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Abstract

Abstract

Construction in rock is associated with risks because knowledge of the geology and ground
conditions is limited. Unforeseen rock conditions involve a large risk to the project and can in the end
entail delays and extra costs. To minimize the risks, an optimized pre-investigation program has to be
conducted where essential information is gathered in order to make the best decisions throughout
the construction project.

In this Ph.D. thesis the main focus has been on the applicability of geoelectrical methods as a tool for
predicting geological and rock mass conditions. The application of the geoelectrical methods at
different scales has been proved to provide useful information at different stages of rock tunnel
construction. In the geological setting at the Hallandsas Horst the method can indicate fractured,
water bearing rock, weathered rock and to some extent lithology changes in crystalline bedrock.
Large scale geoelectrical imaging is useful in the design/production planning stage and in the
construction stage. Geoelectrical measurements are performed at a more detailed scale between
two horizontal boreholes mainly in the construction stage. At even more detailed scale, geoelectrical
methods may be combined with other geophysical methods in borehole logging and be applied late
in the design/production planning stage. Additionally, borehole geophysics is important for in situ
correlation/verification of the large-scale geoelectrical data.

In an attempt to demonstrate the applicability of geoelectrical imaging in pre-investigations for rock
tunnel construction, a framework for Value of Information Analysis (VOIA) has been developed. The
VOIA is used for choosing the pre-investigation program best suited for a specific geological
environment. VOIA is based on Bayesian statistics and cost-benefit analysis and is suitable for
problems where different alternatives are evaluated and compared. In VOIA the cost for new
information is compared with the reduced risk for taking an economically unfavourable decision.
New information is only interesting when it can change the outcome of the decision and thus is of
value for the decision-maker. The cost of an investigation or measurement should be less than what
is expected to be saved; otherwise the investigation should not be made. The VOIA of geophysical
methods used in pre-investigation showed indisputably that the value of performing geoelectrical
imaging and ground based magnetic measurements prior to drillings has a higher value than only
drilling. This result is only valid for this particular geological setting and is site specific. Nevertheless
the framework can help designing the best measurement program for a specific geological setting if
the VOIA is used to decide between different geophysical methods, e.g. geoelectrical imaging,
seismic, magnetic or a combination. The framework developed has the potential to become an
integral part of any pre-investigation.

With an optimized pre-investigation with well integrated results, the uncertainty in the engineering
geological prognosis is reduced and the risk that something unexpected happens is reduced.
Geoelectrical imaging and borehole geophysics contributes to reduce the uncertainties and should
therefore be considered as a prospective part of all pre-investigations as well as the production
stage.
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1 Introduction

1 Introduction

1.1 Background

Construction in rock is associated with risks as the knowledge of the geology and ground conditions
usually is limited. Unforeseen rock conditions involve a large risk to the project and can in the end
entail delays and extra costs. To minimize the risks, a profound and optimized pre-investigation has
to be conducted where the necessary information is gathered in order to make the best decisions
throughout the construction project (Baynes et al., 2005; Ngan-Tillard et al., 2010).

Different geophysical methods are important in these investigations. Geoelectrical imaging is one of
the geophysical methods that have proved to be important at a large scale, especially for pre-
investigations at the feasibility stage (e.g. Cavinato et al., 2006; Dahlin et al., 1999; Danielsen and
Dahlin, 2009; Ganergd et al., 2006; Rgnning, 2003; Stanfors, 1987). The method can also be relevant
in small scale and used for cross hole tomography studies (e.g. Daily et al., 1995; Daily and Owen,
1991; Danielsen and Dahlin, 2010; Deceuster et al., 2006; Denis et al., 2002; French et al., 2002; Goes
and Meekes, 2004; Guérin, 2005; LaBrecque et al., 1996) and as logging tool (e.g. Daniels and Keys,
1990; Ellis and Singer, 2007; Ernstson, 2006; Howard, 1990; ISRM, 1981; Paillet and Ellefsen, 2005;
Rasmussen and Bai, 1987; Schepers et al., 2001; Segesman, 1980). However, the authors experience
from several unpublished pre-investigation reports from tunnel projects in Sweden is, that the
method has not been fully recognised as an integrated part of the pre-investigations.

In this Ph.D. thesis the main focus is on the applicability of the geoelectrical method as a tool for
predicting geological and rock mass conditions. By applying the geoelectrical method at different
scales and together with other geophysical methods it has proven to give useful information at
different stages of rock tunnel construction. For this geoelectrical data measured at the Hallandsas
Horst in Southern Sweden are evaluated regarding its ability to resolve different properties of the
rock mass.

The results of the geophysical measurements usually have to be processed and evaluated by a
geophysicist. The geophysicist knows the sensitivity and resolution of the methods. Thus the decision
maker does not always have appropriate understanding of the advantages and limitations of the
various geophysical methods. On the other hand the geophysicist does not always have detailed
understanding of what the decision maker requires; e.g. at what scale information is needed. One
task for the decision maker and the geophysicist is to find a common language. Value of information
analysis (VOIA) might be an approach for communicating with the decision makers.

VOIA can help to create a rational design strategy for investigation programmes. The method is
based on Bayesian statistics and cost-benefit analysis and is suitable for problems where different
alternatives are evaluated and compared, e.g. the design of an investigation programme when the
number of measurements or investigations needs to be determined. In VOIA the value of new
information, from measurements for example, is assessed by estimating the uncertainties in the
present information compared to the expected reduction in uncertainty following collection of new
information. The cost and the time it takes to obtain better information must be compared to what
can be saved by modifying the investigation programme. New information is only interesting when it
can change the outcome of the decision and thus is of value for the decision maker. The cost of an




1 Introduction

investigation or making a measurement should be less than what is expected to be saved; otherwise
the investigation should not be made (Bedford and Cooke, 2001; Freeze et al., 1992).

To our knowledge the VOIA approach has never been applied to geophysical methods used in pre-
investigations for rock tunnel constructions. One of the central tasks is to evaluate how good
different geophysical methods are at detecting problematic rock conditions in otherwise good rock.
Because such estimation can be biased (based on experience, affiliation etc.), our approach is to ask
geophysical experts to judge this in order to get a more objective result. The experts will be
presented with a number of simulations of tentative rock volumes and the estimate should be based
on those. The expert’s opinion is then the foundation for the probability used in the VOIA. It is also
important to remember that the estimate is only valid for a specific geological setting. In the
framework developed in this thesis a hypothetical example is used, but it is inspired by the
construction of the Hallberg tunnel in Sweden.

1.2 Aim and objectives

The overall aim with this thesis is to investigate the applicability of geoelectrical methods in pre-
investigation for hard rock tunnel construction. The purpose of the work is to make engineers and
decision makers recognise the importance of planning and execution of a pre-investigation program
including geophysics and in particular geoelectrical imaging.

The overall aim with this thesis is achieved by evaluation of geoelectrical methods in different scales,
case studies, theoretical studies and development of a framework for VOIA. The work is presented in

Six papers:

Paper 1: Geoelectrical and IP imaging used for pre-investigation at a tunnel project.

Paper 2: Numerical modelling of resolution and sensitivity of ERT in horizontal boreholes.

Paper 3: Geophysical logging for enhancement of borehole information in pre-investigation for
rock tunnel construction.

Paper 4: Geophysical logging as a tool for identifying initial weathering in crystalline rocks.

Paper 5 Comparison between geoelectrical imaging and tunnel documentation at the
Hallandsas Tunnel, Sweden.

Paper 6: Framework for Value of Information Analysis applied to geophysical methods used for

pre-investigation.
The specific objectives have been fulfilled by:

— Giving examples on how pre-investigation was done in three tunnel projects and what the
outcome was for the projects (Chapter 2).

— Creating a flow chart for pre-investigation (Chapter 3).

— Demonstrating the applicability of the geoelectrical method in different scales (Chapter 5).

— Developing a framework for VOIA for geophysical methods prior to drillings (Chapter 6).
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— Assessing the possibilities, strengths and weaknesses of the geoelectrical imaging and the
application of VOIA (Chapter 7).

Chapter 4 presents the most common geophysical methods. Chapter 6 presents the theory behind
VOIA. Chapter 8 summarises the conclusions of the work and chapter 9 presents some
recommendations for the future work within this research area.

1.3 Limitations

Attempting to apply general rules to geological problems always involves limitations. The true
complex geology can never be fully explained by a model. Even though some general remarks about
the flow scheme in a pre-investigation is given in chapter 3 the main focus in this thesis is on the
applicability of geoelectrical methods used in different scales in pre-investigation for hard rock
tunnel construction. It is also important to stress that there exist several other useful geophysical
methods to consider when planning a pre-investigation and that the information from the
geophysical methods only is a part of the compilation of an engineering geological prognosis.

For the application of VOIA there are several limitations. The framework developed is a simplification
of reality where e.g. only two different rock classes are considered. Additionally is the framework
only tested on one tunnel project and it is important to remember that a VOIA is site specific. Even
though a large effort was put into finding the correct economic key numbers some assumptions had
to be made concerning the additional cost due to unexpected events during tunnel construction.

1.4 Description of the papers

The first large scale geoelectrical imaging measurements were carried out at the Hallandsas Horst in
1998 (Fig. 2.6) and paper 1-4 in this thesis can be considered as natural successors following the top-
down approach in a pre-investigation (Fig. 1.1). In paper 5 the geoelectrical imaging data measured
during pre-investigation is evaluated for the use in the construction stage. A VOIA should ideally be
made prior to additional measurements in order to evaluate if it is worthwhile to make them. Thus
there should be a VOIA prior to each of the papers 1-4. However, the VOIA in paper 6 is a framework
developed to help decide if it is worthwhile to perform the measurements in paper 1.

R
\ Geoelectrical imaging - 1998 /

4
o
\ Follow-up measurements (Paper 1) /
P IO
Measurements between horizontal
boreholes (Paper 2)
R

\ Geophysical logging (Paper 3) Additional measurements?
PR VOIA (Paper 6)
Geophysical logging and
microscopy (Paper 4)

Evaluation of data
(Paper 5)
{.. ssns

Figure 1.1. The flow in the papers presented in this thesis.
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Paper 1: Geoelectrical and IP imaging used for pre-investigation at a tunnel project

In this extended abstract geoelectrical and IP imaging are combined with ground based magnetic
measurement to compile a geological model of 900 metre of the Hallandsas Tunnel, Southern
Sweden. IP proved to be useful at locating dolerites and resistivity was useful for the general
distribution of fractures. Magnetic measurements are a good supplement to pinpoint the exact
position of the dolerite. Based on the general geologic information, resistivity and IP measurements,
recommendations can be given on where to drill in order to improve the geological model.

Paper 2: Numerical modelling of resolution and sensitivity of ERT in horizontal boreholes

In this paper resistivity is measured in horizontal boreholes to obtain information about the rock
volume between the boreholes. This is an attempt to identify a suitable methodology for an effective
measuring routine for this type of geophysical measurements under actual construction site
conditions. Prior to any measurements numerical modelling was done to evaluate the resolution of
different electrode arrays, the sensitivity towards inaccurate borehole geometry and the influence of
water in the boreholes.

Paper 3: Borehole geophysics provides detailed information in pre-investigation for rock tunnel
construction

Focus in this paper is how borehole geophysical logging can provide high resolution and detailed
information about the lithology change, fractures and weathering of crystalline bedrock. In two core
drilled and one percussion drilled boreholes at the Hallandsas Horst, Southern Sweden, geophysical
logging with gamma, caliper and short/long normal resistivity was performed. The results suggest
that logging should be done in non-cored boreholes as a cheaper alternative to core drilled holes.

Paper 4: Geophysical logging as a tool for identifying initial weathering in crystalline rocks

The scope of this paper is to show how even low degrees of weathering of rocks affects the
geophysical log response, by means of thin section microscopy, point counting and logging. This was
done on gneisses and amphibolites from two drill cores done in connection with the construction of
the Hallandsas Tunnel, Southern Sweden. The resistivity logs can detect even low grades of
weathering of amphibolites which can be important for the mechanical properties of the rock.

Paper 5: Comparison of geoelectrical imaging and tunnel documentation at the Hallandsas Tunnel,
Sweden

In this work the electrical imaging is evaluated with regards to the method's applicability. The
evaluation is done qualitatively by comparing the electrical imaging with tunnel documentation from
a tunnel in Southern Sweden. By evaluating the result continuously when constructing the tunnel, a
more detailed geological prognosis can be compiled and used in continuing work with the tunnel.
The parameters used for the comparison are lithology, Q, RQD, weathering and water leakage. The
result was that virtually every change in electrical resistivity image coincides with a change in rock
conditions. The general trend was that high resistivity corresponded with good quality gneiss
whereas low resistivity corresponds to poor quality rock e.g., high weathering, low RQD, low Q
and/or several lithological contacts. The intermediate resistivity is often amphibolites or rock with
water bearing fractures. The results were supported by in-situ resistivity measurements inside the
tunnel and resistivity logging in a core drilling.
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Paper 6: Framework for VOIA applied to geophysical methods used for pre-investigation

VOIA is a cost-benefit analysis of different decision alternatives. In this framework decisions have to
be made about how to proceed with pre-investigations for the construction of a rock tunnel. It has to
be decided if geophysics should be done prior to drillings. The value of information gained by doing
geophysics as part of the pre-investigation is estimated.
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2 Case studies

The quality of a pre-investigation and how the information is integrated in the decisions can have
huge importance for the outcome of a construction project. In the following three examples of how
the pre-investigations in different tunnel projects have been performed and what the consequences
were for the projects will be given. The examples are from different geological settings and
conditions and therefore cannot be compared directly. The projects are described only briefly and
should be seen as an appetizer and explanation to why this thesis is built up as it is.

2.1 Pungwe water tunnel, Zimbabwe

In the late 1990’s a water tunnel in the Pungwe-Mutare Water Supply Project in the eastern
Zimbabwe was constructed by Skanska. The purpose was to lead water from the Pungwe river, which
runs through the Nyanga National Park, to the city of Mutare (Fig. 2.1).
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Figure 2.1. Map to the Ieft shows Zimbabwe with the position of the Nyanga National Park (red
square) and the city of Mutare. The map to the right shows the approximate tunnel line, with the
intake in the north-eastern end. Maps are modified from Henriksson (1996) and mappery.com (2010).

The water is transported through a 4 km long tunnel and 96 km pipeline. For 1 km the tunnel runs
though the Nyanga National Park with high environmental responsibilities as a consequence. A
minimum of environmental disturbance was required and thus no test drillings were allowed in the
national park at this time (Henriksson, 1996). The tunnel with a diameter of 4 metre is constructed in
granitic and gneissic rock with fracture zones and deep weathering. Additionally, the terrain is rough
and no road access to the tunnel line exists (Dahlin, 1998). Older test drilling results were available
and in 1973 the Geological Survey of Zimbabwe performed a preliminary geological report which
included these 7 core drillings (Fig. 2.2). The drill holes were distributed along the tunnel line as it
was intended at that time. In several of the core drillings fractured and highly weathered rock was
encountered above tunnel level but at 60 m relevant to the proposed tunnel the rock is fresh and
unfractured. However at the intake there are several dolerite dykes with vertical jointing. Thus the
recommendation was to do a more thorough pre-investigation at the water intake area (Kirkpatrick,
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1973). When the pre-investigation was resumed in 1997 a 950 metre long CVES profile was
performed along the tunnel line (Dahlin, 1998), see figure 2.2.

Water intake

e Borehole
—— Profile lines

100 meter Suggested tunnel lines

Figure 2.2. Sketch of the Pungwe tunnel, profile line 1-1, 2-1, 2-2 and 2-3 (black lines) and suggested
tunnel lines (red lines).The boreholes from 1973 are marked with black dots.
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Figure 2.3. 2D resistivity model based on the CVES data from profile line 1-1. The two horizontal
parallel lines mark the position of the planned tunnel. From Dahlin (1998).

The CVES data showed that the resistivity was a few hundred Qm at tunnel level (Fig. 2.3) which
indicated very poor rock quality with fractured rock and deep weathered zones. A horizontal
borehole from the intake point confirmed the poor rock quality. This would create large problems for
the tunnel construction and make it difficult to match the demands for minimal environmental
disturbance. Thus additional CVES profiles were measured perpendicular to the planned tunnel line
(Fig. 2.2). The three profiles (Fig. 2.4) showed that in the northern part of the line the resistivity was
higher than 3500 Qm and therefore was considered as rock with few fractures and without deep
weathering. Due to the detected weathering the tunnel line was moved from option 1 to option 4
(Fig. 2.2), avoiding extra construction time and costs. If the tunnel had followed the original planned
line it would have been difficult for Skanska to accomplish the high environmental demands (Dahlin,
1998).




2 Case Studies

Pungwe tunnel project - Line 2-1 199807 03
WENNER 2D INVERTED MODEL (mean residual 9.8%)

Distance/[m]

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
1820 1820
1800 - F 1800
1780 - 1780
1760 - F 1760
1740 4 1740
1720 - F1720
1700 - - 1700
1680 - - 1680
1660 -~ —0ptd OptZ  BAT O3 oot d 1660
Pungwe tunnel project - Line 22 19980704
WENNER 2D INVERTED MODEL (mean residual 6.6%)
Distance/[m]
] 0 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
1820 1820
1800 4 - 1800
1780 - - 1780
1760 - - 1760
1740 - - 740
1720 - - 1720
1700 + - 1700
1680 - - 1680
1660 1660
S OptA Opt. 2 Opt. 3 Opt. 4
Pungwe tunnel project - Line 2.3 1998.07.05
WENNER 2D INVERTED MODEL {mean residual 4.5%)
Dis‘lanl:ef[ng
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 00
1820 1820
1800 + - 1800
1780 - 1780
1760 4 - 1760
1740 4 - 1740
1720 - 1720
1700 4 - 1700
1680 4 - 1680
1660 1660
Levelm] OptA Opt.2  Opt.3 Opt. 4
46 75 120 200 Eril} 510 830 1300 2200 3500 5600
Resistivity/[ohm™m]

Figure 2.4. The CVES profiles, 2-1, 2-2 and 2-3. The four vertical lines mark the four different tunnel

options, where the original option 1 is marked with a black dot. From Dahlin (1998).
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2.2 Hallandsas railway tunnel, Sweden

The railway tunnel through the Hallandsas Horst is a well-known project in Sweden that from time to
time has taken up large space in the media due to extensive delays and budget overruns. It is a 8.6
km long twin track tunnel through the most northern part of the Scanian horsts (see figure 2.5 and
chapter 5.1 and 5.2 for more information about the geological setting). When the project started in
1992 the plan was to complete construction in 1996. The new time schedule aims for 2015 with a
total budget of 10.5 billion SEK (2008 monetary value) (Trafikverket, 2010).
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Figure 2.5. Left: Map of Southern Sweden showing the position of the investigation area and the
outline of the Tornquist Zone (STZ). Right: The tunnel line. Maps are modified from Graversen (2009),
Lantmdteriverket (2001) and Liboriussen et al. (1987).

The Swedish company Kraftbyggarna started constructing the tunnel in 1992 using an open tunnel
boring machine (TBM). This turned out to be a wrong approach because the TBM was designed for
competent hard rock. However the first hundred of metres was weathered rock partly with
mechanical properties similar to stiff clay. In 1993 Kraftbyggarna began using a drill and blast
approach instead. In 1995 Kraftbyggarna left the project after constructing 3 km of the tunnel, due
to an economic dispute with the project owner, Banverket (Swedish Railroad Administration). In
1996 Skanska continued the work using drill and blast as excavation method. Skanska made an
opening in the central part of the horst so that they could continue the work on four additional adits,
giving a total of eight adits. However within the first year problems with high groundwater leakage
into the northern part of the eastern tunnel arose. The groundwater level dropped and wells in the
vicinity dried out. Several different sealing products were tested; among those the internationally
used chemical sealant Rhoca Gil. In 1997 the use of the product was terminated because high water
flow prevented the sealant from hardening and as a consequence contaminated the water in the
streams with acrylamide. This caused fish to die and cattle to get sick from drinking water from the
streams. The work was ceased and did not commence until 2003 when the consortium Skanska-Vinci
continued the project with a completely new method including a shielded TBM and continuous
concrete lining as means to control the water ingress to the tunnel on both short and long term.
Then in 2003 a major leakage of grout penetrated the rock mass at Lyabacken and again fish died.
This time the Molleback rock deformation (MBZ, see figure 2.6) was the reason. When the TBM
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started drilling in 2005 one third of the tunnels were finished. In August 2010, the East tunnel was

successfully completed and in total 69% of the tunnels were complete and it is planned that traffic

through the tunnels will commence in 2015 (Trafikverket, 2010).

Table 2.1. A summary of the pre-investigation performed in connection to the Hallandsds Tunnel
during the three major investigation intervals (Banverket,1996; Banverket, 2002; VBB VIAK, 1999).

1989-1990 1994-2000 2001-2002 Comments

Geophysics

Seismics 10.5 km 3.6 km

VLF 19.2 km 6.4 km

DC resistivity, profiling 8.5 km

DC resistivity, sounding | 23 soundings

in 17 points
DC resistivity, CVES Shorter profiles in the
14.25 km 2.8 km MBZ, SMZ and NMZ

Magnetics 8.5 km

Slingram 6 km

Drillings

Soil-rock penetration 10

Percussion drilling 25 11
* 5 are horizontal from

Core drilling 13 20%* 13 tunnel level and 2 are
wire-line core drillings

Hydraulic tests There exists a large
monitoring project
where the groundwater
level is measured
regularly

From percussion drilling 25 11 13* " Water-loss
measurements

Pump test 6 2

Geophysical logging 2

Laboratory tests E.g. point load index,

13 mechanical properties,

E-module and Poisson’s
number

During the project it has become obvious that the geological setting is unusually complex by Swedish

standards and as a consequence further investigations have been performed on several occasions
from 1989-1990, 1994—-2000 and 2001-2002 (Tab. 2.1). However, the tunnel project has the
reputation that the parties were not prepared for the complex geology. Prior to project start the

most extensive pre-investigation was done where several different geophysical methods were used

(Tab. 2.1). The Hallandsas Tunnel succeeds another large tunnel project in Scania, the Bolmen tunnel.

In the Bolmen Tunnel project different geophysical methods had been of high value (Stanfors, 1987).

In one area geophysical data even changed the tunnel line position due to poor rock quality

(Backblom and Stanfors, 1986). The successful use of geophysical methods may have been the

reason why so many different methods were used at the Hallandsas. The main focus was on the

known difficult areas with poor rock quality, which were the northern (NMZ) and southern marginal

zones (SMZ), whereas very little focus was on the central parts where good rock quality was
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expected. Despite the amount of work focussed on SMZ and NMZ, the project managers were taken
by surprise by the failure of the first TBM in the poor rock in NMZ. How this happened is not for the
author to speculate, but a lesson to be learned. Thus in this case it did not matter how much pre-
investigation was done or how many different methods were applied since the information was not
fully used and integrated in the decision-making.

The long project history with several pre-investigation campaigns conducted by varying consultants
and changing contractors may create difficulties in handling the many different kinds and
generations of data. The hydraulic data from the many observation wells are gathered in a database.
But other types of geo-data, different raw data and interpreted models, are not gathered in a central
database which otherwise would be beneficial to a project of this kind.

