The possibilities of the AHP method are widespread. Among others, the method enables
comparing different grouting materials side by side. The views of all involved parties in the
project - the designer, the contractor and the client - can be considered simultaneously and
the reasoning behind the material selection becomes transparent. All relevant factors
affecting the grouting material selection can be considered all at once, and moreover the
analysis can process both quantitative variables, such as data, and qualitative factors, e.g.
experience and practical knowledge.
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1.2 Research objectives
The main objective is to determine whether the analytical hierarchy process could be a
suitable method to evaluate and select the most suitable grouting material for an underground
project. The main research question can be phrased as: Is the AHP a suitable method to select
and evaluate different grouting material options for an underground rock space project? The
idea is to first determine different factors affecting the selection of a grouting material.
Secondly to implement the AHP method to the grouting material selection by creating a
hierarchical model for the material selection in AHP analysis. Finally, the functionality of
the AHP method for grout selection is evaluated by implementing the created AHP model
into a real-life case study, the new over 1000 m deep shaft at Kittilä mine site.

In addition, secondary research questions have been established. The secondary objectives
are related to both the literature research and the case study of Kittilä shaft. The secondary
research questions are listed below:

What type of grouting materials are available on the markets?
Which factors affect to the grouting material selection?
What type of criteria should be considered when using the AHP in the selection of a
grouting material?
How should the hierarchy be structured in the AHP analysis for grouting material
selection?
Is there a difference in prioritization of the criteria used in the AHP analysis by
different parties involved in the project?
What type of grouting material would be optimal for Kittilä shaft according to the
AHP analysis?
How reliable are the results from the AHP analysis?

1.3 Structure and research methods
The study was divided into two main parts: the literature research and the case study. In the
literature research the introduction and theoretical background of water management,
grouting and the AHP in presented and the implementation of the AHP theory into the
grouting material selection is conducted. In the case study the AHP method is tested in
practice in a real-life construction project, the Kittilä shaft project, which is a part of the
Kittilä mine expansion conducted in 2018-2021.

The theory behind grouting and the AHP are conducted by the help of literature research. A
simple example was included into the AHP theory to help the reader to understand how the
AHP theory is implemented into practice. In chapter 5 the theory of AHP is implemented
into grout selection and the basic hierarchy for grouting material selection with AHP, i.e. the
method used in the case study, is created. This chapter also includes the criteria that are
needed for the AHP analysis. The case study in chapter 6 includes a short presentation of
Kittilä mine and its expansion. This chapter connects the AHP theory into the case study and
the most suitable grouting material is explored by the AHP method. The comparison of
grouting material alternatives is conducted by the help of interviews from the client, the
contractor and the designer, in addition to literature research and information of site
investigations. The relative importance of the main criteria in the grouting material selection
was detected by the help of a questionnaire provided for the representatives of the client, the
contractor and the designer in the Kittilä shaft project. In the discussion part of the thesis the
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AHP method is evaluated for the purpose of grouting material selection and factors of
uncertainty are reviewed.

1.4 Scope of the research
This thesis only discusses rock grouting. Therefore, the created hierarchy for the AHP
analysis is only applicable to rock grouting. The created method can be suitable as it is into
some underground construction projects. However, since every construction project is
unique and situated in different environments, the created method needs to be assessed
individually into each project it is applied to. The AHP method provides as a result the most
optimal grouting material for the environment in question by only taking into account the
chosen criteria and chosen alternatives for the analysis.
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2

2.1 Reasons for water management
The excavation of a tunnel, shaft or any other underground spaces always includes a risk of
unforseen ground conditions. One of the risks could be as substantial as excavating into
pressurized groundwater (Figure 1). However, when it comes to water ingress, even minor
quantities of leakages can cause problems in the underground space or in its surroundings.
(Garshol, 2011.)

Figure 1 Large-volume and high-pressure groundwater
China (Zhang, et al., 2016).

Crouthamel, et al. (2005) explain that the groundwater inflows during the construction of a
tunnel or an underground space are one of the most significant risks for completing an
project. The inflowing water can cause safety concerns and difficulty in excavation and
ground support. Also, it can affect the environment, create ground surface settlement and
raise construction expenses (Crouthamel, et al., 2005). Additionally, technical problems in
construction may arise due to inflowing water, and remaining leakages may even cause
disadvantages or even damages to the use of the space or superstructures above ground
(Ritola & Vuopio, 2002). On the other hand, the difficulties and problems during and after
excavation do not only create technical problems and inconveniences in construction but
usually also additional costs and delays in the construction schedule. Especially, in industry
driven underground projects, the technical problems in construction can create far less
additional costs than the possible delays in the construction phase or the delay in the
commissioning date of the space. For example, the delayed schedule in starting mining
operations can cause multiple costs to the mine operator compared to the costs of water
management during construction. The importance of optimizing and localizing possible
leakage risks and hazardous areas in advance has increased for both the building contractors
and the developers (Ritola & Vuopio, 2002).

2.2 Requirements for waterproofing in Finland
In Finland requirements for waterproofing in rock construction are controlled by the national
standard; SFS-EN 12715 (2000), Execution of special geotechnical work, Grouting.
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Additional regulations for rock grouting are specified in Rock space grouting 2006, BY 53
(Kalliotilojen injektointi 2006, BY 53) by Finnish Concrete Association (Suomen
betoniyhdistys ry).

According to BY 53 (2006) the requirements for waterproofing in an underground space
originate from: (i) the environment, (ii) the purpose of use of the space under construction
and (iii) the construction disturbing leakage. The environmental conditions can have a large
impact on the required waterproofing quality. For example, the decrease of the groundwater
level, caused by inadequate grouting in an underground space, could cause consolidation of
ground and built structures, drying of plantation and wells, and deterioration of wooden
piles. The designated use of the space determines the amount of water allowed into the space.
(BY, 2006). For example, underground spaces designated to public use can have very high
requirements for waterproofing. The construction disturbing leakages can lead to the need
for pumping and to the construction of waterproofing structures. Furthermore, substantial
water leakages during construction cause increased dewatering expenses, thus the total cost
of construction increases. (Ritola & Vuopio, 2002.)

In Finland grouting work is divided according to the difficulty of the waterproofing.
According to the classification used in Finland, the waterproofing of construction is divided
into four waterproofing classes from strictest to loosest: AA, A, B and C. (BY, 2006.) The
used waterproofing classes, environmental requirements and allowable leakage amounts can
be found in Table 1.
Table 1 Requirements for waterproofing into an underground space in Finland (BY, 2006)

Waterproofing
class

Environmental
requirement

Allowable leakage
(l/min/100 m) Underground space use

AA Extremely
demanding ~1-2

Extremely demanding operations such
as construction in city centers, areas
with risks of ground water level
decrease

A Normal 2-5 Normal construction in city areas etc.

B Minor 5-10

Rock construction in areas where
minor leakages do not cause problems
for the underground space or the
environment

C Slight 40-50
Rock construction in which the
objective is to stop major leakage; e.g.
mining

In Finland, the requirements for waterproofing are defined case-specifically in collaboration
between the building authority and the designer; standardized waterproofing requirements
do not exist. In some spaces no drip leakages are allowed, whereas in other spaces the indoor
humidity is demanded to a specific degree. (Ritola & Vuopio, 2002.) Usually, the strictest
requirements for waterproofing are positioned for road and railway tunnels and, special
underground spaces such as telecommunication shelters. On the contrary, low requirements
are usually set for spaces such as water tunnels. However, the requirements for
waterproofing in different building projects are also impacted by the case specific
environmental requirements. In actuality, it is hard to exactly state definite allowable leakage
amounts into the underground spaces under construction because the impacts of different
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leakage amount in different projects vary significantly due to local aquifer and water
recharge. In some projects even extremely small leakage amounts can have an influence on
the surrounding environment. (Tolppanen & Syrjänen, 2003.)

2.3 Waterproofing and management in underground spaces
The main purpose of waterproofing and management is to prevent water ingress into an
underground rock space (Ritola & Vuopio, 2002). However, there are several ways of
conducting the waterproofing of the space. The decision-making of the most suitable
waterproofing method can vary depending on the designated use of the space. For example,
the scale of water management in an underground mine and in a metro tunnel in the city
differ considerably. As a matter of fact, the need for waterproofing can vary even within a
mine site. For example, a hoisting shaft with technical features has very different
requirements for waterproofing compared to a production drift.

The decision between different water management principles can also vary in consequence
of the prevailing common practice. According to Ritola and Vuopio (2002) water
management principles vary even in the Nordic countries. In Finland shotcrete and shotcrete
drainages are the principal waterproofing solution, hence, pre- and post-grouting are
conducted rather rarely compared to other Nordic Countries. In Sweden grouting has been
well investigated, thus, grouting has been taken into use as a primary waterproofing method
alongside shotcreting. In Norway grouting and shotcreting are commonly used, however, in
demanding construction, e.g. traffic tunnels, special nearly standardized ceiling linings are
utilized.

Sealing the rock by grouting
Rock grouting is a common method for waterproofing an underground space or tunnel
(Sievänen & Hagros, 2002). Due to increasingly stricter waterproofing requirements in
underground construction, grouting has become even a more common method of
waterproofing. The grouting includes selection of grouting practices, materials, methods and
overall design. These are explained in more detail in Chapter 3.

Drainages
Drainages restrict or reduce the groundwater inflow into the rock space. The draining can be
executed by dewatering the space by boring holes around the rock space or by drainage
systems inside the rock space, i.e. shotcrete drainages or drainages in the flooring structure.
The rock drainages have been used in shaft structures, among others, in which the boreholes
are drilled parallel all around and outside of the shaft. From the bottom of the boreholes the
water is then conducted to the general drainage system. The rock drainages can also be
exploited in reinforcement work in wet rock conditions. By temporally dewatering the tunnel
the shotcrete and bolt cementation can be applied more successfully. Shotcrete drainages are
applied on the rock surface or on top of the first layer of shotcrete in tunnel areas with spot
leakages that could leak water through the rock reinforcing shotcrete layer. Once the
shotcrete drainages are applied they are covered with a layer of shotcrete. The drainages in
the flooring are connected to the shotcrete drainages, and so, the water from the shotcrete
drainages is guided to pumping systems through the drainages in the flooring. (Ritola &
Vuopio, 2002.)
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Shotcreting as a waterproofing method
Shotcrete is a very common rock reinforcement method; however, it can also work as a way
of waterproofing. The shotcrete itself is not waterproof, thus the water seeps through the
applied shotcrete layer. Therefore, shotcrete can only be used as a waterproofing method,
when the leakages are minor and the leaking water has time to evaporate from the shotcrete
surface to the surrounding air. The evaporation can be facilitated by efficient ventilation
systems or by spraying a porous coating layer of shotcrete on top of the rock reinforcing
shotcrete to expand the surface of evaporation. (Ritola & Vuopio, 2002.)

Other methods
Other types of waterproofing methods are for example different type of ceiling structures,
membrane linings and other drainage systems. Different type of ceiling structures can be
utilized to attain the requirements for waterproofing to the desired level. They can be used
to remove drip leakages either locally or systematically in the entire underground space. The
ceiling structures can consist of e.g. concrete element structures inside the rock space or
special lining fabrics, such as polyvinyl chloride (PVC) coated polyester fabric or
polyethylene cellular plastic sheeting in between the reinforcing shotcrete layers. (Ritola &
Vuopio, 2002.) Membranes can be used as the waterproofing layer in concrete linings. The
concrete linings can consist of e.g. two layers of concrete with the waterproofing layer of
membrane in between them i.e. the membrane is placed on top of the first layer of shotcrete.
(Hänninen, 2017.) Also, other types of drainage systems exist. One of these is the rockdrain
drainage system. The rockdrain consists of two layers of shotcrete between which the
rockdrain, i.e. a polyethylene plastic draining pipe lattice, is mounted. The structure is
finalized then with a thick layer of special waterproof shotcrete. (Boström, et al., 2013.)
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3
As established the water seeping into an underground space can cause numerous problems
across the lifetime of the underground space, from the construction to the use of the facility.
Grouting is one of the most used methods for sealing the fractures and joints that leak water
into the underground space (Sievänen & Hagros, 2002).

3.1 Grouting in practice and equipment
In grouting the main objective is to achieve the required sealing of fractures for the purpose
of reducing the permeability of the rock without undesirable ground movements (Rafi,
2013). The grouting equipment for traditional cement grouting consists of a cement silo, a
mixer, an agitator, a pump, a control unit and logger, and a packer (Tolppanen & Syrjänen,
2003). In case of simultaneous grouting of different cement types is needed, the grouting rig
is equipped with multiple hoppers, mixers and pumps, and several tanks of ready mixed
grout in vicinity. The packers can be either for single-use or reusable. The single-use packers
are the most used type, whereas reusable packers are typically utilized in water loss
measurements and special grouting work. (Norwegian Tunneling Society, 2011.)

In practice grouting can be divided into five main activities: (i) drilling, (ii) grouting, (iii)
waiting for grout cementation, (iv) probing/water loss measurements and (v) re-grouting
(Dalmalm, 2004). The grouting methods and drill hole geometries vary depending on the
underground space in construction according to its specific requirements and needs. For
example, in shaft construction all the grouting activities have to be conducted from a working
platform, which could restrict the working methods and equipment.

3.2 Grouting methods
In practice, grouting can be divided into two methods: pre- and post-grouting, i.e. pre-
injection and post-injection (Figure 2).

Figure 2 The basic concept of pre-excavation injection and post-excavation grouting in a tunnel
plan view (Garshol, 2011).

Pre-grouting
In pre-grouting, the rock is sealed ahead of the excavation. Since pre-grouting has to be
conducted before further excavation, it causes delays to the schedule. Besides the schedule
impacts, pre-grouting also increases costs. Naturally, the delays in excavation rates due to
pre-grouting also impact the overall expenses. This type of grouting can be conducted from
the tunnel or from the ground surface. The main goal in pre-grouting is to seal fractures and
joints in the rock to create a solid, leak-proof rock mass. (Ritola & Vuopio, 2002.) Pre-
grouting is usually conducted in underground spaces in which the requirements against
leakage are high since the impending result of pre-grouting is better than the one with post-
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grouting (Hakapää & Lappalainen, 2009, pp. 232-233). Systematical pre-grouting is often
made with cementitious grouting materials.

Post-grouting
Post-grouting is in other words sealing individual leakages in the already excavated
underground space. The disadvantage of this method is that the leakage may only transfer
into another location due to the structure of the rock mass, hence the leakage problem can
be more difficult to manage. (Ritola & Vuopio, 2002.) Therefore, also post-grouting can be
time-consuming as pre-grouting (Norwegian Tunneling Society, 2011). Nevertheless, the
waterproofing quality of post-grouting cannot reach the quality of a successful pre-grouting
(Hakapää & Lappalainen, 2009, p. 233). Knut F. Garshol (2011) notes, that post-grouting
alone cannot achieve good waterproofing quality unless very high costs are acceptable in the
project. Since post-grouting is conducted after excavation, the practice does not have as great
schedule effects as pre-grouting. Post-grouting is used in temporary underground spaces and
tunnels, such as mines, in underground construction with low demand of waterproofing and
to correct an unsuccessful pre-grouting (Hakapää & Lappalainen, 2009, pp. 232-233).
Chemical grouting materials are usually chosen for difficult post-grouting purposes (BY,
2006).

3.3 Grouting materials
According to standard SFS-EN 12715 (2000) grouts can be classified into three groups:
suspensions, solutions, and mortars. In general, suspensions are cement grouts and solutions

cm. Suspensions, and especially solutions, work better with smaller fracture openings. (BY,
2006.) Another way of dividing grouting materials is presented in the literature research
report by P. Tolppanen and P. Syrjänen (2003). According to this division the grouting
materials can be divided into:

cementitious grouts (suspensions)
chemical grouts (solutions)
a mix of cementitious and chemical compounds.

This thesis focuses on cement-based grouts and modern-day chemical grouts, i.e.
polyurethane, colloidal silica and acrylics (Halls, 2016, cited in Hänninen, 2017). The
following chapters present their main characteristics, utilization, and main
advantages/disadvantages.

3.3.1 Cementitious grouts
Cement-based grouts are the most used material in rock grouting. The popularity of
cementitious grouting products is based on the stability of the material in rock fractures, the
relatively cheap price and the understanding of the environmental impacts of the material.
Additionally, the properties of cement grouts are relatively easy to adjust according to
environmental and project requirements by admixtures and additives. (Tolppanen &
Syrjänen, 2003.) Cement grouts are also considered as a long-term measure for water
management with their lifespan ranging between 100 to 200 years (Babcock, 2016).

Classification and characteristics
Cementitious grouts can be based on Portland cement, aluminum cement or slag cement.
The difference between these is the curing time; slag cement has the longest curing time and
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is followed by Portland cement and lastly aluminum cement. (Tolppanen & Syrjänen, 2003.)
Nonetheless, in general all types of cements can be used for grouting.

In general, the grouting material selection is considerably based on the opening size of the
fracture. The maximum grain size limits the penetrability of the grout into small fissures
(Norwegian Tunneling Society, 2011). The rule of thumb in the selection of a grouting
material is that the d95 should not be more than  of the fracture opening size (BY, 2006).
The d95 is the diameter at which 95 % of a sample  mass is comprised of particles with
smaller diameter an the
given diameter. (Garshol, 2011.) Since the grain size has a great weight in choosing the
suitable grouting material, the cementitious grouts are usually divided into groups according
to their grain size. The Finnish grouting guide, BY 53 (2006) has classified grouts according
to the  as follows:

standard cement, ordinary Portland cements (OPC) ( )
rapidly setting cement, rapid-cement ( )
standard grouting cement ( )
micro-cement or microfine cement (µCE or MFC) ( )
ultrafine cement (UFC) ( ).

Besides the maximum grain size of the cement also the general particle size distribution of
the cement has an important effect on the penetration capability of the cement grout. The
average particle size can also be expressed as the specific surface of the cement particles in
a known mass of cement. The specific surface, i.e. Blaine value (m2/kg), becomes higher the
finer the cement particles are in the grout. In terms of rheological behavior, the cementitious
grouts are suspensions that behave s present
cohesion. Therefore, the difference between a cement mix and a liquid is that the cohesion
has to be exceeded before any flow occurs. The rheological behavior of the cement grout
can be altered by w/c-ratio, admixtures and additives. (Garshol, 2011.)

Additives and admixtures
For different utilization purposes the cement grout can be mixed together with some
additives such as admixtures, bentonite, mineral additives or pozzolan i.e. blast furnace slag
or silica fume (Tolppanen & Syrjänen, 2003). The durability and quality of the cement grout
is highly impacted by the w/c-ratio, stability and low segregation of the grout (Garshol,
2011). Therefore, the most important reason for using additives in the cement mix is to
prevent water and cement separation, and additionally, to shorten the curing time and adding
penetrability (BY, 2006). Additionally, the cement mixture properties and insertion of
additives can be affected due to exposure classes of concrete (SFS-EN 206, 2016), which
are often adapted to cement-based grouts. For example, sulfate-resisting cement has to be
used in exposure classes for chemical attack, XA2 and XA3. These classes govern e.g. the
use of tricalcium aluminate (C3A) content (SFS-EN 197-1, 2011).

Different type of admixtures such as stabilizers, plasticizers and superplasticizers, and
accelerators, usually need to be added to the cement mixture for the cement grout property
improvement purposes. Stabilizers prevent the cement and water separation or bleeding, i.e.
the stabilizing agent keeps the cement mix more homogenous. If the separation would
happen inside a rock fracture, residual leakages may occur. (Norwegian Tunneling Society,
2011.) Micro-cements are more stable with higher w/c ratios than grouts with larger .
This is caused by the high specific surface of fine-grained cements, which causes higher



 19

water binding effect. (Tolppanen & Syrjänen, 2003.) Superplasticizers are a very common
admixture in cement grouts. They produce a better penetrability of the mix, by causing the
cement particles to disperse and not clump together, i.e. clogging. The better penetrability is
a cause of the superplasticizer lowering the material viscosity. Accelerators, a fairly new
admixture in grouting, cause controlled curing. Accelerators are a useful resource when the
back pressure is not obtained after a given amount of grout has been pumped since they may
help in the pressure build-up. (Norwegian Tunneling Society, 2011.) As an accelerator, also
a lower w/c-ration shortens the setting time of cement-based grouts (BY, 2006). However,
the lowering of the w/c-ratio and the use of accelerators decrease the penetrability of the
grout, thus these effects have to be taken into account in the design of the grouting.
Additionally, the effect of the temperature to the curing time needs to be acknowledged;
basically, the higher temperatures cause shorter curing times. (BY, 2006.)