Since 2003 the project has learned from history and worked intensively with the engineering
geological prognosis and with geological data in general. The geological setting is complex and
extremely heterogeneous which demands a large focus on the geological data. A positive tendency
in the project is that the geoelectrical imaging profiles (e.g. Fig. 2.6) are used actively in the planning
of the use of the TBM and not only applied to the areas containing rock of poor quality but also to
the areas with good rock quality.
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Figure 2.6. The 7 km long geoelectrical imaging (CVES) profile along the tunnel line.

2.3 Citytunneln, Sweden

In Malmo, southern Sweden, a railroad tunnel project called Citytunneln is a good example of how a
well planned and integrated pre-investigation can benefit a project. The Citytunnelnis a 17 km long
railway project of which 6 km is two parallel single track tunnels. The tunnels are drilled beneath the
central parts of the city of Malmo, see figure 2.7. The geological setting is not as complex as for the
Hallandsas Tunnel, and is mainly a relatively impermeable and homogeneous Bryozoan limestone.

The project is unique because it is the first major infrastructure project in Sweden where the
environmental impact of the project has been tested in the Environmental Court according to the
Environmental Code. The Environmental Court have set detailed conditions for e.g. the maximum
drawdown and amount of groundwater that may be pumped away and what amount has to be re-
injected. On this basis, agreements with contractors had to be made, i.e. choice of working methods
and the materials and chemicals used (Citytunnelprojektet, 2003).

The strict environmental demands set by the Environmental Court made it necessary to do an
extensive pre-investigation. A summary of the pre-investigation performed in the tunnel part of the
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project is presented in table 2.2. The first drilling campaign started in 1995 and later several others
followed. In the project phase more than 300 drillings were done, and in nearly half of them
borehole geophysical logging was performed, providing detailed in situ information about the rock
properties (VBB-COWI Joint Venture, 2000a). CPT-soundings, core drillings and percussion drillings
were done and rock was sampled for laboratory tests, e.g. mechanical strength and density. Seismic
surveys (26 km) provided information of structures and faults in the limestone (VBB-COWI Joint
Venture, 2000c). To a small extent surface wave seismic and CVES profiles were tested in a limited
area in Lockarp (Wisén and Christiansen, 2005). Pump tests were conducted to make a
characterization of the aquifer, e.g. transmissivity and storage coefficient (VBB-COWI Joint Venture,
2000b). All information was gathered in a database and used for an integrated engineering geological
prognosis. In addition to data obtained during the project the database also contained more than
9000 boreholes drilled prior to the project, which mainly contributed with stratigrafic information.
The database was accessible to all the involved parties (VBB-COWI Joint Venture, 2000c).

‘g}“h ! J ] =
"A2E 14E LY N
g iy -
{, 100 km s £ ?L/.LF.-, L 2km , L Molma €
& 2 @S {
% §>”J _ \ .
ta [ an\ bl
!'.__; il 5 X hy
i § ] ’
\ 57N ‘.‘ i Ezminenrol-
L= / , banan
) Sweden / y
NS N Kapenh !
|- &‘ / '.
J b '
l“‘_@u_‘p_ﬂ!j?:;!'j' """\_-.?-‘:;_____’_ga‘;-’r Hyllie .
.'-l_\__‘} . 56N - “9
-".j = kb. - ‘
. . P e - =Sa, heYelod o
Ba"fc Sea Oresundsbanan ;t'"-'--g.!‘. 5{'
Lockarp K:\
Trelleborg® «
~ = Normal fault
= fan g [z Late Cretaceous and * = Tunnel line
55N- Early Tertiary inversion N - Railway
SNG? £ Basement high |

Figure 2.7. Left: Map of Southern Sweden showing the position of the investigation area and the
outline of the Tornquist Zone (STZ). Right: The city of Malmé with the tunnel line. Maps are modified
from Liboriussen et al. (1987), Graversen (2009) and Citytunnelprojektet (2003).

The extensive pre-investigation took relatively long time and had a high cost compared to earlier
construction projects in Sweden. A possible question is if the pre-investigation was too extensive, but
with the high demands from the Environmental Court and a tunnel constructed beneath a city, the
ambitions regarding the pre-investigation has to be very high. What can be concluded is that the
extensive pre-investigation was a contributing factor to a relatively smooth construction. The tunnel
was inaugurated 6 months ahead of schedule with a total cost of 8.565 billion SEK which is 1 billion
SEK lower than budgeted (Citytunnelprojektet, 2003).
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Table 2.2. A summary of the pre-investigation performed in connection to the Citytunneln during the
project phase (only from the tunnel part) (Based on VBB-COWI Joint Venture, 20003, b, c).

1995-2000 Comments

Geophysics

Seismics, refraction 11 km

Seismics, reflection 16 km

Drillings

Soil-rock sounding 12

Percussion drilling 250

Core drilling 52

Hydraulic tests There exists a large
monitoring project
where the groundwater
level is measured
regular

Capacity test 107

Pump test 25 Short and long term

Geophysical logging 138

Laboratory tests E.g. mechanical

45 properties, E-module

and Poisson’s number.
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3 Pre-investigation

A major problem when constructing tunnels is unforeseen rock conditions e.g. water leakage and
changes in rock mechanical properties. In a study conducted by Malmtorp and Lundman (2010) it
was concluded that uncertainty in the engineering geological prognosis led to delays and raised
budgets. To reduce the uncertainty a high-quality engineering geological prognosis is necessary.

The scope of a pre-investigation will essentially be driven by the need to answer questions about the
geology, by knowledge of the engineering requirements of the project and appreciation of what level
of knowledge is appropriate for satisfactory engineering. The objective of any investigation is
maintained by exchange of information between the project owner and consultant. It should be the
responsibility of the engineering geologist/geophysicist to determine an appropriate scope for the
pre-investigation within a reasonable budget (Baynes, 2003).

Decision makers are in most cases aware of the importance of pre-investigation, but nevertheless the
deciding factors are time and money. It takes time to perform, interpret and compile the measured
data and time costs money. Looking at a budget for a project it is easy to identify the cost for a
thorough pre-investigation. However, what has to be acknowledged is that with a thorough and
optimised pre-investigation the uncertainty is reduced and that will in the end save time and money.
Unfortunately this is not so easy to quantify and is not an obvious entry in a budget.

3.1 Engineering geological information and prognosis

The aim with the pre-investigations is to prepare an engineering geological prognosis for the
construction site which answers a number of key questions. Key questions are the demands for
information on engineering geology issues. To be able to investigate and evaluate the relevant
aspects of the bedrock, the key questions have to be defined for each individual project before a pre-
investigation strategy is identified (Almén et al., 1994; Bergman and Carlsson, 1988). Some key
questions could be rock type, weathering/rock cover, rock stress, presence of water and major fault
zones (Sturk, 1998).

The geological prognosis is a preliminary prediction of the relevant aspects of the bedrock and is
obtained by evaluating and analysing the geological information available. The geological prognosis
should be problem oriented; that is it should structure the available information so physical
conditions that may be of (positive or negative) technical or economic significance for the project are
highlighted and presented in tangible terms. The prognosis should be dynamic so the results of new
investigations become available, followed by further assessments that agree with or modify the
original geological prognosis (Bergman and Carlsson, 1988; Stanfors et al., 2001).

How detailed the information in the geological prognosis needs to be depends on the stage of the
construction project. The different stages are e.g. the feasibility stage, the design/production
planning stage and the construction stage (Sturk, 1998). Each stage needs information at a different
scale. In the feasibility stage the scale considered is regional i.e. >>1000 metre depending on the size
of the project. For the design and production planning stage the scale of interest has narrowed to a
site scale (100—1000 metre). In the construction stage the need for detailed information is greater
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and the scale can be a block scale (10-100 metre) or a detailed scale (<10 metre) (Almén et al., 1994;

Sturk, 1998). In each stage the key questions are related to certain decisions. Examples of key

questions and how they could be described in each stage are seen in table 3.1.

Table 3.1. Examples of key questions and how they might be described during each stage. Modified
after Almén et al.(1994) and Sturk (1998).

Key question

Feasibility stage
Scale >1000 metre

Design/production planning
stage
Scale 100-1000 metre

Construction stage
Scale <100 metre

Rock type

General knowledge.
Stop signs?

Rock type distribution.
Mechanical parameters for
expected rock types.

Location of difficult
rock types and
boundaries. Stand-up
time.

Weathering/
rock cover

Is deep weathering or
large cover expected?
Rough estimate on
depth to fresh rock.

Location of areas with deep
weathering or low rock
cover. Estimate on depth to
fresh rock. Description of
geological hazards.

Exact location of
areas with
weathering, low rock
cover and boundaries.

Rock stress

Depth of facility.
Location within
shields. Tectonic
region.

Stress levels in area.
Magnitude of stress
problem. Description of
squeezing and spalling rock.
Distribution of problematic
areas.

Location of areas with
stress problems. Rock
stress properties in
these areas.
Magnitude?

Water Water expected or Hydraulic parameters of rock | Location of water
not? Rough estimate | mass. Pressures expected. bearing structures.
on need for grouting | Distribution of values of Pressures and
or sealing. Estimate of | hydraulic parameters. permeability.
pressure levels. Estimate on groutability and | Groutablity. Warning
Possibility for flowing | ways of sealing tunnel. bells in current
ground? geology?

Major fault Are there zones in the | Number of zones and Location, quality and

zones vicinity of the site? estimate on location. width of zones.

One or several?

Estimate on quality and
width. Geological hazards.

Warning bells in
current geology?

The engineering geological information and prognosis have different purposes in the different

project stages. The decisions should be based on data acquired by a pre-investigation campaign that
has been tailored to the given geological setting. In the feasibility stage the aim is to compile the
engineering geological prognosis so it gives a general picture of the geological setting in the area. If
the feasibility study concludes that the project should continue, the next step is the design and
production planning stage. In this stage the main questions are related to the general design which
relates to excavation and support methods, capacities and costs related to these methods. These
considerations lead to an estimation of the cost of the project. The key questions are the same as in
the previous stage but the demand for detail is greater (AlImén et al., 1994; Bergman and Carlsson,
1988; Sturk, 1998). In the construction stage the questions and decisions become more specific. Thus
the engineering geological information and prognosis have to be more specific (Sturk, 1998).
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In order to make the optimal decisions the key questions and the known geological settings have to
be discussed by the geophysicist and the engineers prior to any investigation. In this way proper
investigation methods can be applied for each stage. There will always be geological uncertainty
connected with construction in rock, but decisions based on a thorough pre-investigation will reduce
these uncertainties.

3.2 Flow in pre-investigation

By doing profound pre-investigations construction costs are likely to be reduced because the project
parties are better prepared due to more certain rock mass problem identification. Since the pre-
investigation itself involves a cost, the goal of exploration planning is to minimize the total cost of the
entire construction work inclusive the pre-investigations (Einstein et al., 1978). The primary goal with
a pre-investigation is to compile an engineering geological prognosis which is essential in the
feasibility stage, design/production planning stage and the construction stage. The pre-investigation
should be performed top down, meaning that the investigations should start on large scale and
continue into more and more detail so it follows the need for information in the different project
stages. The flow diagram in figure 3.2 shows how the pre-investigation preferably should be done.
The boundaries between the different stages and scales are rather diffuse and should only be seen as
guidelines. Thus the information from the different steps in the flow diagram should be integrated
through the whole process.

In the feasibility stage the first step is to do an archive study where all old material is collected and
scrutinized. This could be geological maps, topographic maps, drilling reports, airborne geophysics
etc. (Danielsen, 2007). It is also important to do a field visit to get an understanding of the study area
and the expected geological setting so the pre-investigation program can be tailored and the best
suited methods can be chosen. In the design/production planning stage the first step is to use a quick
qualitative geophysical method such as ground based magnetics or slingram. In this step it is also
appropriate to do earth/rock soundings. The next step is to extend the geophysical survey with
guantitative methods that are assumed to be appropriate in sensitive and critical areas, areas where
information is scarce and areas where the interpretation is questionable. The large scale geophysics
is followed by core drillings and percussion drillings to obtain detailed information about the rock
conditions. Thus even small scale (<10 m) is important in the design/production planning stage.
Starting with large scale geophysics thus makes it possible to position the boreholes in a more cost
efficient way, so as much information is gained as possible. An advantage with e.g. geoelectrical
imaging or seismic surveys is that a continuous model of the physical properties in the subsurface is
obtained. Boreholes are point information but are essential for making a geological interpretation of
the physical model obtained from the geophysical profiling methods. Thus the borehole and the
borehole geophysics are valuable for interpretation and calibration of the surface based geophysics.
Borehole geophysics is small scale and provides detailed information which should be performed in
the final stages of the pre-investigation. The boreholes are not only useful for geophysical logging but
can also be used for hydraulic tests and the extracted cores can be used for rock mechanical
laboratory tests. A major concern when building rock tunnels is water leakage. Therefore it is an
essential part of the pre-investigation to perform hydraulic tests. Several different hydraulic tests are
useful depending on purpose and borehole/well conditions (e.g. Butler, 1990; Fetter, 2001;
Gustafson, 2009)
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Figure 3.2. A diagram with the optimal flow in a pre-investigation program.

The pre-investigation should be seen as a dynamic process where it is important after each step to
make a preliminary interpretation of all information. The framework for VOIA presented in this thesis
should be made prior to additional measurements in order to evaluate the value of more detailed
investigations and thereby get a more optimized pre-investigation. When all essential information is
gathered an interdisciplinary interpretation answering the key questions should be carried out and
based on this the engineering geological prognosis should be established as an aid for making the
main decisions.

Through the entire project it is important to integrate all material and not forget the previous
investigations. For example in the actual construction stage the geological prognosis, and with this
also the geophysical data, can be evaluated against the true conditions, which will provide
fundamental references and valuable experience to be used in further interpretation and evaluation.
Thus it is essential at all stages to review the geological prognosis and continuously update and
modify it when necessary.

In larger projects with several different contracts it is recommended that the reports presenting the
results from the pre-investigations be structured in a consistent way. It is of great importance that
the natural flow in the pre-investigation is kept in the report presenting the results for the client.
Thus the results are presented top-down with large scale information prior to small scale. It is
necessary for the client (project owner) to set some requirements and instructions for how the
reports should be made.
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4 Applied geophysics in rock tunnel construction

Applied geophysics can contribute to solution of most geotechnical engineering and environmental
engineering problems. Geophysical methods measure the contrast in the physical properties of the
sub-surface. Thus the condition of the rock mass is presented in a composite form by the geophysical
data set. No interpretation is done when raw data are measured, but is mainly done during and after
the processing of the data. Most geophysical methods do not directly measure the parameters useful
for the project owner, engineer or contractor. For the interpretation of data, background information
concerning the geological setting is required because of ambiguity and variability in the physical
properties of the rocks. The physical properties are interpreted in terms of geology which in some
cases even allows an assessment of the rock mass quality. For some geophysical methods the data
output is of direct significance. An example is seismic methods where the p-wave and s-wave velocity
are useful mechanical properties and parameters. However, it is often not the physical property itself
that is of interest but the spatial change and variation in the property. Different geophysical methods
have different advantages and limitations so before they are used in an engineering context the
problems to be addressed have to be resolvable by the chosen geophysical method.

Several geophysical methods are suitable for continuous measurements which can give a 2D or even
3D model of the sub-surface. Thus the geophysical methods can be an important part at different
stages of a project. The scale at which the measurements are done has to be tailored to match the
degree of detail demanded by the actual stage of a project. In the early stages of pre-investigation
large scale measurements are important whereas core drillings provide detailed point information
and in situ reference data in later stages. Thus the resolution is lower for large scale geophysics than
for core drillings but the continuous measurements provide an interpreted physical image of the
variation in the physical properties of the rock mass.

Only a short description of the theory behind the geophysical methods used in this thesis is described
in the following chapter, i.e. the geoelectrical method and borehole geophysics (natural gamma,
caliper, long/short normal resistivity). Several other geophysical methods are useful in tunnel
construction or other types of construction in rock. For more information see Butler (2005),
Danielsen (2007), Parasnis (1986), Reynolds (1997), Renning (2003), Stanfors et al. (2001), Sturk
(1998), Takahashi (2004) and Takahashi et al. (2006).

4.1 Geoelectrical imaging

Geoelectrical imaging is one of the geophysical methods that has proved to be important at a large
scale, especially for pre-investigations at the feasibility stage (Cavinato et al., 2006; Dahlin et al.,
1999; Ganergd et al., 2006; Rgnning, 2003; Stanfors, 1987). Geoelectrical imaging at small scale can
be done between two or more boreholes, the so called Electrical Resistivity Tomography (ERT). In this
study ERT measurements are done in and between boreholes. It can be noted that 2D resistivity
imaging based on surface measurements (CVES) is also sometimes referred to as ERT. ERT in vertical
boreholes has proven useful for environmental studies (Daily et al., 1995; Daily and Owen, 1991;
Deceuster et al., 2006; Denis et al., 2002; French et al., 2002; Goes and Meekes, 2004; Guérin, 2005;
LaBrecque et al., 1996). The method has also been demonstrated in boreholes drilled during
geotechnical pre-investigation of a tunnelling site to obtain a 2D image of the resistivity close to a
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tunnel boring machine (TBM) (Denis et al., 2002). Only a brief introduction to the geoelectrical
imaging is given here. For more information see e.g. Binley and Kemna, 2005; Parasnis, 1986;
Reynolds, 1997; Takahashi, 2004.

Geoelectrical imaging is a relative fast and cost efficient method compared to other profiling
methods, e.g. seismic refraction. In order to correctly interpret the data, knowledge of the geological
setting e.g. anticipated lithology and groundwater level from geological maps, cores and borehole
geophysical measurements etc. is important.

Geoelectrical imaging is used for measuring the spatial variation in the resistivity of the subsurface.
The resistivity of the different geological materials differs greatly from about 10° Qm in minerals
such as graphite to more than 10" Qm for dry quartzitic rocks, see figure 4.1. Most rock forming
minerals are insulators so the resistivity of crystalline rock depends largely on the amount and
salinity of water present in fractures and the degree of weathering of the rock. (Binley and Kemna,
2005; Parasnis, 1986).
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Figure 4.1. Resistivity of different materials measured in Qm. The reciprocal of resistivity is
conductivity which is measured in mS/m. Modified from Palacky (1987).

When electrical resistivity measurements are done, a direct current is transmitted between two
electrodes and the potential difference is measured between two other electrodes, see figure 4.2.
The measurement results in an apparent resistivity value that depends on the subsurface conditions.
The convention today is to perform a large number of four electrode measurements along profiles or
over areas to achieve resistivity models as 2D sections or as 3D volumes respectively. This is normally
done using multi-electrode systems, i.e. Continuous Vertical Electrical Sounding (CVES). This is a rapid
approach for getting information of the spatial distribution of the resistivity in the sub-surface
(Dahlin, 1996).
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Figure 4.2. Principles of resistivity surveying (modified from Robinson and Coruh, 1988).

For an estimate of the actual resistivity distribution it is necessary to perform inverse modelling on
the measured apparent resistivity data (Binley and Kemna, 2005). Techniques for acquisition and
interpretation of resistivity data have been developing continuously during the last century.

Generally the depth of investigation of the method increases with increasing electrode distance. As a
rule of thumb the penetration depth for the most common arrays is in the range of L/6 to L/4, where
L is the distance between two outermost active current electrodes (Loke, 2004). However this is only
the case if the sub-surface is a homogenous which is rarely the case. The current will go through the
lowest possible total resistance on the path between the two current electrodes. For example a very
low resistive layer near the surface would prevent the current from penetrating deeper into the
ground. In this case the resolution of the deeper layer will be limited. In contrast, a very high
resistivity layer close to the surface would force the current down to a less resistive layer. The depth
of investigation thus depends much on the resistivity of the different layers as well as the largest
electrode distance.

Usually the resistivity data are measured as 2D profiles while the subsurface is 3D. Assuming a 2D
model can in some cases be problematic when it creates so called 3D effects in the resistivity data,
especially if the geology changes on a relatively small scale. In order to obtain the best 2D view, the
profiles should be perpendicular to the geological structures. With the development in computer
power and data acquisition, 3D surveys are becoming more common, and these do provide a more
complete image of the sub-surface.

4.2 Borehole geophysics

For obtaining detailed information from borehole geophysics numerous different logging probes
exist. Several of the large scale geophysical methods can also be used in boreholes (e.g. geoelectrical
imaging) but there are also additional methods available such as optical televiewer or caliper log. For
calibration of the models based on large scale geophysics it is important to remember the difference
in scale which may not always make it possible to compare large and small scale data.
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Strictly speaking borehole logging is an alternative or supplement to the analysis of drill cores and
cuttings. However, core drillings are often preferred because of the possibility of continuous analysis
of the rock formation over a given interval, but economic and technical problems limit the use of
cores. Coring takes time, and is therefore expensive. A core drilling is about five times as expensive as
a percussion drilling (Swedish prices 2010, without mobilization/demobilization (Bjelm, 2010)). In
many soft and friable rocks, e.g. in clay weathered rocks it might only be possible to recover part of
the interval cored. Geophysical logging gives in situ measurements which are of great value when
there is poor or no core recovery. Cuttings, extracted from e.g. percussion drillings, are one of the
largest sources of subsurface sampling. However, the reconstruction of the lithological sequence
from cuttings is imprecise due to the problem of exactly associating a depth with any given sample. It
also demands skilled personnel to determine the lithology and weathering from the small cutting
samples. Although most well logging techniques do not give direct access to the rock samples, they
do, however by indirect means, provide continuous, in situ measurements of parameters related to
lithology and other rock properties of interest (Ellis and Singer, 2007).

If core recovery is poor, borehole geophysics will help clarify if it is due to e.g. weathering or
fractures. It is thus important that borehole geophysical data is stored for later re-interpretations.
Cores should also be stored, but the moisture will disappear and new fractures may occur. Normally
cuttings from the percussion drilled holes are sampled every metre or every third metre and give a
useful overall impression of the variations in the borehole. The moisture will also disappear from the
cuttings. The borehole geophysics will on the other hand always show the conditions in the borehole
when the data was recorded.

In the following a very brief presentation of the different logging probes used in paper 3 and 4 is
given. For more elaborate information the reader is referred to literature (e.g. Daniels and Keys,
1990; Ellis and Singer, 2007; Ernstson, 2006; Howard, 1990; ISRM, 1981; Paillet and Ellefsen, 2005;
Rasmussen and Bai, 1987; Schepers et al., 2001; Segesman, 1980).

4.2.1 Natural gamma log
Natural gamma logging is a passive logging technique where the natural gamma-ray intensity of the
formation along the borehole is measured. The gamma photons are mainly produced by decay of

281) and thorium (**2

radioactive because of the large content of potassium. On the other hand amphiboles and quartz are

naturally occurring potassium (*°K), uranium ( Th). For example K-feldspars are
not radioactive. Thus gneiss is more radioactive than amphibolites (Ernstson, 2006; Nielson et al.,
1990). The radioactivity is often measured in count per second (cps).

4.2.2 Caliper log

The three-arm caliper measures variations in borehole diameter with depth. The diameter is
determined by three mechanically coupled arms in contact with the borehole walls. The use of a
caliper tool to locate fractures requires the fractures to be either open or sufficiently enlarged by
drilling, e.g. clay weathered rock can be washed out, to permit a change in borehole diameter to be
detected by the tip of the caliper arm (Howard, 1990). The measurements are done when the tool is
pulled up the borehole. The caliper probe is equipped with a gamma detector for depth matching.
The borehole diameter is given in mm.
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4.2.3 Long/Short Normal Resistivity log

The resistivity log is the oldest logging method and was first used in 1927 by the Schlumberger
brothers and H. Doll (Ellis and Singer, 2007). The measured physical property is the same as for
geoelectrical imaging (Chap. 4.1). There exists several different instrument setups but in this thesis
the short and long normal resistivity logs are used. The probe has a current and two potential
electrodes with different intervals of 16” (short) and 64” (long). The distance between current and
potential electrodes determines the depth of penetration. The larger the distance between the
electrodes, the deeper into the formation the current can penetrate which also depends on the
resistivity of the rock. The drawback with the larger penetration depth is that small zones are not
detected. Water is necessary in the borehole for the measurements to be performed and they
cannot be done in cased boreholes (Parasnis, 1986). The probe is equipped with a gamma probe for
depth matching.
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5 Geoelectrical methods applied at Hallandsas Horst, Sweden

In the following sections examples are given on the applicability of geoelectrical methods and other
geophysical data at different scales (Chap. 5.2-5.4) and for different purposes. The natural flow in
pre-investigation is top-down thus the investigation begins with large scale measurements and
continues into more and more details. All the data presented in this chapter and in the papers
originates from the Hallandsas Horst, Southern Sweden (Fig. 5.1), where a 7 km long geoelectrical
imaging profile measured along the tunnel in 1998 gave important information about three large
weak zones (Fig. 2.6). However, additional geoelectrical and ground based magnetic measurements
were performed within this research project (Chap. 5.2, paper 1) with the purpose of answering
some of the key questions (Tab. 3.1) and thus make a more reliable geological model by combining
different geophysical methods. This was done in a more detailed scale (10—-100 m) than the 1998
measurements. By performing geoelectrical measurements between two horizontal boreholes (Chap.
5.3, paper 2) data at a smaller scale (<10 m) were obtained. However the purpose of this work was
mainly to develop a methodology for measuring in horizontal boreholes at an actual construction
site. Geophysical borehole logging (Chap. 5.4 and 5.5, paper 3 and 4) uses different geophysical
methods for providing information in an even smaller scale (<1 m). The information can be used for
calibration of the results from the surface geophysics and increases the reliability of the engineering
geological prognosis. In chapter 5.5 and paper 4 the search for an explanation to ambiguous
resistivity readings has made it necessary to investigate at even finer detail (mm-scale). During the
different stages in a project it is essential to have a dynamic process where the engineering
geological prognosis is continuously updated when new information is obtained. Therefore the data
measured in 1998 is re-processed and compared with the tunnel documentation (Chap. 5.6) in order
to learn from the tunnel construction and use that in the following construction work. The
experience from the work with the geoelectrical method at the Hallandsas Horst is a natural basis for
estimating the probabilities used in the VOIA in chapter 6.

Even though the Hallandsas Tunnel is under construction all data presented in this chapter should be
seen as part of a pre-investigation. From a research point of view the advantage with the project is
that there exist large amounts of data for correlation. In the following, only the main results from
paper 1-5 is shown and discussed, and the reader is referred to the papers for further details.

5.1 Geological setting

The Hallandsas Horst, located in Southern Sweden (Fig. 5.1), is the result of a tectonic activity that
has been ongoing since Silurian times. The uplifted blocks have a NW-SE orientation and occur in the
Tornquist Zone. This tectonic element stretches all the way to the Black Sea (Wikman and Bergstrém,
1987). The Hallandsas Horst is 8-10 km wide, 60—80 km long and reaches an elevation of 150-200
metres in the tunnel area.

Crystalline Precambrian rocks and gneisses presumably of intrusive origin compose most of the
bedrock, whereas sedimentary rock covers minor areas. Amphibolites of several generations occur
where the oldest often are seen as minor layers or schlieren parallel to the layering in the gneisses.
The younger amphibolites have distinct contacts and cross cut older structures. These younger dykes
are commonly oriented in a NNE-SSW direction (Wikman and Bergstrom, 1987).
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The bedrock is also intruded by a set of younger dolerite dykes with their trend parallel to the
Scanian horsts (Wikman and Bergstrém, 1987). These dolerite dykes are seen as very distinct linear
positive anomalies on the aeromagnetic map (Swedish Geological Survey, 1981). On the
aeromagnetic maps it is even possible to see a NNE-SSW and NE-SW oriented fracture systems
because they disconnect the positive anomalies associated with the dolerite dykes. The dominant
fracture system is oriented in NW-SE direction corresponding to the Tornquist Zone. Another distinct
fracture system has a NNE-SSW direction and is younger than the NW-SE system. Substantial deep
weathering of the bedrock began during Triassic and continued periodically during the Cretaceous
and to the present day. This resulted in weathering of bedrock to mainly kaolinite. The weathering is
documented in drill cores from the area (Wikman and Bergstréom, 1987).
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Figure 5.1. Left: Map of Southern Sweden showing the position of the investigated area and the
outline of the Tornquist Zone (STZ). Right: Map of northwestern part of the Hallandsds with position
of the core drilled holes KB5336, KB5450, KB6105 and the percussion drilled hole MK28. The CVES/IP
profile is measured between KB5336 and KB6105. Maps are modified from Graversen (2009),
Lantmdteriverket (2001) and Liboriussen et al. (1987).
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5.2 Geoelectrical and IP imaging used for pre-investigation at a tunnel
project

At the Hallandsas Tunnel geoelectrical and induced polarization (IP) measurements have been
performed together with ground based magnetic measurements as part of this research project. The
purpose of the investigations was to follow up on the geoelectrical data measured in 1998 and do a
more detailed study of the selected area. By this some of the key questions regarding rock type,
weathering/rock cover and water should be answered. The work was presented as a conference
proceeding Geoelectrical and IP imaging used for pre-investigation at a tunnel project (paper 1).

A 900 metre long resistivity and IP profile was measured using the pole-dipole array to obtain a
larger median depth of penetration (Fig. 5.1). The measured data was inverted in the program
Res2dinv using robust inversion. The magnetic profiles cover only 480 metres from x = 400 to x = 880
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(Fig. 5.2). Two existing core drillings (KB5336 and KB5450) as well as geological maps were available

as reference data.
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The resistivity, IP and magnetic measurements can be seen in figure 5.2. Based on the resistivity data
the investigated area can be divided into two sections. The northern most has a higher resistivity due

to fewer fractures and the southernmos
magnetic data adds information on a do

t has slightly lower resistivity and more fractures. The IP and
lerite dyke occurring in the area and locates it with high
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precision (x5 m). If the position should be even more precise, modelling of the magnetic anomaly
could be done. The dolerites in the area are known to contain high amounts of water in the fractures
in the contact to neighbouring rock (Wikman and Bergstrém, 1987), thus the location of the dolerite
is important with respect to water content. Combined with reference data from core drillings (Tab. 1
in paper 1) and general information about the geological setting a geological model is compiled (Fig.
5.3). By combining the different types of data a more detailed and reliable geological model can be
compiled and the key questions answered.

Unfortunately the boreholes were drilled prior to the geophysical survey, and thus the boreholes are
not positioned optimally for the present study. However the information from the boreholes still
contributes with information about e.g. lithology and fracture frequency. With the borehole
information the uncertainty of the geological model is reduced, but could have been further reduced
if the boreholes would have contributed with information from the area at x = 600 m where there is
a high IP effect.

0 100 200 300 400 500 600 700 800 900

1201
!

30 Levelfmas ]
Figure 5.3. Detailed geological interpretation of the 900 metre profile.

When new information is obtained the geological model should be evaluated and updated if
necessary. Thus the geological model in figure 5.3 should be updated with the information from the
geophysical logging of KB5336 (Fig. 5.5). The geophysical logging (Fig. 5.5) confirms the low resistivity
(<600 Om) at a depth of 40 metre (160 m.a.s.l.) which is due to fractures and weathered rock. Below
this depth the rock is less fractured which is also reflected by higher resistivity to a depth of 120
metre (70 m.a.s.l.). Beneath this depth the borehole geophysics shows that the rock is highly
fractured and weathered. As a consequence the geological model can at this depth be updated to
contain fractured and weathered gneiss/amphibolite. The borehole geophysics is measured to below
the tunnel level and can therefore contribute with information where the geoelectrical imaging is
more uncertain due to lower resolution. That the rock is more fractured and weathered at tunnel
depth is important information which would have been overlooked if only the geoelectrical imaging
was used. So by adding the information from the detailed borehole geophysics the uncertainty in the
interpreted geological model is reduced. If possible a joint inversion (modeling) of all types of data
would be ideal.

Geoelectrical and IP imaging in combination with ground based magnetic measurements and
geophysical and geological borehole information are useful in the design/production planning stage
for compiling a geological model of the subsurface. The continuous geophysical measurements
should be performed prior to drillings with the purpose to make a targeted and optimized drilling
campaign and perhaps even reduce the number of drillings.
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5.3 Numerical modelling of resolution and sensitivity of ERT in horizontal
boreholes

Resistivity measurements in horizontal boreholes can give useful detailed information about the
geological conditions for construction in rock, i.e. in front of a tunnel boring machine. This paper
attempts to identify a suitable methodology for this type of geophysical measurements for an
effective measuring routine under actual construction site conditions. The results from this study can
be seen in the paper titled Numerical modelling of resolution and sensitivity of ERT in horizontal
boreholes in paper 2. ERT is an abbreviation for Electrical Resistivity Tomography.

Prior to any measurements numerical modelling was done in order to evaluate the resolution of four
different electrode arrays and a combination of the arrays. The sensitivity to inaccurate borehole
geometry and the influence of water in the boreholes was also investigated.
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Figure 5.4. The inversion results in a greyscale from the resistivity measurements using different
electrode arrays. The boreholes are seen from above with the tunnel wall to the right in the figure.
The left borehole, seen from the tunnel, is marked with L and the right borehole with R. The heavy
black lines show probable structures. a) Cross-hole dipole-dipole array, b) Gradient array, c)
Combination of gradient and cross-hole dipole-dipole. Grey circles mark the position of the electrodes.
The electrode separation is 0.5 metre.

Based on the model study the AB-BN array, multiple gradient arrays and a combination of these were
found to give the best result and therefore were used for test measurements in horizontal boreholes.
The boreholes were 28.5 metre long and drilled 6.5 metres apart. Prototypes of semi-rigid borehole
cables made it possible to insert multi electrode cables in an efficient way, allowing fast
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measurement routines. These measurements were then studied to determine their accuracy and
applicability.

Unfortunately the boreholes used for the test measurements were not core drilled so no direct
information was available for the interpretation of the data. Instead the indirect information from a
horizontal core drilling, called NAO1, drilled perpendicular to the test holes was used (Fig. 11 in paper
2). The drilling report (left out here) showed that where it crosses the two test boreholes the
lithology is gneiss. The geological structures here intersect the tunnel at an angle of 65—70°. This
information together with the data from NAO1 gives a rough estimated position of fractures and
formation changes in the test boreholes.

By comparing the measured result (Fig. 5.4) with the estimated position of the structures found in
NAO1, it is clear that no fractures are resolved by the resistivity method. The fractures may be too
narrow to be resolved or the resolution of the data may be insufficient. The data are most likely also
influenced by 3D effects.

The transition from high resistivity to lower resistivity is interpreted as a change in lithology from
gneiss-granite to gneiss. The mineral composition of the rock mass is different and probably most
important is that the gneiss-granite contains fewer fractures than the gneiss (Wikman and
Bergstrom, 1987). This probably explains why the gneiss-granite has a higher resistivity than the
gneiss. The low resistivity zone close to the tunnel wall is most likely caused by the shotcrete at the
tunnel wall, which contains steel fibre reinforcements. In addition there might be rock
reinforcements, e.g. rock bolts, which could affect the result. In an actual production phase shotcrete
and rock reinforcement will not influence the measurements when performed in the tunnel front
because they will not yet have been applied.

An important outcome of this study was that the prototype of the semi-rigid cable proved to work
well. For production measurements it is suggested that electrode cables with an integrated glass
fibre rod would work well. Measuring of reciprocal data for data quality assessment is suggested at
least in a test and development phase. For a better data evaluation it would be worthwhile to obtain
accurate reference data by making measurements in core drilled boreholes so that the resistivity
results can be compared to the borehole logs. A further optimization of the protocol files is also vital,
and in particular a study of the different 2D sensitivity patterns is considered to be essential. It would
be interesting to do the measurements between more than two boreholes and to reduce the
distance between the holes. In this case 3D inversion would be useful.

5.4 Borehole geophysics provides detailed information in pre-investigation
for rock tunnel construction

The scope with this paper is to show that borehole geophysics can give detailed information of
lithology changes, fractures and weathering of crystalline bedrock. The work is presented in the
paper Geophysical logging for enhancement of borehole information in pre-investigation for rock
tunnel construction (paper 3).

In two core drilled boreholes at the Hallandsas Horst, geophysical logging was performed in order to
evaluate the resolution and usefulness of the method. For evaluation the logs were compared with
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the cores. The result suggests that logging of non-cored boreholes potentially reveals very useful
information especially when there are a few cored drill holes to correlate with. As an example
geophysical logging was done in a percussion drilled borehole in the same area. The experience from
the logging in the core drilled holes was then used for the interpretation. Only the result from the
logging of KB5336 will be shown here in chapter 5.4. For the results from the logging of KB6105 and
MK28 the reader is referred to paper 3.
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Figure 5.5. Lithological and petrophysical logs of KB5336. The identified occurrences are abbreviated
fracture (f), weathering (w), joint set (js).
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In KB5336 (Fig. 5.5) the natural gamma log show lower counts in the amphibolite than in the gneiss.
The caliper log shows several irregularities where the diameter of the borehole increases in a short
interval. These intervals coincide with the intervals where the short resistivity log has low resistivity.
Examples are at 53 m, 80 m and 104 m where especially the short resistivity log has large
divergences. The resistivity differs between 10 Qm and 10 000 Qm. In the first 120 m of the borehole
the resistivity is mainly high (10 000 Om) but with narrow areas with low resistivity (1 000 Qm).
Below 134 m the short resistivity log changes character and is dominated by lower resistivity (<1 000
Qm). The visual observations showed that the low resistivity intervals coincide with fractures and/or
joint sets. The fractures are often clay filled due to weathering. The high resistivity coincides with
intervals with fresh rock without any fractures. The change in the behaviour at 134 m (Fig. 5.6A) was
clearly due to higher fracture frequency and even a second fracture direction. The photograph in
figure 5.6A shows an example of fractures, joint sets and clay weathering in KB5336 at 135 m. In
figure 5.6B the fresh amphibolite in KB6105 at 88 m is seen.

From the logging in the core drilled boreholes the obtained experience can be used when
interpreting the logging results in the percussion drilled borehole. The visual inspection of the cores
from KB5336 and KB6105, illustrated by the photographs in figure 5.6, shows clearly that fractures,
joint sets, weathering and in some cases even lithology change can be identified by geophysical logs
in crystalline rock. Generally KB6105 contains less fractures and weathered zones than KB5336 which
is seen in a steadier resistivity and calliper log signal. Only a few joint sets and weathered zones were
observed in KB6105. With the experience from the core drilling in mind the interpretation of the
logging result of the percussion drilled MK28 becomes more detailed and less uncertain.

Figure 5 6. A) KB5336: highly weathered and fractured rock at 135 m. B) KB6105: fresh amph/bo//te at
88 m (the author broke the core in order to take a sample).

The different logs respond to different physical properties and in this case the three types of
geophysical logs have the following characteristics:

Natural gamma: Low count when the lithology is amphibolite or dolerite and high count when the
lithology is gneiss. The gneiss contains potassium rich minerals as K-feldspar and biotite and thus the
gamma log has a higher count in these parts. This is regardless of fractures. It is however not possible
to distinguish between amphibolite and dolerite, because mineralogically they are similar but with
different texture.
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Caliper: Increased diameter in a limited interval indicates fractured rock and the wider peaks are
joint sets and weathered zones.

Normal resistivity: Low resistivity (800—2 000 QOm) indicates where the rock is fractured and/or
weathered. A high resistivity (>6 000 Qm) indicates a homogeneous rock.
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Figure 5.7. The geophysical log and interpretation of the percussion drilled borehole MK28. The
lithology to the left is the observations from the drilling of the borehole. The lithology to the right is
an interpretation based on the gamma log. The interpreted occurrences are based on the caliper and
the resistivity log and are abbreviated fracture (f), weathering (w), and joint set (js). Additionally the
caliper and the resistivity log are divided into six zones, A to F, based on their different characteristic.
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With this in mind the logging result of the percussion drilled borehole MK28 (Fig 5.7) can be
interpreted with a higher degree of certainty.

A lithological description done at the drilling site is relatively detailed and is based on the drill
cuttings (< 2x2 cm). This demands a very skilled driller and/or geologist at the site. Thus there might
be some uncertainties in the determination of the lithology and the position of the different
lithological contacts. An advantage with logging is that it is in situ measurements and that the data is
recorded, so that any ambiguity in the result it can be viewed by more than one person. In MK28
some inconsistencies exist between the depth and presence of amphibolite/dolerite. Because logging
is in situ measurements the gamma log gives a precise position and thickness of the
amphibolites/dolerites. It is obvious that the discrepancy is due to the difficulties of determining the
correct depth from cutting samples.

Due to the drilling method used in MK28 the caliper log has much larger variations than the core
drilled boreholes. Consequently the log detects more fractures and irregularities. Some of these
could have been introduced by the drilling method. Combined with the resistivity log, the location of
the fractures and weathered zones becomes more certain. In those parts where the caliper log shows
a larger borehole diameter and simultaneously the resistivity is decreased there is probably a
fractured/weathered zone.

The division of zones in MK28 (Fig 5.7) helps in characterizing the rock, with a different character in
each zone. It can be expected that the rock has different mechanical properties in the six zones. The
properties in the different zones are summarized in table 5.1.

Table 5.1. The characteristics of the six different zones A-F in MK28.

Zone Characteristic
A Few fractures
B Several lithology contacts —

might contain water

C Changing quality

D Very fractured + weathered —
lithology change

E Fractured + weathered

F No fractures

Borehole geophysics can contribute with information about lithology, structural and rock mechanical
properties. The borehole geophysics can also be used to calibrate the results from surface geophysics
and should therefore be an integrated part at all stages in the pre-investigation. It can be
recommended that borehole geophysics is done in the cheaper percussion drilled holes and thereby
be a good alternative to the expensive core drilled holes. The logging probes used in the three
boreholes is generally standard and part of most logging equipment. They provide useful information
but additional logging probes could be used to give additional information. For example the sonic log
that involves high frequency P-waves or acoustic waves can be used to obtain a detailed velocity
profile along the borehole. The velocities of P- and S-waves obtained can be used to calculate the
dynamic modulus of elasticity (Takahashi et al., 2006). Another logging probe which could be used
with great advantage is the optical televiewer. The optical televiewer provides a continuous and
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oriented image of the borehole wa
and strike as well as a visual image

5.5 Geophysical logging as
crystalline rocks
Even though the logging of a cored

IIl. This gives information about fracture condition, orientation, dip
of the rock surrounding the borehole (Paillet and Ellefsen, 2005).

a tool for identifying initial weathering in

drill hole gives many answers, there are however unanswered

guestions and it can become necessary to go into even more detail to get a clear answer.

The scope of this paper is to show how even low degrees of weathering of rocks affects the
geophysical log response, by means of microscopy, point counting and logging. This was done on
gneisses and amphibolites from two drill cores from the Hallandsas Horst. The work is presented in
the paper Geophysical logging as a tool for identifying initial weathering in crystalline rocks (paper 4).
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Figure 5.8. Lithology, gamma and resistivity logs for A) KB5336 and B) KB6105. The investigated
amphibolites are highlighted with a ring. The positions of the samples are marked with the symbols

used in figure 5.10.
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The original cores were placed on the ground in one succession and afterwards inspected visually.
The core observations and details in the rock classification were documented by photographs, (Fig.
5.9). Finally, representative samples of the different rock types and rocks with unexplained resistivity
anomalies were taken for thin sections.

The geophysical logging is supported by microscopy and point counting to evaluate the weathering
stage and to quantify the mineral content. The point counting was done on thin sections by using a
point counter and registering the mineral phase for every 0.7 mm in both x and y directions. The
accuracy of the point counting ranges from 1 to 3% depending on how common the mineral is. For
documentation microphotographs of the thin sections were done at 2.5 times magnification.

The core observations showed that the low resistivity intervals coincide with weathering, fractures
and/or joint sets that occasionally were clay filled. The high resistivity corresponds with intervals of
fresh rock, both gneisses and amphibolites, without any fractures (Fig. 5.9).

The resistivities of the amphibolites in KB5336 (Fig. 5.8A and 5.9A) are around 7000 Qm whereas the
resistivity of the amphibolite and dolerites in KB6105 (Fig. 5.8B and 5.9B) are around 2000 Qm.
Further the resistivity is constant within amphibolite layers in KB5336 whereas it fluctuates in the
amphibolite and dolerite layers in KB6105. The two boreholes are only separated by 770 metre so
the large difference in resistivity is ambiguous. In both cases the amphibolites seemed to be fresh
with no weathering and only few fractures or joints (Fig. 5.9). The overall theory is that the
differences in resistivity in a lithological unit are caused by fractures and/or weathering. No obvious
difference in the mineralogy or texture was observed that could explain the large difference in
resistivity and can thus be ruled out as an explanation. But why is there a large difference in the
resistivities of two apparently similar amphibolites? The visual inspection could not provide an
explanation. Is this due to differences in mineralogy of two different generations of amphibolites? Is
it conductive microfractures? Or weathering of minerals? Therefore the petrography and the mineral
composition were investigated.

No obvious and visual explanations were found during the inspection of the core, thus samples were
taken for petrographic investigations. Three samples of the amphibolite from KB5336 and 2 samples
of the amphibolite from KB6105 were taken. Additionally, one gneiss sample was taken from each
core. The positions of the samples of the amphibolites are shown in figure 5.8.

Figure 5.9. A) Unweathered amphibolites with joints at 130 metres depth in KB5336. B) Apparently
unweathered amphibolites with no joints from KB6105 at 88 metre.
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Mineral content in amphibolites
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Figure 5.10. The mineral content [%] in the amphibolites. The minerals are abbreviated as follows:

plagioclase (Pl), hornblende (A), pyroxene (Px), garnet (G), quartz (Q), biotite (B), opaque (O) and
other minerals (Other).

The initial petrographic investigation indicated that all the amphibolites are mainly comprised of
plagioclase, amphiboles, pyroxenes, garnet with accessory quartz, biotite and an opaque phase
probably low resistive oxides or sulphides (Fig. 5.11). However, the point counting showed very little
variance in the mineral content (Fig. 5.10, Appendix A in paper 4). Based on this it can be ruled out
that the difference in resistivity of the studied amphibolites is a result of difference in the primary
mineral content.

The microscopy of the thin sections showed microfractures in sample 1, 3 and 5. The fractures were
probably filled with ironhydroxides or chlorite. Opaque minerals occur as isolated crystals (Fig. 5.11).
In sample 4 and 5 several of the pyroxenes appears to be altered (Fig. 5.11B) compared to the
pyroxenes in samples 1, 2 and 3 (Fig. 5.11A).