Additionally, expansive additives and retarders to slow hydration can be used in the cement
grout mix if needed (Tolppanen & Syrjänen, 2003). Bentonite, natural clay from volcanic
ashes, is a very traditionally used additive in cement grouts. The advantage of the use of
bentonite is the reduction of bleeding in the grout. Therefore, bentonite has a very strong
stabilizing effect in cement, primarily caused by the delaying of the bleeding process.
However, bentonite is hardly of any use with micro-cements. Since the typical d95 for

-3 times larger than the particle size of micro-cement,
the added bentonite would only reduce the penetrability of the micro-cement mix.
Additionally, bentonite can reduce the final strength of the grout by 50 %. (Garshol, 2011.)
Pozzolans usually provide for faster binding time, increased viscosity and yield stress
(Axelsson, 2009).

Advantages and disadvantages
As explained, superplasticizers prevent the cement grout from clogging (Garshol, 2011). The
clogging effect of cement particles is further enhanced with lower w/c-ratios and higher
specific surface. The smaller the grain size of the cement is, the higher specific charge and
the larger the possibility of attraction of particles becomes. Therefore, micro-cements with
higher specific surfaces are more prone to the clogging effect than grouts with larger grain
sizes. Due to the possibility of cement clogging, rock with very small fissures and/or high
sealing requirements should be grouted with a non-cementitious grout. Additionally, the
demands for handling the storage and mixing the micro-cements are higher if the clogging
effect is to be avoided. (Axelsson, 2009.)

The risk of bleeding is lower with finer grained cements since they will bind more water
than the coarser cements. Therefore, the finer cements also have quicker hydration and
higher final strength. The final strength of the cement grout, however, is highly affected by
the w/c-ratio of the mixture. Lower w/c-ratio provides for significantly higher final strength;
hence, superplasticizers are often used to gain lower w/c-ratios. (Garshol, 2011.)

In Finland the most used grouting material for pre-grouting has been Rapid-cement. Since
the requirements for leakage in underground facilities are becoming progressively stricter,
the utilization of fine-grained cements has increased, hence, micro-cements, i.e. Injektering,
Ultrafin and Rheocem cements, have gained popularity. Aforementioned grouts demand the
usage of plasticizing agents, and possibly even accelerating agents. Also, chemical grouts
have become more popular due to their penetration capability which usually exceeds the one
of cementitious grouts. (Ritola & Vuopio, 2002.) Nevertheless, the environmental effects of
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cementitious grouting materials are well known, thus they are very often selected for the
purpose of pressure grouting (Garshol, 2011).

3.3.2 Chemical grouts
In general, chemical grouts only consist of liquid components. As a comparison to cement
grouts, chemical grouts are Newtonian fluids. This means that the penetration of chemical
grouts is only affected by the viscosity of the material, whereas as mentioned, with cement
grouts the penetrability is affected by the cohesion in addition to the viscosity. (Garshol,
2011.) The grain size of chemical and cementitious grouts compared to grain sizes of soil,
and percentages passing in the sieve analysis can be found in Figure 3.

Figure 3 Approximate grain size diameters of chemical and cementitious grouting materials
(Silvakumar Babu, 2018).

Since chemical grouts have a better viscosity and they are not limited by the particle sizes of
the material as cement-based grouts, the penetrability with chemical grouts is usually better
than the one with cement grouts. Nonetheless, chemical grouts are usually complementing
the use of cement grouts on account of the lower prices of cement grouts. (Babcock, 2016.)
A chemical grout can, however, be the predominant grout used in demanding or
extraordinary project cases (Babcock, 2016), and moreover, chemical grouts, such as
polyurethane, are more often chosen over cement grouts for post-grouting purposes (Ritola
& Vuopio, 2002).

Chemical grouts can be divided into aqueous solutions/gels, i.e. acrylamide, acrylates,
lignosulphonates and silicates, and thermosetting resins, i.e. aminoplastic, phenoplastic,
epoxy and polyurethane (PU) grouts (Axelsson, 2009). The principal types of chemical
grouts are silicates (sodium silicate and colloidal silica), acrylics and PU. These all have a
unique composition. (Babcock, 2016.) Some of the aforementioned and other chemical
grouting materials have also been used but been later abandoned due to environmental and
technical reasons. These previously used chemical grouts are acrylamide, lignosulphonates,
aminoplastic grout and epoxy. (Tolppanen & Syrjänen, 2003.) As an addition to the
aforementioned, the Finnish Concrete Association (2006) suggests in Rock space grouting
manual BY 53, that phenoplastic grout should not be used due to environmental reasons.
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Silicates
As mentioned, silicates, acrylics and polyurethanes have all a different consistency, however
they all belong to the group of chemical grouts i.e. solutions (Babcock, 2016) (BY, 2006).
Sodium silicates, however, are not in reality true solutions, since solutions have no
suspended solids and sodium silicates have small particulates. Yet the particulates of sodium
silicate are so small that the penetrability of the material is very similar to the one of true
solutions. (Babcock, 2016.) For the sodium silicate liquid to be able to create a harder gel,
an acid or acidic salt need to be added to initiate the gel-formation. Nowadays, methyl and
ethyl diesters are used for better practical properties and quality of the grout. (Garshol, 2011.)

A normal sodium silicate grout has the viscosity of approximately 5 mPas, which is one of
the main advantages of the material in addition to the low cost. However, the product is not
the most advantageous grout to use in terms of working safety and health. Furthermore, the
material function with the environment is unsecure since the material is unstable and
dissolvable over time. (Garshol, 2011.) Therefore, sodium silicates are usually used in
grouting as a temporary solution in water management, and they only have a lifespan of a
few years (Babcock, 2016).

Sodium silicate has also very low gel strength, especially compared to cement-grouts.
Because of this property the material has a limited resistance to groundwater pressure
especially in large fractures and rock openings. Usually the problem with larger fractures
could be overcome by a round of cement grout before the chemical grouting. However, the
high pH of cement is unfavorable for the durability of sodium silicate, thus it cannot be used
together with cementitious grouts. (Garshol, 2011.)

Colloidal silica
Colloidal silica was developed in addition to sodium silicates to provide for a better control
of gel time and lower viscosity (Babcock, 2016). Colloidal silica is a stable water solution
of amorphous silica dioxide with a particle diameter varying between 5-100 nm (Figure 4).
The general diameter of particles is approximately 20 nm. The colloidal silica liquid forms
a gel, by adding an activating agent, a saline solution, to the liquid. This reaction is called
polymerization. The more salt is added to the mix, the shorter the gel time becomes.
(Funehag, 2012.) Colloidal silica is a manufactured product meaning that the material is not
a by-product from other processes. This gives colloidal silica grout a consistent quality and
stability. (Garshol, 2011.) Since colloidal silica is produced in a complex procedure, the
price for the product is higher than the one of sodium silicates (Babcock, 2016).

The main advantages of colloidal silica are low viscosity (10 mPas), a good penetration
capacity also in small fractures and the easy controlling of gelling time of the grout. The
viscosity of the grout is actually very close to the one of water (1 mPas). (Funehag, 2012.)
In fact, the low viscosity coupled with the small particle size of colloidal silica creates the
exceptional penetration capacity of the material. The penetration capacity, however, reduces
as soon as the activating agent is added to the colloidal silica suspension. Because the gel
time is dependent on the accelerating dosage, the product and ground temperature, the
grouting requires some pre-testing of activator dosage in advance. (Garshol, 2011.)

The relatively low pH value of colloidal silica is also advantageous. The pH of the final
colloidal silica mix is usually 7-10, which makes it merely slightly alkaline (Funehag, 2012).
As a comparison, the pH of sodium silicate can be up to 13, thus the product has a tendency



22

to leach. These two material properties of sodium silicate have a usually negative effect of
increasing the pH of the groundwater surrounding the grouted rock mass. (Garshol, 2011.)

Figure 4 Colloidal silica particle size compared to particle sizes of cement (Garshol, 2011).

The stability or lifespan of the grout is relatively unclear. Some resources explain that the
expected lifespan of colloidal silica is similar to the one of sodium silicate (Babcock, 2016).
However, in Japan colloidal silica is considered durable and is the only grout, apart from
cement-grout, approved in grouting in tunnels. In Sweden, it is considered that the product
is durable as long as colloidal silica is present in the groundwater. (Funehag, 2012). In some
cases, saline groundwater conditions have been connected to unsuccessful grouting.
However, this premature flocculation, i.e. clogging of colloidal silica particles, can be
prevented by freshwater injection before colloidal silica grouting. (Hatakka, et al., 2013.)

The mechanical strength of colloidal silica is relatively low, especially compared to cement.
In dry conditions colloidal silica has shrinkage. After the drying the material cannot return
to the gelled form and breaks down when water is added. In terms of environmental and
health aspects, colloidal silica has not proven to create negative health problems. However,
the material is slightly alkaline, and can cause irritation when coming in contact with skin or
eyes. (Funehag, 2012.)

The suitable grouting equipment for colloidal silica is all mobile equipment produced for
grouting with cement (Funehag, 2012). Therefore, one-component pumps used for cement
are suitable for colloidal silica. Also, two-component pumps can be used, moreover, the
dosage of agitator can be adjusted during grouting with two-component pumps. (Garshol,
2011.) The grout itself comes in liquid form, both the silica and the saline solution (agitator)
separately. The agitator can be measured by volume or mass straight to the mixer. The
measurement of weight has a 5 % margin of error when smaller batches are used. As the rule
of thumb, the estimated amount of the agitator is normally one-quarter or one-fifth of the
volume of colloidal silica. (Funehag, 2012.)

Acrylic grouts
The group of acrylic grouts consists of acrylates and acrylamide. However, as established,
the latter is not recommended for use due to environmental reasons. (Babcock, 2016.)
Acrylamide is a carcinogenic nerve poison which has a cumulative effect on the human body.
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One known major application of acrylamide was the Hållandsåsen railway tunnel in Sweden,
where run-off caused pollution of groundwater and poisoned livestock. (Garshol, 2011.)

The safer version of acrylic grouts is polyacrylate that does not cause human health problems
or environmental hazards. The polyacrylate gels are formed in a polymerization reaction by
mixing acrylic monomers and an accelerating solution. The polymerization of monomers is
very quick. However, if groundwater flow is present the acrylic monomers can dilute before
polymerization, and lead to contamination. Available products of acrylates are methacrylic
acid esters with alconal amines as accelerator and a catalyst of ammonium persulphate. With
these materials only normal precautions in grouting must be considered. (Garshol, 2011.)

Acrylic grouts have a very low viscosity (Babcock, 2016). The product viscosity can be as
low as 4-5 mPas. Therefore, they are very useful in soil and rock injection with small
fractures. The viscosity stays low until the fast polymerization takes place. The gelling time
can be chosen from seconds to an hour. The polymerization is an exothermic reaction
meaning that the material has a self-accelerating effect due to heat development. This can
cause shorter gel-times in a small sized test cups than in a container multifold the size.
Therefore, premature gelling has to be taken into account in slow penetration in large
diameter boreholes. (Garshol, 2011.)

The chemical stability and durability of acrylic grouts is moderate, and the material can be
considered for permanent waterproofing. When the acrylate dries and shrinks, the material
becomes hard and rigid. However, the material will regain the original properties when it is
plunged in water again. Disintegration of the material is possible if the wetting and drying
takes place repeatedly. In normal ground and rock injections the minimum humidity usually
exists for the material to stays flexible and it does not shrink. (Garshol, 2011.)

Acrylates are corrosive, thus pumps made of stainless steel are required for the grouting.
Two-component pumps work with all open times of the grout, one-component pumps can
be used with open times of more than 15 minutes. The reaction time of the acrylates is very
sensitive to ground temperature. The acrylate grout components are also irritating for the
skin and eyes, therefore safety garments for workers are necessary. (Garshol, 2011.)

Polyurethanes
Polyurethane resins (PU) are reactive plastic polymers that can be modified for a wide range
of applications. The viscosity of a PU grout is generally high, approximately 200 mPas,
especially compared to other chemical grouts presented. A viscosity of 100 mPas is possible
to reach, and an even better viscosity of 20 mPas can be achieved by solvents. The use of
solvents underground can become a problem due to health and environmental problems.
However, the penetration capacity of a PU grout is not only governed by the viscosity. PUs
build up an inner pressure that causes them to expand in volume, thus the product can
penetrate also into small fractures. The sealing performance can, therefore, be as good as
with grouts with much lower viscosities. The reaction time of PUs can be set from seconds
to hours. Both the viscosity and reaction speed are temperature sensitive. (Garshol, 2011.)

PUs are formed by a reaction of two components, polyisocyanate and polyalcohols. Water
has also an effect to the reaction. If water comes into contact with the PU after grouting, a
part of the isocyanate will react with it and produce polyuria and carbon dioxide. The
reaction with water takes place parallel to the PU formation, and the carbon dioxide gas
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generates trapped pores, thus it generates cellular foams. Accordingly, a polyurethane
product can have a wide range of properties and can be rigid, pore free or foam. (Garshol,
2011)

A division of open and closed cell PUs is used, in which the words open and closed describe
the cell structure of the products. The difference between these is that open cell PUs can only
be used for temporary sealing of leakages, whereas closed sell products are used for
permanent waterproofing. The latter is also used in second injection after the grouting of the
temporary sealing material, the open cell product. (Le Fong Building Services PTE LTD,
2016-2018). The PUs can be either hydrophilic PU or hydrophobic PU. Hydrophilic PU
reacts with water and cure to an expansive flexible foam or non-expansive gel and requires
a moist environment after curing. Hydrophobic PUs are expansive foams that only require a
little water to react, thus they can withstand dryer environments. Also, hydrophobic PU that
does not require water for reaction exists. The hydrophilic PUs expand up to 4 or 6 times of
their original volume, whereas hydrophobic PUs expand up to 20 times their volume.
(Babcock, 2016.)

In underground construction different type of PU features can be useful for the project
conditions. Quick foaming products are mostly used for stopping the water leakage and to
fill small cavities. The best consolidation can be reached without the foam reaction of the
PU. On the other hand, quick foaming products can be effective when initial waterproofing
is required. However, a lesser number of pores, usually leads to better final waterproofing
effect. (Garshol, 2011.)

Since a porous PU grout has the carbon dioxide reaction causing the pressure to build up to
20 bar (i.e. 2 MPa), the penetration is not only governed by the grouting pump pressure but
also the foaming pressure. The foaming pressure assists the penetration of the grout, and a
good penetration can, therefore, be achieved with foaming PUs even with higher viscosity.
The pressure builds up has also its limits, since the rock will generate a counter pressure.
This causes the volume expansion of the PU to be smaller than in conditions where the
product has space to expand freely. (Garshol, 2011.)

Since a wide range of PUs with different properties are available the selection of the suitable
product can become problematic without expert knowledge. There again the possibility of
altering the grout properties provides for adaptation of the material to specific conditions
and projects. (Garshol, 2011.) The lifespan of PU is approximately 75 years; however, the
price of the material is multifold compared to cementitious grouts. (Babcock, 2016). The
volume cost of the product reduces with a larger foaming factor. However, as mentioned, a
larger foaming of the material usually causes a weaker waterproofing effect. (Garshol, 2011.)

Grouting with PU grouts is very different compared to cement grouting, since the PU sticks
to everything. Therefore, also special pumps are needed, and the usage of re-usable packers,
pipes and valves becomes hard but not impossible. The PU is available in single and two-
component products. Two-component products require the use of a custom designed two-
component pump. Since PU is irritating to the skin, eyes and mucous, protective gear needs
to be utilized in grouting. (Garshol, 2011.)
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3.4 Grouting material selection in grouting design
One of the important tasks in the grouting design is to determine the grout or grouts to be
used in the construction of an underground space. Additionally, working methods, drill
pattern and grouting order, recipes, and grouting speed, pressure and stop criteria need to be
established (Tolppanen & Syrjänen, 2003.)

The simplified concept in grouting design is to first establish the waterproofing class of the
underground space, which provides for the maximum amount of water allowed into the
space, and then investigate the amount of water leaking into the rock space without grouting.
In case the water leakage amount is higher than the allowed leakage amount according to the
waterproofing class, the possibility for the need of grouting has to be acknowledged (BY,
2006.)

Grouting design always needs pre-investigation of the construction site. For example, the
literature study by Tolppanen and Syrjänen (2003) present that the suitable grouting material
should be based on the required tightness for the underground space and environmental
requirements, as well as the geological and hydrogeological properties of the rock. The
higher the waterproofing requirements of the underground construction are the more detailed
investigations are necessary for providing an extensive understanding of the initial data for
grouting. Although the site investigations may seem like a substantial expense, they might
provide for more economical construction. (Tolppanen & Syrjänen, 2003.) The site
investigations help to specify the placement of possible grouting by determining the
permeability of the rock and the fragmented zones in the rock. The locations of fragmented
rock and their properties are especially important since most of the water leakages come
through these areas. (BY, 2006.)

As established, the main parameters needed from the site investigations are from the geology
and hydrogeology of the site. (Tolppanen & Syrjänen, 2003). The Finnish Concrete Society
instructions, BY 53 (2006) divide the investigations into more detail. According to the
instructions the investigations needed for grouting design can be divided into: geological
and rock quality mapping of rock surfaces, investigations in the borehole (meaning mostly
the Lugeon test), geological and rock quality classification of borehole samples, geological
and rock quality mapping of existing underground spaces, and seismic surveys. The
hydraulic conductivity of the rock mass in e.g. probing holes is most commonly determined
by the Lugeon test. In the Lugeon test, the permeability of the rock is estimated by measuring
the amount of water pumped into the rock. Therefore, the test does not directly implicate the
amount of leaking water. In deeper excavations also, the increasing water pressure has to be
taken into account. The same Lugeon value can be reached in an excavation twice as deep
even though the leakage amount also doubles. (BY, 2006.)

When grouting is expected due to possible leakages a principal grouting material is selected.
The selection process of a material and the grout mix properties can become a complex
problem. There are several different methods to choose the proper grout mixture. For
example, some methods suggest using a single mix for simplification for the entire grouting
procedure and some suggest to first use a thinner material and then then to change for a
thicker material to establish pressure and fill the fractures. (Rafi, 2013.) Also, the
consumption of the grouting material is relatively hard to approximate. In Finland usually
experience based assumptions are used depending on the environmental conditions. An
estimation of the consumption of the grout can be made by calculating the volume of the
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fracture to be grouted by estimating the thickness of the layer to be grouted, the fracture
density, the distance between grouting holes and the fracture aperture. A rough
approximation of the consumption could be 5-40 kg/bore hole meter. (BY, 2006.)
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4

4.1 Overview of the AHP
The analytic hierarchy process (AHP) is a multi-criteria decision-making (MCDM) tool. It
was developed by Thomas L. Saaty in 1980 (Jamshidi, et al., 2008). According to Saaty
(1994) the AHP is a way to divide a problem into pieces i.e. subproblems, and then
accumulate the solutions of all the subproblems into a conclusion or decision. The evaluation
of solutions is conducted pairwise in comparison matrices. The criteria affecting the
decision-making can be both tangible and intangible, since all the criteria can be processed
into a mathematical form with the help of ratio scales (Vargas, 1990).

A decision-making process contains not only the establishment of a problem and knowing
the alternative solutions for it but also understanding the elements that affect to the decision.
To process a problem into a conclusion the decision-maker has to know the purpose of the
decision, the criteria and subcriteria that contribute to the selection of an alternative, and the
parties affected by the decision. Moreover, the decision-maker needs to have an
understanding of the priorities of the alternatives and the criteria that affect to the selection
process. (Saaty, 2008)

The AHP method can be divided into three phases: decomposition, comparison and
synthesis. In the first phase, decomposition, the problem is divided into a hierarchy that
usually at the very least includes the problem, the criteria affecting to the decision and the
alternative solutions for the problem. In the second phase, the comparison phase, the
alternatives are compared in pairs with respect to the selected criteria. (Jamshidi, et al.,
2008.) If the hierarchy consists of criteria that are further divided into subcriteria, the
alternatives are compared pairwise with respect to the criteria at the lowest level of the
hierarchy. Additionally, the criteria itself at each level must be evaluated to determine the
contribution rate of each criterion to the overall goal. (Mu & Pereyra-Rojas, 2017.)
Mathematically the comparison step is made by comparison matrices in which the pairs of
alternatives or criteria are evaluated individually. The scale for the evaluation ranges from 1
(equally important) to 9 (extremely more important). The main advantage in the AHP
method is indeed the pairwise comparison of attributes. Since the complex problem is
divided into smaller parts for the decision-maker, each contributor to the problem can be
evaluated independently. (Jamshidi, et al., 2008.) Additionally, the comparison phase
provides the consistency, and in contrast also inconsistency, of judgments the decision-
maker or a group of decision-makers have made. This allows the decision-makers to analyze
the decisions they have made. (Farkas, 2010.) The relative importance of each criterion and
alternative and even the hierarchy used in the AHP can also be conducted by questionnaires
(Saaty, 1990b, pp. 34-35) in which case a larger number of decision-maker can more easily
contribute to the decision-making process. The final phase, synthesis, of the AHP method is
a step in which a composite weight for each alternative solution can be calculated and the
best solution can be selected accordingly (Jamshidi, et al., 2008).