- "'\‘i - 8 v o . %
Figure 5.11. Microphotographs of A) an unaltered amphibolite from sample 2 and B) altered
amphibolite from sample 5. The minerals are abbreviated as follows: plagioclase (Pl), amphibole (A),
pyroxene (Px), garnet (G), quartz (Q), biotite (B), opaque (O)and altered (Alt.).

Oxides and sulphides are conductive minerals and would thus lower the resistivity of the rock
(Carmichael, 1989). However, the opaque phase occurs as isolated crystals and therefore is not the
reason for the lower resistivity of the amphibolite in KB6105 (Fig. 5.11). If the opaque phase should
decrease the resistivity of the amphibolite significantly, it should form an interconnected conducting
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network. Such a network could be formed by microfractures probably filled with ironhydroxides and
chlorite which are present in the studied amphibolites. However, microfractures are present in both
the high and the low resistivity amphibolites and thus can not explain the difference in resistivity.

Initial weathering and alteration on the other hand can explain the lower resistivity of the
amphibolites and dolerites in KB6105. This is evident from commonly altered pyroxenes in the
amphibolite in sample 5 in KB6105, in particular in the bottom part of the amphibolite. The
pyroxenes have clearly been hydrated forming new hydrous minerals along the edge and cleavage
planes of the crystals. Hydrous minerals are more conductive than non-hydrous silicate minerals and
have therefore lowered the resistivity of the weathered amphibolite. Simultaneously minor hydrous
minerals have precipitated along grain boundaries, thus forming a conductive network able to
decrease the resistivity of the amphibolite. The weathering was most likely initiated during uplift of
the Hallandsas Horst, in this particular case, by introduction of water into the lithological contact
between the bottom part of the amphibolite at sample 5 in KB6105 and the underlying gneiss.

This example shows that by going into details an explanation can be given to what seems to be
artefacts in the geophysical data. The more knowledge obtained about the ground conditions the
better. Even though the alteration of the minerals were not visible to the naked eye, it could become
significant for the mechanical properties of the rock.

5.6 Comparison of geoelectrical imaging and tunnel documentation at the

Hallandsas Tunnel, Sweden

The results in the previous chapters show that in a pre-investigation geoelectrical imaging and
borehole geophysics provide useful information about the rock properties. However it is important
to evaluate the data as the project progresses, because by calibrating with e.g. tunnel documentation
the interpretation of the geophysical data can become even more certain. Thus the interesting
question is: what else can be resolved by geoelectrical imaging? This is investigated in the paper
Comparison of geoelectrical imaging and tunnel documentation at the Hallandsds Tunnel, Sweden

(paper 5).

The evaluation is done by comparing the electrical imaging with tunnel documentation from the
completed part of the Hallandsas Tunnel. The documentation includes information on e.g. rock type,
weathering, water leakage, RQD and fracturing. (For more information about these parameters the
reader is referred to paper 5). The comparison is done merely by visual evaluation of three different
sections of the tunnel referred to as North, South and TBM in the following section. The distance
between the centrelines of the two tunnels is 25 metre.

In figure 5.12 the tunnel documentation gathered in front of the TBM is compared with the resistivity
data from the same section. The mapped data were rock type, RQD, block size, weathering, rock class
and water leakage. The resistivity data are shown as the full model and as sub-models extracted at
60 metres and 25 metres above sea level. To make the evaluation of the results easier, different
resistivity zones are marked with a letter and a number. The data are divided into three categories
i.e. low (L), intermediate (I) and high (H) resistivity. The three categories cover the same resistivity
interval in all three tunnel sections. The concept is to focus on the change in resistivity, e.g. from high
to low, and not on the specific numerical value of the resistivity.
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Figure 5.12. Visualization of resistivity and mapped data from the southern part of the Hallandsds
rock type, RQD, block size, weathering, rock class and water leakage. The resistivity data are shown
as full model and as sub-models extracted at 60 metre and 25 metre above sea level. The low resistive
zones are marked with L7, L8 and L9. High resistive zones are marked with H4 and H5. The areas with
intermediate resistivity are marked 14, 15 and 16. Here the tunnel base is at approximately 15 metre

tunnel. The mapping is done in front of the TBM at every operational stop. The mapped data were

above sea level.
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In this part of the resistivity section three low resistive zones are identified. Only L7 and L9 are visible
in both levels (Fig. 5.12). Two high resistive areas and three areas with intermediate resistivity are
detected. In table 5.2 the corresponding properties from the tunnel documentation are summarized.

Table 5.2. Dominant properties of the rocks with corresponding low (L), intermediate (1) and high (H)
resistivity sections for the TBM drilled part of the tunnel. The most likely explanation to the resistivity
value in the interval is indicated with bold italics.

Resistivity Rock type RQD Weathering Water

L7 Several contacts 25-50 w1 Int. but increased
L8 Gneiss/Amph. 25-50 w1 Intermediate

L9 Gneiss 0-25 W2 No values

H4 Gneiss 25-50 w1 Low

H5 Gneiss 50-75 w1 Low/Very high

14 Amphibolite 25-50 w1 Int./high

15 Gneiss 25-75 w1 Int./No values

16 Amphibolite 25-75 w1 Intermediate

The comparison of resistivity data and tunnel documentations from the Hallandsas Tunnel shows
that changes in resistivity in most cases is related to some kind of change in rock conditions (see
figure 5.12 and table 5.2 and figure 3 and 4 in paper 5). High resistivity corresponds well with good
quality gneiss as the dominant rock type. In general low resistivity corresponds to a varying lithology
with several fractured contacts or merely rock with a poor quality (RQD<25). The intermediate
resistivity often coincides with areas of amphibolite with an average RQD of 25-75 (fair quality).
Danielsen and Madsen (2010) (and chapter 5.5) showed that intermediate resistivity in amphibolite
indicate initial weathering of pyroxenes which can be expected to weaken the rock.

The results in figure 5.12 and figures 3 and 4 in paper 5 also show that in some cases the
intermediate resistivity corresponds to increased water content. The presence of water can decrease
the resistivity of a rock with an otherwise fair rock quality. As an example, very large amounts of
water can originate from a single fracture and this is not synonymous with a low RQD. This clearly
shows the ambiguity of geoelectrical imaging. Although in most cases there is a correlation between
resistivity and rock conditions, there are also exceptions.

A disagreement in correlation between resistivity and rock conditions may have several different
causes. The tunnels are only separated by 25 metres and even so there is still a significant difference
between the lithology and rock properties documented in the eastern and western tunnels,
emphasising the high variability in the rock mass properties. Thus 3D effects in the resistivity data
should be expected. Another issue is the difference in the scale of the data. The tunnel
documentation shows every small change in the rock conditions. For the resistivity method to be
successful a zone has to be sufficiently large and have large enough contrast in the physical
properties, otherwise it will show an average of the zones. A complicating factor in this particular
tunnel project is that the tunnel is situated at great depth giving poor geophysical data resolution at
tunnel level. Lack of resolution can cause a low resistivity body at a shallower depth to apparently
extend down to tunnel level. The resistivity data are measured at the ground surface, 120 —150 metre
above the tunnel. Therefore these data have a much lower resolution at tunnel level than the
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detailed tunnel documentation. A zone can be too narrow to be visible in the resistivity data if the
resistivity contrast with the surrounding rock is not sufficiently large. Longer layouts and a pole-
dipole array would give a larger penetration depth and a better resolution at tunnel level.
Furthermore, non-symmetrical arrays, such as pole-dipole and multiple gradient arrays, are better at
resolving dipping structures than the Schlumberger and Wenner arrays. The latter tend to image
inclined structures as vertical. A drawback, however, is that the field logistics are more complicated.
In the mapping of the tunnel there is also the human factor to acknowledge. The mapping of RQD,
weathering and lithology is a quasi-subjective assessment done by geologists at the tunnel site. There
is no big difference in rock mass properties if the rock has a RQD of e.g. 28 or 23 but it means that
the conditions look more serious in the plot intervals used in this study. So the mapping is somewhat
subjective and might bias the results in some parts.

For the Hallandsas Tunnel project it was important to get information from geoelectrical imaging for
the three large weak zones with problematic rock quality (Dahlin et al., 1999; Sturk, 1998). These
main features are unmistakeably the most important findings from the geoelectrical imaging at the
Hallandsas Horst. However it is probable that more information, useful for construction, can be
extracted from the remaining part of the 2D profile. The comparison of resistivity data and tunnel
documentations shows that changes in resistivity in most cases are related to some kind of change in
rock conditions. It is shown here that the size of the structures resolved is on a scale of tens of
metres and that the resistivity values are ambiguous, therefore the interpretation of the results is not
always fully correct. Although the ambiguity of the resistivity cannot be resolved, the method still
gives information which was not previously known and could contribute with important information
for the engineering geological prognosis. In combination with other investigations, e.g. geophysical
logging or ground based magnetic surveys, the ambiguity and uncertainty might be further reduced.

5.7 Summary and discussion

The results from the five studies at different scales elaborate the benefit of using geoelectrical
methods in combination with other geophysical methods in pre-investigation for tunnel construction
in hard rock. In table 5.3 the most important results from the five papers are summarised. The
purposes, and thus the key-questions, are important to keep in mind when evaluating the results
from the different studies. The geoelectrical method contributes with valuable information about
changes in rock quality, i.e. fractures, weathering and lithology changes. In combination with other
methods and by calibration with data measured in a smaller scale an engineering geological
prognosis with a greater reliability can be compiled. The study also showed that data measured in
the pre-investigation can be used later on in the construction work and give useful information as the
work progresses.

The work with the geoelectrical method used at the Hallandsas Tunnel will form a basis for the VOIA
developed in chapter 6. In the VOIA the probability that the geoelectrical and magnetic methods
detect weak rock has to be estimated and for this the experience from the measurements is used.
For this the comparison between geoelectrical imaging and tunnel documentation is an important
part but also the more general impression of what the method is capable of in a hard rock
environment is essential. The VOIA can be used to better plan future pre-investigations.
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Table 5.3. Summary of the most import results from paper 1-5.

Paper | Scale Purpose Results

1 10-100 m | Compilation of detailed and more | Geoelec: fractured rock,
reliable geological model IP/magnetic: dolerite,
answering some of the key Geophysical logging: support the
questions interpretation in part where resolution

is poor.

2 <10 m Development of prototype for Geoelec: lithology change.
geoelectrical measurements in
horizontal boreholes

3 <lm Detailed information for Geophysical logging: lithology change,
increased reliability of geological | fractures, weathering, good alternative
model and calibration of surface | to boreholes. Data for correlation and
geophysics verification of surface data.

4 mm Explanation for ambiguous Microscopy: alteration of minerals,
resistivity of amphibolites initial weathering.

5 10-50 m Comparison of geoelectrical Geoelec: changes in resistivity ~

imaging data and tunnel
documentation in an ongoing
construction project. Lessons to
be learned and brought forward
in the project

changes in rock quality. Low res ~
several contacts, low RQD, fractures.
High res ~good quality gneiss. Int. res ~
amphibolite with fair quality (RQD =
25-75).
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6 FrameworKk for the application of Value of Information Analysis
Developing a tunnel project involves many unknown factors and uncertainties which implies a
considerable risk. But decisions have to be made through the whole project and thus risk
management and decision analysis become important tools. In risk management and decision
analysis the probable risks which can be encountered in a project are identified and a strategy for
how to handle the risks is established. Several researchers have worked with decision making and
tunnel construction e.g. Degn Eskesen et al. (2004), Einstein et al. (1978), Einstein (1996), Haas and
Einstein (2002), Karam et al. (2007a), Karam et al. (2007b), Min et al. (2008) and Van Staveren (2006).
In Sweden important research has also been done within the area e.g. Rosén (1995), Sturk (1996),
Sturk et al. (1996) and Tengborg (1998).

Even though innumerable examples can be given on how geoelectrical imaging has been useful in
pre-investigation it is not an obvious choice for decision-makers, because it might still be unclear how
to use the results. The results of the geophysical measurements usually have to be processed and
evaluated by a geophysicist and only the geophysicist knows the sensitivity and resolution of the
methods. Thus the engineer does not always have appropriate expectations of the advantages and
limitations of the geophysical methods. On the other hand the geophysicist does not always have
detailed understanding of what the engineer requires; e.g. at what scale information is needed. One
task for the engineer and the geophysicist is to find a common language (Danielsen, 2007). Value of
information analysis (VOIA) might be an approach for communicating with the decision-makers.

VOIA is an aid in decision-making in complex problems. It can help to create a rational design strategy
for investigation programmes. The method is based on Bayesian statistics and cost-benefit analysis
and is suitable for problems where different alternatives are evaluated and compared, e.g. the design
of an investigation programme when the number of measurements or investigations needs to be
determined. In VOIA the cost for new information is compared with the reduced risk for taking an
economically unfavourable decision. The cost and the time it takes to obtain better information must
be compared to what can be saved by modifying the investigation programme. New information is
only interesting when it can change the outcome of the decision and thus is of value for the decision-
maker. The cost of an investigation or measurement should be less than the expected savings;
otherwise the investigation should not be made (Back, 2006; Bedford and Cooke, 2001; Freeze et al.,
1992). Here VOIA is used for choosing the pre-investigation program best suited for the geological
environment.

In the petroleum industry the VOIA approach has been used for evaluating if seismic and controlled-
source electromagnetic data can reduce some of the uncertainty in the reservoir properties (Buland
et al., 2010; Eidsvik et al., 2008). However to our knowledge the VOIA approach has never been
applied to geophysical methods used in pre-investigations for rock tunnel construction. One of the
central tasks is to evaluate how good geophysical methods are at detecting problematic rock
conditions in otherwise good rock. Because, such an estimation can be biased (based on experience,
affiliation etc.), the approach is to ask geophysical experts to judge this in order to get a more
objective result. The experts use a number of simulations of possible rock volumes as a basis for
estimating the probability. The expert’s opinion is then, together with data from evaluation of real
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geophysical investigations, the foundation for the probability used in the VOIA. The example is
hypothetical but is inspired by the construction of the Hallberg tunnel in Sweden.

6.1 Theory

There are two predominant ways of conceiving probability. The traditionalists (also called
frequentists) consider probability as a frequency with which things occur in a long series of trials, e.g.
rolling a dice. The Bayesians on the other hand consider probability as a degree of belief and
therefore admit probability statements on states of nature. In this way states of nature are
considered as variables, and not unknown constants. This is consistent with engineering geology
which is heavily depending on observations and uncertainty of the observations. The expert might
have discretely sampled data (measurements) of how the state of nature is. Based on this the
engineering geologist is expected to make a statement about the state of nature without actually
having solid proofs. The engineering geologist makes an estimation of how the geological conditions
are and what events are probable (Baecher and Christian, 2003).

Tunnel construction is decision making under risk where pre-investigation should reduce the risk of
something unexpected happening. If the unexpected happens it will in most cases cost more time
and money than a thorough pre-investigation. However a thorough pre-investigation is no guarantee
that no problems will arise, because there is a probability that problematic zones are missed or
underestimated. Nevertheless is an optimised pre-investigation necessary for making the best
decisions with the information available in order to reduce the risk for unexpected geological
problems. In VOIA the data worth is assessed by comparing the cost of data collection with the
expected value of the risk reduction the data provides. The data worth assessment lead to a strategy
for a rational design of a field investigation program. Such a strategy must address the questions 1)
what to measure, 2) how many methods to use, succession of the methods and how many profiles,
and 3) where to make the measurements (Freeze et al., 1992; Norberg and Rosén, 2006).

Additional information should always aim at reducing uncertainties and the decision to make
measurements or change the design of the pre-investigation program is based on cost-effectiveness.
A pre-investigation program is regarded as cost effective as long as the expected benefit associated
with the new information is larger than the measurement costs. Another way of expressing this is
that measurements are only justified if the sampling has potential to change decisions (Andersson et
al., 2004). An insufficient pre-investigation will make it difficult to distinguish between nothing found
because there was nothing there or nothing found because of deficiencies in the site-investigation
(Back, 2007).

In a VOIA different action alternatives are considered and an objective function ¢;is applied for each
alternative j (Back, 2007):

®; = B; = G = P(F); - Ci;
(Eq. 6.1)

where B;is the benefit and C; is the investment cost. The last term is the risk term, where P(F); is the
probability of failure and Cg is the cost of failure. Failure could also be seen as an event or that
something unexpected occurs. In this particular VOIA, failure in the prior analysis is when the rock is
weak.
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By collecting more information (more measurements/drillings), the value of the risk term is reduced
and therefore the expected value of the objective function increases. The decrease in the risk term is
proportional to the probability of failure. The expected increase in the objective function, ¢;, is the
value of the pre-investigation (Back, 2007).
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Figure 6.1. The central parts of the VOIA (modified from Back, 2006).

The VOIA consists of a prior analysis and a preposterior analysis, see figure 6.1. A part of the
preposterior analysis is to calculate the value of new information. The VOIA only covers the planning
of the pre-investigation and no calculation of the posterior value with actual data is performed.
However the VOIA can be updated if another round of measurement is considered and in that case
any new information should be considered when the probabilities are estimated.

The prior analysis is solely based on the knowledge available before any pre-investigation is carried
out. It results in an expected total cost or benefit. The Bayesian inference allows the use of prior
knowledge, which is very important when there is little data. Prior knowledge might come from old
data (e.g. from before pre-investigation), or from some form of expert judgement (Bedford and
Cooke, 2001).

The prior value of the best decision alternative is calculated as the prior objective, ¢ior (Back, 2006;
Back, 2007):

d)prior =max (0,P(F) - Cp — C)
(Eq. 6.2)

where P(F) is the probability for failure (weak rock), C; is the cost if failure occur and C is the cost for
preventing failure. The cost if failure occurs is in this case the additional cost if the project is
unprepared for weak rock and it entails a delay.

The probability P(F) that an event F happens is said to be the marginal probability or the prior
probability. An event can happen, F, or not happen F’. Two events might be related somehow, and
the joint probability are said to be conditional. Thus given that an event happens, it can either be
detected, P(D|F), or not detected, P (D’| F). Given that an event does not happen, it can either be
detected, P (D|F)’, or not detected, P (D’| F’). This is illustrated by the event tree in figure 6.2.
(Baecher and Christian, 2003; Davis, 2002). The P(D’|F) and P(D | F’) are the reliability of the different
alternatives and describes the accuracy of the investigation.
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P(D|F) 4

Figure 6.2. Event tree of the preposterior analysis. The square is a decision node, circles are chance
nodes and triangles are terminal nodes, indicating the outcomes (modified from Back (2006)).

The preposterior analysis is done after the pre-investigation program is defined, but before the actual
measurements are carried out (Back, 2006; Back, 2007). The preposterior analysis is also calculated
using equation 6.1 but is based on the expected information from the pre-investigations. This results
in an objective function, ®prepost :

@prepost = max(0,P(F|D") - Cp — C)-P(D") + max(0,P(F|D) - Cr —C) - P(D) (Eq. 6.3)

The investigations have no value if both parts of the sum are negative. In order to calculate the
conditional probabilities P(F| D’) and P(F| D) Bayes’ theorem is used. It relates the conditional and
prior probabilities of event F and D:

P(D|F)P(F)

P(F|D) = P(D|F)P(F) + P(D|F")P(F")

(Eq. 6.4)
and from the law of probability (Back, 2007; Bedford and Cooke, 2001; Olofsson, 2005; Sturk, 1998):

P(D) = P(F)P(D|F) + P(F)P(D|F")
(Eq. 6.5)

The value of the new information (or Expected Value of Information (EVI)) is calculated as (Back,
2006):

EVI = ¢prepost - ¢pri0r
(Eq. 6.6)

The EVI is always nonnegative and a value of information is only obtained if the pre-investigation has
the potential to change the decision. The expected preposterior value is equal to or larger than the
prior value because we make better-informed decisions (Eidsvik et al., 2008).

It is possible to estimate the value of a perfect sampling program, thus there are no errors in the
measurements, without performing a preposterior analysis. This is the expected value of perfect
information (EVPI) and represents an upper limit on EVI and the maximum exploration budget that
can be justified without performing a preposterior analysis (Back, 2007).

The EVI does not consider the cost, Cyreiny, Of the pre-investigation program. If the cost of the
investigations should be considered the Expected Net Value (ENV) is calculated:
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ENV = EVI — Cpreiny
(Eq. 6.7)

A posterior analysis should be performed after the actual pre-investigation has taken place. In this
analysis the real worth of the obtained information is calculated and a new updated VOIA is
performed using the posterior as prior information (Bedford and Cooke, 2001).

The idea of updating a prior distribution to obtain a posterior distribution gives an important role to
the expert. The expert has to decide on the form of the prior distribution. This combination of giving
weight to experts but still allowing for scientific evidence makes Bayesian reliability very useful in
geo-science (Bedford and Cooke, 2001).

6.2 Tunnel project

The tunnel project used in this example is hypothetical but derived from a real tunnel case in the
central part of Sweden; an 800 metre long railway tunnel called Hallberg tunnel. In the central parts
of this tunnel the maximum overburden is 25 to 30 metres. The tunnel is constructed using drill and
blast with a tunnel face of 6x6 m?. The geological setting in the area is dominated by greywacke and
granite. There are elongated sections with pegmatite and dolerite dykes. The valleys that are found
on both sides of the tunnel coincide with regional fracture zones that vary between 10 and 20 metres
wide. The soil deposits are relatively thin and in some areas the bedrock is exposed or covered by a
thin layer of lichen and moss. The terrain is dominated by forested till and marsh.
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Figure 6.3. An example of a 3D simulation. Modified from Zetterlund (2009)

For this hypothetical example a simple geological model was generated in the statistical software T-
PROGS (part of the computer program GMS from Aquaveo). The simulations are kindly made
available by Miriam Zetterlund (Zetterlund, 2009). For more details about the simulations see paper
6 and Zetterlund (2009). The realization of the possible rock volume (example shown in figure 6.3):

- Each cell is 1x2x2 metre (i.e. 80x100x100 metre)
- The virtual tunnel will be constructed in the central cells (3x3 cells)
- Two rock classes, good rock (RC1) and poor rock (RC2)
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- Problematic rock are fracture zones and clay weathered rock (poor rock)
- Good rock is unaltered
- 10 % poor rock (black)

6.3 Estimation of probabilities

It is difficult to obtain an un-biased estimation of the value of geophysics because the concept of the
methods can vary from expert to expert and accordingly geophysics is not easily amenable to
mathematical representation. Nevertheless the probability that geophysics detects weak rock is
essential to this VOIA. The study of the applicability of the geoelectrical method (Chap. 5) is a natural
and important base for the author to estimate these probabilities. In an attempt to make the used
probability more reliable seven experts were asked their opinion of how good a geophysical method
is in the geological environment of the hypothetical example. The experts have all worked with the
application of geophysical methods in hard rock environment in national and/or international tunnel
projects. How the answers from the experts were used is described in more details in paper 6.

As part of the evaluation of the geophysical methods, the experience from geophysics in other tunnel
projects is used, so that not only the experts opinions are considered for estimating the probability.
The experience from Hallandsas Tunnel (Chap. 5 and Danielsen and Dahlin, 2009) and Bolmen Tunnel
(Stanfors, 1987) both in southern Sweden, are used together with work done by NGU in Norway
(Rpnning, 2003). The geological settings in the examples are different but still it is possible to obtain
an impression of the probability of finding a weak zone using the different geophysical methods.