The AHP has found a great number of applications. Since the method is able to process both
qualitative and quantitative criteria for complex problems, a decision-making process of an
individual or a group can rely on both experience and data (Vargas, 1990). In general, AHP
has been applied in e.g. selection, evaluation, benefit-cost analysis, planning and
development, and decision-making in areas of application such as education, manufacturing,
politics, engineering, industry, government and management (Vaidya & Kumar, 2004). In
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engineering the AHP method has been adapted into e.g. evaluation of technology investment
decisions, manufacturing systems and layout design (Triantaphyllou & Mann, 1995).

4.2 Defining the hierarchy
According to Thomas L. Saaty (1994) the first phase of the AHP, the construction of the
hierarchy for the AHP model, is the most creative part in the decision-making process with
AHP. Since the establishment of the hierarchy is followed by pairwise prioritization or
comparison, the decision-maker need to decompose the problem into the most easily
controlled factors. The primary principle is to establish the goal which usually is the problem
itself and the alternatives or possible solutions for the goal. The criteria and possible
subcriteria are created by identifying attributes contributing to the selection process and
grouping the attributes until the criteria are linked in a way that enables pairwise comparison
at the lowest level of criteria. (Saaty, 1994.)

The hierarchy created for a problem in AHP is not unique. Luis G. Vargas (1990) explains
the phenomenon by stating that two decision-makers would easily structure two different
types of hierarchies for the same problem. Furthermore, even though the structure of the
hierarchy would be the same, the difference in preferences of two decision-makers could
result into two different solutions for the problem (Vargas, 1990). It is also important to note
that some of the selected criteria might only have a small contribution to the overall
objective. This can be detected when the contribution of each criterion is evaluated pairwise
in comparison matrices. In this case, the decision-maker can take into consideration to drop
some of the least important elements to clarify the overall hierarchy and to ease the final
phase of deriving the final priorities for the alternatives. (Saaty, 1990a.)

The most elemental hierarchy consists of three levels: the goal, the criteria and the
alternatives (Saaty & Vargas, 2012, p. 2). In Figure 5 the goal ( ) has four different
alternatives ( ) that are compared with the respect of five independent criteria
( ). However, also more complex hierarchical assemblies are possible to input into the
AHP. In fact, the possibilities are endless. In Figure 6 the criterion  at level 1 is divided
into two subcriteria, i.e. criteria at level 2 ( and ), and criterion  is divided into three
criteria at level 2 ( ,  and ) of which the criterion  is further divided into a
secondary level of subcriteria, i.e. criteria at level 3 (  and ).

Figure 5 Decision-making hierarchy with three levels in AHP.
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Figure 6 More complex hierarchy for the AHP.

4.3 Pairwise comparison
After the creation of the hierarchy for AHP, the process for obtaining overall priorities can
be initialized. The obtaining of final results starts with the second stage of the AHP analysis,
the comparison phase. The comparison phase consists of establishing the relative importance
of the criteria and determining the relative importance of the alternatives with respect to each
criterion (Jamshidi, et al., 2008).

The aforementioned comparison phase is conducted by the help of pairwise comparison in
comparison matrices which is explained in the following chapters. From this point onwards,
all vectors are shown in boldface lower case letters e.g. w and matrices in boldface capital
letters e.g. A. Numerical values are shown in lower case letters e.g. .

4.3.1 Principles of comparison
When the AHP hierarchy is constructed, the finite set ( ) of alternatives  is established

. (1)

The goal of the AHP is to establish the priority of each alternative. In a simple decision-
making process, the decision-maker provides scores or weights to each alternative in
question, thus the best alternative is the option with the highest score or weight. In this case
the hierarchy only comprises of a goal and alternatives (without selection criteria). The
weights of each alternative can be described with a weight vector or i.e. priority vector

, (2)

where  is the weight for alternative  (Brunelli, 2015, p. 4). In other words, the priority
vector includes the numerical rating of the alternatives (Saaty, 2003). Since the priority
vectors include ratings, the components  are priorities of alternatives . Mathematically
alternative  is preferred to  if . (Brunelli, 2015, p. 4.)
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4.3.2 Pairwise comparison matrix
When a decision-maker is not able to address weights  for distinct alternatives
straightforward, the number of alternatives is substantial, or the decision-maker has to take
into account different perspectives in the process, the decision-making becomes complex.
This complexity can be simplified by pairwise comparisons, used in the AHP method. In
pairwise comparison the decision-maker only need to consider and compare two alternatives
simultaneously, thus the decision-making process is divided into smaller subproblems. The
pairwise comparisons are represented in a pairwise comparison matrix

, (3)

where  and n is the number of elements in a row/column in an  sized matrix.
The comparison matrix A is structured as follows

 (4)

where  indicates the preference between alternatives  and . (Brunelli, 2015, pp. 5-6.)
According to Saaty (1990a) each element  in the comparison matrix A approximates the
relation between two weights  and

.  (5)

If the elements  can be expressed as a relation between weights as in equation 5 the
comparison matrix in equation 4 gets the following form

. (6)

When we take into account the rule of multiplicative inverse, i.e. multiplicative reciprocity,
represented in equation 7

, (7)

the comparison matrix can be further simplified into the following form

 (8)
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where  is the reciprocity of . (Brunelli, 2015, pp. 5-6.)

As an example, a pairwise comparison matrix A with four alternatives  can be
presented in tabular form as in Table 2.
Table 2 Comparison matrix of four alternatives represented in tabular form

x x x x
x 1 a a a
x 1/a 1 a a
x 1/a 1/a 1 a
x 1/a 1/a 1/a 1

In Table 2  are the alternatives,  is the preference of one element to another, and
 is the multiplicative reciprocity for that preference.

In a case where different alternatives are only compared with the respect to the goal, only
one comparison matrix has to be developed. If the decision-making hierarchy is more
complex and the alternatives have to be compared with respect to multiple different criteria,
the amount of comparison matrices also increases. In this case first the criteria are given
weight factors, i.e. the importance of each criterion is evaluated in a comparison matrix.
Secondly, the alternatives are compared in comparison matrices at the lowest level of the
hierarchy with respect to each criterion. Finally, in the synthesis phase of the AHP analysis,
the final weight for each alternative can be calculated by multiplying the weight of each
criterion by the equivalent weight vector and then summing the weights of the alternatives
from each criterion together. (Brunelli, 2015, pp. 6-9.) An example of the AHP analysis is
provided in chapter 4.6.

4.3.3 Numerical scales used in the AHP
For the decision-maker to be able to numerically analyze the preference between one
alternative to another, Thomas L. Saaty (1990a) developed a scale to be used in the
comparison matrices in the AHP. The developed numerical scale including the intensity of
importance, the definition and the explanation for the corresponding intensity can be found
in Table 3.
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Table 3 The fundamental scale for pairwise comparison in the AHP method (Saaty, 1990a)
Intensity of
importance Definition Explanation

1 Equal importance Two activities contribute equally to the
objective.

3 Moderate importance of one
over another

Experience and judgment slightly favor one
activity over another.

5 Essential or strong importance Experience and judgment strongly favor one
activity over another.

7 Very strong importance An activity is strongly favored and its
dominance demonstrated in practice.

9 Extreme importance
The evidence favoring one activity over
another is of the highest possible order of
affirmation.

2, 4, 6, 8 Intermediate values between the
two adjacent judgments When compromise is needed.

Reciprocals

If activity i has one of the above
numbers assigned to it when
compared with activity j, then j
has the reciprocal value when
compared with i

Rationals Ratios arising from the scale If consistency were to be forced by obtaining
n numerical values to span the matrix

4.4 Determining the priority vector
After the comparison phase of the AHP analysis is finished, the final phase i.e. synthesis in
the AHP analysis, can be initialized. In this final phase the overall weight for each alternative
is calculated.

The relative importance of each alternative and criterion is derived from comparison
matrices by calculating the priority vector that contains the weight for each alternative.
(Saaty, 1990a.) According to Thomas L. Saaty (2003) the priority vector in the AHP method
should be calculated by the eigenvector method. However, for the purpose of simplification
also approximation methods for the priority vector have been developed (Brunelli, 2015, pp.
17-22). The overall weight for each alternative is achieved by combining the priority vectors
containing the priorities of each alternative with respect to each criterion with the priority of
each criterion. (Mu & Pereyra-Rojas, 2017.)

Eigenvector method
To be able to derive final priorities between a finite set of alternatives from the comparison
matrix shown in equation 8 the concept of principal eigenvector needs to be presented. As
mentioned in the chapter of principles of comparison the priorities of a finite set of
alternatives  can be represented in a priority vector ,
where  is the weight or priority for the alternative . (Brunelli, 2015, p. 4.) According to
Saaty (1990a) the priority vector driven from the comparison matrix should be the principal
eigenvector of A. In fact, the principal eigenvector, known as the Perron-Frobenius
eigenvector in linear algebra, is the most popular method for estimating the priority vector.
(Brunelli, 2015, pp. 18-19.)
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If the comparison matrix A is taken in the form as in equation 6, in which the elements are
expressed as ratios between weights  and multiply it with the priority vector

 we get

. (9)

In linear algebra, the formula implies that  is an eigenvalue of matrix A and
correspondingly  is an eigenvector of matrix A. (Brunelli, 2015, pp. 18-19.) If n is an
eigenvalue expressed as  then  are the eigenvalues satisfying the equation

. (10)

Additionally, if , then we get

(11)

If we apply these assumptions to , all eigenvalues, except one, i.e. n, are zero.
Therefore, n has to be the maximum eigenvalue, i.e. the principal eigenvalue, of matrix A,
thus the priority vector w is the principal eigenvector associated with it. (Saaty, 1990b, pp.
49-51.)

The principal eigenvalue of A can be expressed as  (Saaty, 1990b, pp. 49-51).
Therefore, the equation 10 gets the form

(12)

However,  only if the matrix A is consistent. If the matrix A contains
inconsistencies, then the principal eigenvalue  is close to n. (Saaty, 1990b, pp. 21, 51.)
The meaning of consistency is further explained in chapter 4.5.

To make w unique its elements are normalized by dividing the elements by their sum (Saaty,
1990a). As a result, the priority vector  containing the priorities for each alternative can be
calculated from the comparison matrix A from the following equation system

(13)

where  is the maximum eigenvalue or the principal eigenvalue of matrix A,
is the normalization term and  (Brunelli, 2015, pp. 18-19). Usually this
calculation is made in a spreadsheet or with AHP-based software (Mu & Pereyra-Rojas,
2017).
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Geometric mean method
As established the best solution according to Thomas L. Saaty (1990a) for calculating the
priority vector  from comparison matrix A is the eigenvector method linked with the
highest eigenvalue . Since the interpretation of the eigenvector method is rather
complex, approximation methods have been developed due to their simplicity. (Brunelli,
2015, pp. 19-20).

The geometric mean method is a popular method to estimate the priority vector (Brunelli,
2015, pp. 19-20). Even according to Thomas L. Saaty (1990b, pp. 19-21) the geometric mean
method is a good way of estimating the priority vector from the comparison matrix. In the
geometric mean method first the elements of each row are multiplied, then the nth root is
taken from product of the multiplication, and finally the resulting values are normalized
(Saaty, 1990b, pp. 19-21). Mathematically this can be presented as

(14)

in which the denominator is the normalization term (Brunelli, 2015, pp. 19-20).

To get  for checking the consistency of judgements, Thomas L Saaty (1990b, p. 21) has
provided for an approximation method. The approximation method for  is presented
mathematically as follows

(15)

where  is the product of multiplying matrix A with the priority vector w .

Normalized columns method and other approximations
One of the approximation methods for calculating the priority vector is called as the
normalized columns method by Matteo Brunelli (2015, p. 21). In the normalized columns
method, the comparison matrix is first normalized, i.e. the entries on each column are
summed. Afterwards the original entries on each column are divided by the sum of the
entries, thus the sum of each column of the matrix becomes equal to one. The priority vector
can then be traced by calculating the arithmetic mean of each row and normalizing the
entries. (Brunelli, 2015, p. 21.)

Even though the normalized columns method delivers a desired approximation for the exact
method, the approximation is only valid with comparison matrices with minor inconsistency.
(Mu & Pereyra-Rojas, 2017). Additionally, according to Matteo Brunelli (2015, p. 21) the
normalized columns method lacks solid theoretical foundation, even though the method is
simple to use.

Other approximation methods for calculating the final weights of alternatives, i.e. the priority
vector, have also been developed. One of the other methods is the so-called least squares
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method. (Brunelli, 2015, p. 21.) Additionally, Shang Gao, et al. (2010) present the sum
method, the new least squares method, the minimax method and the absolute deviation
method for deriving the priorities for the alternatives.

4.5 Consistency of the comparisons
After the final weights of each alternative have been calculated, the consistency of the
judgments should be checked (Mu & Pereyra-Rojas, 2017). This belongs to the final phase
of the AHP analysis. If all the elements in the filled comparison matrix fulfill the condition

, we get from  to

, (16)

which means that the direct comparison  is confirmed by all indirect comparisons .
Consequently, a matrix is consistent, only if this condition is true for the matrix in question.
(Brunelli, 2015, p. 22.)

Let us consider alternatives  with weights . If we say we
prefer  and , then logically . Numerically, if we prefer alternative
twice as much as alternative  and alternative  twice as much as alternative , then we
should prefer alternative  four times to alternative , hence . If our priority
vector shows e.g. , the judgements of the decision-maker include some
inconsistency. However, in AHP this inconsistency is expected, and moreover, even allowed
(Mu & Pereyra-Rojas, 2017).

Since the weighing of alternatives are subjective to the decision-maker or the group of them,
the avoidance of inconsistency in a comparison matrix is almost impossible especially with
intangible factors. However, in this case the amount of inconsistency is more valuable
information than the existence of it. For checking the amount of the inconsistency in the
judgements in AHP, the consistency ratio CR is calculated for comparison matrixA. The CR
can be presented mathematically as follows

, (17)

where  is the consistency index of comparison matrix A and  is the consistency index
of a random-like matrix. Moreover,  is the average CI of 500 randomly filled matrices.
In a random-like matrix the weights have been assigned randomly, thus it is predictably
highly inconsistent. (Mu & Pereyra-Rojas, 2017.) The  values used to calculate the
consistency ratio CR can be found in Table 4.
Table 4 The values for consistency index for a random-like matrix with the size of  (Brunelli,
2015, p. 25).

3 4 5 6 7 8 9 10
0.5247 0.8816 1.1086 1.2479 1.3417 1.4057 1.4499 1.4854

As mentioned in chapter 4.4, the maximum eigenvalue  is equal to
 only if the comparison matrix is consistent, thus  is greater than n if the comparison

matrix is contains inconsistencies (Brunelli, 2015, pp. 24-25). Therefore,  also provides
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for consistency information, the closer  is to n, the more consistent the comparison
matrix (Saaty, 1990b, p. 21). According to Saaty (1990a) the consistency index  can be
calculated by the following equation

. (18)

A comparison matrix, in which the consistency ratio  is greater than 0.10, should not be
accepted (Saaty, 1990b, p. 21). In this case it is necessary to reassess the given judgements
in the comparison matrix and re-examine the inconsistency after the revision of the
judgements (Mu & Pereyra-Rojas, 2017). In the case where the consistency ratio  is 0.10
or less the judgements are acceptable. In other words, when the consistency ratio  is 0.10
the judgements are 10 % inconsistent. (Brunelli, 2015, p. 25.)

In some cases, also larger consistency ratios have been accepted. However, the justification
of using larger consistency ratios, i.e. CR>0.10, also have opponents, e.g. P. Chu & J. K.-H.
Liu (2002). Larger CR values, CR < 0.20 or even higher, have been accepted e.g. in studies
with the preferences of alternatives decided remotely by questionnaires by larger amounts
of respondents or with increased number of attributes in the comparison matrix, e.g. D. Ho,
et al. (2005), S. Kumar, et al. (2009) and S. Sauna-Aho (2008).

4.6 Simple example of AHP
An example is the easiest way of explaining the procedure of using AHP in the decision-
making process. Therefore, let us consider a decision of buying a new car with three different
car alternatives: car A, car B and car C. The hierarchy according to the AHP is presented in
Figure 7.

Figure 7 The hierarchy in AHP for selecting a new car between three alternatives: car A, car B
and car C.

The comparison of these three alternatives with the AHP method is conducted pairwise in a
comparison matrix. Since the example has three alternatives, the comparison matrix will be
the size of 3x3 (Table 5). As explained earlier the  indicates the preference between
alternatives  and , and  is the reciprocal value of .

Table 5 The alternatives for a new car: car A, car B and car C in a comparison matrix.
A B C

A 1 a a
B 1/a 1 a
C 1/a 1/a 1

After the alternatives have been set up, the comparison phase of the AHP method can be
started. To be able to numerically analyze the preference between one alternative to another,
the ratio scale introduced in chapter 4.3.3 is used. First, we check, in which way car A in the
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first row is evaluated against car B. If car A is moderately preferred to car B we put number
3 in the middle of the first row (Table 6). According to the ratio scale the moderate preference
between one alternative to the other is 3 (see chapter 4.3.3).
Table 6 Since car A is moderately preferred to car B, the value of 3 is applied to the middle of the
first row

A B C
A 1 3 a
B 1/a 1 a
C 1/a 1/a 1

The AHP analysis is then continued to compare car A to car C. In this case car C is strongly
preferred to car A, thus the reciprocal value of 5 has to be entered to the matrix. Only if car
A had been preferred to car C would we have used the integer. Also, the comparison between
car B and car C has to be made. In this case car C is very strongly preferred to car B, thus
we input the reciprocal of 7 to the last space in the middle row.
Table 7 Since car C is strongly preferred to car A, the reciprocal value of 5 is applied to the last
space of the first row; similarly, car C is very strongly preferred to B, thus the reciprocal value of 7
is used in the last space of the middle row

A B C
A 1 3 1/5
B 1/a 1 1/7
C 1/a 1/a 1

After this the lower triangle of the comparison matrix is filled with the reciprocals of the
values in the upper triangle in the matrix using equation 7 (Table 8).
Table 8 The reciprocals of the upper triangle are filled in the lower triangle of the matrix

A B C
A 1 3 1/5
B 1/3 1 1/7
C 5 7 1

At this point, the priority vector w, in which the final preference of each car alternative is
determined, can be calculated (Table 9). In this example the geometric mean method was
selected to approximate the priority vector since the method is simple to use. The priority
vector w in the geometric mean method was calculated with equation 14. The nominators
for the equation are calculated by first multiplying the elements of each row and then taking
the nth root, i.e. in this case the 3rd root, from the product. For example the nominator for
the first row is calculated as follows: (1*3*(1/5))^(1/3)=0.84. The denominator in equation
14 is the normalization term, i.e. the sum of all the nominators, and in this case, it is 4.48.
The priorities for each alternative are then calculated by dividing the nominator with the
normalization term, e.g. 0.84/4.48=0.19. The final priorities for each car are 19 % for car A,
8 % for car B and 73 % for car C (Table 9).

Also, consistency ratio CR of the judgements can also be made for the car example. The
consistency ratio describes the consistency of the judgements made in the comparison phase.
First, we calculate an approximation for the principal eigenvalue  of the comparison
matrix by equation 15. The principal eigenvalue derived from the car example is therefore
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3.06. The principal eigenvalue  is used to calculate consistency index CI with equation
18, in which n is the number of elements, i.e. in this case three. The consistency index CI for
the car example is 0.03. To be able to calculate the consistency ratio (CR), the consistency
index is divided by the RIn value. In the case of three elements the RIn is 0.5247 according
to Table 4. Finally, the consistency ratio CR was calculated to be 0.06 = 6 % with equation
17. Since the consistency ratio is < 0.10, the judgements made in the comparison phase are
at acceptable level. However, some inconsistencies exist since CR > 0.
Table 9 The priority vector from the comparison matrix calculated by the geometric mean method

A B C w

A 1 3 1/5 0.84 0.19
B 1/3 1 1/7 0.36 0.08
C 5 7 1 3.27 0.73

SUM 6.33 11.00 1.34 4.48 1.00

The results of the car example show that car C is strongly preferred to the other two options,
i.e. A and B. This suggests that the best option for a new car would be car C. In general, this
was a very simple decision to make with the AHP, thus in this case a very simple hierarchy
was used (Figure 7). In reality the decision-making process between car alternatives is
usually more complex. Even though only three different car alternatives would be compared,
they could be compared in multiple different categories, i.e. criteria. Factors affecting the
decision between car alternatives could be e.g. cost, comfort, appearance, age, safety, fuel
type and consumption, ecological sustainability, brand, efficiency, etc. Also, these criteria
could be divided even further. For example, costs could be divided into investment and
operating expenses, and appearance into interior and exterior features. Moreover, for every
decision-maker, in this case buyer, the criteria affecting to the decision between car
alternatives could be very different. Additionally, when the criteria would be compared
pairwise in a comparison matrix by different buyers, the prioritizing of features could be
remarkably different.