6.4 Framework

In the following a framework is presented where the value of geophysical measurement in pre-
investigation for rock tunnel construction is evaluated. The geophysical methods are geoelectrical
imaging and ground based magnetic measurements. The suggested pre-investigation program is
discussed further in paper 6. In this framework a responsible authority (e.g. Trafikverket) plans to
build a tunnel and orders a pre-investigation from a consultant (Fig. 6.4). The first step for the
consultant is to produce an early (rough) engineering geological prognosis (based on archive data
and field visits). The consultant has to decide what the major concerns are and how to proceed with
the pre-investigations. Should a detailed prognosis be done or is the early prognosis enough as basis
for contract negotiation? If a detailed prognosis is made, should it then consist only of drillings or
also geophysics? These question marks are answered by VOIA. When the basis for contract
negotiation is ready the contractors can start giving offers on the work.

In the VOIA there are different decision alternatives (Fig. 6.5). In the prior analysis it has to be
decided which of the construction alternatives to use. The first alternative is to assume that 10% of
the rock is poor (reference alternative). This means that when constructing the tunnel reinforcement
class BFK3b is used in 10% of the tunnel length. For a description of the reinforcement classes see
appendix B in paper 6. In alternative two it is assumed that 40% of the rock is poor and requires
reinforcement with BFK3b. Thus the construction is more expensive. In the preposterior analysis it
has to be decided which of the pre-investigation programs to use: 1) two core drillings or 2)
geoelectrical imaging, ground based magnetic (in the following called geophysics) and two core
drillings positioned based on the geophysics.
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Responsible Investigation

authority q (Consult) Contractor
? B fi tract
. ase for contrac

Early prognosis q negotiation

2 2 1
?
. . Drilling?
Detailed prognosis q Geophysics + drilling?

Figure 6.4. The flow in the decision process for a construction work. The question marks are answered
by VOIA.

The probabilities necessary for the cost-benefit analysis are based on 10 simulations (different from
those evaluated by the seven experts). It is decided that failure in the prior analysis is when the rock
is weak (RC2).

a) drill

b) geophy + drill

a) drill

b) geophy + drill

Figure 6.5. Decision tree for the problem in this VOIA. Squares are decision nodes, circles are chance
nodes and triangles are terminal nodes. First decision (prior analysis) is regarding construction
alternatives: 1 is standard and 2 is extensive. Second decision (preposterior analysis) is regarding pre-
investigation alternatives: a) drillings or b) geophysics combined with drillings.

6.4.1 Prior analysis

In the prior analysis it has to be decided which construction alternative to use, standard or extensive.
In the standard approach the cost for the construction is lower than in the more extensive approach.
The input data and results are given in table 6.1 and 6.2 and the calculations in the prior analysis are
shown in appendix B in paper 6. The probability of failure is calculated using the simulations as
described in paper 6 (step 2). It turned out that P(F) is 0.5 and thus P(F’) is also 0.5. This is so even if
there in the T-PROGS simulation only is 10% RC2. However it has to be acknowledged that the
sections are regarded as poor if more than 1 pixel in each section is RC2. It is assumed that in the
construction of the tunnel it is not possible to switch reinforcement class for each metre, so there
has to be a reaction length, which is said to be a full section.

If the unexpected occurs the construction cost might increase because of the increased amount of
materials needed (e.g. shotcrete + bolts) but more importantly due to the increase in construction
time. In Malmtorp and Lundman (2010) and Kim and Bruland (2009) it is estimated that it takes 50%
longer time to construct a tunnel if e.g. BFK3 is used instead of BFK1. Therefore it is assumed here
that the cost is 50% higher when the change from one strategy to another is unexpected. This
additional cost if the unexpected happens (C;, failure) is calculated for each alternative. The
probability, P(F), that something unexpected happens was 0.5 and when the strategy is to only use
the extensive reinforcement in 10 out of 100 sections the project is unprepared in 40 out of 100
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sections. In alternative 2 the project is only unprepared in 10 out of 100 sections. The difference
between the cost of failure in the two alternatives is called the switchover cost, C.cn, and is the cost
for the additional time needed because the project is unprepared for the required reinforcement.
The failure cost is lowest in alternative 2 and thus the Cqitch = Cr1— Cr2 = 13770 kSEK. 1 kSEK is 105
euro (September 2010).

Table 6.1. The input data for the prior analysis.

Cost kSEK

Cost of tunnel (alternative 1) C 10085
Cost of tunnel (alternative 2) G, 14389
Difference C=C-C 4304
Probability

Probability for RC2 P(F) 0.5
Probability for RC1 P(F’) 0.5

Table 6.2. The calculated output data from the prior analysis.

Alternative 1 kSEK

Cost of tunnel C 0
Cost of failure Cqy 110160
Risk cost R 6885
Benefit B, 0
Alternative 2

Cost of tunnel C =C,-C; 4304
Cost of failure Cr, 96390
Risk cost R, 1721
Benefit B, 5164
Objective functions

Cowitch Cri- Cry 13770
Value of alternative 1 b1prior 0
Value of alternative 2 & 2prior 860
Value of prior analysis ® prior 860

The risk in alternative 1 is that the construction strategy has to be changed if something unexpected
happens. The risk is calculated as: Ry = P(F) Cyyitch. FOr alternative 2 the risk is R, = R1/4, because the
project only is unprepared in 10/100 sections and not 40/100 sections.

In the first alternative with the standard approach the benefit is zero whereas the benefit of using
the extensive and more expensive approach is a lower risk for something unexpected to happen: B, =
Ri— R,. In other words the benefit is what is saved if the project is prepared for change in
reinforcement strategies. In the prior analysis the prior objective function is calculated for both
alternatives using equation 6.2, i.e. ¢; = B;— C; and is the expected net benefit with present
information. The best alternative is the one with the highest value for the project. The value of the
prior analysis is calculated as ®prior = Max(P1prior, P2prior) = Max(0, 860 kSEK) = 860 kSEK. Therefore the
alternative 2 with the extensive construction approach is the best decision.
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6.4.2 Preposterior analysis

In the preposterior analysis the value of a pre-investigation is calculated before the measurements
are done and is therefore the expected net benefit with information from the planned sampling
program. It has to be decided if the best alternative is to only do core drillings or if the best
alternative is to do geophysics prior to core drillings. The probability for detecting failure using
geophysics or no geophysics is estimated as described in paper 6 (step 3). The input data for the
preposterior analysis are given in table 6.3 and the calculations can be seen in appendix B, paper 6.

Table 6.3. The input data for the preposterior analysis.

Only boreholes Geophysics and EVPI
boreholes
Probability for RC2 P(F) 0.50 0.50 0.50
Probability to detect RC2 P(D| F) 0.40 0.68 1
Probabllltyito detect RC2 P(D| F) 0.27 0.03 0
that not exist

Table 6.4. The results from the preposterior analysis.

Only boreholes Geophysics and EVPI
boreholes

Conditional probability P(F| D) 0.60 0.95 1
Conditional probability P(F| D) 0.45 0.25 0
Probability of detection P(D) 0.33 0.35 0.50

kSEK kSEK kSEK
Preposterior value Dprepost 2581 3123 4733
Expected value EVI 1721 2253 3873
Exp. Net value ENV 1441 1863

The preposterior value, $yrepost, fOr both alternatives is calculated using equation 6.3:
cl)prepost = max(O, CswitchP(F | D’) - CI)P(D’) + max(O, CswitchP(F | D) - C,)P(D)

The conditional probabilities used in the preposterior analysis is calculated using Bayes’ theorem (Eq.
6.4) and P(D) from the law of probability (Eq. 6.5). The results are summarised in table 6.4.

The preposterior value, Pyrepost, Of Only drilling boreholes in the pre-investigation is 2581 kSEK,
whereas the value of a combination of geophysics and a borehole is 3123 kSEK. And therefore
geophysics combined with a borehole is the best alternative. In the calculation of the preposterior
value in appendix A it is seen that the value of not achieving data (D’) is zero whereas the value of
achieving the data (D) is 8777 kSEK.

6.4.3 Value of perfect information

Calculating the EVPI means that the probabilities P(D’| F) and P(D| F’) both are zero and perfect
information is obtained. The EVI for the perfect information (EVPI) is 3873 kSEK. This is regardless of
which alternative is chosen for the pre-investigations.
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6.4.4 Expected value and expected net value

The expected value EVI, that is the value of new information, is calculated EVI = ®prepost - Pprior (EQ-
6.6). For the project the information has a value or worth even though there is a cost combined with
the decision. For using geophysics the EVI is 2253 kSEK. The EVI for only drilling boreholes is 1721
kSEK and therefore this alternative has a lower value for the project. If the cost for the pre-
investigation should be considered the expected net value for geophysics, ENV is calculated to 1863
kSEK using equation 6.7. However the pre-investigation program should in the best case also contain
geophysical borehole logging and pumping tests. But in the ENV only the methods considered here
are used in the calculations.

6.5 Sensitivity analysis

An essential part of this VOIA is the sensitivity analysis of the different input variables. For the
analysis of the different variable’s uncertainty a Monte Carlo simulation is made where a large
number of random solutions (“qualified guesses”) are calculated. In this case 10° simulations were
done. The parameters are systematically altered to determine the effects of such changes. In this
way the robustness of the study is investigated. Monte Carlo uses statistical distributions to
represent different kinds of uncertainty and for the analysis a probability density function (pdf) has
to be chosen for each of the stochastic variables (Burgman, 2005). This is a difficult part and in this
case a beta-distribution is applied. For the pdf’s the mean and standard variation is calculated.

In this analysis the only cost-variables to consider is the cost of failure, Cr; and Cr,. The other costs in
the calculations depend on these two variables and therefore it is not reasonable to analyse any
other. It is assumed that the two costs are normal distributed and that they to some extent are
dependent on each other and therefore the correlation is said to be 0.6. The probabilities P(F),

P(D| F) and P(D| F’) are said to be beta-distributed in all alternatives. The input data for the
simulations and the probabilities are seen in table 6 and 7 in paper 6.

Table 6.5. The results from the simulations of the preposterior analysis.

Only boreholes Geophysics and EVPI
boreholes
Expected value >0 EVI>O0 ~100% 100% ~100%
kSEK kSEK kSEK
Mean value (given that EVI 1683 2218 3826
>0)
Standard deviation 351 312 301
Exp. Net value ENV 1403 1828

In 13.4% of the 10° simulations the construction alternative 1 was the best solution in the prior
analysis. In the remaining 86.6% of the simulations the alternative 2 was the best solution. For the
preposterior analysis the results of the simulations can be seen in table 6.5. The mean value of only
drillings is 1683 kSEK and the standard deviation is 351 kSEK. For the combination of geophysics and
drillings the mean value is 2218 kSEK and standard deviation is 312. In only 13 of the 96634
simulations (with EVI > 0) the solution with only drillings is the best alternative.
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6.6 Discussion

In the prior analysis conducted in this example it was seen that the extensive construction approach
is the best alternative. The value of the standard approach is zero and the value of the extensive is
860 kSEK and therefore the latter is the best alternative because the prior function (Eq. 6.2) is
maximised. The sensitivity analysis showed that the standard approach is the best solution in 13.4%
of the 10° simulations. It is notable that the best alternative is to assume that it is necessary to use
BFK3 instead of BFK1 in 40% of the tunnel, even though in this simulation only 10% of the rock is
classed as poor rock (RC2). The reason is probably that it is assumed that in the construction of the
tunnel it is not possible to switch reinforcement class for each metre and therefore a larger ratio of
the volume is regarded as RC2.

The preposterior analysis showed that the highest value is obtained by using a combination of
ground based magnetic measurements, geoelectrical imaging and core drillings as base for compiling
an engineering geological prognosis. The expected value of new information (EVI) is approximately
2250 kSEK which should be seen in relation to a total construction cost of 104800 kSEK. The expected
value of using the information from only core drillings is approximately 1700 kSEK. However there
are uncertainties in the calculations from both the probabilities and the cost. In an attempt to reduce
the uncertainty seven experts were asked their opinions. Nevertheless an un-biased estimation of
the value of geophysics is still difficult to obtain because the confidence in the methods can vary
from expert to expert. The answers from the experts are further discussed in paper 6. A combination
of the experts opinions and the experience from the use of the geoelectrical method in chapter 5 and
other tunnel projects is a good foundation for estimating the probabilities for this specific project.
However the probabilities used in the example are calculated based on 10 simulations, which means
they are rather uncertain in statistical terms. A sensitivity analysis is therefore conducted to support
the results. Even though the framework originates from a real tunnel case it has been a challenge to
estimate the cost if failure occurs (switchover cost) because such a cost is first negotiated if delay
occurs and/or increased material expenses exceeds the budget. Consequently the question is very
complex and beyond the scope of this framework. The main focus is the value of pre-investigation
and not contractual problems. Here a switchover factor based on literature examples (Malmtorp and
Lundman, 2010); Kim and Bruland, 2009) is estimated and used in the calculations.

The sensitivity analysis showed that in nearly 100% of the simulations it would have a value to
perform only core drillings. However the analysis also showed that the alternative with only drillings
had the highest ENV in only 13 of the 96634 simulations where ENV was positive. Otherwise
alternative 2 including geophysics have the highest ENV. The chance/risk that the highest data value
is obtained with performing only drillings is therefore minimal. However it should be taken into
consideration that the drillings in this case only has the purpose to detect RC1 or RC2 based on what
is seen at the surface. The drilling gives point information and might miss a weak zone nearby. In
reality a core drilling is also used for e.g. laboratory tests, and therefore has a value for a project in
that sense, but this value is not taken into account in the analysis. Nevertheless the difference in EVI
between the two decision alternatives is relatively large and therefore implies that it can be strongly
recommended for the decision-makers to perform a profound pre-investigation including geophysics
(in this case ground based magnetic measurements and geoelectrical imaging) as guideline for where
to do the drillings.
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The value of perfect information (EVPI) is 3873 kSEK and can be considered as the maximum cost for
the investigations to be worthwhile to perform. However perfect information is hypothetical and in a
construction project it is impossible to obtain so much information that the risk for something
unexpected to happen is zero. The sensitivity analysis of the EVPI (for EVI > 0) gives a mean value of
3826 kSEK with a standard deviation on 301 kSEK. Thus it can be concluded that not even geophysics
and boreholes gives perfect information. As for the alternative with only boreholes the geophysical
data can also have additional value in a later project phase that not is considered here.

The geological model and the problems considered in this VOIA are a simplification of reality. The
model can be further developed and become more complex. However this VOIA is meant as a
demonstration of the general idea behind VOIA and the considerations behind the framework are
generally valid when geophysics is evaluated.

The aim with this VOIA was to show that it is important to use a suitable geophysical method prior to
drilling; however there will always remain some uncertainties in the engineering geological prognosis
no matter how many measurements are made. But with the VOIA the value of new information from
ground based magnetic measurements and geoelectrical imaging is assessed by estimating the
reliability in the present information compared to the expected increase in reliability following
collection of new information. New information is only interesting when it can change the outcome
of the decision and thus is of value for the decision-maker. The benefit of having the most certain
engineering geological prognosis is less risk and a more predictable cost. The benefit should be seen
as the amount of money saved when the best decision is made. The cost of an investigation or
measurement should be less than what is expected to be saved; otherwise the investigation should
not be made (Back, 2006; Bedford and Cooke, 2001; Freeze et al., 1992). Applying these lines of
thought to geophysics gives the decision-maker the opportunity to evaluate the reliability in an
approach without actually being an expert in either VOIA or geophysics. A cost-benefit analysis
shows in clear terms if it is worthwhile to incur the cost of additional measurements or not. VOIA is a
model of reality and is therefore also encumbered with uncertainty, but a sensitivity analysis gives a
clear idea of the reliability.

VOIA is an aid for decision-makers to evaluate the value of different alternatives before taking action
and is therefore in this case an attempt to show the value of geophysics by using an approach the
decision-makers understand. The framework developed here has the potential to become an integral
part of pre-investigation. The analysis should be done after the archive study and prior to the first
geophysical measurements. In many construction projects some kind of geophysical method is used
e.g. refraction seismic, but this is not always the case. In some projects it might be very beneficial to
use another or additional geophysical method, e.g. geoelectrical imaging, seismic, magnetic or a
combination. VOIA can help evaluate and design the best measurement program for a specific
geological setting. An important issue with a VOIA is that it is constructed specifically for every
problem and cannot be re-used from project to project. The cost-benefit calculations are relatively
simple to perform and with the framework developed it is straightforward to change the costs and
probabilities in the calculations.
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7 Discussion

Different geophysical methods are important parts of a profound pre-investigation and as shown in
chapter 2.1 and 5 the use of for example the geoelectrical method at different scales contributes to
the understanding of the geological setting. In the following the possibilities, strengths and
weaknesses of the geoelectrical method as well as the application of value of information analysis
(VOIA) are discussed.

7.1 Evaluation of Geoelectrical methods

It is important that the expectations as to what the geoelectrical method can accomplish are realistic
for successful use of this method. Geoelectrical imaging is relatively unknown in Sweden whereas
e.g. refraction seismic has been a natural part of pre-investigation for decades, so people have
experience with how to use the seismic data with respect to advantages and limitations. The
examples in chapter 5 show how the geoelectrical method can be applied in rock tunnel construction
where not only the advantages but also the limitations are addressed. This will hopefully contribute
to realistic expectations to what can be accomplished using the geoelectrical method.

A successful outcome of the use of the geoelectrical method depends on the physical properties in
the investigated area. Before the method is used it has to be investigated if the approach is suitable
in the specific geological setting. The method has its strength in areas where the resistivity contrast
between the poor and good rock is sufficiently large, e.g. weathered zones or water bearing fractures
in crystalline rock. It is the transition between the different rock properties that are important to
detect because problems during construction arise if the poor rock is not anticipated. The size of the
zones that can be detected depends very much on the resistivity contrast but also on the target
depth and scale of the measurements.

An important task is to interpret the data and translate the resistivity data to a property useful to the
decision makers. The resistivity is ambiguous, and thus for interpretation a general knowledge of the
geological setting and reference data is needed. However the need for reference data for calibration
of the geological model based on the geoelectrical imaging should not be seen as a limitation of the
method. Reference data can be found in the initial archive study, but the optimal is drilling data and
borehole geophysics which can be considered ground truth at a single point. An integrated part of
the pre-investigation is core drilling, thus reference data exist or will be procured in most cases.
Boreholes provide point information that can be used for in situ correlation with the geoelectrical
imaging (CVES) data. The CVES provides a continuous 2D (or 3D) model of the subsurface in a profile
line between the drilled boreholes. The cores from the drillings can also be used for laboratory tests.
With continuous data supplied by the CVES the uncertainty of the ground conditions is greatly
reduced.

The geoelectrical method can be used at different scales and at different stages of a project. The
geoelectrical imaging is used at large scale in the design/production planning stage (Chap. 2.1 and
paper 1) and in the construction stage (paper 5). Electrical Resistivity Tomography (ERT) is
measurements between boreholes and is therefore performed at a smaller scale mainly in the
construction stage (paper 2). For even more details the resistivity logs can be part of a borehole
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geophysical campaign (paper 3 and 4). Borehole geophysics is normally applied late in the
design/production planning stage.

In the design/production planning stage the geoelectrical imaging (CVES) is the basis for a geological
model. The method detects variations in the physical properties of the rock and in a combination of
several geophysical methods that measure different physical properties, a realistic view of the rock
mass can be obtained. By using CVES in the pre-investigation in the Pungwe water tunnel the
intended tunnel line was moved to an area with better rock quality. Thereby problems with
weathered rock were avoided in an area with high environmental demands. The combination of CVES
(resistivity and IP) and ground based magnetic data has proven to be useful in the geological
environment at the Hallandsas Horst. Prior to drillings an evaluation of the geophysical data should
be done so the drillings can be positioned to ensure that as much representative information as
possible is obtained for calibration of the geological model. In the construction stage the
geoelectrical imaging data can be calibrated with the tunnel documentation to update the geological
model and thereby reduce the uncertainty in the model. Continuous update of the model is
especially important if the Observational Method is used (e.g. Peck, 1969; Terzaghi and Peck, 1948).

What is important to anticipate when using geoelectrical imaging is that the target area, i.e. the
depth of the tunnel, should be within the depth where the method has acceptable resolution. The
resolution decreases with depth. The penetration depth depends on different factors, e.g. resistivity,
array type and largest electrode distance. Generally a penetration depth of 60 metre is achieved with
a standard 400 metre cable layout. This entails two persons in the field. If the penetration depth
should be larger (~120 metre) a cable layout of 800 metre is necessary. As an example this was done
at the Hallandsas Horst when the data in figure 2.2 was measured. Alternatively, the more
demanding pole-dipole measurement can be used, as was the case for the data in figure 5.2. For the
longer cable layout, the pole-dipole measurement is more time consuming in the field due to the
requirement for a remote electrode and will therefore be more expensive.

The continuous CVES data in 2D, or even 3D, are measured in a relatively fast and cost efficient way
compared to refraction seismic. The geoelectrical imaging should not blindly be used instead of
refraction seismic but should be seen as an alternative in the geological environments where the
geoelectrical method has its strengths. At the Hallandsas Horst geoelectrical imaging, correlated with
e.g. drillings and geophysical logging, indicates fractured, water bearing rock, weathered rock and to
some extent lithology changes in the crystalline bedrock. In this particular geological environment
with the tunnel occasionally drilled 150 metre beneath the surface, the scale of resolution of the
resistivity method is tens of metres at tunnel level. Thus in this case the method cannot resolve
bodies or structures smaller than this.

The ERT can contribute to the understanding of the ground condition both in the design/production
planning stage and in the construction stage. However measurements done in horizontal boreholes,
as described in paper 2, are mainly justified in the construction stage in front of a TBM. If the geology
varies on a small scale, the boreholes drilled in front of the TBM might not be representative of the
rock mass between the boreholes. The initial attempts to use the approach as described in paper 2
give promising results. However, the measuring routines have to be optimized to be used in an actual
construction stage.
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As part of borehole geophysics, the resistivity logs give detailed information in a design/production
planning stage. Unfortunately only a few sets of geophysical logging equipment exists in Sweden and
therefore borehole geophysics is normally not an integrated part of pre-investigations and is often
disregarded due to the additional cost. However percussion drilling, including geophysical logging
with the probes used in chapter 5.4, is approximately one third of the cost of core drilling. The
strength of borehole geophysics is the high resolution and the detailed in-situ data. Additionally
continuous data are obtained even in weak rock where there might not be full core recovery.
Furthermore data are saved for later re-interpretation of the ground conditions as they were when
the data was recorded. The logging data is very valuable for calibration of the surface geophysical
data. With this calibration the uncertainty of the geological model is reduced. However when surface
based data are calibrated with logging data it is important to acknowledge the difference in scale.
The surface based CVES data are measured over a large rock volume where small scale variations are
seen as average values, whereas the logging data can resolve every small variation.