Figure 8 The hierarchy in AHP for selecting a new car between three alternatives: car A, car B
and car C with five different categories of criteria.

In Figure 8 a more complex hierarchy for the car selection is presented with five different
categories of criteria: cost, comfort, appearance, safety and fuel type. In this decision-making
case, first, the criteria would be compared pairwise in a comparison matrix to define the level
of importance of each criterion of the decision-maker. Secondly, the alternatives would be
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compared pairwise in comparison matrices with respect to each criterion as in the described
simple example. Finally, the composite weight for each car alternative would be derived by
calculating the composite weight of each alternative from the priority vectors in different
categories of criteria. The calculation process of the car selection with the more complex
hierarchy (Figure 8) is not presented in this thesis. However, approachable examples of more
complex decisions can be found in many sources with different fields of application, e.g.
selection of  holiday location (Brunelli, 2015, pp. 6-9) and multiple other fields of
implementation (Saaty & Vargas, 2012).

4.7 Criticism of AHP and other MCDM methods
Even though AHP has gained extensive popularity and acceptance around the world, the
method has also received criticism (Forman, 1993). One of the most criticized factors in the
AHP analysis is the appearance of the rank reversal phenomenon.

The rank reversal phenomenon can be explained as a reversal in ranking of alternatives with
highest priorities when an irrelevant alternative is added to the AHP analysis. The
phenomenon can also occur when an alternative  receives the highest priority from a finite
set of alternatives but is not ranked with the highest priority when another alternative, even
with low ranking, is excluded from the set of alternatives. (Pérez, et al., 2006.) According to
András Farkas (2007) the main disagreement in the rank reversal phenomenon is its
legitimacy, even though the possibility of the phenomenon occurrence has been agreed upon.
This problem has been reviewed by a number of authors and has inflicted debates (Farkas,
2007).

Besides the rank reversal also other criticism subjects has arisen from the AHP method. One
of these factors is the time-consuming trait of the method. Ernest H. Forman (1993) claims
that the time-consuming property is one of the greatest demerits when using the AHP.
However, he also addresses that this is the case with most rational decision analysis
procedures. Moreover, he points out that the AHP is not intended to be used in all our daily
decisions, but merely for the most critical problems.

There has also been discussion on the suitable judgment scale for the AHP method. The
original ratio scale, proposed by Thomas L. Saaty, ranges from one to nine. Other scales,
such as the root square scale by Harker & Vargas and the logarithmic scale by Ishizaka,
Balkenborg and Kaplan, have been proposed by various authors. (Franek & Kresta, 2014.)

Franek and Kresta (2014).
However, according to the aforementioned authors the original nine-point scale proposed by
Saaty is a favorable option.

One very important notion is emphasized by E. Triantaphyllou and S. H. Mann (1995).
According to the authors there is enough evidence that the ranking of the results from AHP
should not be taken literally, on the contrary, all MCDM tools should be utilized as
supporting tools in the decision-making. Especially when two alternatives result in very
similar ranking some caution is advised to be used. (Triantaphyllou & Mann, 1995.)

Also E. Mu and M. Pereyra-Rojas (2017) emphasize the misunderstood interpretation of the
AHP analysis results. The aforementioned authors explain that the results should not be
taken too literally but as suggestive guidelines when making the decision. In the end, the
AHP analysis only prioritizes the alternatives chosen to the comparison and prioritizes the
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alternatives with respect to the selected criteria and the intensity of importance that are
usually user-defined (Mu & Pereyra-Rojas, 2017). When all alternative solutions need to be
taken into account the elimination and choice translating reality (ELECTRE) family methods
could be used. These methods are also suitable when the alternative solutions are widely
different and not comparable, thus the setting of preferences could become difficult. (Sabaei,
et al., 2015.)

As mentioned, the ELECTRE family methods are an alternative to the AHP in the MCDM
tool family. In fact, AHP is not by far the only existing MCDM tool. For example Mark
Velasquez and Patrick T. Hester (2013) presented and compared shortly the following
MCDM tools in addition to the AHP in their research paper: the multi-attribute utility theory,
the analytic network process, the fuzzy set theory, the case-based reasoning, the data
envelopment analysis, the simple multi-attribute rating technique, the goal programming,
ELECTRE, PROMETHEE, the simple additive weighing and the technique for order of
preferences by similarity to ideal solution (TOPSIS).
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5
As established the most creative process in the AHP is the construction of the hierarchy
model (Saaty, 2008). Two decision-makers would with a high probability structure two
different type of hierarchies for the same problem (Vargas, 1990). The objective in this
chapter, therefore, was to create a practical foundation of the hierarchy for grouting material
selection with the AHP. The developed hierarchy in this chapter was then tested in practice
in the case study of the thesis, in chapter 6. The hierarchy could probably by itself be suitably
implemented to a number of underground construction projects. However, all construction
projects have individual environmental conditions, requirements for waterproofing and
different end-use purposes, thus the criteria, grout alternatives and aims for grouting may
vary from project to another. Therefore, the created hierarchy needs to be altered for the
specific needs and requirements of each underground construction project it is implemented
into.

5.1 Goal and alternative solutions
The goal in the hierarchy is to find out the most optimized grouting material by taking into
consideration the requirements and conditions of the project under consideration. Moreover,
the aim is to select the material that would provide for an underground space that would
fulfil the required waterproofing class identified in the beginning of the project lifespan.

A significant number of material alternatives have been used in grouting as it can be
interpreted based on chapter 3.3. All these materials have different advantages and
disadvantages in different type of environmental conditions. Since it could become hard to
consider all the different materials and their features in the AHP hierarchy, the list of
alternatives had to be delimited. It was seen functional to select materials without
environmentally hazardous properties and modern-day chemical grouting materials (Halls,
2016, cited in Hänninen 2017). Therefore, the list of alternatives was limited to cementitious
grouts, polyurethanes, colloidal silica and acrylic grouts. Naturally, the criteria, i.e. the
attributes affecting the selection process of a grout, were also considered only for the
alternative grouting materials listed above.

5.2 Determining the criteria
To be able to implement the AHP method to grout selection the criteria have to be selected
carefully for the problem. As described, in the AHP analysis it is important to consider all
the parties affected by the decision and to identify all the criteria that contribute to the
decision-making process. Additionally, the criteria need to be grouped, so that the
decomposition of the problem can provide for a realistic result.

As mentioned, the geological and hydrogeological parameters of the project site contribute
to the grouting material selection (Tolppanen & Syrjänen, 2003), especially from the design
point of view. The rock and groundwater conditions predict the grout reaction to the
environment. Furthermore, if all the environmental conditions have been considered the
probability of a successful grouting becomes higher. However, also the execution of grouting
has an impact on the degree of grouting success. This includes the grouting method,
equipment, and the contractor experience and background of the grouting materials. The
likelihood of successful grouting also increases when the contractor is dealing with familiar
grouting materials. Furthermore, the familiar grouting materials provide for the contractor
to contribute favorable to selection of suitable grouting methods and equipment. Besides the
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designer and the contractor, the client is also impacted by the grouting material selection,
since the client covers the expenses in the project. Therefore, also costs and scheduling have
an impact on the grout selection.

In conclusion, the main criteria discovered to affect the grouting material selection were
divided into four groups:

Execution of the grouting work
Costs and schedule
Rock conditions
Groundwater properties and environmental impacts.

5.2.1 Execution of grouting work
To be able to conduct successful grouting, it is important that the execution of the grouting
work is planned carefully. If the grouting method and equipment are not suitable for the
material to be used in the grouting, problems in the execution of grouting can arise. For
example, keeping smaller cementitious grouts, e.g. ultrafine cement (UFC), suspended with
equipment designated to standard grouting cement could be more difficult compared to
equipment intended to UFC grouting (Plomer, 2019).

Also, the contractor experiences of the grouting materials can impact the final grouting result
(Plomer, 2019). For example, if UFC would be the material the contractor has the most
experience with, then the probability of successful grouting increases with this material. This
could be due to the better understanding of the material functions in the environment in
question by the contractor. Therefore, user-friendliness of each material can be a subjective
phenomenon and vary between two different contractors. Besides the grouting method,
equipment and user-friendliness/experience in the grouting material, also the safety or
toxicity can affect the decision on the grouting material to be used.

5.2.2 Costs and schedule
Naturally, for the customer, who covers the expenses for all of the grouting, one of the most
important factors could be the cost of the grouting work without compromising the grouting
result. In other words, the customer desire is to reach the required waterproofing quality with
as low costs as possible. Since delays in the construction can also become costly especially
in industry-led projects, also the schedule impacts of the grouting may be even more
important to consider in choosing the grouting method and material than the costs of grouting
itself. If the used grouting material and methods are suited for the environmental conditions,
the probability of increased number of grouting rounds due to post-leakages can be
decreased. In this way the schedule impacts of grouting can actually be reduced, even though
careful pre-grouting would seem to be the more time-consuming option in the first place
especially compared to post-grouting.

5.2.3 Rock conditions
Rock conditions is one of the main factors affecting to the grouting material selection. The
rock conditions that influence to the grout functions could be divided into rock quality, rock
fracture properties and hydraulic conductivity.
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Rock quality
Rock quality has also proven to affect the grout selection. According to Gustafsson and Stille
(1996, cited in Rafi 2013) the grouting pressure should not exceed the minimum rock stress
to avoid jacking of existing fractures. In weak rock especially close by the tunnel surface
high pressures used in grouting may break the rock. Hydro-jacking is the phenomenon in
which the grout opens pre-existing rock fractures, whereas in hydro-fracturing the increased
pressure of grout causes new joints to develop (Lombardi, 2002). When the pressure in a
rock fracture is smaller than the smallest normal stress caused by the stress state in the rock,
no deformations are able to form (BY, 2006). Naturally, the design pressure has to exceed
the prevailing water pressure for the grout to be able to penetrate and seal the fracture
properly. (Gustafson, et al., 2008.)

Grouting can also be used to strengthen weak rock (Tolppanen & Syrjänen, 2003). This
phenomenon was presented by Barton et al. in 2001 (cited in Tolppanen & Syrjänen, 2003).
The study showed that especially in weak rock with Q < 0.3 the grouting reinforced the rock
by even 2-3 Q-classes. There again, in good or in very good rock with Q > 10 the rock quality
improvement in the study was restricted (Barton et al., 2001, cited in Tolppanen & Syrjänen,
2003).

Rock fracture properties
As an addition to the rock quality also rock fracture properties affect to the grout selection.
As mentioned, the rule of thumb in the selection of the grouting material is that the d95,
describing the diameter of particles in the material, should not be more than  of the
fracture opening size (BY, 2006). The fracture opening size also determines the penetrability
and penetration length of the grouting material. Therefore, the fracture opening size or i.e.
joint aperture influences the grouting material selection considerably, especially in situations
where the fracture openings are small.

Figure 9 Theoretical representation of the cross-section of a rock fracture in Äspö, Sweden
(Winberg, et al., 2000).

The joint aperture, however, is not the only aspect that should be taken into account when
choosing the grout according to fracture properties. In general, rock fractures are not only
smooth uniform structures and may consist of filling materials (Figure 9). According to P.
Tolppanen and P. Syrjänen (2003) general joint properties such as spacing and length, which
are somewhat simple to approximate, also affect the grouting process. However, the more
complicated factors, such as the fracture network and joint filling, could affect the grouting
to a greater extent (Tolppanen & Syrjänen, 2003). U. Sievänen and A. Hagros (2002) found
that several geological factors such as clay and chlorite fillings can be associated with
leakages and problems in grouting. Furthermore, besides fracture zones also long fractures
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could be the source for larger water ingress (Sievänen & Hagros, 2002). Additionally, rock
mass properties such as roughness of joint walls, coating and filling, continuity, presence
and shear strength of the joint are included in the factors that influence the grouting process.
These properties of the rock mass are observed in many projects through mapping, core
drilling and logging. (Rafi, 2013)

Hydraulic conductivity
The geology of the rock mass describes the fractures and the fracture network, whereas the
hydrogeological properties provide for information about the conductivity and
transmissivity of the rock mass and fractures within. One of the problems with the mere
existence of groundwater in the rock mass is leaching and dilution of grout. Water inflow,
on the other hand, into an underground space is often determined by the hydraulic
conductivity of the rock mass. Additionally, the depth of the underground excavation, i.e.
the water pressure, impacts on the water inflow. The water pressure, however, is a more
complicated feature to consider because the hydraulic conductivity decreases according to
the depth of the excavation. The hydraulic conductivity increases to the cube of the joint
opening. This means that when the fracture opening increases to double the hydraulic
conductivity becomes 8 times higher. (Tolppanen & Syrjänen, 2003)

5.2.4 Groundwater properties and environmental impacts
The groundwater properties and environmental impacts can be divided into grout effects on
the environment and the groundwater impacts on the grouting materials.

Grout effects on environment
The grouting material effects on the environment can also impact on the decision on the
material to be used. The standard SFS-EN 12715 (2000) states that the effects of all chemical
grouting products and their by-products from chemical reactions between the materials and
the surrounding environmental conditions must be considered. As described in chapter 3.3.2
some of the chemical grouting materials, such as acrylamide and epoxy, can be even harmful
for the environment. This can bring strong restrictions to the use of some grouting materials.
Furthermore, the grouts can impact the environment in other ways by e.g. reacting with the
groundwater in a way that creates unsuitable conditions for the underground structures. One
example could be the effects of the pH level of groundwater in the final disposal facility of
spent nuclear fuel in Olkiluoto, Finland. The nuclear waste is encapsulated into the bedrock
by the use of multiple release barriers to ensure nature and people safety (Posiva, n.d.). One
of the key barriers in insulating the nuclear waste in the final disposal is a bentonite barrier
(Posiva, n.d.). The bentonite material, on one hand, has proven to potentially reduce its
swelling capacity and absorptive properties in high-pH plume groundwater. On the other
hand, traditional OPC grouts are known to increase the pH level of the surrounding
groundwater, thus it creates unfavorable conditions for the bentonite. In this case, e.g. low-
pH high-performance cement would be preferable to standard OPC. (Gascoyne, 2002.)

Groundwater impacts on grout
Also, groundwater properties have effects on the grout selection. Furthermore, different
types of grouting materials react to different characteristics and chemical properties of the
groundwater. For example, pH, sulfate and salinity of the groundwater are some of the
features effecting the different materials that could be used in rock grouting. The
groundwater chemistry may even change in different parts of a large infrastructure project,
such as a metro tunnel or a deep hoisting shaft in a mine. For example, the groundwater
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salinity increases with depth because the saline water has a higher density than fresh water
(Gustafson, et al., 2008). This could cause the groundwater in the uppermost parts of a
hoisting shaft to have lower salt concentrations than the lower parts of the shaft.

One of the most researched grouting materials according to groundwater properties is the
cementitious grouts since they have a long history in the grouting purposes. According to P.
Lidén (2012) the main mechanisms that cause degradation of cement-based grouting
materials is sulfate attack and leaching. However, besides the aforementioned processes also
carbonation and alkali-silica reaction contribute to the degradation process (Lidén, 2012).
The most components of cement are water soluble. When groundwater, and especially soft
water with low calcium-ion (Ca2+) concentrations combined with low pH level, flows close
by the grouted cement it causes leaching in the cement material by dissolving foremost
calcium hydroxide, but also calcium silicates and alkali hydroxides. The consequential
shortage of calcium causes the cement to become more porous, which on the other hand
further accelerates the decalcification. In carbonation the carbon ions in the groundwater
reacts with the Ca2+ in concrete and calcium carbon is generated. This causes the pH level
to sink, thus the carbonation takes place even more aggressively. Additionally, groundwater
containing high concentrations of sulfate can contribute to the decalcification and cracking
of the grout. The alkali-silica reaction takes place when water in touch with cement becomes
highly alkaline and hydroxide ions are developed. The hydroxide ions, thereafter, react with
the cement particles dissolving calcium silicates and weaken the cement structure. Also,
cracking of the cement may occur, since the original silicate particles grow in volume
especially in cement with high concentrations of sodium and potassium. (Gustafson, et al.,
2008.)

Colloidal silica has also proven to react distinctly in different type of groundwater
environments. Especially, groundwater salinity has an effect on the sealing effect of colloidal
silica. In 2013 Hollmén et al. remarked that the effects of saline groundwater on colloidal
silica is not fully understood. It had been assumed that the colloidal silica material simply
displaces the existing water in the rock fracture and does not mix with it (Hollmén, et al.,
2013). Later both in field and laboratory environments it was proven that colloidal silica
reacts with saline groundwater and causes premature flocculation of the material leading to
insufficient grouting result. In flocculation the colloidal silica particles react with the saline
groundwater and conglomerate prematurely. The occurrence of flocculation could, however,
be avoided by replacing the saline groundwater with fresh water by freshwater injections
before the grouting of colloidal silica. This method has indicated to provide for avoidance
of premature flocculation in saline conditions in grouting. (Hatakka, et al., 2013.)

With polyurethane even the existence of water effects to the foaming of the material. The
reaction times of the material are also prone to vary with different temperatures, e.g. low
temperatures may reduce the reaction time. Acrylic grouts on the other hand could
disintegrate when exposed to a substantial amount of drying and wetting cycles. (Garshol,
2011.)

5.3 Hierarchy model for AHP
Based on the criteria presented in chapter 5.2 a general hierarchical model for the grouting
material selection with AHP was created (Figure 10). The grouting material selection was in
the end divided into three levels of criteria. As mentioned, this hierarchy is based for
comparison of cementitious grouts, PU, colloidal silica and acrylic grouts.
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Figure 10 The created hierarchical model for the AHP implemented into grouting material
selection.

The created hierarchy is a simplification of the possible criteria for grouting material
selection. The hierarchy should be adjusted for the specific environmental requirements and
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project specific needs when implemented to use. The criteria provided need to be checked
to suit to the project case for receiving reasonable results from the AHP analysis. In some
cases, the hierarchy could be suitable for utilization as it is but likely at least the subcriteria
need to be altered.

5.4 AHP calculations
The AHP calculations can be made with either special software packages, such as Expert
Choice, Super Decisions and Decision Lens, or by spreadsheets in e.g. Excel (Mu & Pereyra-
Rojas, 2017). For the purpose of the AHP calculations presented in this study an Excel
spreadsheet was developed. The produced Excel calculates the preferences of different
grouting materials and is based on the criteria justified and presented in chapter 5. The
intention was to build a basis for AHP calculations for grout selection, which could be
modified to the specific needs of different projects with different grouting material options.

The numerical ratio scale used to evaluate the preference of one alternative to another in the
comparison matrices was presented in chapter 4.3.3. The Excel spreadsheet was developed
to utilize this ratio scale presented. In the Excel, for simplification the priority vectors that
are derived from the comparison matrices are attained with the geometric mean method
presented in chapter 4.4. Additionally, the consistency for every comparison matrix can be
checked with the spreadsheet, to ensure that the inconsistency remains at acceptable level,
CR<10, when the alternatives are compared. In the Excel, the comparison matrices, priorities
of the alternatives/criteria, the maximum eigenvalues of the matrices and consistency ratios
of judgements are presented in tabular form as in Table 10. All the calculations that are
presented in this study were calculated with the help of the developed Excel spreadsheet and
are presented in the thesis as in Table 10.
Table 10 The presentation form of comparison matrices with the grout alternatives xn, priority
vector w, the maximum eigenvalue max and consistency ratio CR of judgements

CRITERIA x x x x x w

x 1 a a a a z w
x 1/a 1 a a a z w
x 1/a 1/a 1 a a z w
x 1/a 1/a 1/a 1 a z w
x 1/a 1/a 1/a 1/a 1 z w

SUM y y y y 1

max ~ n
CR < 0.10
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6
The main objective of the case study was to test the AHP method for grouting material
selection in a real-life construction project, the Kittilä shaft project. The hierarchy developed
in chapter 5 was used as the basis for the implementation of the AHP method for the Kittilä
shaft project. The optimization of the grouting material was only tested to the first section of
the shaft between levels - n the mine coordinate system). This was due to the
changing environmental conditions according to shaft depth. The Kittilä shaft project is a
part of the Kittilä mine expansion conducted between years 2018 and 2021. The case study
was conducted during spring 2019 after the grouting materials had already been selected for
the project, thus it was tested whether the AHP would provide similar results.

The presented background material in this case study was delimited only to the information
needed for the AHP analysis. For the purpose of gathering reliable results from the case
study, interviews of the parties involved in the project were conducted. Also, literature and
project reports, designs and site investigation results were studied, and supplementary
interviews were conducted.

Chapter 6.1 presents the shaft construction project and some detailed design of the shaft
water management. The modified hierarchical model for grouting material selection for
Kittilä shaft project with grouting material alternatives is presented in chapter 6.2. The
comparison phase of the AHP analysis, i.e. deriving priorities for criteria and grouting
material alternatives, is presented in chapters 6.3 and 6.4. Results of the AHP analysis and
ranking of the grouting materials for Kittilä shaft project are shown in chapter 6.5.

6.1 Kittilä mine
The Canadian Agnico Eagle Mines Limited owned Kittilä mine is located in the Lapland
region in Finland and is the largest primary gold producer in Europe (Agnico Eagle, 2019).
The open-pit production of the mine started in 2008 (Doucet, et al., 2010) and ended in 2012,
hence at present the mining production is underground (Agnico Eagle, 2019). Currently, the
mine life is expected to carry until the end of year 2035 and has probable mineral reserves
of 27 million tons with 4.74 g/ton of gold (Agnico Eagle, 2019).

The Kittilä mine property extends to an area of 215 km2, and is situated along the
Suurkuusikko Trend, a major gold-bearing shear zone. The major deposits at the mine are
Suuri, Roura and Rimpi zones, additionally, deposits Etelä zone, Ketola zone and the new
Sisar Zone exist but are currently minority of the resources (Figure 11).  The production is
estimated to be approximately 190 000 ounces (5386 kg) of gold in 2019, however, the new
expansion project of the mine is expected to increase the gold production to 205 000-225 000
ounces (5812-6379 kg) for year 2020. The used underground mining method is open stoping
and delayed backfill. It is estimated that 13.5 km of tunnels are excavated every year to
ensure the ore production and mine operation. Currently, the ore is transferred by
underground haul trucks via a 4.4 km long ramp to the surface crusher. (Agnico Eagle, 2019.)
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Figure 11 Kittilä mine mineral resources and deposit zones  (Agnico Eagle, 2019).

6.1.1 Expansion project and the new shaft
For the purpose of increasing efficiency of the mine, decreasing operating costs and
providing access to the deeper deposits at the site, Agnico Eagle decided on a 160-million-
euro expansion project for Kittilä mine. The expansion of the mine started in 2018 and is
expected to end in 2021. (Agnico Eagle, 2019.) The expansion plans of the mine require the
construction of a new shaft reaching the depth of 1040 m. According to the current design
the shaft is built in four sections with raise boring and slash as the shaft sinking method. The
sections of the shaft are separated by finger drifts, thus the pilot drilling in lower sections
can start before the slashing phase has finished in the sections above. The section lengths are
305 m, 127 m, 361 m and 131 m, and the rock plugs between sections vary from 10 m to 20
m. The rock plugs were designed to be excavated either after the excavations of adjacent
sections has finished or after all the excavation operations have finished in the shaft.

Figure 12 Cross-section of Kittilä shaft excavation.
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The raise boring and slash is conducted by first drilling pilot hole from the upper level to the
lower, then reaming it to the diameter of 4 m from the lower level upward, and in the end,
slashing the shaft to the final diameter of 5.45 m from the upper level downward. The
theoretical shaft excavation parameters are presented in Figure 12 for sections 1-3.
According to original design, the last section of the shaft has a diameter of 6.45 m, and
additionally, this section was designed to be reamed to the diameter of 3.5 m.

The principal reinforcement of the shaft is determined according to the Q-classification of
the rock from drill core samples. The final reinforcement is adjusted from the principal
design throughout the shaft excavation. The basic concept of rock reinforcement consists of
resin grouted 2.4 m long rock bolts with the spacing of 1.5 m and a 130 mm thick layer of
synthetic fiber reinforced shotcrete (Figure 13). Also, a mesh can be used for further rock
support.

Figure 13 Cross-section of Kittilä shaft reinforcement.

6.1.2 Site investigations and knowledge of the site
New construction is always in a need of design parameters that are based on the site
investigations made at the construction site and around it. The level of detail of the site
information becomes more accurate throughout the design and construction process of the
project. At Kittilä shaft site the preliminary investigations included i.e. core drilling and
logging and groundwater sampling. For gaining further understanding of the rock mass also
stress, strain and stability analysis were made and laboratory tests for rock were conducted.
During the construction phase of shaft section 1 and after, water inflow amounts were
estimated, and the reamed sections of the shaft were filmed to provide for information of the
leakages, their magnitudes and locations, and factures/fracture networks. Traditional Lugeon
tests made in infrastructure construction project were not conducted in the first section of
the Kittilä shaft project but measured estimates of water ingress were made.

The drill core samples from the shaft area are STEC12009 and STEC16003. The logging of
the first mentioned was used in gathering knowledge of the upper level of the shaft. The
latter sample begins from level -770 in the shaft. The STEC16003 was investigated by
optical televiewer (OTV) and acoustic televiewer (ABI), whereas the STEC12009 was
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investigated by optical borehole imager (OBI). These investigations provided for additional
information of the fractures, the fracture network and crack infill information.

6.1.3 Grouting and water management in the shaft
Water management in the Kittilä shaft project can be divided into blocking the water
leakages, collecting the inflowing water, and controlling and guiding the leaking water.
Therefore, the water management design of the shaft consists of several parts: grouting for
blocking, shotcrete drainages and water collecting rings for collecting, and dewatering pipes
and pumps for controlling and guiding the leaking water.

The waterproofing class of the shaft was determined to be class B; thus, the water
management plan was designed accordingly. The allowable leakages in the waterproofing
class B is 5-10 l/min/100 m (see chapter 2.2). According to the Finnish Concrete Society
instructions, BY 53 (2006) this type of leakages are used in underground spaces in which
minor leakages do not cause problems for the underground space or the environment.

The primary planned grouting method in Kittilä shaft was fan grouting (Figure 14) for the
first section of the shaft. The grouting fans contain 16 holes, which are bored and grouted in
three phases. In the first phase, only hole numbers 1, 5, 9 and 13 are bored and grouted. Only
if the water ingress still occurs the grouting continues to the second phase, in which holes 3,
7, 11 and 15 are bored and grouted, followed by the third stage accordingly.

Figure 14 Longitudinal section and cross-section of fan grouting in the Kittilä shaft.

Even though the primary planned method for grouting was fan grouting, it was decided to
concentrate on horizontal grouting (Figure 15) in the first section of the shaft. The grouting
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holes in horizontal grouting are 6 m long and applied with a spacing of 3 m. In the design
the number of holes is 16 and they are bored and grouted in three phases as in fan grouting.

Figure 15 Longitudinal section and cross-section of horizontal grouting in the Kittilä shaft.

Grouting is the primary method for decreasing the ingress of water in the first section of the
shaft. The horizontal grouting is conducted after pilot hole reaming. The grouting operations
with horizontal grouting in the shaft proceed along with the slashing phase in which the shaft
is expanded to the final diameter of 5.45 m. The basic order of operations in the reamed shaft
are as follows: drilling, charging and blasting to the final diameter, scaling, applying a 50
mm thick layer of safety shotcrete, grouting, installing bolting and possible mesh for
reinforcement and finally spraying the shotcrete to the final thickness (Karstila, 2019).

The grouting is conducted in areas with verified water ingress. The locations of the leakages
are specified from video-inspections of the reamed surface of the shaft. The video-footage
is interpreted by a geologist, who approximated the depths of the leakages in the shaft.

6.2 Modified hierarchy model
To be able to conduct an AHP analysis for the Kittilä shaft project alternative grouting
materials and a suitable hierarchy according to project needs and requirements had to be
developed.

6.2.1 Alternatives for grouting material
The goal of the AHP analysis was to determine the most suitable grouting material for Kittilä
shaft project. As explained in the AHP theory (chapter 4.7) the AHP analysis gives the
answer to the question; which grouting material alternative is the most suitable regarding
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only the criteria used in the analysis. Since the analysis was used for only a number of grout
alternatives, the AHP was only prioritizing the alternatives chosen for the analysis.
Naturally, the analysis could not evaluate alternatives that were not used in the AHP process.

The optimization of the grouting material with AHP was conducted for the first shaft section
between levels - Additionally, the developed AHP hierarchy in chapter 5 was
constructed on the basis of cement grouts and known environmentally friendly chemical
grouts. Therefore, the alternative grouting material options for the calculations for the case
study were delimited to cement grouts and environmentally friendly chemical grouts. The
final alternatives chosen for the AHP were micro-cement ( ), standard cement (CE),
polyurethane (PU), acrylic grout (AC) and colloidal silica (CS). Also, exemplary materials
from different trademarks were chosen to enable more detailed comparison in the AHP
analysis if required. Since the groundwater at Kittilä site contains sulfate, it was appropriate
to select sulfate resistant cement grouts. The selected grouts are presented in Table 11.
Table 11 Alternative grouting materials for the AHP analysis for Kittilä shaft

Alternative Abbreviation Remarks
Micro-cement (such as CEMENTA Injektering 30) * Sulfate resistant
Standard cement (such as Finnsementti SR-Cement) CE Sulfate resistant
Polyurethane (such as HA Cut AF) PU Closed cell foam
Acrylic grout (such as MEYCO MP 301) AC
Colloidal silica (MEYCO MP 320) CS

*Even though the Finnish Concrete Society instructions, BY 53 (2006) define a cementitious grout
with d95 < 20 µm as micro-cement, Injektering 30 (with d95 = 30 µm) was in this thesis defined as
micro-cement. Also, the manufacturer of the grout defines it as micro-cement (Cementa AB, 2018).

6.2.2 Hierarchy model for the AHP for Kittilä shaft
The goal of the AHP analysis was to find out the most optimized grouting material from the
alternatives presented in the previous chapter. To be able to apply the developed AHP
hierarchy defined in chapter 5.3 into the case of Kittilä shaft the hierarchy had to be modified
for the specific restrictions and requirements of the shaft project at Kittilä mine.

The final form of the used hierarchy in the case study is presented in Figure 16. Due to
simplification, schedule impacts of the grouting materials were not divided into criteria at
level 3. Furthermore, the subcriteria below groundwater properties and conditions were not
further divided into lower level criteria. This was conducted after it was determined that
groundwater conditions in this specific case with the materials chosen for the analysis were
minor (explained in more detail in chapter 6.4.4). The final form of the AHP hierarchy for
the Kittilä shaft project was created according to the best knowledge of the project and
confirmed during expert interviews. The modifications were made to the hierarchy alongside
the comparison phase of the AHP analysis in which expert interviews were conducted.
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Figure 16 Modified hierarchy model for AHP analysis for the case study.

6.3 The priorities of criteria with respect to the goal
After the hierarchy for the AHP had been established, the comparison phase of the AHP
analysis could be started. In this study, the priorities for the level 1 criteria were established
by a representative of the client, André van Wageningen, a representative of the designer,
Arto Wegelius, and a representative of the contractor, Emil Plomer, in the Kittilä shaft
project. At the time of the study, or before it, all the representatives contributed substantially
to the Kittilä shaft project. The goal was to determine whether there would be differences in
the prioritization of attributes between these three parties involved in the project when
selecting the most suitable grout. Naturally, a different weighing in the main criteria from
the different parties could produce a different grouting material recommendation from the
AHP calculations.

The comparison of criteria was conducted with the help of a questionnaire (appendix 1).
Basically, the questionnaire simply unfolded the comparison matrix into verbal questions so
that the respondents would not have the need to fully comprehend the AHP method to be
able to provide for preferences between criteria. Besides comparing the criteria pairwise and
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selecting the preference for each criterion, the questionnaire provided also for open questions
to understand the reasoning behind the selected preferences of the respondents. Additionally,
definitions to the criteria and the ratio scale used in the AHP method were provided in the
questionnaire (appendix 1).

6.3.1 Priorities according to the client
First the weighing of the main criteria was gathered from the representative of the client,
André van Wageningen (2019) from Kittilä mine. The elements in the comparison matrix
were obtained with the help of the aforementioned questionnaire (appendix 1), which the
representative first completed independently and was followed by an oral discussion of the
results.

The preferences of the client of the level 1 criteria are presented in Table 12. The results
show that the client representative would give the highest priority to costs and schedule with
56 %, followed by rock conditions with 23 %, groundwater conditions with 14 % and
execution of grouting work with 7 %. Since the consistency ratio was only 5 % there was no
need for re-evaluation of preferences.
Table 12 Comparison matrix and priorities of the criteria at level 1 with respect to grouting
material selection according to the representative of the client

Grouting material
selection
(Goal)

Execution of
grouting

work

Costs and
schedule

Rock
conditions

Ground water
properties and

conditions
w

Execution of
grouting work 1 1/5 1/3 1/3 0.39 0.07

Costs and schedule 5 1 3 5 2.94 0.56
Rock conditions 3 1/3 1 2 1.19 0.23

Ground water
properties and

conditions
3 1/5 1/2 1 0.74 0.14

SUM 12.00 1.73 4.83 8.33 5.26 1
max 4.13

CR 0.05

The open questions of the questionnaire provided for more information of the decisions. A.
van Wageningen (2019) strongly prioritized costs and schedule, since e.g. rock and
groundwater conditions cannot be altered, thus it is something that one simply has to adjust
to. Additionally, it was very important for the client that the shaft construction stays in
schedule since the delays in the construction could become far more expensive than the
grouting work costs. The execution of the grouting gained low ranking since the execution
can be adjusted to the environmental conditions. The secondary ranking of rock conditions
was justified by the higher chance of successful grouting in easier rock conditions. However,
it was also pointed out that the groundwater influences the long-term quality of the grout.
(van Wageningen, 2019.)

6.3.2 Priorities according to the contractor
The weighing of the main criteria in the AHP hierarchy was also conducted by the
representative of the Kittilä shaft project contractor, Emil Plomer (2019). The priorities were
obtained with the questionnaire in appendix 1. The reasoning behind the priorities of each
alternative was collected orally in an interview.
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Table 13 Comparison matrix and priorities of the criteria at level 1 with respect to grouting
material selection according to the representative of the contractor

Grouting material
selection
(Goal)

Execution of
grouting

work

Costs and
schedule

Rock
conditions

Ground water
properties and

conditions
w

Execution of
grouting work 1 1 1 1 1.00 0.24

Costs and schedule 1 1 1/5 1 0.67 0.16
Rock conditions 1 5 1 1 1.50 0.36

Ground water
properties and

conditions
1 1 1 1 1.00 0.24

SUM 4.00 8.00 3.20 4.00 4.16 1.00
max 4.33

CR 0.13

According to the contractor the priorities for level 1 criteria were as follows: rock conditions
56 %, execution of grouting work 24 %, groundwater conditions 24 % and costs and schedule
16 % (Table 13).

The contractor  perception was that most of the criteria have equal importance. However,
rock conditions were strongly preferred to the costs and schedule. From the contractor
viewpoint the costs would essentially increase if the grouting material would not suit to the
rock conditions at Kittilä mine site. For example, the schedule could be prolonged due to
inadequate grouting resulting into remaining leakages. The respondent also pointed out that
if only the costs would be considered the quality of grouting could possibly remain
insufficient. The objective of grouting should be that the grouting material suits to the
environmental conditions and to the execution plan. (Plomer, 2019.)

As it can be detected in Table 13 the gained consistency ratio from the matrix was 0.03 above
the maximum limit of 0.10 defined by Thomas L. Saaty. This was due to the strong
importance (5) of rock conditions compared to cost and schedule. This was accepted, since
the CR was relatively close to the acceptable level and since with just a small change the
value would have been at an acceptable level. For example, if the preference of rock
conditions compared to costs and schedule would have been changed to 4, the CR would
have decreased to 0.09 (<0.10).

6.3.3 Priorities according to the designer
The criteria at level 1 were also prioritized by the representative of the designer, Arto
Wegelius (2019). The open questions in the questionnaire were obtained orally in an
interview. The answers from the representative first were inconsistent (CR > 0.2). To obtain
consistent results from the comparison matrix the judgments were re-evaluated by Wegelius.
An acceptable consistency ratio CR of 7 % was achieved in the end.

A. Wegelius (2019) strongly prioritized rock conditions by 57 %, however, also execution
of grouting work gained importance with 26 % preference. The ground water conditions and
costs and schedule, with preferences of 9 % and 8 % respectively, were considered to
contribute to the grout selection in the Kittilä shaft project only minorly. Wegelius (2019)
justified the answers by emphasizing the importance of gaining a waterproof shaft.
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According to him, the main goal should be a good grouting quality, which should be reached
with reasonable costs and sensible methods that are controllable and work with the project
related conditions and environmental conditions. The grouting should also be adapted to the
schedule.
Table 14 Comparison matrix and priorities of the criteria at level 1 with respect to grouting
material selection according to the representative of the designer

Grouting material
selection
(Goal)

Execution of
grouting

work

Costs and
schedule

Rock
conditions

Ground water
properties and

conditions
w

Execution of
grouting work 1 4 1/4 4 1.41 0.26

Costs and schedule 1/4 1 1/6 1 0.45 0.08
Rock conditions 4 6 1 4 3.13 0.57

Ground water
properties and

conditions
1/4 1 1/4 1 0.50 0.09

SUM 5.50 12.00 1.67 10.00 5.50 1.00
max 4.19

CR 0.07

As explained, Wegelius (2019) expressed that the priority should be in reaching successful
grouting. Secondly, the grouting method should be suitable with the entire grouting work
operations, such as the working cycle and project specific requirements. In design
compromises in the suitability of the grouting material and the methods to the environmental
conditions and project requirements should only be made if staying on schedule and in
budget is endangered and therefore seen necessary. In grouting design, it is important to
understand the impacts of costs and schedule to the whole project, hence the grouting design
has to be evaluated against the project objectives and adapted to them in a larger scale.
According to the representative of the designer the difficulties in the Kittilä shaft project
could be the management of the working cycle in the shaft and the tight project schedule.

6.3.4 Final priorities of criteria at level 1
To be able to derive a grouting material alternative from the AHP analysis, a synthesis of
the priorities from the parties involved in the project had to be conducted. There are several
methods available to derive the overall priorities for the criteria at level 1. However, the
arithmetic mean calculated from the priority vectors from the three representatives came
across as the most logical resolution. The priority vector resulted from the arithmetic mean
is the average 1 in Table 15. Average 2 was calculated by taking the arithmetic mean from
each element in the comparison matrices by the client, the contractor and the designer and
then rounding the result to the closest integer. In other words, this could have been made if
all the parties involved in the project were judging the criteria in a same room, and the final
judgement of each element in the matrix would be the average of their answers. Average 3
was calculated as average 2 without rounding the result. However, with average 2 and
average 3 (appendix 3) the priority of execution of grouting work became higher (28 % and
27 %) than it is with any of the judgements of the representatives (7 %, 24 % and 26 %).
Therefore, the arithmetic mean (average 1) seemed the most eligible and was chosen to be
used in the AHP analysis.
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Table 15 The final priorities of criteria at level 1
Criteria (level 1) Client Contractor Designer Average 1 Average 2 Average 3
Execution of grouting 7 % 24 % 26 % 19 % 28 % 27 %
Costs and schedule 56 % 16 % 8 % 27 % 24 % 26 %
Rock conditions 23 % 36 % 57 % 38 % 34 % 33 %
Ground water
properties and grout
reaction to environment

14 % 24 % 9 % 16 % 14 % 13 %

6.4 The priorities of alternatives with respect to the criteria
The comparison phase of the AHP analysis also included the comparison of alternatives with
respect to the selected criteria. In this chapter also, the criteria itself at levels 2 and 3 are
prioritized. The judgements in the comparison matrices were completed with the help of
literature research and site investigations, in addition to a questionnaire (appendix 2) and
interviews. The interviews were conducted to the aforementioned André van Wageningen,
Emil Plomer and Arto Wegelius, as well as to Jari Haapala who provided a designer  point
of view considering grouting. Also, a geologist, Joonas Klockars, involved in the project,
was interviewed to gain understanding of the rock conditions at the Kittilä shaft site.