The fewer question marks there are in an engineering geological prognosis the higher the chance
that problematic ground conditions will be predicted. Ground conditions can be very complex and
different factors contribute to the physical properties of a rock so that it is sometimes necessary to
go into very great detail for an explanation. Even though geophysical logging gives great details there
might still be some ambiguity in the interpretation of the results. To answer some of the questions it
can become necessary to go into even greater details. The example in chapter 5.5 (paper 4) shows
clearly that what seems to be some artefact actually has a physical explanation. It stresses that the
geophysical data are right, but that the interpretation might be difficult to make because the geology
is complex. Microscopy of thin sections can help answering some of the questions that might be
raised during interpretation of geophysical data. However there is often neither time nor money to
seek an explanation for a problem like this because it has limited importance for the tunnel
construction. However the practical importance is not always possible to predict and who knows
which detail is of great significance to a project? The initial weathering of the amphibolite may turn
out to have real significance for the rock mechanical properties and this would not have been
detected without geophysical logging and microscopy of the thin sections.

Numerical modelling is valuable for obtaining experience and learning more about the advantages
and limitations of the geoelectrical method in a specific geological environment. In the conference
proceeding Danielsen and Dahlin (2008) and in paper 2 numerical modelling is used to clarify some
guestions in the interpretation of data.

7.2 Value of Information Analysis

The VOIA framework developed in chapter 6 shows that geoelectrical imaging and ground based
magnetic measurements as a basis for positioning core drillings give valuable information that can
reduce the uncertainty and thereby the risk in the current tunnel project. The example used is a
relatively simple case with an 800-metre long tunnel constructed using drill and blast. Even with a
fairly moderate budget and time schedule it is still worthwhile to perform the more profound pre-
investigation. With a 50% higher cost of a strategy change due to unexpected geological conditions,
the extra cost for the geophysics will in most cases be worthwhile. For a major tunnel project with
more complex geological settings the costs if something unexpected happens might even be much
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higher. A worst case scenario could be if the work has to be stopped or an incorrect construction
approach is used. This would naturally make the cost of failure even higher than the 50% assumed in
the example.

Several examples of the successful use of geophysical methods in pre-investigations are given in
chapter 5 and by others (e.g. Cavinato et al., 2006; Dahlin et al., 1999; Danielsen and Dahlin, 2009;
Ganergd et al., 2006; Rgnning, 2003; Stanfors, 1987), but presenting the methods in a VOIA
emphasizes the importance in terms decision-makers are familiar with. The VOIA is a simple cost-
benefit calculation where the value of different alternatives is evaluated before taking action.
Applying VOIA to geophysics gives the decision-maker the opportunity to evaluate the uncertainty in
an approach without actually being an expert in either VOIA or geophysics. A cost-benefit analysis
shows if it is worthwhile to take the cost for additional measurements or not. VOIA is a model of
reality and is therefore also encumbered with uncertainty; however a sensitivity analysis gives a clear
idea about the uncertainty of the different variables.

The VOIA framework developed here has the potential to become an integrated part of pre-
investigation. The analysis should be done after the archive study and prior to the first geophysical
measurements so that VOIA can help evaluate and design the best measurement program for a
specific geological setting. An important issue with VOIA is that it is constructed specifically for every
problem and cannot be re-used from project to project. The cost-benefit calculations are relatively
simple to perform and with the framework developed it is straightforward to change the costs and
probabilities in the calculations.

7.3 Essentials for successful pre-investigation

This work on the applicability of geoelectrical methods in pre-investigations has lead to some more
general reflections on what is essential for a successful pre-investigation and construction project. In
the following sections several important issues are discussed.

7.3.1 Geological setting (complexity, hazards)

The complexity and the expected hazards in the geological environment are decisive for the form of
the pre-investigation. The more complex a geological setting is the more extensive the investigation
program has to be. Thus it is immediately after the archive study that the pre-investigation program
should be decided. The VOIA of pre-investigation methods presented in this thesis would be a natural
aid for this decision. Additionally a program should be dynamic and flexible so that it is possible to do
more or fewer investigations. This may be a problem because there is normally no budget for doing
more investigations in most projects. However it has to be stressed that haveing the flexibility to
extend the investigation program might in the end save large sums of. By applying VOIA in the
planning of a pre-investigation the program can be optimised and the money can be used in the best
way.

A significant area of concern is where the scope of the pre-investigation is determined by the project
owner with a limited budget and little or no understanding of the engineering geological
requirements of the project (Baynes, 2003). Often a way of saving money is to e.g. cut down
additional measurements or borehole measurements. The chain of reasoning is often that enough
information is obtained and that there is neither time nor money for more investigations. But what is
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enough? What has to be taken into account is that the certainty of the prognosis will increase
considerably by doing an optimised pre-investigation program. Malmtorp and Lundman (2010) have
shown that the uncertainty of the pre-investigation is important for the outcome of the project. An
uncertain pre-investigation result is a contributory reason for delays and increased budgets. However
a thorough and optimised pre-investigation is no guarantee that no problems will arise, because
there is a risk that problematic zones are missed or underestimated. Nevertheless an optimised pre-
investigation is necessary for making the best decisions with the information available in order to
reduce the risk.

7.3.2 Existing information in a national geo-database

Prior knowledge of an area is essential for a pre-investigation. The more existing information there is
the easier it will be to plan the best possible investigation program and to estimate the costs for the
program. But often it is difficult to get hold of the existing material because it is archived at the
consultants who carried out the previous investigations. Thus if an individual at the consultant
company who did the survey changes job, it can become difficult to locate the data and reports. It
would be beneficial if a national database is established in Sweden so that all types of geo-data can
be saved and made available. It should be a natural part of a project to report the raw data and
interpreted models to this database. The idea is that whenever a new project is planned it should be
possible for the involved parties to extract information from the national geo-database. In this way
all data are preserved for future projects. During the last decades Denmark has developed a high
quality database, initiated as part of the national groundwater mapping (Mgller et al., 2008). This
database facilitates the interpretation and analysis of data covering large areas and allows for
visualization of the data. The different tools in the system connect to and interact with each other in
a transparent and intelligent manner. Work must be carried out directly on a copy of the database,
and all relevant information on each data point and model must be accessible for use any time
during the analysis and interpretation procedure.

7.3.3 Central project database to handle geo-data

A central project database makes it possible to access and manage the geo-data at all times. This
makes it easier to update the engineering geological prognosis. The database should contain both
raw data and interpreted models. Having both types of data in the database makes it possible
without difficulty to make a reinterpretation of the raw data if e.g. additional data is gathered or
better interpretation tools evolve. The obtained information becomes more transparent and thus
better decisions can be taken on engineering issues. If it should come to a dispute within the project,
then the documentation is still easily accessed. Additionally the project would not be so sensitive
towards changing personnel. The central database should also become part of the national geo-
database so that the data can be preserved for the future and easily be accessed and used in other
projects.

Documentation from the tunnel projects should also be a natural part of the database (see chapter
5.1). By integrating the tunnel documentation the engineering geological prognosis can be updated
and the tunnel construction can be done more safely with less uncertainty. This is especially an
advantage when the Observational Method is applied (Peck, 1969; Terzaghi and Peck, 1948). The
Observational Method is applicable when the uncertainties in the pre-investigations are high. The
method is often used when it is possible to alter the design of the construction.

59



7 Discussion

7.3.4 Consistency in pre-investigation report

If a project is large with several tunnels, e.g. Adalsbanan or Botniabanan in Sweden, the pre-
investigation report from the single tunnels should be compiled in the same way. It is advisable that
the flow of the investigation (top-down) is maintained through all reports. It is often seen that
different consultant companies investigate the different tunnels. To avoid any misunderstandings
and make it easier for e.g. the contractor to locate the information, the project owner should put up
guidelines for the report form. The succession should be top down giving the large scale information
first ending up with small scale information.

7.3.5 Communication

Above all else good communication is fundamental to a project’s successful outcome. This requires
engineering geologists/geologists/geophysicists who are aware of the engineering issues and rock
mechanics engineers and construction engineers who can appreciate the value of geological advice.
The project manager, the technical specialist, and the geophysicist form an interdisciplinary team to
meet the objectives. Therefore it is important that the involved parties are capable of communicating
sensibly and are able to express clearly their requirements and expectations from the pre-
investigations. The consultant is responsible for understanding the overall needs of a project
owner/contractor and effectively communicating the relevant geologic findings and ideas. Here the
central project database becomes essential in that it allows all the involved parties to easily access
the data.

7.3.6 Integration of knowledge

Often it is not the methods used that are the problem but rather how the results are presented and
integrated. From the first attempt (1992-1995) at the Hallandsas Tunnel (Chap. 2.2) it can be learned
that it does not matter how many different geophysical methods are used if the information is not
considered in the decision making process. Therefore the knowledge obtained has to be promoted
into the project and integrated into the decisions, as has been the case in the Hallandsas project
from 2003 onwards.

The knowledge that experienced staff possesses has to be integrated and acknowledged in the
decision process. However the term “we always do like that” has to be avoided since it might not be
the best solution in all cases. It is important to be open minded through the whole project and make
the best and optimal decisions with the information available. Here it is especially important that the
best suited geophysical method is used in the current geological setting. There is a tendency to use
the geophysical method and the instrument which is available at the time. However in some cases it
might be an advantage to think differently and use another method. This might be more expensive if
the instruments has to be hired along with a field crew and experienced personnel for processing the
data. Nevertheless the obtained knowledge might be so important for the outcome of the project
that the extra cost is acceptable.

7.3.7 Realistic expectations

It is important to acknowledge, when interpreting geophysical data that the measurements are done
in order to answer specific questions and that each project is unique. This means that considerations
have to be made before the data is used for other purposes. The data might contain more
information, especially if calibrated with other types of data, but it is important to know the
limitations of e.g. resolution of the method.
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The construction phase of the Pungwe water tunnel in Zimbabwe is a good example (chapter 2.1) of
how data measured for another purpose is over-interpreted. An attempt was made to determine the
depth to the crystalline basement by means of the resistivity data. However what was interpreted as
the surface of the crystalline basement turned out to be large boulders succeeded by soil at the
proposed water intake (Uden, 2010). Since the resistivity contrast between dry soil and crystalline
bedrock is small, defining the transition would be a difficult task. In such a geological setting it is
crucial that borehole information is available for calibration of the model. This stresses the
importance of having the right expectations and knowing the advantages and limitations of the
methods in very specific geological environments before interpretation of the data. Otherwise there
is a tendency to focus on the examples where the methods did not live up to the expectations as
opposed to examples where the method was successful.

7.3.8 Experience/sKkills

A project owner has to be skilled and experienced enough in order to avoid unnecessary risks, ask
the right questions and demand that the best possible pre-investigation is done. Often an external
consultant is hired to perform the pre-investigations. A limitation could be that the consultant does
not know the overall needs for a project owner/contractor to make the best decisions. A pitfall is the
tendency for the consultant (i.e. geophysicist/geologist) to focus on what can be measured, and not
on the needs of the contractor/project owner.

Generally it can be said that the measured geophysical data are correct; however the interpretation
of the model might be wrong. To avoid this it is advisable to engage experienced and skilled
geophysicists for the interpretation of the models based on the geophysical data and supported by
other type of geo-data. Only few consultancy companies in Sweden have experienced geophysicists
to process and interpret data and to handle a fully integrated pre-investigation for large infra
structure projects. In addition the field crew performing the measurements has to be skilled and very
meticulous to avoid that e.g. data are measured at an inexact position or with unfavourable
instrument settings. Another important issue is how the data, results and models are presented
regarding scale, colours and succession. For laymen these parameters can be very deceptive and
easily lead to an incorrect interpretation.

The foundation for skilled personnel is a good education. A tendency is unfortunately that the
students at universities have very little or no experience with hands on pre-investigation techniques.
Field trips are relatively expensive and are therefore under prioritized. It is always easier to
comprehend the advantages and limitations of the many different methods by hands on experience.
Furthermore in-service courses that present the latest developments and the state of the art for pre-
investigations should be accorded a high priority for all parties involved in construction work in rock.
The development within the topic is fast due to faster computers and the demand for higher data
quality. Universities and research organisations have an especially large responsibility to ensure that
the latest developments are disseminated within the construction community.

7.3.9 The importance of the contract form

For the involved parties the importance and meaning of the pre-investigation depends very much on
the contract form and who carries the risk and responsibility. The form of the contract can vary
where the responsibility more or less rest with the project owner or contractor. It is important to
predict and anticipate possible risks before writing the contract and should also include actions to be
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taken if deviations occur during construction, not least deviations from original geological
assumptions (Tengborg, 1998).

The project owner does always have responsibility for characterization of the ground conditions, i.e.
they have the responsibility for planning and completion of the pre-investigation. This means that if
the ground conditions are different than anticipated a dispute can arise between the project owner
and the contractor. Thus it should be in the project owner’s interest that the pre-investigation is as
good as possible and with low uncertainty. However the project owner has to avoid increased
budgets and often do not have any incentive to spend under budget. The consultant’s objective is to
make the project owner satisfied and do a good job economically. Thus for the consultant it is
important to establish a good relationship with the project owner, to be considered serious and to
maintain a good reputation. As a consequence the consultant is often not interested in taking risks
and will choose solutions on the safe side that will not necessarily lead to the lowest cost (Tengborg,
1998). The problem with the safe side approach is also discussed by Malmtorp and Lundman (2010)
where an over pessimistic approach may be taken in the estimation of the rock quality. Here the rock
quality is estimated to be weaker than is the actual case, and this makes it difficult to calculate the
correct price and the project might become more expensive than necessary. This can lead to a
negative attitude towards pre-investigation because the impression is that the investigation is wrong
and a consequence is that a certain method might be disregarded in the next project.

By dividing the risk all involved parties becomes interested in a good pre-investigation because the
financial profit becomes larger. The consequences of delays are too large for all the involved parties.
It is an advantage for the outcome of the project if there is an inducement or bonus for all parties if
the project goals are attained either, below budget or ahead of schedule. An inducement for a
thorough pre-investigation could be in the form of a financial bonus if the project is ahead of
schedule.
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In this thesis the main focus has been on the applicability of the geoelectrical method as a tool for
predicting geological and rock mass conditions. Applying the geoelectrical method at different scales
has proven to provide useful information at different stages of rock tunnel construction. The large
scale geoelectrical imaging is useful in the design/production planning stage and in the construction
stage. Electrical Resistivity Tomography (ERT) is performed in a smaller scale in mainly the
construction stage. At even smaller scale the geoelectrical method can be combined with other
geophysical methods in borehole logging and applied late in the design/production planning stage.

Before the geoelectrical method is used it is important to ask what can be expected when applied in
a specific bedrock environment with regards to rock mass variations. Here the engineer’s key
questions are important in order to identify plausible problems. To answer such questions is
complex, because the resolution of the method will differ from site to site. The method responds to
changes in resistivity and the range of the variations to be detected; the resistivity contrast and size
of the different zones have to be sufficiently large for the method to resolve. When interpreting
geoelectrical data it is important to keep in mind that the resolution of the method decreases with
depth. The penetration depth of the method depends on several factors, e.g. maximum electrode
separation, array types and resistivity of the bedrock. In general the target depth should not be more
than half of the penetration depth in order to obtain a reasonable resolution. Nevertheless it is
feasible for the target depth to be larger, but this has to be acknowledged in the interpretation of the
result.

The use of geoelectrical imaging at the Hallandsas Horst demonstrates that the method can indicate
fractured, water bearing rock, weathered rock and to some extent lithology changes in crystalline
bedrock. In this particular geological environment with the tunnel drilled 150 metre beneath the
surface, the scale of resolution of the resistivity method is tens of metres at tunnel level. Thus in this
case the method cannot resolve bodies or structures smaller than this.

The advantage with geoelectrical imaging is that it gives continuous data in 2D or 3D whereas drilling
provides only point information. When considering using geoelectrical imaging it is vital that
reference data, such as borehole geophysics and drill cores, exist for calibration and interpretation of
the data. However reference data is also needed for the interpretation of any other geophysical data.
Geoelectrical imaging is generally cheaper than seismic refraction. However the two methods should
not be compared because they respond to completely different physical properties and should rather
be used in combination instead of at the expense of each other.

The numerical modelling and the application of geoelectrical imaging in horizontal boreholes gave
promising results. An important outcome of the study was that the prototype of the semi-rigid cable
proved to work well. Further adjustments of the acquisition hardware and software have to be done
before geoelectrical measurements in probe holes can be implemented at a production stage in
tunnel construction.

Borehole geophysics (incl. resistivity logs) supply valuable small scale information late in the pre-
investigation. The advantage with borehole geophysics is that they provide high resolution in-situ
data. These data are useful for calibration of the large-scale measurements and are especially
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important because they give information about weak rock at localities where there might not be full
core recovery. In addition the data are recorded and can be re-interpreted at a later date if that
becomes necessary. The combination of borehole geophysics in percussion drilled boreholes is a
cheaper alternative to core drilling, especially if a core drilled hole exists for calibration.

By going into even smaller details with microscopy of thin section an explanation was found to an
ambiguous resistivity of amphibolites in two boreholes. Initial stage of weathering explains the lower
resistivity of an amphibolite which otherwise seems un-weathered. This proves that the measured
geoelectrical data are correct but the interpretation might be difficult and therefore it can help to
investigate even greater details.

The framework for a VOIA of geophysical methods used in pre-investigation showed that the value of
performing geoelectrical imaging and ground based magnetic measurements prior to positioning
drillings has a higher value than to perform drillings only. This result is only valid for this particular
geological setting and is site specific. Nevertheless the framework is applicable to all projects where
geophysics used in pre-investigation should be evaluated. It can help in designing the best
measurement program for a specific geological setting if the VOIA is to decide between different
geophysical methods, e.g. geoelectrical imaging, seismic, magnetic or a combination. The framework
developed here has the potential to become an integrated part of a pre-investigation. The analysis
should be done after the archive study and prior to the first geophysical measurements.

Several factors are important for a successful pre-investigation and tunnel construction. The pre-
investigation should be performed top down so that the investigations start at large scale and
continue into more and more details which follows the need for information in the different project
stages. The focus should all the time be on the key questions necessary for making the best decisions
through the project. The pre-investigation should be a dynamic process where the prognosis is
updated when new information is available. The report presenting the results from the investigations
should be structured in a consistent way following the top down approach. The examples from the
Pungwe water tunnel, Zimbabwe, and Citytunneln, Sweden, show that geoelectrical imaging and a
profound pre-investigation is of great value for a project. In order to stress the importance of
integration of information obtained throughout the project life, the substantial pre-investigations
from the Hallandsas Tunnel and the Citytunneln, Sweden, are compiled. Communication within a
project and thereby also the integration of the knowledge is essential for the outcome of the project.
It does not matter how many methods are used if the results are disregarded. A project database
with all geo-data helps the integration of information and keeps a dynamic flow in the project.

With a profound and optimised pre-investigation and well-integrated results, the reliability of the
engineering geological prognosis is higher and the risk that something unexpected happens is
thereby reduced. Geoelectrical imaging and borehole geophysics contribute to reduce the
uncertainties and should therefore be considered as a prospective part of all pre-investigations as
well as of the production stage.
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The VOIA presented in this thesis has the potential to become an integrated part of a pre-
investigation. However it needs to be further developed and tested using other geological models
and geophysical methods.

During my work with the applicability of geoelectrical methods and borehole geophysics for rock
tunnel construction | have realized that for the methods to be fully accepted it has to become clear
what advantages and limitations the method has. The aim with my work is to show how to use the
methods, and it is also important to acknowledge that the methods should only be used when it has
the potential to answer questions and thereby reducing the uncertainty. If the methods are used in
unfavorable geological settings it will not supply the necessary information and as a consequence it
will get a bad reputation. Therefore it is important that the advantages and limitations are clear. The
best way for this to become clear is education. It is crucial that students at the universities are
educated in pre-investigation methods and that they get the opportunity to try the different
methods in the field. It is also important that the different parties involved in pre-investigations have
the possibility to follow progress and developments within the area by attending workshops and
courses. | highly recommend that more focus is put on education of all the parties involved in pre-
investigation.

Only a few sets of borehole geophysical logging equipment exist in Sweden but | sincerely hope that
the results of the borehole geophysics presented in this thesis support the increased use of this
method. The approach has a high potential and | can only recommend that it is used more often.

During my work | have become aware of that the information in the pre-investigation reports often is
given in the following succession: field visit, core drillings and geophysics (often refraction seismic, if
anything at all). This is an illogical succession, and violates the suggested pre-investigation
progression shown in figure 3.2. Instead the large-scale information should be gathered prior to the
small-scale information. This makes it easier for the reader of the reports, i.e. project owner and
contractor, to find and evaluate the information they need at the right time.

Additionally a national geo-database should be developed. Such a database would be beneficial to all
pre-investigation thus it would make it possible to get access to geo-data from past projects. As the
situation now stands valuable information is lost because it is up to each consultant and projects to
archive the data in any format they choose. The database could be maintained by the Geological
Survey of Sweden (SGU) and be financed by the users. The Swedish society would also benefit of
such a database and could therefore contribute to financing the development and construction of
the database.
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Geoelectrical and IP imaging used for pre-investigation at a
tunnel project.
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Abstract

At a large tunnel project in Southern Sweden a number of geoelectrical and IP imaging were carried
out. The tunnel is drilled through a horst with a complex geology which includes fractures, high water
content and weathered zones. The measurements were carried out to compile a geologic model to
use in the further planning of the project. The resistivity and IP complements each other very well
since they focus on different specific characteristics. IP proved to be useful at locating dolerites and
resistivity was useful for the general distribution of fractures. An advantage is that with the seven-
channel Lund Imaging system both types of data can be measured in a fast and cost efficient way.
Magnetic measurements are a good supplement to pinpoint the exact position of the dolerite. Based
on the general geologic information, resistivity and IP measurements recommendations can be given
on where to drill in order to improve the geological model.

Introduction

When constructing tunnels and other large rock projects in Sweden the preferred method for the
pre-investigations has traditionally been drillings. Drillings gives point information and in a complex
geology this is not sufficient for a reliable engineering geological model. Therefore continuous
geophysical measurements should be performed prior to drillings with the purpose to make a
targeted drilling campaign and perhaps even reduce the number of drillings. Previous research
carried out by Dahlin et al. (1999) showed good results from a combination of resistivity imaging,
core drilling and geophysical logging used at the Hallandsas Horst, Sweden. Rgnning (2003)
investigated the usefulness of geophysical methods in the early stages of construction work and
concludes that 2D resistivity investigations often is better and more cost efficient than traditional
refraction seismic. At a tunnel project in Southern Sweden geoelectrical and induced polarization (IP)
measurements has been performed together with ground based magnetic measurements. Based on
this information a geological model is compiled to be used in the further planning of the tunnel
construction.

Geological setting

The tunnel is made through the most northern of the Scanian horsts. Gneisses of presumably
intrusive origin dominate in the area. Amphibolites of several generations occur where the oldest
often is seen as minor layers or schlieren in the gneiss. The bedrock is intruded by a set of young
dolerite dykes that run in the same direction as the Scanian horsts. These dolerites are steeply
standing dykes which can have a width up to 50 metre (Wikman & Bergstrom, 1987). The dolerite
dykes are seen as very distinct linear positive anomalies on the aeromagnetic map (Swedish
Geological Survey, 1981). A substantial deep weathering of the bedrock began under Triassic and
periodically continued under Cretaceous. This resulted in a clay-weathering to i.e. kaolin. The
weathering is documented in core drillings from the area. In the core drillings is it also clear that
there is often secondary mineralization such as chlorite development in the fractures (Wikman &
Bergstrom, 1987).
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The horst is an important groundwater reservoir. There are two types of reservoirs; one in the soil
layer (< 20 metre thick) and one in the basement. In the bedrock the water flows in a complex web of
fractures. The fractures created by the tectonic activity have made it possible for large amounts of
water to be stored within the bedrock. The tunnel level is 100-150 metre below the water table
resulting in high water pressures and continuous leakage during tunnel construction.

Method

The geoelectrical and IP measurements were carried out using a version of ABEM Lund Imaging
System that allows measuring in 7 channels simultaneously, with Terraohm RIP924b as receiver and
ABEM SAS2000 as transmitter (max 400V or 500mA, max 40W). The pole-dipole array was used
because of a larger median depth of penetration. A total of 900 metres were measured using the roll
along method. Each layout was 400 metres having electrode spacing of 5 and 10 metres. A special
technique was used in order to reduce the noise in the IP data. The current was transmitted in one
cable and the potential was measured in another. By doing this the capacitive coupling is reduced.
The cables were arranged parallel with around one meter distance. The measured data was inverted
in the program Res2dinv using robust inversion.

The magnetic data was measured using a GSM858 caesium-vapour magnetic gradiometer
manufactured by Geometrics Inc. The sampling rate corresponds approximately to a 10 cm sampling
distance. The magnetic profiles covers only 480 metres from x = 400 to x = 880. The data was
processed in the MagMap2000 software from Geometrics Inc. and then plotted in Matlab. An older
magnetic dataset, but from the same section, was modelled using the software GMM (Gravity and
Magnetic Modelling) from GeoVista AB.

Two existing core drillings (KB5336 and KB5450) as well as geological maps were available as
reference data.

Results

The resistivity, IP and magnetic measurements can be seen in figure 1. The mean residual in the
inverted resistivity is 5.1 % and for the IP it is 18.5 %. The first time window (20 ms long) was used for
the IP section.

The inverted resistivity section in figure 1A shows that the first 500 meters from northeast have a top
layer where the resistivity is higher than 3000 QOm. Below this the resistivity is between 1000 and
2000 OQm. Between x = 400 and 450 there is a zone with resistivity higher than 300 Qm 60 metres
below the surface. In the last 400 metre of the profile the resistivity section changes character. There
is no high resistive top layer. Instead there is a low resistive (200-400 Qm) 40 metre thick layer.
Below this the resistivity is between 600 and 2000 Qm.

The inversion result of the IP data is seen in figure 1B. The profile is dominated by a 200 meter wide
zone with an IP effect higher than 100 mV/V. This zone starts 10 to 20 metre below the surface. In
the north eastern part of the profile there seems to be an upper layer witha thickness of 60 metre
and an IP effect between 20 and 60 mV/V. Below this the IP effect is less than 10 mV/V.

The magnetic data is shown in figure 1C. A previous modelling of the same anomaly and the used
parameters are seen in figure 2. The modelling result and the general knowledge about the
geological setting suggest that the dyke is dolerite.
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Figure 1. (A) Inverted resistivity results for the 900 metre profile. The positions of two existing core
drillings are marked in the profile. In (B) the inverted IP can be seen and in (C) the result from the
magnetic measurement is shown.

Discussion

For the locations with access to drilling data (table 1) it can be seen that changes in both the
resistivity and the IP coincides well with the core drillings. For example between x = 0 and 370 metres
there is low resistivity and high IP effect from 186-120 m.a.s.l. which coincides well with the fractures
observed in the core drillings.
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Figure 2. Suggested model and parameters suiting the magnetic data. Notice the reversed profile
direction.

KB5336
Depth (m) [Rock material
0-12 Till and weathered bed rock

Moderately fractured gneiss/amphibolite with raw
12-118 fractures

Moderately fractured gneiss/amphibolite with
118-177 |fractures covered with chlorite

KB5450

Depth (m) [ Rock material

0-9 Till and weathered bedrock

9-38 Gneiss with varied fracture frequenzy
Gneiss/amphibolite with varied fracture

38-74 frequenzy, fractures covered with chlorite

74-155 Moderately fractured gneiss/amphibolite
Moderately fractured granite amphibolite with
155-169 | chlorite covered fractures

169-181 | Moderately fractured gneiss
Table 1. The geologic information from the core drilled boreholes KB5336 and KB5450.

Between x = 260 and 390 metres there is an area where the resistivity is slightly lower than its
surrounding. It is likely that this is a zone where fractures are present. From the core drilling
KB5450 it can be seen that the fracture frequency is locally higher. The large volume of solid
gneiss in combination with the small amount of fractures can explain the quite high resistivity
value. At x = 500 metres and at 180 m.a.s.l. there is a section where both resistivity and IP is low.
This might be explained by fractures where no weathering has occurred.

The magnetic mapping and modelling located the dolerite with high precision. At the same
location but over a larger area there are also high IP effects. The dolerite’s high IP effect can be
explained by increased mineralization due to contact metamorphosis. In the surrounding rock
there is also an increased fracturing which is highly water bearing giving slightly lower resistivity.

In the southern part of the resistivity profile a plume shaped section of low resistivity can be
seen. The surface area above this plume is very wet with bogs and even a lake. The IP data show
no effect in this zone which can be interpreted as water bearing fractures.

The geological interpretation of the 900 metre profile can be seen in figure 3 and is based on
resistivity, IP and magnetic data combined with reference data from core drillings geological maps.
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Figure 3. Detailed geological interpretation of the 900 metre profile.

Conclusion

Based only on the resistivity data the area can be divided into two sections. The northern most has a
higher resistivity due to less fractures and the southern most has slightly lower resistivity and a
higher amount of fractures. The IP data then adds information about the dolerite dyke and the
magnetic data locates the dolerite with high precision.

The resistivity and IP complements each other very well since they focus on different specific
characteristics. IP proved to be useful at locating dolerites and resistivity was useful for the general
distribution of fractures. An advantage is that with the seven-channel Lund Imaging System both
types of data can be measured in a fast and cost efficient way. It is notable that good quality IP data
was achieved with as little as 40W transmitter power despite the relatively large depth of
investigation. Magnetic measurements are a good supplement to pinpoint the exact position of the
dolerite.

Reference data, e.g. core drillings and pumping test, is important for a detailed interpretation. In an
early stage of the pre-investigations no information from drillings is usually available. But based on
the general geologic information, resistivity and IP measurements recommendations can be given on
where to drill in order to improve the geological model. It is clear that in this specific case the model
would be improved by making drillings at x = 250 and x = 600. So based on the geophysical data the
two drillings actually performed (KB5336 and KB5450) are not positioned optimally. One should
ideally been placed so that information could be obtained about the zone with high IP effect.
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Resistivity in horizontal boreholes can give useful detailed information about the geological conditions for
construction in rock, i.e. in front of a tunnel bore machine. This paper is an attempt to identify a suitable
methodology for an effective measuring routine for this type of geophysical measurements under actual
construction site conditions.

Prior to any measurements numerical modelling was done in order to evaluate the resolution of different
electrode arrays. Four different arrays were tested; dipole-pole, cross-hole dipole-dipole, cross-hole pole-
tripole and multiple gradient array. Additionally the resolution of a combination of cross-hole dipole-dipole
and multiple gradient was assessed. The 2D sensitivity patterns for various arrangements of the cross-hole

Keywords:

ERT

Horizontal boreholes
Numerical modelling

Arrays
2D sensitivity patterns dipole-dipole and multiple gradient array were examined. The sensitivity towards inaccurate borehole
Non-parallel geometry and the influence of water in the boreholes were also investigated. Based on the model study the

Water filled boreholes cross-hole dipole-dipole array, multiple gradient array and a combination of these were found to give the
best result and therefore were used for test measurements in horizontal boreholes. The boreholes were
28.5 m long and drilled 6.5 m apart. Prototypes of semi-rigid borehole cables made it possible to insert multi
electrode cables in an efficient way, allowing fast measurement routines. These measurements were then
studied to determine their accuracy and applicability. The results showed a high resistivity rock mass at the
site. A transition from high resistivity to slightly lower resistivity coincides well with a change in lithology
from gneiss-granite to gneiss. It is likely that the shotcrete on the tunnel wall is seen as a low resistivity zone.
The measurements are a valuable tool, but further development of the cables and streamlining of measuring
routines have to be performed before the resistivity tomography can be used routinely in pilot holes during
construction in rocks.

© 2010 Elsevier B.V. All rights reserved.

(2003) investigated the usefulness of surface based geophysical
methods in the early stages of construction work. The conclusion is

1. Introduction

Pre-investigations are vital for time efficient, cost efficient and safe
construction in rock. This requires sufficient knowledge about the
rock properties such as water flow and stability. During tunnel drilling
with a tunnel boring machine (TBM) probe drillings are made in front
of the TBM on a regular basis. If the geology varies on a small scale,
then probe drillings might not be representative of the rock mass
between the boreholes. Thus the aim with this study is to investigate
the possibility of using these boreholes for electrical resistivity
tomography (ERT). ERT can be done between two or more boreholes
and gives information about the rock mass between the boreholes. An
important task is to make the whole measuring routine fast and
efficient in order to avoid any delay for the TBM.

At geotechnical site investigations electrical imaging in combination
with core drilling and geophysical logging has proven to be valuable for
providing information about rock quality and detailed information on
the engineering geological characteristics (Dahlin et al., 1999). Renning
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0926-9851/% - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jappgeo0.2010.01.005

that 2D resistivity investigations often can indicate a weak zone, but this
depends on the contrast between the resistivity of the weak zone and
the surrounding rock. Electrical imaging made from the surface gives
limited resolution at greater depths, and for more detailed information
borehole measurements are required.

Previously ERT in vertical boreholes has proven useful for environ-
mental investigations (Daily et al, 1995; Daily and Owen, 1991;
Deceuster et al., 2006; French et al,, 2002; Goes and Meekes, 2004;
Guérin, 2005; LaBrecque et al, 1996). The method has also been
demonstrated as economically efficient in wells drilled during geotech-
nical pre-investigation of a tunnelling site to obtain a 2D image of the
resistivity close to a TBM (Denis et al., 2002). Here the method could
detect vertical and horizontal changes in the soil. It thereby gave
information about the geology between the wells. The measurements
were done from the surface in sedimentary rocks while the measure-
ments in this study are performed at tunnel level and in crystalline rock.

Even though model studies investigating the resolution of different
electrode arrays have been done previously (Bing and Greenhalgh,
2000; Danielsen et al, 2005; Goes and Meekes, 2004) it was found
necessary to perform a new study focussing on the specific scenario at
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the tunnel site. The influence of water in the boreholes is investigated for
a 3D model which is inverted as 2D. For a 2D case the model recovery of
different electrode arrays is investigated in order to find the best suited
array for the particular geology. The 2D sensitivity patterns for various
arrangements of the cross-hole dipole-dipole and multiple gradient
array are examined in order to clarify the modelling results.

Wilkinson et al. (2008) investigated the effects of geometric errors
on cross-hole resistivity using analytical methods. In our case the im-
portance of the geometry of the probe drillings was investigated
through numerical modelling. The geometry of the boreholes is in
reality very uncertain because they are drilled without precision.
Therefore it is not known how parallel the holes actually are. What is
interesting and relevant is to observe the magnitude of the error in
data when data is inverted assuming that the boreholes are parallel.
3D inversion is possible, but given the data acquisition, it is not of
relevance here.

This paper describes first the numerical modelling carried out to
test how different electrode arrays recover structures in a specific
geological setting. It is also investigated how uncertainty in the
borehole geometry and water in the boreholes influences the results.
For the numerical modelling the borehole separation and the
electrode distance are equal to the actual measurements. Then the
results from the numerical modelling are shown and discussed before
the measurement using ERT in horizontal boreholes are presented.
The measurements were carried out on an experimental stage. The
first measurements were made in a tunnel where problems with poor

8000 100000

rock quality have delayed the work seriously. The boreholes used
were similar to those drilled as probe drillings in front of the TBM.
They were 28.5 m long and drilled 6.5 m apart, with a diameter of
64 mm. The results from the measurements are discussed before the
conclusions from the modelling and the test measurements are given.

2. Numerical modelling

This section is divided into two parts. The first part comprises the
setup of the numerical study and the second part describes the results. In
the numerical study the model recovery and the sensitivity of different
array types towards uncertainty in the geometry of the boreholes are
assessed. Before the main modelling is done the influence of low
resistive water in the boreholes is investigated. The essence with the
modelling is to represent and test realistic field setup, inversion
software and geological scenarios for this specific case.

In all cases two 19.5 m long boreholes separated with 6.5 m are
modelled. The models resemble crystalline rock with high resistivity. In
the first model there is an inclined low resistive feature e.g. water-
bearing fracture zones. In the second model there is an inclined zone
with a slightly lower resistivity than the matrix resembling a different
lithology. The resistivity contrast is much lower than in the first model.
The air-filled tunnel front is considered as having a very high resistivity.

The forward modelling is done in RES2DMOD (Loke, 2002) using a
finite difference grid. The model is 50 m by 130 m (see Fig. 1). The grid
size is 0.25 m by 0.25 m in the part of the model where the boreholes
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Fig. 1. The full model showing the boundaries. The red lines are the position of the boreholes. The grid size is 0.25 times 0.25 m in the section where the boreholes are positioned.



B.E. Danielsen, T. Dahlin / Journal of Applied Geophysics 70 (2010) 245-254 247

are. The boreholes are positioned at 22.5 m and 29 m and the elec-
trodes are positioned from 26 to 45 m with 0.5 m spacing. Only the
area of the models where there is sensitivity towards the geology is
shown in the examples. Prior to inversion 5% random noise was added
to the apparent resistivity data.

The inversion is done in RES2DINV (Loke, 2004a,b) with a robust
inversion (L;-norm), by which the sum of the absolute values of the
data misfit is minimized. The robust inversion was chosen because of
the relatively sharp boundaries and large contrast in the resistivity
(Loke et al., 2003). The residual between the forward calculated
resistivities and the model response is used to verify the quality of the
inversion, which in the case of robust inversion is calculated as the
mean of the absolute values of the differences between the input data
and the model response data, i.e. (Claerbout and Muir, 1973):

residual = mean((d ®*—d ))

where d° is a vector containing the measured data and d is the
vector of the forward response calculated from the model (pseudo-
section). Multiplication with 100% gives the residual in percent. It is
expected that the residual is in the same magnitude as the random
noise added to the apparent resistivity, provided the inversion has
been successful in finding a model in agreement with the data.

Four electrode arrays were tested (see Fig. 2); dipole-pole (AM-N),
cross-hole dipole-dipole (AM-BN), cross-hole pole-tripole (A-BMN)
(Goes and Meekes, 2004) and multiple gradient (Dahlin and Zhou,
2004). Then different combinations of gradient, AM-BN and A-BMN
were tested but only the combination of AM-BN and multiple gradient is
shown here. This is done because those two gave the best result when
they were used alone. The dipole-pole (AM-N) and cross-hole dipole-
dipole (AM-BN) are popular arrays in which Bing and Greenhalgh
(2000) gave good results for environments where the resistivity
contrast is a factor 10. In Goes and Meekes (2004) the pole-tripole
(A-BMN) gave good results for tests done in unconsolidated sediments.
In our case the arrays are tested for larger resistivity contrast in
crystalline bedrock. The multiple gradient configuration has not
previously been tested for borehole measurements. This is a surface

a) AM-N b) am-an
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Fig. 2. Schematic layout of the discussed electrode configurations.

array which here is converted to a borehole array and is a combination of
two single-hole datasets. The surface gradient array is addressed further
in Dahlin and Zhou (2004). The number of data points (Table 1)
influences the time used for measuring and inversion of the data.
Because the time used for performing the measurements and the
inversion are very important when used in front of a TBM the datasets
are as small as possible. Both the gradient and the AM-BN have a
relatively limited number of data points when implemented in the way
done in our tests, i.e. with one s-factor for the gradient array and limited
maximum separation between the dipoles.

The dipole-dipole configuration AB-MN was also tested at an
initial stage but without satisfactory results, as was the case in the
study by Bing and Greenhalgh (2000). Bing and Greenhalgh (2000)
showed that the cross-hole pole-dipole A-MN, dipole-pole AB-M and
the dipole-dipole AB-MN have singularity problem in data acquisi-
tion, giving many near-to-zero potential values. Therefore these
alternatives are not considered here.

2.1. Resolution of different electrode arrays

Before the resolution of different electrode arrays is assessed the
influence of water in the boreholes is roughly evaluated. During actual
measurements water is present in the boreholes. The risk is that the
water in the boreholes is so conductive that the current never will
enter the bedrock but only pass through the water.

In reality the measurements are 3D but in this case only 2D
inversion of the data are considered. Thus the forward modelling is
made with RES3DMOD (Loke, 2001) and afterwards the data are
extracted as 2D data and inverted in RES2DINV. Since finite difference
is used (rectangular grid) the boreholes have to be approximated as
having square cross section. The grid size is still 0.25 m by 0.25 m, but
because the borehole is situated in a grid node, the boreholes have to
be modelled as 0.5 m by 0.5 m even though the actual diameter of the
boreholes is 0.06 m. The calculations are based on the equivalence
principals i.e. the ratio between the layer thickness and the resistivity
has to be constant, e.g. Parasnis (1986); Reynolds (1997). To obtain a
correct total conductance of the grid cells representing the boreholes,
the resistivity has to be approximately 100 times larger than in the
actual case. The resistivity of the water in some wells at the
investigation area is measured to be 50 ) m on average. Therefore
the resistivity of the boreholes in the model should be 5000 Q0 m. This
means that the contrast between the boreholes and matrix is very
small and consequently the water in the boreholes is expected to be
unimportant. To be on the safe side the modelling was carried out
using a resistivity of 500 0 m (i.e. the actual water resistivity is 5 0 m)
and a resistivity of 8000 Q m for the matrix. If water in the borehole is
critical for the measurements the very low resistivity would definitely
influence the model recovery.

In Fig. 3 the 2D inversion of the 3D model shows that the very low
resistivity of the boreholes is not recovered. For all four arrays the
resistivity of the area between the boreholes is higher than in the
forward model. One extremity is the AM-BN in Fig. 3c where the
resistivity close to the boreholes is the same as for the forward
modelling matrix. The other extremity is the gradient array (Fig. 3e)

Table 1
Number of data points in four different electrode arrays and the combined array used in
this numerical modelling. The arrays are generated using Matlab.

Array Number of data points for 2D
Dipole-pole (AM-N) 640
Dipole-dipole (AM-BN) 268
Pole-tripole (A-BMN) 720
Gradient 248
Gradient + AM-BN 516
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Fig. 3. a) The 3D model is inverted as 2D. The matrix has a resistivity of 8000 () m and the borehole has a resistivity of 500 £ m. Inversion results using b) dipole-pole (AM-N),
¢) cross-hole dipole-dipole(AM-BN), d) pole-tripole (A-BMN), e) multiple gradient. The distance is in metre.

where the resistivity close to the boreholes is lower than the matrix,
but not as low as the true borehole resistivity. In between is the AM-N
and A-BMN where there are some areas with lower resistivity and
some with higher. But for none of the arrays the recovery of the matrix
resistivity is influenced by the very low resistivity of the boreholes.
Therefore the boreholes are assumed to be of minor importance with
regards to the resistivity results and are excluded from the further
study of the model recovery.

The first model used for the study of the model recovery has an
inclined fracture zone with a resistivity of 300 Q m in an 8000 Q m
matrix, see Fig. 4a. The high resistivity area in the left side of the model
is the air-filled tunnel front. In the second model there is a wide
inclined zone with a slightly lower resistivity (3000 ) m) compared
to the matrix (8000 Q2 m). This resembles the contrast between two
lithologies such as gneiss and gneiss-granite. Such a contrast is what
can be expected in the field measurements.

The electrode arrays have a 0.5 m electrode spacing, thus there are
40 electrodes in each borehole. The total number of electrodes is
larger than the maximum possible in the forward modelling program
RES2DMOD. Therefore the generation of data is done twice with 1 m
electrode spacing, where the second is displaced by 0.5 m compared
to the first.

2.2. Sensitivity towards borehole geometry

The sensitivity towards the geometry of the boreholes is very
important to assess because the probe drillings in front of a TBM are
not drilled with great precision. In the worst case the accuracy is in the
order of 1-2 m on a 40 m long borehole. It is too expensive and time
consuming to measure the geometry of the boreholes. As a
consequence the electrodes are most likely in different positions
when the data are measured than the position assumed in the data
inversion. This means that when performing the inversion some
inaccurate assumptions are made because the electrode geometry will
be imprecise.

For modelling this scenario model 1 is used as in the section on
electrode array resolution, where the electrodes in the left borehole
diverge increasingly from a straight line with depth as illustrated by
the red dots in Fig. 7a. The modelling is done for smaller and larger
distances between the boreholes. The results were similar, thus only
the latter is shown here.

The left borehole deviates 1 m in 19 m. Data is generated with
these two non-parallel boreholes, but when inverting data, parallel
boreholes are assumed. For evaluating the result the inverted data are
compared with the ideal situation where the boreholes are in fact
parallel when generating the data. This comparison is made by
calculating the relative change. The difference in resistivity between
the normal and diverging dataset is divided by the resistivity of the
diverging dataset.

2.3. Results of the numerical modelling

2.3.1. The ability to recover the models using different arrays

Modelling the ability of the different arrays to recover the models
showed differences in their ability to resolve the resistivity and loca-
tion of the geological features. The results from the inversion of the
synthetic model are shown in Figs. 4 and 5. Figs. 4a and 5a show the
true models created in RES2DMOD. The models are seen from above
with a left (L) and right (R) borehole.

In Fig. 4b-e the results are shown where only one array type is
used on model 1. For all four arrays the correct thickness and position
of the low resistivity zone are resolved accurately only at the
boreholes. Therefore the best resolution is close to the electrodes.
Except for the A-BMN the arrays have a slightly higher resistivity in a
large area at the tunnel front. Experiments with adding a priori
information to the data before inversion, e.g. fixed region and known
boundaries, did not improve the result. The model residual is 7% for
the AM-N whereas it is 3.8% for both AM-BN and A-BMN and 2.3% for
the gradient array. As expected the model residual is in the same
magnitude as the added noise (5%). There are cases of fitting the
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d) A-BMN, residual = 3.8 % €) Gradient, residual = 2.3 % f) Gradient + AM-BN, residual = 2.4%
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Fig. 4. a) The true model 1 made in RES2DMOD. Model of inclined fracture zone with a resistivity of 300 (0 m in a 8000 ) m matrix. The model is seen from above with a left (L) and
right (R) borehole. Inversion results using b) dipole-pole (AM-N), c) cross-hole dipole-dipole (AM-BN), d) pole-tripole (A-BMN), e) gradient, f) combination of gradient and cross-
hole dipole-dipole. Black and grey dots are the electrodes in the boreholes. The distance is in metres.

model to the noise, which is seen as small islands (artefacts) of deviant resolving the low resistivity zone. The zone is more diffuse and has a
resistivity at a single electrode, e.g. for the gradient array (Fig. 4e) at higher resistivity at the edges of the model than the AM-N, AM-BN and
27 min the left borehole. This can also occur for field measurements but multiple gradient arrays (Fig. 4b, c and e). These three arrays resolve the
is easy to diagnose. The A-BMN in Fig. 4d has most difficulties in resistivity of the inclined zone well. With AM-N the inclined zone is

-25 -30 -35 -40 -45

30

b) AM-N, residual =10.2 % C) AM-BN, residual = 3.4 %
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d) A-BMN, residual = 6.1 % €) Gradient, residual = 2.1 % f) Gradient + AM-BN, residual = 3.1 %
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Fig. 5. a) The true model 2 made in RES2DMOD. Model of inclined zone with a resistivity of 3000 {0 m in a 8000 () m matrix. The model is seen from above with a left (L) and right (R)
borehole. Inversion results using b) dipole-pole (AM-N), c¢) cross-hole dipole-dipole (AM-BN), d) pole-tripole (A-BMN), e) gradient, f) combination of gradient and cross-hole
dipole-dipole. Black and grey dots are the electrodes in the boreholes. The distance is in metres.
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resolved as continuous and with a homogeneous resistivity. The matrix
is not well resolved and there are several artefacts, where data are fitted
to noise. The multiple gradient array can resolve both the matrix and the
inclined layer and the transition between high and low resistivity is
particularly narrow. For the AM-BN array the inclined zone is diffuse and
too large. Close to the tunnel front the resistivity of the matrix is too low.
There are a few artefacts but the array resolves the matrix well.