6.4.1 Execution of grouting work
The priorities for the criteria of execution of grouting were first obtained from the
representative of the contractor, Emil Plomer (2019). He filled out a questionnaire (appendix
2) remotely, i.e. not in an interview. Since the results from the questionnaire filled by the
contractor did not have an adequate consistency ratio (Table 16), the priorities for execution
of grouting were replaced by the answers of a designer, Jari Haapala (2019), in an interview
instead (Table 17).
Table 16 The priorities of execution of grouting work, according to Plomer (2019)

Execution of
grouting
(level 1)

User-
friendliness

Safety/
Toxicity

Grouting
equipment

Grouting
method w

User-friendliness 1 1/7 7 1 1.00 0.22
Safety/Toxicity 7 1 1 1 1.63 0.36

Grouting equipment 1/7 1 1 1/5 0.41 0.09
Grouting method 1 1 5 1 1.50 0.33

SUM 9.14 3.14 14.00 3.20 4.53 1.00
max 5.56

CR 0.59

Naturally the judgements and final priorities by Haapala (2019) differed from the ones of
Plomer (2019) to some extent since both represent different organizations, the designer and
the contractor. However, as mentioned the priorities from the contractor could not be used
due to the low consistency ratio. Haapala (2019) did not prioritize the toxicity or the user-
friendliness/experience as highly as the contractor since according to him these are factors
that could be influenced in beforehand the execution of grouting by education and training.
The grouting method on the other hand must be rationalized with the environmental and rock
conditions. The method is not something that could be altered later due to reasons of e.g.
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user-friendliness. (Haapala, 2019.) The final priorities of execution of grouting used in the
AHP analysis are provided in Table 17.
Table 17 The priorities of execution of grouting work, according to Haapala (2019)

Execution of
grouting
(level 1)

User-
friendliness

Safety/
Toxicity

Grouting
equipment

Grouting
method w

User-friendliness 1 3 3 1/7 1.06 0.18
Safety/Toxicity 1/3 1 1 1/7 0.47 0.08

Grouting equipment 1/3 1 1 1/5 0.51 0.08
Grouting method 7 7 5 1 3.96 0.66

SUM 8.67 12.00 10.00 1.49 6.00 1.00
max 4.22

CR 0.08

User-friendliness/Experiences of the material
The user-friendliness/experience of grouting with the alternative grouting materials was
naturally established from Plomer (2019), the representative of the contractor in the Kittilä
shaft project. In an interview it was determined that the contractor is well experienced in
grouting with cement-based grouts. Polyurethane was also very familiar to the respondent
since the material had been used very often in post-grouting. However, colloidal silica and
acrylic grout were more obscure to Plomer. Colloidal silica was a material that the
representative had only made laboratory test with and the use of acrylic grout was either
minorly familiar or unfamiliar to the respondent. Nonetheless, it can be assumed that the
general experience of the contractor in grouting is especially good, thus the grouting with
colloidal silica and acrylic grout would be possible for them. The preferences of the
alternatives in the comparison matrix were arranged accordingly (Table 18). The final
priorities of the materials with respect to user friendliness and experience are as follows:
micro-cement 26 %, cement 26 %, polyurethane 26 %, colloidal silica 14 % and acrylic grout
8 %.
Table 18 The priorities of the grouting materials according to user-friendliness/experience of the
material

User-
friendliness/Experience

(level 2)
CE PU AC CS w

1 1 1 3 2 1.43 0.26
CE 1 1 1 3 2 1.43 0.26
PU 1 1 1 3 2 1.43 0.26
AC 1/3 1/3 1/3 1 1/2 0.45 0.08
CS 1/2 1/2 1/2 2 1 0.76 0.14

SUM 3.83 3.83 3.83 12.00 7.50 5.50 1.00
max 5.01

CR 0.00

Safety and toxicity of the materials
According to Emil Plomer (2019) the safety gear and equipment does not vary considerably
with the grouting material alternatives. Therefore, all the materials were equally preferred
when considering the safety of the materials. This equal preference of all alternative grouts
causes all the materials to gain equal 20 % preference (Table 19).
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Table 19 The priorities of the grouting materials according to safety/toxicity

Safety/Toxicity
(level 2) CE PU AC CS w

1 1 1 1 1 1.00 0.20
CE 1 1 1 1 1 1.00 0.20
PU 1 1 1 1 1 1.00 0.20
AC 1 1 1 1 1 1.00 0.20
CS 1 1 1 1 1 1.00 0.20

SUM 5.00 5.00 5.00 5.00 5.00 5.00 1.00
max 5.00

CR 0.00

Grouting equipment
The representative of the contractor, Emil Plomer (2019), also, provided information about
the available grouting equipment on the Kittilä shaft construction site. The contractor had on
site the equipment for PU and cement grouting. According to the contractor the equipment
for PU is quite compact and very easy to handle, therefore it is especially useful with
horizontal spot grouting. The equipment for cement grouting requires slightly more effort to
set up. Therefore, the equipment for PU is slightly more user-friendly compared to the
equipment used for cement-based grouts. Some additional equipment would be needed to be
able to use acrylic grout and colloidal silica effectively. The available packers on site would
be suitable for all the materials. The comparison matrix was filled according to the

As a result, PU achieved the highest priority according to grouting
equipment on the site reaching the priority of 38 %. Furthermore, CE and
23 % priority followed by CS and AC with 8 % priority.

Table 20 The priorities of the grouting materials according to grouting equipment

Grouting equipment
(level 2) CE CE PU AC CS w

CE 1 1 1/2 3 3 1.35 0.23
CE 1 1 1/2 3 3 1.35 0.23
PU 2 2 1 4 4 2.30 0.38
AC 1/3 1/3 1/4 1 1 0.49 0.08
CS 1/3 1/3 1/4 1 1 0.49 0.08

SUM 4.67 4.67 2.50 12.00 12.00 5.98 1.00
max 5.03

CR 0.01

Grouting method
The grouting material options were also checked to be suitable with Kittilä shaft grouting
method, the horizontal grouting. In general, cement grout has been used successfully in both
post- and pre-grouting, thus it can be assumed that the material suits with the shaft grouting
method. On the other hand, the Finnish Concrete Society instructions, BY 53 (2006), state
that chemical grouting materials can be especially useful in complex grouting situations. The
setting time of chemical grouting materials can be adjusted to be very short in which case
the materials can be suitable in difficult post-grouting (BY, 2006). The representative of the
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Kittilä shaft project contractor, Emil Plomer (2019), also verified that e.g. PU is very useful
in horizontal spot grouting. Naturally, the grouting hole diameter and the number of holes
could differ between different materials to gain an equal grouting result with all of them.
However, these factors were not considered since they would need more accurate design.
Furthermore, Haapala (2019) could not find a reason why any of these materials could not
perform with the designed horizontal grouting method. Therefore, all the materials were
assumed to have somewhat similar suitability with the shaft grouting method, thus all the
materials in the AHP analysis gained the same 20 % priority according to grouting method
(Table 21). Since all the elements of the comparison matrix became one, the consistency
ratio CR became zero.
Table 21 The priorities of the grouting materials according to grouting method

Grouting method
(level 2) CE PU AC CS w

1 1 1 1 1 1.00 0.20
CE 1 1 1 1 1 1.00 0.20
PU 1 1 1 1 1 1.00 0.20
AC 1 1 1 1 1 1.00 0.20
CS 1 1 1 1 1 1.00 0.20

SUM 5.00 5.00 5.00 5.00 5.00 5.00 1.00
max 5.00

CR 0.00

6.4.2 Costs and schedule
The priority between the cost of grouting and the schedule influence was determined by the
representative of the client, André van Wageningen (2019). The schedule influence was
strongly favored with the weight of 88 % since the impacts on the schedule from the grouting
could become far more expensive than the grouting work itself. Naturally, the mine is
strongly dependent financially that the operations can start on time. Also, Wegelius (2019)
emphasized that schedule alterations in the project could cause expenses that could be larger
than the grouting costs itself.
Table 22 The priorities of costs and schedule, according to the representative of the client A. van
Wageningen (2019)

Costs and schedule
(level 1)

Grouting
costs

Schedule
influence w

Grouting costs 1 1/7 0.38 0.13
Schedule influence 7 1 2.65 0.88

SUM 8.00 1.14 3.02 1
max 2.00

CR 0.00

Grouting costs
The costs of grouting include the grouting material, the equipment and the employees needed
to conduct the grouting work. Since the equipment and employees are needed in grouting
with all the grouting materials, they were ignored for the purpose of simplification.
Therefore, only the costs of the materials were compared in the case Kittilä shaft. The
approximate costs of the materials compared in the AHP analysis are listed in Table 23.
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Table 23 Costs of the grouting materials (Babcock, 2016)
Material Cost ($/gallon) Revised cost ($/gallon)

3-4 4-5
CE 1-2 2
PU 60-80 4-5
AC 8-10 9-11
CS 13-15 14-17

However, the costs of the materials usually cannot be compared directly, since the
consumption of the materials is different in the same type of environment. The first important
notion is that PU can expand up to 20 times by volume (GCP Applied Technologies, 2018).
Therefore, it was assumed that the consumption of the material could be almost 20 times less
compared to the other materials. The consumption of the grouts with smaller particle size
could on the other hand be higher than the one of grouts with larger particle size since the
smaller particle size provides for better penetrability. Therefore, it is assumed that the
relative consumption of acrylic grout and colloidal silica is minorly higher than the one of
the other grouting materials. The consumption of cement grout on the other hand could be
smaller than the consumption of the other materials, because of the larger particle size.
However, due to needed sulfate resistance of the cementitious grouts their price could also
increase compared to non-sulfate resistant cements.

In reality, the different grouting materials would have different type of grouting patterns and
the consumption of the materials would depend on the environmental and rock conditions.
For the purpose of simplifications, the aforementioned approximations were used in the cost
analysis and revised costs (Table 23) were used when comparing the materials in the
comparison matrix (Table 24). The priorities of the materials according to grouting costs
became as follows: CE 43 %,  and PU 22 %, AC 8 % and CS 5 %.
Table 24 The priorities of the grouting materials according to grouting costs

Grouting costs
(level 2) CE PU AC CS w

1 1/2 1 3 4 1.43 0.22
CE 2 1 2 5 8 2.76 0.43
PU 1 1/2 1 3 4 1.43 0.22
AC 1/3 1/5 1/3 1 2 0.54 0.08
CS 1/4 1/8 1/4 1/2 1 0.33 0.05

SUM 4.58 2.33 4.58 12.50 19.00 6.49 1.00
max 5.02

CR 0.00

Schedule impacts of grouting
The grouting method used in the AHP analysis is the horizontal grouting presented in chapter
6.1.3. In the horizontal grouting the grouting is conducted in the shaft either before or after
bolting yet after safety shotcreting. Since the reaction times can be easily adjusted for all the
chemical grouting materials (Haapala, 2019), the schedule impacts of these materials were
assumed to be equal. Haapala (2019) pointed out that with cementitious grouts the execution
of grouting is slower than with chemical grouts, and furthermore, even larger grouting holes
would be needed. The schedule impact of  and CE were assumed equal since the
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materials are similar (Haapala, 2019). The priorities for all the materials according to
schedule influence are presented in Table 25.
Table 25 The priorities of the grouting materials according to schedule influence

Schedule influence
(level 2) CE PU AC CS w

1 1 1/4 1/4 1/4 0.44 0.07
CE 1 1 1/4 1/4 1/4 0.44 0.07
PU 4 4 1 1 1 1.74 0.29
AC 4 4 1 1 1 1.74 0.29
CS 4 4 1 1 1 1.74 0.29

SUM 14.00 14.00 3.50 3.50 3.50 6 1.00
max 5.00

CR 0.00

It has to be noted that the time used for grouting, with grouts of smaller particles sizes, can
actually be reduced. Crouthamel, et al. (2005) explain that this is due to a variety of factors,
such as the need of less grouting holes, the capability of grouting with materials with higher
solids contents, and the ability of the grout to penetrate to both larger and smaller fractures.
However, this was not taken into account in the AHP analysis due to simplification.

6.4.3 Rock conditions
From the design point of view the geological and hydrogeological conditions are one of the
most significant factors guiding and restricting the use of different type of grouting materials.
The rock conditions affecting the grout selection at Kittilä shaft site were determined to be
rock quality, rock fracture properties and hydraulic conductivity. These factors were
described by Joonas Klockars (2019), who was working with the design organization as a
geologist in the Kittilä mine expansion project.
Table 26 The priorities of rock conditions according to Haapala (2019)

Rock conditions
(level 1) Rock quality Rock fracture

properties
Hydraulic

conductivity w

Rock quality 1 1/7 1/7 0.27 0.07
Rock fracture properties 7 1 2 2.41 0.57
Hydraulic conductivity 7 1/2 1 1.52 0.36

SUM 15.00 1.64 3.14 4.20 1.00
max 3.05

CR 0.05

The criteria at level 2, under rock conditions in the AHP hierarchy were evaluated by
Haapala (2019). According to him the rock fracture properties and the hydraulic conductivity
were significantly more important than the rock quality when considering grouting material
selection in the shaft project. Rock fracture properties are strongly connected to hydraulic
conductivity since the fractures are the water bearing structure in the rock mass. However,
the rock fracture properties were preferred to hydraulic conductivity, since the fracture
properties are the more defining feature in grouting material selection in the Kittilä shaft
project situation. (Haapala, 2019.) Wegelius (2019) on the other hand pointed out that the
rock mass itself is not water bearing, since the rock mass is not porous. Furthermore, as later
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explained, the rock mass quality at Kittilä shaft construction site is fairly good. This can also
be seen in the judgements of Haapala (2019). The priorities of Haapala show only a 7 %
preference to rock quality in comparison with rock fracture properties with 57 % preference
and hydraulic conductivity with 36 % preference. The final priorities are presented in Table
26.

Rock quality
According to Kittilä shaft project geologist, Joonas Klockars (2019), in general the rock
mass in the Kittilä shaft area can be described as fair in the rock mass quality system (Q-
classification). The rock type is mainly massive pillow lava (MPL) and massive basalt
(MML). The rock originates from massive extrusive igneous rock that has underwent some
type of metamorphosis. According to the Finnish RG-classification the rock mass is slightly
foliated, and massive or mixed composition rock. (Klockars, 2019.)

The rock mass, however, contains weak and fragmented zones. In these types of areas, the
rock mass is poor or very poor according to Q-classification. Also, the top 5-10 meters of
the bedrock is very fragmented and weathered, after which the rock type changes drastically
to solid rock. In the weak zones the jointing is tens of fractures per meter, whereas the
jointing in the fairly good rock mass is 3-10 joints per meter. (Klockars, 2019.)

According to Haapala (2019), PU would be the worst material according to rock quality,
since its use is preferred in situations with large water ingress that require fast reaction times.
This applies especially when PU is considered as the primary grouting material for the full
length of the shaft. When considering the fragmented zones in the rock, cement could be the
best solution since it could possibly improve the rock characteristics in weak rock. Micro-
cement would be the second-best material when considering the idea that Barton et al.  (2001,
cited in Tolppanen & Syrjänen, 2003) have on rock mass property improvement with
grouting. AC and CS do not have such properties of rock mass improvement, neither does
PU. Therefore, the final priorities of the grouting materials according to rock quality are as
follows: CE 43 %,  27 %, AC and CS 12 %, and PU 6 % (Table 27).
Table 27 The priorities of the grouting materials according to rock quality

Rock quality
(level 2) CE PU AC CS w

1 1/3 5 3 3 1.72 0.27
CE 3 1 5 3 3 2.67 0.43
PU 1/5 1/5 1 1/2 1/2 0.40 0.06
AC 1/3 1/3 2 1 1 0.74 0.12
CS 1/3 1/3 2 1 1 0.74 0.12

SUM 4.87 2.20 15.00 8.50 8.50 6.26 1.00
max 5.15

CR 0.03

Haapala (2019) pointed out that the possible strengthening of weak rock mass is not
considered in the reainforcement design in the shaft. However, the idea of achieving a more
massive rock mass is a convinient addition (Haapala, 2019). Naturally, it is possible to
fragment the rock by using high pressures in grouting. Yet Wegelius (2019) remarked that
the rock mass in Kittilä shaft project is fairly good, thus he would not be concerned of hydro-
jacking. The more relevant factors in achieving a dry shaft is the type of rock fractures, their
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apertures, directions and possible joint fillings, and the volume of water ingress and its
pressure.

Rock fracture properties
In general, the rock mass at Kittilä shaft site include three to four main orientations of joints,
i.e. joint sets. The fracture types can be described as (i) sub-vertically positioned fractures,
(ii) sub-horizontally positioned fractures, (iii) low-gradient fractures and (iv) fractures in the
orientation of foliation. (Klockars, 2019.)

The sub-vertical fractures are typically graphite filled or coated and can appear as an
accumulation of fractures. This type of areas with many graphite fractures are called graphite
fault zones (GFZs). These GFZs are often intersected by perpendicular, sub-horizontal,
fractures. The sub-horizontal and low-gradient fractures are often connected with the water
ingress zones in the shaft. Besides their water-bearing characteristic, they can also be
connected with weak or weathered rock zones. The rock quality can be especially poor when
the sub-horizontal and sub-vertical fracture zones intersect with each other. The foliation has
typically an orientation of 45/090 (dip/dip direction). (Klockars, 2019.)

The rock fracture properties were divided into fracture aperture, fracture network properties
and joint filling. The preferences between these aforementioned properties were evaluated
by Haapala (2019) (Table 28). According to Haapala (2019) the most important feature to
consider from the rock fracture properties was the fracture network by 64 %. The joint filling
was the next most important factor to take into account by 26 %. The preference of fracture
aperture only gained 10 % importance.
Table 28 The priorities of rock fracture properties, according to Haapala (2019)

Rock fracture properties
(level 2)

Fracture
aperture

Fracture
network Joint filling w

Fracture aperture 1 1/5 1/3 0.41 0.10
Fracture network 5 1 3 2.47 0.64

Joint filling 3 1/3 1 1.00 0.26
SUM 9.00 1.53 4.33 3.87 1.00

max 3.02
CR 0.01

In order to be able to evaluate the suitability of different grouting materials with the fracture
aperture in the first shaft section, the fracture aperture properties of the rock mass had to be
determined. The drill core sample STEC12009 from ground level to level -763 was logged,
and an optical borehole imaging (OBI) was conducted in the borehole. From the OBI the
fracture apertures were measured, and fracture types collected. The fracture opening sizes of
open fractures, fractures with rough-grained filling and cracks inside larger features were
identified from the first shaft section, levels - -325.1. Figure 17 represents the
different types of open fractures and their apertures by borehole depth. The true depth of the
shaft in the mine coordinate system is the vertical axis on the right in the figure.

The average determined fracture opening size was 10.45 mm. However, the largest fractures
are part of weakness zones, thus the fracture aperture value of this type of rock zones does
not describe the aperture of one single fracture. Also, the total amount of this type of
fracturing is minimal compared to the total amount of fractures. Therefore, the median value
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of 1.00 mm and the mode value of 0.5 mm better describe the actual aperture of existing
fractures. The median is the middle value when the data set is arranged from smallest to
largest and the mode describes the most frequently appearing value in the data set. If single
fractures with the opening size over 5 mm are ignored the average fracture aperture becomes
1.12 mm. This value describes the average aperture more accurately since only eight
fractures in the section 1 of the shaft were labeled with larger than 5 mm aperture. The
aperture division of fractures of < 5 mm apertures are shown in Figure 18.

Figure 17 Fracture apertures and types by borehole depth in shaft section 1. True depth is an
approximation from borehole data. (Data to table from SRK Consulting Oy, 2017 and Drillcon
SMOY, 2012.)
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Figure 18 Fracture apertures and types of fractures with aperture < 5 mm by borehole depth in
shaft section 1. True depth is an approximation from borehole data. (Data to table from SRK
Consulting Oy, 2017 and Drillcon SMOY, 2012.)

The rule of thumb in selecting the grouting material is that the d95 should be not more than
 of the fracture opening size (BY, 2006). Therefore, all of the grouting materials could

be suitable for grouting in Kittilä shaft according to average fracture aperture. However,
Haapala (2019) would prefer the use of cement-based grouts. Also, according to Plomer
(2019), the fractures in question should not be countable as micro-cracks thus he would not
prefer the use of the finer materials. The final priorities of the materials according to the
fracture aperture obtained from the judgements of Haapala (2019) are as follows (Table 29):
µCE 50 %, CE 25 %, PU 15 %, and AC and CS 5 %.
Table 29 The priorities of the grouting materials according to fracture aperture

Fracture aperture
(level 3) CE PU AC CS w

1 3 5 7 7 3.74 0.50
CE 1/3 1 3 5 5 1.90 0.25
PU 1/5 1/3 1 5 5 1.11 0.15
AC 1/7 1/5 1/5 1 1 0.36 0.05
CS 1/7 1/5 1/5 1 1 0.36 0.05

SUM 1.82 4.73 9.40 19.00 19.00 7.47 1.00
max 5.29

CR 0.07

The fracture network at Kittilä shaft site was also investigated for the purpose of grout
selection. The network description includes frequency of fissure and the direction of them,
that is basically the 3D-network which the fractures create. As mentioned, the rock mass has
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generally 3-4 main orientations of joints and the fairly good to good rock mass includes
approximately 3-10 fractures per meter. According to the Finnish RG-classification the rock
mass is therefore described as high-fissured. The most typical type of fracturing is the
graphite filled or coated fractures, which were also connected to the weakness zones in the
rock (GFZs). In weakness zones also joints with different directions often intersect with each
other. (Klockars, 2019.)

The Figure 17 and Figure 18 also show the general distribution of fracturing in the first
section of the shaft. The figures show that this stretch of the shaft includes areas with more
fractures and some areas with less open of filled fractures. According to Haapala (2019) it is
quite hard to judge the material suitability according to the fracture network since it is
complicated and changes throughout the whole length of the shaft. However, he would
strongly prefer  to CE since it has better penetrability in less frequently fractured rock.
PU would be the second-best material after . The final priorities according to fracture
network by Haapala are presented in Table 30.
Table 30 The priorities of the grouting materials according to fracture network

Fracture network
(level 3) CE PU AC CS w

1 5 5 3 3 2.95 0.49
CE 1/5 1 1 2 2 0.96 0.16
PU 1/5 1 1 2 2 0.96 0.16
AC 1/3 1/2 1/2 1 1 0.61 0.10
CS 1/3 1/2 1/2 1 1 0.61 0.10

SUM 2.07 8.00 8.00 9.00 9.00 6.08 1.00
max 5.24

CR 0.05

Also, the fracture fillings were analyzed from the drill core sample STEC12009 and
described by J. Klockars (2019). The graphite fractures are the most common fracture filling
or coating, even though these types of fractures are not otherwise that common. The graphite
can also emerge as a very slippery coating in the fracture. However, also carbonate, chlorite
and asbestos-mineral filled fractures exist. The carbonate filled fractures mostly appear in
the direction of the rock mass foliation where light-colored and a few millimeters thick
carbonate veins exist. (Klockars 2019.)

Klockars (2019) described most of the fractures to have a coating or alteration. Only a
handful of fractures could be described as open fractures without fillings. Some uncertainties
in the interpretation of joint fillings exist. Some of the filling materials may have washed out
when the bore hole sample was drilled, and the shaft was reamed. It can also be very difficult
to judge filling materials and its existence from the OBI analysis of STEC12009 from which
these findings stem from. Nevertheless, the interpretation of the OBI analysis showed a
strong connection between the fractures labeled with sand or gravel infillings and with water
ingress volumes. (Klockars, 2019.)

The grouting materials were evaluated in respect to joint filling by Haapala (2019). Haapala
(2019) preferred micro-cement to polyurethane because with fracture fillings the micro-
cement has higher probability to penetrate further in the fracture. However, Polyurethane
was preferred to standard cement. Acrylic grout and colloidal silica were found to be second
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best after micro-cement since these products also provide for better penetrability with
fracture fillings. He also added that since the joint filling is not stopping the water flow and
there is still a relatively steady water ingress volume, acrylic grout and colloidal silica could
be too fine materials for the fractures. This would suggest the use of micro-cement. The final
priorities of the materials according to joint filling are provided in Table 31.
Table 31 The priorities of the grouting materials according to joint filling

Joint filling
(level 3) CE PU AC CS w

1 5 3 2 2 2.27 0.39
CE 1/5 1 1/2 1/3 1/3 0.41 0.07
PU 1/3 2 1 1/2 1/2 0.70 0.12
AC 1/2 3 2 1 1 1.25 0.21
CS 1/2 3 2 1 1 1.25 0.21

SUM 2.53 14.00 8.50 4.83 4.83 5.86 1.00
max 5.02

CR 0.00

Hydraulic conductivity
The flowing of water can also influence the grouting material selection. Some materials and
material mixes might need a longer setting time or might leach.

According to Klockars (2019) the sub-vertically positioned fractures are working as the
water-bearing network in the rock mass, and the sub-horizontal fractures work as the water-
storages in which the water flow is slower. Since the shaft opening has been reamed, the
stored water is now free to flow into the empty shaft hole. This could also have caused the
joint fillings to wash out more. All in all, at this point the horizontally positioned fractures
are mostly bearing the water into the shaft. (Klockars, 2019.)

As mentioned, the leakages in the shaft are mostly connected with horizontal fractures.
Klockars (2019) points out that the source of the leakage can be either one single fracture
from millimeters to a centimeter or a zone of parallel horizontal fractures. Nevertheless, the
leakage amount is strongly connected to the fracture aperture. (Klockars, 2019.)

According to Klockars (2019), the pressures of the leaking water are not major. The
measured estimate of the leakage of the first, approximately 305 m long, section of the shaft
is 10 m3/h (Klockars, 2019) which is approximately 55 l/min/100m.

When it comes to the most suitable grouting materials considering the hydraulic conductivity
at Kittilä shaft site, Haapala (2019) would prefer cement-based grouting materials. If the
water ingress would be low, he would prefer the use of AC and CS. Also, Plomer (2019)
supported this statement. According to him CS would need a longer setting time in grouting
than the cement-based grouts. In the shaft a water flow is already created after the reaming
phase of the shaft that could have washed out the grouting material. For pre-grouting
purposes CS would work quite well in the shaft. (Plomer, 2019.) PU reacts with water, thus
the successful grouting with it would need the packer to be set relatively deep in the grouting
hole (Haapala, 2019). However, PU would be a good option when large leakages are in
question (Plomer, 2019). The final priorities judged by Haapala (2019) are presented in
Table 32.
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Table 32 The priorities of the grouting materials according to hydraulic conductivity

Hydraulic
conductivity

(level 2)
CE PU AC CS w

1 2 5 7 7 3.45 0.49
CE 1/2 1 3 4 4 1.89 0.27
PU 1/5 1/3 1 2 2 0.77 0.11
AC 1/7 1/4 1/2 1 1 0.45 0.06
CS 1/7 1/4 1/2 1 1 0.45 0.06

SUM 1.99 3.83 10.00 15.00 15.00 7.00 1.00
max 5.03

CR 0.01

6.4.4 Groundwater properties and conditions
The groundwater conditions at Kittilä shaft site were measured by a groundwater sample
(S350KUILU) taken from approximately level -350 from a shaft finger drift on 3.9.2018.
Since this is only one sample from one depth in the shaft, the results and interpretation from
the sample are indicative generalizations. Some of the characteristics of the groundwater
sample are presented in Table 33.
Table 33 Some of the results from the groundwater sample S350KUILU

Measured variable Measured value Unit
Temperature 7.0 °C
pH 7.8
Sulfate (SO4

2-) 1300 mg/l
Chlorine (Cl) 41 mg/l
Calcium (Ca) 290 mg/l
Sodium (Na) 34 mg/l

In the AHP hierarchy the criterion of groundwater properties and conditions at criteria level
1 were divided into two subcriteria, grout effects on the environment and, on the contrary,
groundwater impacts on the grout. It was determined by Arto Wegelius (2019), that the
priority of groundwater impacts on the grout is more important than the grout effects on the
environment, thus the first mentioned received the priority of 67 % and the latter 33 %
respectively from the comparison matrix (Table 34). A. Wegelius (2019) justified the
priorities by reminding that the volumes of grouting conducted in the Kittilä shaft is
relatively small. If massive grouting to the whole mine facility would have been in
consideration, the environmental load would be much larger. In that case, the environmental
loading from the grouting should be considered more profoundly. However, in this shaft case
the groundwater impacts on the grout are more critical.
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Table 34 The priorities of groundwater properties and conditions, according to the representative
of the designer

Groundwater
properties and

conditions (level 1)

Grout
effects on

environment

Groundwater
impacts on

grout
w

Grout effects on
environment 1 1/2 0.71 0.33

Groundwater
impacts on grout 2 1 1.41 0.67

SUM 3.00 1.50 2.12 1.00
max 2.00

CR 0.00

Grout effects on the environment
As Wegelius (2019) mentioned the scale of the grouting conducted in the shaft is not massive
pre-grouting but localized horizontal grouting into leaking areas in the shaft. This knowledge
combined with the rural location of the mine creates a situation in which the environmental
load of the grouting is not substantial, especially compared with e.g. grouting works
conducted in a metro tunnel in a city area. Furthermore, the grouting materials selected to
the AHP analysis are ones without environmentally hazardous features. This minimizes the
risks that could be associated with the grouting.

Thereby, the effects of the different grouting materials in the AHP analysis were considered
to be similar to the environment, even though some of the materials may change the
properties of the groundwater in some ways. Hence, the possible local changes in the
groundwater due to shaft grouting were considered insignificant regarding the whole mine
environment. For example, the pH level in groundwater surrounding the cement-grouted
zones is known to increase, yet the impact of that increase is quite negligible considering all
the groundwater without an increase of pH in the mine area. All the materials received
identical priorities from the comparison matrix with respect to grout effects on the
environment (Table 35).
Table 35 The priorities of the grouting materials according to grout effects on environment

Grout effects on
environment (level 2) CE PU AC CS w

1 1 1 1 1 1.00 0.20
CE 1 1 1 1 1 1.00 0.20
PU 1 1 1 1 1 1.00 0.20
AC 1 1 1 1 1 1.00 0.20
CS 1 1 1 1 1 1.00 0.20

SUM 5.00 5.00 5.00 5.00 5.00 5.00 1.00
max 5.00

CR 0.00

Groundwater impacts on the grout
The main characteristic that could cause concern for successful grouting at Kittilä shaft site
was detected to be sulfate. In general, the concentration results of the groundwater sample
were quite moderate, and so, the most distinct factor striking from the results was the sulfate
(SO4

2-) concentration in the sample. The sulfate concentration in the groundwater sample
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was 1300 mg/l (Table 33). According to SFS-EN 206 (2016) sulfate resistant cement has to
be used, when SO4

2- concentration exceeds the limiting values for exposure classes XA2 and
XA3 for chemical attack. The limiting values for SO4

2- concentration in exposure class XA2
are 600...3000 mg/l, and in class XA3 6000 mg/l respectively. Therefore, the
exposure class for chemical attack of the groundwater environment at Kittilä shaft site was
determined to be XA2, thus sulfate resistant cement had to be used in the shaft. In practice,
this means in Finland that the concentration of tricalcium aluminate (C3A) in the cement has
to be less than 3 % of the total weight of it, thus SR3 notated cement had to be used (BY,
2016) (Pyy, 2019). Other parameters determining the exposure class for chemical attack did
not outreach the liming values.

Since the  and CE selected for the AHP analysis were both sulfate resistant, the SO4
2-

concentration of the groundwater did not affect their evaluation in the AHP analysis. Since
other concentrations in the groundwater sample were quite moderate, it was assumed the
groundwater impacts on the grouting materials would be equally disadvantageous to all
materials in the comparison. The final priorities of the grouting materials are presented in
Table 36.
Table 36 The priorities of the grouting materials according to groundwater impacts on grout

Groundwater impacts
on grout
(level 2)

CE PU AC CS w

1 1 1 1 1 1.00 0.20
CE 1 1 1 1 1 1.00 0.20
PU 1 1 1 1 1 1.00 0.20
AC 1 1 1 1 1 1.00 0.20
CS 1 1 1 1 1 1.00 0.20

SUM 5.00 5.00 5.00 5.00 5.00 5.00 1.00
max 5.00

CR 0.00

6.5 Results from the AHP analysis
In the final phase of the AHP analysis, the synthesis, the results could be obtained by
calculating the composite weight or preference for each grouting material. Mathematically
the overall priorities for each material were calculated as the weighted average beginning
from the lowest level of the AHP hierarchy. Tables 37, 38, 39 and 40 show the overall
priorities of the materials from the main criteria in the grouting material selection. The
highest score in execution of grouting was obtained from PU with 23 % priority (Table 37).
Also, in costs and schedule the best scored was PU with 28 % priority (Table 38), whereas

 scored best in the criterion of rock conditions with 46 % priority (Table 39). As for the
groundwater properties and conditions, the materials resulted in a tie (Table 40).

The final priorities of each grouting material are presented in Table 41. The final priorities
ranked in order are  with 27.3 %, PU with 19.8 %, CE with 18.3 %, CS with 17.3 % and
AC with 17.2 %. According to the AHP analysis the most suitable grouting material for the
first shaft section of Kittilä shaft project would be micro-cement.
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Table 37 The overall priorities of the grouting materials according to execution of grouting work
Criteria level 1 Execution of grouting work

SUM
(weighted
average)Criteria level 2

User-
friendliness Safety/Toxicity Grouting

equipment
Grouting
method

0.18 0.08 0.08 0.66
0.26 0.20 0.23 0.20 0.21

CE 0.26 0.20 0.23 0.20 0.21
PU 0.26 0.20 0.38 0.20 0.23
AC 0.08 0.20 0.08 0.20 0.17
CS 0.14 0.20 0.08 0.20 0.18

Table 38 The overall priorities of the grouting materials according to costs and schedule
Criteria level 1 Costs and schedule

SUM
(weighted
average)Criteria level 2

Grouting costs Schedule
influence

0.13 0.88
0.22 0.07 0.09

CE 0.43 0.07 0.12
PU 0.22 0.29 0.28
AC 0.08 0.29 0.26
CS 0.05 0.29 0.26

Table 39 The overall priorities of the grouting materials according to rock conditions
Criteria level 1 Rock conditions

SUM
(weighted
average)

Criteria level 2
Rock

quality Rock fracture properties Hydraulic
conductivity

0.07 0.57 0.36

Criteria level 3 -
Fracture
aperture

Fracture
network

Joint
filling -

0.10 0.64 0.26
0.27 0.50 0.49 0.39 0.49 0.46

CE 0.43 0.25 0.16 0.07 0.27 0.21
PU 0.06 0.15 0.16 0.12 0.11 0.13
AC 0.12 0.05 0.10 0.21 0.06 0.10
CS 0.12 0.05 0.10 0.21 0.06 0.10
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Table 40 The overall priorities of the grouting materials according to groundwater properties and
conditions

Criteria level 1 Groundwater properties and
conditions SUM

(weighted
average)Criteria level 2

Grout effects
on environment

Groundwater
impacts on grout

0.33 0.67
0.20 0.20 0.20

CE 0.20 0.20 0.20
PU 0.20 0.20 0.20
AC 0.20 0.20 0.20
CS 0.20 0.20 0.20

Table 41 The final priorities of the grouting materials from the AHP analysis
Goal Grouting material selection

SUM
(weighted
average)Criteria level 1

Execution of
grouting work

Costs and
schedule

Rock
conditions

Groundwater properties
and conditions

0.19 0.27 0.38 0.16
0.21 0.09 0.46 0.20 0.273

CE 0.21 0.12 0.21 0.20 0.183
PU 0.23 0.28 0.13 0.20 0.198
AC 0.17 0.26 0.10 0.20 0.172
CS 0.18 0.26 0.10 0.20 0.173
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7

7.1 Discussion of the literature review and the AHP hierarchy
The primary objective of this study was to determine the suitability of the AHP for grouting
material selection. In other words, it was tested if AHP can deliver the most optimized
grouting material out of a definite number of alternatives. In this case the most optimized
grouting material alternative would be the one that would with highest probability create the
least amount of problems in the project conditions and requirements. For the purpose of the
study the AHP methodology was implemented into grouting material selection by
developing an elemental hierarchy for the analysis. The created hierarchy for the AHP was
then tested in a real-life case study, the Kittilä shaft project.

The objective of the literature research was to support the objective of determining the AHP
suitability for grouting material selection. In the literature research it was established that a
wide range of both cementitious and chemical grouting materials are available on the
markets. Usually, the cheaper cement-based materials are selected for pre-grouting purposes
and in post-grouting the chemical materials are used to complement the pre-grouting by
higher penetrability capacities. The modern-day chemical grouts are polyurethane, colloidal
silica and acrylics (Halls, 2016, cited in Hänninen, 2017). Based on the literature study, the
most common grouting material, i.e. cement, and the aforementioned modern-day chemical
grouting materials were selected for the AHP analysis in the case study.

The basic concept of the hierarchy needed for the grouting material optimization was created
in chapter 5. In the end the hierarchy was divided into four main criteria: (i) Execution of
grouting work, (ii) costs and schedule, (iii) rock conditions and (iv) groundwater properties
and conditions. These criteria were then divided further into subcriteria to enable pairwise
comparison of grouting materials at the lowest level needed.

The generated hierarchy (Figure 10) is only a subjective proposal that could be implemented
into grouting material selection. Naturally, not all of the existing criteria for the selection of
a grouting material could be added to the hierarchy developed for the purpose of AHP
analysis. It is very likely that another decision-maker would have constructed the hierarchy
differently. Even Saaty (2008) describes the construction of the hierarchy being the most
creative part of the AHP method. However, it can be assumed that the created hierarchy
includes references of the important criteria needed for an accurate AHP analysis in grouting
material selection. Opinions and views of various grouting designers were gathered along
the process of developing the hierarchy to ensure the functionality of it. Also, literature was
analyzed to ensure that the most valuable criteria needed for grout selection was added to
the hierarchy.

It must be noted that the functionality of the hierarchy has to be checked according to the
requirements and needs of the underground construction projects it is implemented into. The
developed hierarchy was also only constructed for the comparison of cementitious grouts
and environmentally friendly chemical grouting materials; polyurethane, colloidal silica and
acrylic grout. If the hierarchy is used to evaluate any other grouting materials a more
profound evaluation of the criteria in the hierarchy must be made. It is possible that other
grouting materials outside of the scope could e.g. have different environmental restriction
than the aforementioned materials.
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7.2 Analysis of the case study
The results of the AHP analysis of the case study show that micro-cement would be the most
optimized material for the grouting purposes of the first shaft section in Kittilä shaft project.
This micro-cement was also the material that was selected for grouting purposes of the
project by the design organization before the AHP analysis was made. This suggests that the
AHP analysis can give reliable results when it is implemented into grouting material
selection. Also, current experiences from the contractor in the project support the results
from the AHP analysis. According to the contractor grouting has been conducted
successfully with both micro-cement and polyurethane in the shaft (Plomer, 2019).
Polyurethane has been used to spot-grouting purposes in zones with large volumes of water
ingress (Plomer, 2019). The other alternative grouting materials have not been tested in the
shaft.

The case example used for the evaluation of the suitability of the AHP method for grouting
material selection was not the most traditional one. Tunnel construction in general is more
common in Finland than deep hoisting shaft construction. Therefore, the results from the
case analysis cannot be entirely functional with more traditional tunnel grouting. Also, the
analysis was conducted for post-grouting material selection and as such it cannot be expected
to give absolutely similar results when implemented into pre-excavation grouting.
Furthermore, the number of grouting material alternatives was limited in the AHP analysis.
The analysis was only conducted to five different grouting materials, since the analysis of
larger numbers of materials would have been more time-consuming. A larger number of
alternatives could also have caused the probability of higher inconsistencies to occur in the
judgements.

The AHP analysis in the case study was conducted for the first section of the shaft between
levels -
analysis can only be assumed to function for the shaft section in question. For example, the
density of the rock fracturing can vary according to depth. Furthermore, it is known that the
groundwater properties can change according to depth, e.g. salinity increases by depth
(Gustafson, et al., 2008). In the end, the changing properties of the environment could mean
that another material could be more suitable to the other parts of the shaft. However, also the
first ranked micro-cement could be a suitable option. An AHP analysis could be conducted
to the deeper parts of the shaft to see whether micro-cement would be the first ranked
material also there.

In the AHP analysis, the materials sometimes scored a tie with respect to some criteria. This
occurred with grouting method and safety/toxicity at criteria level 2 and the groundwater
properties and conditions at criteria level 1 and further with the subcriteria below it. This
suggests that these aforementioned criteria were of no use in the grouting material selection
for Kittilä shaft project. These criteria were, however, kept in the analysis since it could have
not been predicted in advance in the beginning of the case study without the expert
interviews and analysis. For example, the suitability of the materials with the utilized
horizontal grouting method had to be evaluated by a designer. Furthermore, without
profound understanding of all the aspects affecting to the grout selection in the Kittilä shaft
project, the selection of only necessary criteria would have been challenging. One of the
great advantages of the AHP analysis, is that an excess number of criteria can be used in the
beginning of the analysis, and later in the analysis unnecessary criteria can be excluded.
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As mentioned, the result of the AHP analysis in the case suggest that micro-cement would
be the best suitable material for the grouting purposes of Kittilä shaft project. The other four
materials all scored within 2.6 percentage units (Table 41), thus their ranking was very even.
The problem with very even ranking of the materials is that even small changes in any of the
judgements made along the AHP analysis could change their ranking. If there would not
have been one material, micro-cement, outranking the other materials, the results would have
been rather inconclusive. Therefore, the secondly ranked material could be as well
performing material in the Kittilä shaft project as the latter three, at least according to the
AHP analysis.

Also, the primary suggestion of micro-cement from the AHP analysis cannot be taken too
literally. Naturally, a MCDM-tool as the AHP cannot guarantee that the primarily scored
material would work smoothly in grouting at Kittilä shaft site. The AHP analysis cannot
ensure that the grouting in the shaft will be adequate according to the waterproofing
requirements. The analysis can only suggest for the most suitable or optimal material for the
purpose of grouting. Furthermore, the analysis can only rank the materials chosen for the
analysis according to the criteria used in the analysis. If any criteria in the analysis would be
determined as irrelevant or any criteria outside of the analysis would need to be added to the
AHP hierarchy, the ranking of the materials could change. Any errors in the judgements
could also provide for different results from the analysis. Also, it is not given that no other
material outside of the materials used in the analysis could not work as well as the first
ranked material. Logically, very similar materials to micro-cement used in the analysis
(Injektering 30) could be as suitable for the shaft grouting.

The judgments in the AHP analysis were made carefully with the help of literature, site
investigation results and expert interviews. However, many simplifications had to be made
and not all of the judgements made in the analysis can be perfectly absolute. For, example,
the costs of the materials were taken from a literature source, and they were modified to
revised costs (Table 23) according to assumptions of the material consumptions. In all
probability the most accurate way of analyzing the cost could have been made by modifying
the grouting design accurately to each material need and requesting for tender offers for each
material from contractors. However, this would have been exaggerated and a needless effort
when considering the overall accuracy of the AHP analysis. Also e.g. the groundwater
impacts on grout had to be made with the available experience. For instance, only one
groundwater sample from the Kittilä shaft site was analyzed. In reality, to get more detailed
overall knowledge of the chemical properties of the groundwater, multiple groundwater
samples would have been needed for the analysis. The only evident factor defined from the
sample that could affect the grouting material selection was the sulfate concentration.
Nevertheless, once again the results from the groundwater sample provided for sufficient
impression of the general quality of the groundwater for the AHP.

The uppermost observation from the expert interviews, in which the client representative,
the contractor representative and the two designers evaluated the chosen alternatives and
criteria with the AHP method, was that all of the interviewees experienced the evaluation of
elements somewhat challenging. The first observed problem for the interviewees was to
judge the alternative grouting materials only according to one criterion at a time. The reason
for this was the connections found within the chosen criteria. For example, the hydraulic
conductivity of the rock mass is strongly connected with the fracture network properties and
the fracture aperture. Traditionally, in design work the grouting materials are not evaluated
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according to these attributes individually but as a whole. The second observations in the
interviews was the difficulty of attaining consistent results. Consistent results were more
easily collected when the interviewee understood the basic mathematics behind the AHP
method. Independently and remotely filled AHP questionnaires provided for weaker
inconsistencies in results than judgements made in an interview type of situation. Collecting
consistent results remotely could have become troublesome.

The interviews of the different parties in the project showed that the client, the contractor
and the designer can have diverse concepts of what type of criteria should be most
emphasized in the AHP analysis, possibly in construction projects in general too. This
phenomenon was somewhat expected and can be viewed in Figure 19. As it can be seen the
representative of the client strongly preferred cost and schedule, whereas the representative
of the designer preferred the importance of rock conditions in the grouting material selection.
The preferences of the representative of the contractor were more even between the different
criteria. In the end it was chose to use the arithmetic mean of the preferences of the different
parties, i.e. average 1 in the figure. Averages 2 and 3 in the figure are explained in more
detail in chapter 6.3.4.

Figure 19 Preferences of the criteria (level 1) by different parties in the project.

It must also be noted that the grouting material alternatives and the criteria were only
evaluated by one expert at a time and not a group of them. This could cause that the made
judgements do not represent the general views of the different parties involved in the project.
It could even be possible that these interviewed individuals with their views represent only
a minority of the represented parties. However, a more extensive set of interviews could
have become time-consuming within the timetable of this study. On the other hand, creating
a larger group of decision-makers by using remotely assigned questionnaires could have
possibly only provided for unacceptable inconsistencies in judgements. In the end it was
decided that the best way of completing the AHP analysis was to request for the most suitable
and available expert to provide for the judgements. In this case it meant that the importance
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of cost and schedule was made by the representative of the client, who most likely of the
three mainly involved parties would be mostly considered of them. Further, the evaluation
of the rock and groundwater conditions were conducted by the designer and for example
experiences of the grouting material were asked from the contractor who would then be using
the grouting materials in the shaft.

An approximation method, the geometric mean method, was used to approximate the priority
vectors and the principal eigenvalues  in the case study. The approximation method
was used due to its simplicity. It was determined that the geometric mean method would
bring a sufficient accuracy for the purpose of this study, since the approximation method in
question is also approved by the developer of the AHP method, Thomas L. Saaty (Saaty,
1990b, pp. 19-21). It cannot be assumed that the results of the AHP analysis could be overly
distorted due to the use of the geometric mean method.

7.3 Reliability of the APH method in grout selection
In general, it is hard to evaluate the success rate of the AHP analysis in grouting material
selection since it requires qualitative and not quantitative analysis. The AHP has gathered a
wide acceptance, however users should interpret the results from the analysis with caution
as with any other MCDM tool (Triantaphyllou & Mann, 1995). As described in the analysis
of the case study (previous chapter), the analysis with AHP can require simplifications and
include uncertainties. Since design work is detailed throughout the project lifecycle, the
criteria for the grouting materials could also get more accurate and change during the project.

In general, it can be hard to predict whether a material will work in the grouting in new
projects. Usually, materials that have previously worked in similar projects and
environmental conditions are chosen again for the grouting purposes. With these materials
there is at least knowledge of the advantages and disadvantages. Therefore, also the results
from the AHP analysis of grouting material alternatives has to be evaluated carefully. If an
unfamiliar material is ranked highly in the analysis, the ranking could also stem from the
unfamiliarity or lack of knowledge of the material. For example, in the expert interviews it
was discovered that the most unfamiliar materials were acrylics and colloidal silica. This
could be e.g. due to their low usage rates in Finland (Wegelius, 2019). Nevertheless, the
analysis could in some cases bring attention to a more rarely used grouting material, which
in fact could even provide for a more successful grouting success than a more traditional
material chosen according to old experiences.

When the AHP is implemented to grouting material optimization, it is important to also pay
attention to all the comparisons made throughout the analysis. It has to be noted that in the
AHP analysis no material is automatically excluded from the alternative grouting materials.
It could be possible that some grouting material alternatives, could even be rated with a
relatively good priority, even though they would not suit for the grouting purposes of the
project. Let us consider the possible sulfate concentration in the groundwater. If the
groundwater at an underground construction site contains sulfate as the Kittilä shaft site, the
non-sulfate resistant grouting materials should naturally receive low rankings according to
groundwater impacts on the grouting materials. However, if these unsuitable materials
according to the groundwater conditions are not deleted from the analysis when their
unsuitability is discovered, they could yet be ranked high in the other categories of criteria.
This could lead to even a good ranking of the non-sulfate cement-grouts in the overall
scoring, even though they would not be suitable with the groundwater properties at the site.
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Naturally, this would not be desired and careful rationalization of the results of the AHP
results is always required. The best option to avoid this problem would be to deselect all the
unsuitable materials from the finite set of alternatives before the AHP analysis. However, if
some unsuitable materials would remain in the analysis, they should be found within the
AHP analysis by the criteria selected to the analysis and removed.

If some grouting materials would need to be removed from the analysis due to e.g. reasons
described above, the possibility of rank reversal would exist. The rank reversal means that
the alternative solutions would change in order of ranking. In short, the rank reversal could
occur when an alternative is either added or removed from the analysis (Pérez, et al., 2006).
Even though the legitimacy of the phenomenon has not been agreed upon (Farkas, 2007),
the existence of this phenomenon has to be acknowledged. However, it cannot be assumed
that this phenomenon would affect the results of the analysis negatively.

7.4 Usability of the AHP in grout selection
As being a widely accepted MCDM tool, the AHP has found a great number of applications
(Vargas, 1990). Based on the results from the case study in which the AHP methodology
was tested, the AHP can also be implemented to grouting material selection. The usability
of the method in the design work in an underground project is another question. However,
the AHP analysis of grouting materials could be used as a design support tool, especially to
explore material options and to ensure accurate decisions.

The AHP analysis enables the ranking of grouting materials into a numerical order of
preference. However, the method only ranks the materials according to the criteria used in
the analysis. The analysis can, therefore, only give reliable results if all the required criteria
are implemented. Additionally, it can only compare grouting material alternatives used in
the analysis.

One of the most useful features of the AHP method is the fact that both qualitative and
quantitative attributes, i.e. data, knowledge and experience, can be used in the analysis. Also,
the transparency of the method is advantageous, since the made judgements and the decision-
making process can later be reviewed. The analysis also enables decomposing the decision-
making process into more easily controlled subproblems; thus, the decision-making process
is simplified. This could better ensure that no requirement or property in the material
selection is overseen.

The pairwise comparison is rather easy if the user has experience and knowledge in grouting
and grouting materials. To gain consistent judgements some understanding of the
mathematical background of the AHP analysis would be recommended. Also, when a larger
number of alternatives or elements are compared in the comparison matrix the consistency
of judgements can decrease. Therefore, unnecessary or excessive amounts of alternatives or
elements in general should be avoided, and the criteria and alternatives should be critically
evaluated before the analysis is started. Naturally, unnecessary criteria and alternatives can
also be later dropped during the analysis process.

In situations where several materials would need to be compared, the AHP analysis could be
a functional method for this purpose. Furthermore, if the grouting material selection would
need considering of a wide range of criteria, the AHP method could be an advantageous
option for the analysis. However, caution in the interpretation of the results of the analysis
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has to be used. This applies especially in situations where two or more alternatives score
evenly in the AHP analysis (Triantaphyllou & Mann, 1995).

In general, the hardest part in the whole implementation of the AHP theory into grouting
material selection was the construction of the hierarchy. This decomposition phase of the
AHP was determined to be the most time-consuming element in the whole process. A
profound understanding of the subject and project is needed to create a hierarchy that could
provide for accurate results from the analysis. It was also found that the criteria generated
for the AHP analysis was sometimes rather connected to each other. This can create
problems when the alternatives are evaluated with respect to the different criteria. For
example, in the case study the representatives of different parties in the Kittilä shaft project
had some problems in evaluating the alternatives with respect to one criterion at a time.

The method could actually be further developed into selecting more specific properties for
the grout. For example, if cement grout is used, there are many possible grout mixes with
different admixture possibilities that could be used. The analysis could be a benefit analysis
of the different aggregates, w/c-ratios, additives and admixtures of the cementitious grout
and as a result the benefit of each component would be evaluated. Additionally, the materials
could be evaluated more specifically, i.e. only different micro-cements with different
features could be evaluated, hence the most suitable could be found with the AHP evaluation
process. One problem is that many times in grouting two or more types of grouting materials
are used in one underground project. The AHP hierarchy created can only suggest for the
primary material to be used. After the primary material has been selected a new AHP analysis
would be needed to determine the secondary material to be used. It cannot be assumed that
the secondly ranked material from the first analysis should be used as the second grouting
material in the project. For example, if the AHP analysis included two very similar micro-
cements it could be possible these two materials could be ranked first and second in the
analysis. In grouting, however, the secondary material or materials are usually very different
by their properties compared to the primary material. For example, micro-cement could be
the primary material, and polyurethane could be used as the secondary material in locations
with large water ingress. Naturally, the alternative solutions in the AHP analysis can also be
pairs of materials, in which case also the result would be two materials.

7.5 Proposals
A proposal based on the study would be that the AHP can be used as a supporting design
tool in the grouting material selection. The method could provide for a more systematic and
transparent way of defining the primary grouting material. However, the decision of the
grouting material to be used should not only be based on the AHP analysis. The method is
suggested to be used in situation where the decision-making process between alternatives
has become complex or when the possibilities of different material options could be useful
to be explored. It could also be used to ensure the material that has already been selected for
the project by traditional methods. Furthermore, the AHP could be used in situations in
which the primary selected material does not provide for expected waterproofing. The AHP
analysis provides for a systematical method to critically analyze the more traditional
grouting material alternatives to newer ones. The possible benefit of the AHP analysis in
grout mix design could also be studied.

In engineering the AHP is a practical tool for solving complex problems, thus it has found a
great number of applications (Triantaphyllou & Mann, 1995). However, the AHP in not by
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far the only MCDM tool existing. Also, other similar tools could be tested for the purpose
of generating a more standardized grouting material selection process, which could be used
as a supportive tool in the design work or as a controlling tool in the decision-making
process.

When the AHP methodology was implemented into grouting material selection, it was
determined that establishing comprehensive criteria that would bring accurate results from
the AHP analysis is rather difficult. One of the problems in defining the criteria was that
most of the available information considers only the properties and environmental effects of
cementitious grouting materials. This is naturally, due to the longer history of use of the
cement-based grouting materials compared to the newer chemical grouting materials. There
are no national instructions for grouting with chemical grouting materials, especially one as
profound as Rock space grouting, BY 53 by Finnish Concrete Association (2006) which,
naturally, mostly considers the grouting with cementitious grouting materials. More
available instructions of the use of chemical grouting materials could have eased the
selection of the criteria and further, even ease the design process with these materials.
Moreover, the requirements of waterproofing have only become stricter throughout the
recent years, thus the use of the chemical grouting materials with their lower viscosities have
increased. National grouting instructions for chemical grouting materials could be a valuable
addition to the safe and correct use of these materials. Even though colloidal silica and
acrylic grouts are in use in grouting it was determined that the knowledge of the interviewees
with these materials were very mediocre. Also, the national instructions mostly cover only
tunnel grouting, thus available information on shaft grouting is somewhat limited and tunnel
grouting instructions need to be adapted in to shaft design.
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8
The main objective of this study was to determine whether the analytical hierarchy process
can be used to select the most optimized grouting material for an underground construction
project. For this purpose, a literature study was conducted, and different type of grouting
materials were researched. Based on the literature it was found that the most common
grouting material is cement, and the modern-day chemical grouting materials are
polyurethane, colloidal silica and acrylics.

Also, the theory behind the AHP was studied and presented in the literature research. This
knowledge was then used to implement the AHP theory into practice, and an elemental
hierarchy for grouting material selection was created. Naturally, the hierarchy presented for
the AHP analysis is only one suggestion, and a different decision-maker would likely
construct the problem somewhat differently. In the end, it was determined that the main
criteria in the AHP hierarchy should consider execution of the grouting work, costs and
schedule, and the rock and groundwater conditions of the site. The subcriteria suggested for
the AHP analysis need to be evaluated and modified according to the specific needs and
environmental requirements before implementation into any other underground construction
project.

In the case study part of the thesis, the created hierarchy was then tested in a real-life
construction project, the Kittilä shaft project. The comparison of different grouting material
alternatives was conducted with the help of expert interviews, literature research and site
investigation results. According to the conducted AHP analysis in the case study the first
ranked material was micro-cement, thus the analysis would suggest the aforementioned
material to be used in the Kittilä shaft project. Even though some simplifications had to be
made, it was determined that the accuracy of the analysis was at an acceptable level
considering the level of accuracy needed for the analysis.

The successful implementation of the AHP tool into the case study suggests that the method
would work in grouting material selection, even though grouting in general is a complex
entity. The method can process both qualitative and quantitative attributes, enables
numerical ranking, provides for transparency in the decision-making process and simplifies
the decision-making process by pairwise comparison of alternatives. However, also some
caution is needed in the interpretation of results. The method cannot guarantee a successful
grouting outcome; it can only provide for the alternative with the highest probability to cause
the least amount of problems. Additionally, the method can only prioritize alternatives
selected to the analysis with respect to the criteria used in the analysis. It was also discovered
that the prioritization of the main criteria can differ to a great extent between the different
parties  the client, the contractor and the designer  involved in the project. A proposal
based on the study would be that the AHP could be used as a supporting design tool in the
grouting material selection.
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Appendix 1 (1/3)

Analytic Hierarchy Process
QUESTIONNAIRE

Date:
Respondent:

When answering consider only the Kittilä expansion project (especially the shaft
project).

1. Which alternative has higher importance? Circle the more important factor.
a. Execution of grouting work
b. Costs and schedule

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?

2. Which alternative has higher importance? Circle the more important factor
a. Execution of grouting work
b. Rock conditions

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?

3. Which alternative has higher importance? Circle the more important factor
a. Execution of grouting work
b. Ground water properties and grout reaction to environment

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?

4. Which alternative has higher importance? Circle the more important factor
a. Costs and schedule
b. Rock conditions

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?
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5. Which alternative has higher importance? Circle the more important factor
a. Costs and schedule
b. Ground water properties and grout reaction to environment

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?

6. Which alternative has higher importance? Circle the more important factor
a. Rock conditions
b. Ground water properties and grout reaction to environment

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?
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See table below for explanations of the alternatives.
Criterion Explanation

Execution of grouting work The importance of selecting a safe and user-friendly grout that suits
well with the grouting equipment and the grouting method.

Costs and schedule The importance of keeping costs as low as possible and the
construction on schedule

Rock conditions
The importance of the grouting material to suit to the rock conditions
in the project which provides for better probability of successful
grouting

Ground water properties and
grout reaction to environment

The importance of the grouting material to suit to the groundwater
conditions in the project which provides for better probability of
successful grouting

See table below to choose the intensity of preference between one alternative to another.
Intensity of
importance Definition Explanation

1 Equal importance Two activities contribute equally to the objective.

3 Moderate importance of one over
another

Experience and judgment slightly favor one
activity over another.

5 Essential or strong importance Experience and judgment strongly favor one
activity over another.

7 Very strong importance An activity is strongly favored and its dominance
demonstrated in practice.

9 Extreme importance The evidence favoring one activity over another
is of the highest possible order of affirmation.

2, 4, 6, 8 Intermediate values between the
two adjacent judgments When compromise is needed.
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Analytic Hierarchy Process
QUESTIONNAIRE 2

Date:
Respondent:

When answering consider only the Kittilä expansion project (especially the shaft
project).

1. Which alternative has higher importance? Circle the more important factor.
a. User-friendliness/Experience
b. Safety/Toxicity

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?

2. Which alternative has higher importance? Circle the more important factor
a. User-friendliness/Experience
b. Grouting equipment

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?

3. Which alternative has higher importance? Circle the more important factor
a. User-friendliness/Experience
b. Grouting method

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?

4. Which alternative has higher importance? Circle the more important factor
a. Safety/Toxicity
b. Grouting equipment

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?
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5. Which alternative has higher importance? Circle the more important factor
a. Safety/Toxicity
b. Grouting method

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?

6. Which alternative has higher importance? Circle the more important factor
a. Grouting equipment
b. Grouting method

How much more do you prefer the selected alternative?
1 2 3 4 5 6 7 8 9

Why do you prefer this alternative to the other?
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See table below for explanations of the alternatives.
Criterion Explanation

User-friendliness/Experience
The importance of selecting a user-friendly grout with which the
contractor has experience in grouting i.e. the material is familiar to
the contractor.

Safety/Toxicity The importance of selecting an environmentally safe grouting
material, which does not cause health concerns to the human either.

Grouting equipment
The importance of selecting a grouting material that suits well with
the available grouting equipment and does not need special/new
equipment in the grouting.

Grouting method The importance of the grouting method to be suitable with the
grouting material.

See table below to choose the intensity of preference between one alternative to another.
Intensity of
importance Definition Explanation

1 Equal importance Two activities contribute equally to the objective.

3 Moderate importance of one over
another

Experience and judgment slightly favor one
activity over another.

5 Essential or strong importance Experience and judgment strongly favor one
activity over another.

7 Very strong importance An activity is strongly favored and its dominance
demonstrated in practice.

9 Extreme importance The evidence favoring one activity over another
is of the highest possible order of affirmation.

2, 4, 6, 8 Intermediate values between the
two adjacent judgments When compromise is needed.
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Average 2
Grouting material

selection
(Goal)

Execution of
grouting

work

Costs and
schedule

Rock
conditions

Ground water
properties and

conditions
w

Execution of
grouting work 1 2 1/2 2 1.19 0.28

Costs and schedule 1/2 1 1 2 1.00 0.24
Rock conditions 2 1 1 2 1.41 0.34

Ground water
properties and

conditions
1/2 1/2 1/2 1 0.59 0.14

SUM 4.00 4.50 3.00 7.00 4.20 1.00
max 4.18

CR 0.07

Average 3
Grouting material

selection
(Goal)

Execution of
grouting

work

Costs and
schedule

Rock
conditions

Ground water
properties and

conditions
w

Execution of
grouting work 1 1.73 0.53 1.78 1.13 0.27

Costs and schedule 0.58 1 1.12 2.33 1.11 0.26
Rock conditions 1.89 0.89 1 2.33 1.41 0.33

Ground water
properties and

conditions
0.56 0.43 0.43 1 0.57 0.13

SUM 4.03 4.05 3.08 7.44 4.21 1.00
max 4.16

CR 0.06