The combination of AM-BN and multiple gradient array is seen in
Fig. 4f. This combination has a residual of 2.4% and therefore fits the
data well. The low resistivity zone appears in steps but is close to
having the true resistivity. The transition from high to low resistivity
is narrow. As in the case for the AM-BN array, the resistivity close to
the tunnel front is too low.

In Fig. 5b-e the results are shown where only one array type is used
on model 2. It is seen that AM-N, A-BMN and gradient can recover the
resistivity of the wide low resistive zone in the area between the
boreholes. The residual for AM-N is 10.2% which is considerably higher
than for the other arrays. The AM-BN in Fig. 5¢ underestimates the
resistivity of the low resistive zone. However, the geometry of the zone
is not recovered well, especially not at the edges of the model. The
residual is 3.4% for the AM-BN indicating a good fit to the data. The AM-N
and AM-BN in Fig. 5b and c are very similar in how the true model is
recovered. At the boreholes there are high resistive circular areas located
around one or two electrodes which are considered to be artefacts i.e.
fitting model to noise. The resistivity of the matrix is well recovered. The
A-BMN in Fig. 5d is dominated by high resistivity close to boreholes. The
resistivity of the matrix is clearly overestimated. The residual is 6.1%
which supports the visual impression of a poor data fit. The gradient
array in Fig. 5e has no artefacts and recovers the resistivity and geometry

a) AM-BN, (1,1,3,3)

A

b) Am-BN, (3.5,5,7)

B.E. Danielsen, T. Dahlin / Journal of Applied Geophysics 70 (2010) 245-254

of the different zones. It is only the area close to the tunnel front where
the resistivity is slightly underestimated. For this array the residual is as
low as 2.1% giving a good fit to the data.

In Fig. 5f the combination of gradient and AM-BN is shown. It is
clear that the AM-BN dominates the result giving an underestimation
of the low resistive zone and an overestimation of the resistivity in the
bottom of the figure outside the right borehole. The residual is 3.1%
which is a good data fit.

Fig. 6 shows the 2D sensitivity pattern for three AM-BN (a-c) and
three gradient (d-f) electrode configurations. Other combinations
were studied and these are some representative examples. Observe
that the scale used for the AM-BN configurations is one magnitude
larger than the scale used for the gradient configurations. It is quite
clear that the AM-BN has a greater sensitivity between the boreholes.
The sensitivity decreases quite rapidly when the separation between
the current and potential electrodes increases. The gradient config-
uration has a smaller sensitivity between the boreholes, but has a
much larger sensitivity close to the electrodes. Because of the different
sensitivity patterns the arrays are expected to have different advan-
tages in resolving geological structures, which the results in Figs. 4
and 5 show.

2.3.2. Sensitivity towards borehole geometry

Fig. 7 shows the results from modelling the sensitivity to different
degrees of divergence from parallel. The figure show the relative change
instead of the resistivity image since the difference in the resistivity
image is small. A change between —0.25 and 0.25 (white) indicates
zones that show almost no difference between the case when the
boreholes are perfectly parallel and when they are not. The red colour
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Fig. 6. The 2D sensitivity pattern in horizontal boreholes using AM-BN, a)-c), and multiple gradient, d)-f). The position of the electrodes (C1, C2, P1, and P2) is given in brackets. The
horizontal black lines mark the position of the two boreholes. The distance is in metres. Notice the difference of a factor ten between the sensitivity of AM-BN and multiple gradient.
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Fig. 7. The relative difference between inverted models with parallel and non-parallel boreholes. a) The red dots are the position of the electrodes while data are generated. The black
dots are the position of the electrodes while the data are inverted. b) dipole-pole (AM-N), ¢) cross-hole dipole-dipole (AM-BN), d) pole-tripole (A-BMN), e) gradient, f) combination
of gradient and cross-hole dipole-dipole (AM-BN). The grey dots are the electrodes in the boreholes assumed during inversion. The distance is in metres.

indicates that the resistivity obtained by the inclined borehole is smaller
than for the parallel boreholes. The opposite is the case for the blue
colour.

The AM-N array in Fig. 7b, is relatively sensitive towards changes
in borehole geometry. The AM-BN array, Fig. 7c, and the A-BMN,
Fig. 7d, are sensitive close to the low resistivity zone but are generally
insensitive elsewhere. The largest difference is seen with the gradient
array in Fig. 7e. At the low resistivity zone in the left borehole the
relative difference is large. The combination of gradient and AM-BN
sums up the differences from the individual arrays (Fig. 7f).

3. Discussion of the numerical modelling

Generally the numerical modelling showed that the area best
recovered is close to the electrodes for all the arrays.

The best recovery of the resistivity and position of the geological
structures is obtained with multiple gradient array, AM-BN and a
combination of AM-BN and multiple gradient array. These arrays have
the lowest residual (~2-6%). In all cases the matrix and the low
resistivity close to the boreholes are well resolved. Even though the
resistivity contrast in model 2 is small the arrays recover the model
well. This is useful in the actual case where there is expected to be a
difference in lithology and therefore a small difference in resistivity.
The AM-BN is good at resolving the resistivity of the matrix between
the boreholes but there are some artefacts. The study of the 2D
sensitivity patterns for the AM-BN and gradient array supports these
observations. The gradient array has a smaller sensitivity between the
boreholes than the AM-BN. Results from other modelling carried out,
but not shown here, emphasise that the resolution between and
outside the boreholes is limited for the gradient array. This is probably
due to the fact that it is two single-hole data sets merged together. It
can be expected that it creates symmetry problems as described in
Tsourlos et al. (2003). This has to be addressed further in the future. By
combining the two arrays the structures are slightly better resolved. The

AM-N has a high residual (7-10%). The array resolves the low resistivity
zone, but not the matrix where there are quite a number of artefacts. The
A-BMN has arelatively high residual for model 2. The configuration does
not have the same resolution of this geological setting as AM-N, AM-BN
and multiple gradient configurations.

The signal to noise ratio for the different arrays is important to
consider when evaluating the results. The geometric factor is calculated
for each electrode configuration because it is inversely proportional
with the signal to noise ratio (Loke, 2004a,b). The geometrical factor for
the A-BMN differs between 20 and 10,000 whereas AM-BN mainly
differs between 10 and 1000. Even though A-BMN has some electrode
configurations with high signal to noise ratio, there are also many
configurations with low signal to noise ratio. The gradient array has a
geometrical factor between 25 and 250 which is the lowest for the array
tested. Therefore the gradient also has the highest signal to noise ratio.
This influences the resolution of the models and contributes to the
overall impression of the arrays' performance.

The study of the sensitivity of the arrays towards the borehole
geometry showed that the smallest difference is obtained using the
AM-BN or A-BMN. The sensitivity towards geometry errors was
visualized by using the relative difference instead of the actual
inversion model. This was done because the difference is difficult to
distinguish when comparing the inversion models. This demonstrates
that the geometry problem produces only small changes in the
resistivity values. In most cases the difference is largest close to the
low resistivity zone. A limitation in the study is that only one of the
boreholes is deviates because it is not possible to model two inclined
boreholes in RES2DMOD. In reality the geometry is probably that both
boreholes are deviating. In such a case there will be a larger difference,
but it is expected that for the array types discussed, this will produce
only a minor difference.

With the particular application in mind, i.e. measurements in front
of a TBM, it is very important that the measurements and inversion is
fast. The measurements can only be performed when the TBM is



252 B.E. Danielsen, T. Dahlin / Journal of Applied Geophysics 70 (2010) 245-254

standing still and the information about the geology is needed before
the production can be resumed. Therefore it is crucial with fast data
acquisition and inversion, hence an approach that requires as few data
points as possible without compromising resolution and reliability is
desired. This is a critical factor because, as shown in e.g. Dahlin and
Loke (1998), the data density is important for resolving certain
structures. With the computer power available the data is inverted
within 5 min, and with faster computers this reduces so it is of minor
importance. The time used on the data acquisition depends on e.g. the
instrument, number of stacks, measurement delays and integration
time. These factors depend on the field conditions and can only be
determined at the field site. A rough assessment for a 4 channel
instrument and combination of gradient and AB-MN (Table 1) would
give 129 measurements. Each measurement takes between 2 and 20 s,
depending on selected parameters and site conditions, which means
that the whole acquisition can take between 4 and 40 min. In addition
there is a certain mobilization time for getting the cables ready for
measuring. This rough estimation shows that several factors influence
the time used on measurements. Still the optimization of the number
of data points should be addressed further in future work.

Based on the results from the numerical modelling the AM-BN and
the gradient arrays were used in the field test measurements in the
horizontal boreholes. It is then possible to combine the different
datasets before inversion. Even though Goes and Meekes (2004)
showed good results for the A-BMN, it did not resolve the geology
particularly well for the models studied and has a high residual. The
A-BMN also had a low signal to noise ratio. Thus the A-BMN was not
used for the actual measurements in the boreholes. The AM-N array
did not prove to be good at resolving the matrix giving very high
residual, and was also sensitive towards unknown borehole geometry.
In addition the array is more complicated to use in the field, because of
the need for a remote electrode.

4. ERT in horizontal boreholes

Horizontal boreholes raise several practical questions, i.e. how to
get the electrode cables into the boreholes. For solving this problem a
prototype of a semi-rigid cable has been developed, using a thin
fibreglass rod to create rigidity, Fig. 8. A further requirement is that
the cables can be wound up so that they can be handled in confined
spaces. To avoid getting stuck in the boreholes the cables have to be
streamlined. The need to have streamlined cables conflicts with the
requirement for adequate electrode contact with the borehole walls.
To overcome this both test holes were drilled with a couple of degrees
inclination downwards in order to keep water in the holes thus
creating better electrode contact. The inclination also makes it
possible to pour water into the hole if no water is present naturally.

Borehole
Fibreglass rod -

R

Borehole cable
with electrode |

Fig. 8. Photograph of a borehole cable with the thin fibreglass rod.

For the test measurements the electrode spacing was 1 m, but by
pulling back the electrode cable half a metre after the first measurement
and then measuring a second time the data interval was reduced to
0.5 m. It should be noted, however, that any measurements with 0.5 m
electrode spacing could not be done.

For the measurements the Lund Imaging system was used, in this
case consisting of Terraohm RIP924, ABEM Electrode Selector ES10-64C
and ABEM SAS2000 Booster. The same array protocols were used in field
as in the numerical modelling (Table 1). Due to the high contact
resistance it was only possible to transmit between 2 and 20 mA. There
was a delay on 500 ms between each measurement and the integration
time was 600 ms. The minimum number of stacks was 2 and the
maximum number was 4. The maximum variation coefficient between
the stacks was 1%.

The inversion program RES2DINV does not allow viewing and
editing of the borehole resistivity data before inversion. Therefore the
format of the borehole data files was modified to make it possible to plot
data (Fig. 9) in pseudosections in the data visualization software
Erigraph and to edit data in RES2DINV. Erigraph can e.g. plot
pseudosections from Lund Imaging System and is distributed by
ABEM Instrument AB. By plotting the data as a pseudosection an
overview of the overall data quality is given before editing in RES2DINV,
which can facilitate the omission of outliers from the measured data.

5. Results and discussion of measurements in
horizontal boreholes

The prototype of the stiff electrode cables was effective and easy to
use in practice, but problems still occurred during the measurements.
One cable got stuck in a borehole and had to be left in the hole during
the first stages of developing the prototype. This stimulated the
development of a cable without any protuberances. Still it does not
completely prevent the problem from recurring. Another problem
was that a borehole collapsed before the measurements were done. As
a consequence measurements were performed in holes of different
length which gives an asymmetrical result. In this particular case the
boreholes were re-drilled and the measurements could be performed
in holes of equal length. However, it is too expensive and time
consuming to re-drill the holes when the measurements are being
used for regular production purposes.

The inversion of the borehole data gave a residual of 5.8% for the
cross-hole dipole-dipole and 14.7% for the gradient array. The inversion
of the combined data set gave also a residual of 14.7%.

Fig. 10 shows the inversion results of the resistivity measure-
ments with the different array types and the combined data. The grey
circles mark the positions of the electrodes in the two boreholes. The
innermost electrode in both boreholes is positioned at 1 m and the
tunnel wall is at 28.5 m. The results are viewed from above with the

Hallandsasen North tunnel - multiple gradient array BH1
GRADIENT ARRAY PSEUDOSECTION
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Fig. 9. An example on measured data plotted as a pseudosection. The example is the
gradient data measured in one borehole plotted in Erigraph.
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Fig. 10. The inversion results from the resistivity measurements using different electrode arrays. The boreholes are seen from above with the tunnel wall to the right in the figure. The
left borehole, seen from the tunnel, is marked with L and the right borehole with R. The lines show probable structures. a) Cross-hole dipole-dipole array, b) Gradient array,
c) Combination of gradient and cross-hole dipole-dipole. Grey circles mark the position of the electrodes. The electrode separation is 0.5 m.

tunnel wall to the right in the figures. The left borehole, seen from
the tunnel, is marked with L whereas the right borehole is marked
with R.

For all three results the resistivity close to the borehole is higher
than 16,000 Q m. The inversion result of the combined data set looks
very much like the result using the gradient array. This is also
confirmed by the absolute error value. Why the gradient array is so
dominant has to be investigated in future work. Even though the
results have a large difference in the resistivity of the area between
the boreholes there is still a trend in the resistivity images. The line
from 5 m in the left borehole to 17 m in the right borehole marks a
transition from high resistivity to a slightly lower resistivity. Close to
the tunnel wall the resistivity is low in all three examples.

As reference data for the interpretation of the resistivity data the
information from a horizontal core drilling, called NAO1, is used. NAO1 is

drilled perpendicular to the two boreholes and thereby parallel to the
tunnel wall and therefore the information cannot be applied directly.
The drilling report (left out here) showed that where it crosses the two
test boreholes the lithology is gneiss. The geological structures here
intersect the tunnel at an angle of 65-70°. This information together
with the data from NAO1 gives a rough estimated position of fractures
and formation changes in the test boreholes, see Fig. 11.

By comparing the result from Fig. 10 with the estimated position of
the structures found in NAO1, it is clear that no fractures are resolved
by the resistivity method. The fractures are presumably present but
are not visible in the data. The fractures might be too narrow to be
resolved with this electrode spacing and borehole separation. The
data are most likely also influenced by 3D effects.

The transition from high resistivity to lower resistivity is probably
a change in lithology from gneiss-granite to gneiss. The mineral

D | Fracture with water, 40 I/min
E | Fracture with water + very
fractured formation, 17 I/min =
F Fracture with water, 73 |/min NAOI =
G | Formation change, lefl is E
Gneiss-Granite, right is Gneiss . . . ]
H | Fracture with water, 30 /min ' Gneiss-Granite Gneiss =
1 Clay deposit ~ 0.1 m / /I5 » .1|0, » .115[[\29.[,1%5 R
;I ¢ L4
!
¥ L2
/ ; rermrafd . . L
t / /
I H G F E D

Fig. 11. The estimated projected position of the structures found in NAO1. The nature of these fractures is seen in the table at the left. The approximated position of NAO1 is shown

with two parallel lines 3m from the tunnel wall.
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composition of the rock mass is different and probably most
important is that the gneiss-granite contains less fractures than the
gneiss (Wikman and Bergstrom, 1987). This would explain why the
gneiss-granite has a higher resistivity than the gneiss. The low
resistivity zone close to the tunnel wall is most likely caused by the
shotcrete at the tunnel wall, which contains metal fibre reinforce-
ments. In addition there might be rock reinforcements, e.g. rock bolts,
which could affect the result. In an actual production phase shotcrete
and rock reinforcement will not influence the measurements when
performed in the tunnel front because they will not yet have been
applied.

The numerical modelling showed that the water in the boreholes
should not influence the resolution of the different arrays. The very
high resistivity at the boreholes suggests that the measurements not
are influenced by the water in the boreholes.

The residual for the measurements proved to be acceptable for the
cross-hole dipole-dipole whereas for the gradient array it is rather
high, but still acceptable. The high error could be expected because of
the high resistive environment, limiting the transmitted current.

6. Conclusions

Probe holes are drilled up to 40 m ahead ofa TBM in order investigate
the rock conditions and the amount of water. If the geology is highly
variable, representative information might not be obtained by drilling
two or three probe holes because the area between the probes might be
quite different. By performing small scale resistivity tomography
between the boreholes a better image of the geological setting would
be obtained and the operator would be better prepared of the up-
coming 40 m ahead. The additional information might contribute to a
more effective TBM advance. A development of an ERT system for
horizontal boreholes is therefore important.

The numerical modelling showed that the best resolution of the
inclined fracture zone was obtained using the multiple gradient array
and a combination of AM-BN and multiple gradient. In addition the
AM-BN proved to be the most insensitive towards non-parallel
boreholes. The sensitivity pattern made it clear that the AM-BN has
the largest sensitivity between the boreholes, while the gradient has
the largest sensitivity close to the electrodes. The gradient array did
also have the highest signal to noise ratio. This result can be used
in the optimization of the protocols. The main conclusion was that
AM-BN and multiple gradient array are the best for the actual
measurements. The numerical modelling also showed that the water
filled boreholes should not influence the results much.

The measurements in test boreholes showed that it most likely is
possible to resolve the change from gneiss to gneiss-granite. The
resistivity is low close to the tunnel wall because of the shotcrete. The
very high resistivity at the boreholes proved that the low resistivity
water in the boreholes did not have any visible effect on the result.

An important outcome of this study was that the prototype of the
semi-rigid cable proved to work well. For production measurements it
is suggested that electrode cables with an integrated glass fibre rod
would work well. Measuring of reciprocal data for data quality
assessment is suggested at least in a test and development phase. For a
better data evaluation it would be worthwhile to obtain accurate
reference data by making measurements in core drilled boreholes so
that the resistivity results can be compared to the borehole logs. A
further optimization of the protocol files is also vital, and in particular
a study of the different 2D sensitivity patterns is considered to be
essential. It would be interesting to do the measurements between

more than one borehole in order to reduce the distance between the
holes. In this case 3D inversion would be useful.
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Abstract

Borehole geophysics is a natural part of exploration for new oilfields and ore deposits, but as part of
pre-investigation for rock tunnel construction it is often diminished. Even the most basic logging
probes can give detailed information about the lithology change, fractures and weathering of
crystalline bedrock. Additionally it gives continuous in situ measurements which are of great value
when there is no core recovery.

In two core drilled boreholes at the Hallandsas Horst, Sweden, borehole geophysics was performed
in order to evaluate the resolution, properties and usefulness of the method. For evaluation the logs
were compared with the cores. The result suggests that logging of non-cored boreholes can reveal
useful information especially when there are cored drill holes to correlate with. As an example
logging measurement was done in a percussion drilled borehole in the same area. The reference
from the core drilled holes was then used for the interpretation.

Borehole geophysics provides a large number of information about the rock properties which are of
great importance in pre-investigation for rock tunnel construction. It can also be recommended that
borehole geophysics is done in the cheaper percussion drilled holes and thereby being a good
alternative to the expensive core drilled holes.

Keywords: borehole geophysics, logging, core drillings, percussion drilling, pre-investigation

Introduction

Different drilling methods are widely used in pre-investigations for rock tunnel construction. Core
drillings are made in order to obtain undisturbed rock samples providing information about rock
mechanical properties, lithology, fracturing and weathering e.g. Schepers et al. (2001). ISRM (1981)
suggests geophysical logging of boreholes to determine the geometry of major subsurface structural
discontinuities. In Takahashi et al. (2006) ISRM gives guidelines for how to use borehole geophysics
to achieve useful and valuable outputs for rock engineering projects. Rafat et al. (2001) present
examples on how borehole geophysics can contribute with information about lithology, structural
and rock mechanic information. The borehole geophysics is also used to calibrate the results from
surface geophysics and should therefore be an integrated part of the pre-investigation for rock
construction.

Strictly speaking borehole logging is an alternative or supplement to the analysis of cores and
cuttings. Although often preferred because of the possibility of continuous analysis of the rock
formation over a given interval, economic and technical problems limit the use of cores. Coring takes
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time, and is therefore expensive. A core drilling is about 4-5 times as expensive as a percussion
drilling per meter (Swedish prices 2010, without mobilization/demobilization, L. Bjelm (personal
communication, 2010)). In many soft and friable rocks, e.g. clay weathered rock, it might only be
possible to recover part of the cored interval. Geophysical logging gives continuous in situ
measurements which are of great value when there is no core recovery. Cuttings, extracted from e.g.
percussion drillings, are one of the major sources of subsurface sampling. However, the
reconstruction of the lithological sequence from cuttings is imprecise due to the problem of
associating depth with any given sample. It also demands very skilled personnel to determine the
lithology and weathering from the small cutting samples. Although most well logging techniques do
not give access to the physical rock samples, they do, through indirect means, provide continuous, in
situ measurements of parameters related to lithology and other rock properties of interest (Ellis and
Singer 2007).

The scope of this paper is to show that borehole geophysics can give detailed information about the
lithology, fracturing and weathering of crystalline bedrock. It can also be recommended that
borehole geophysics is done in the cheaper percussion drilled holes and thereby being a good
alternative to the expensive core drilled holes.

The geophysical borehole sonds can detect different physical properties, so a combination of several
logs is the optimal (e.g. Takahashi et al. 2006). In the particular case described here the resistivity
logs detects fracture and weathered zones. The natural gamma log detects amphibolites and dolerite
dikes in the surrounding gneiss. The caliper log gives good indications on fractures. These logging
probes are the most basic and are standard in most logging operations.

The study area is situated in Southern Sweden, figure 1, where the construction of Hallandsas
Railway Tunnel has been problematic with delays and raised budget as a consequence. One of the
problems has been variations in the mechanical properties of the rock. A deep weathering of the rock
has in some parts resulted in zones in the bedrock where the mechanical properties are similar to
clay. In other parts of the rock, fractures carry groundwater under a high pressure. Even though
borehole geophysics is a useful method, only a few boreholes at the Hallandsas Railway Tunnel are
surveyed with geophysical logging (Dahlin et al. 1999).

In two core drilled boreholes at the Hallandsas Horst, geophysical logging was performed in order to
evaluate the resolution and usefulness of the method. For evaluation the logs were compared with
the cores. The result suggests that logging of non-cored boreholes, might reveal very useful
information especially when there are some cored drill holes to correlate with. As an example
geophysical logging was done in a percussion drilled borehole in the same area. The experience from
the logging in the core drilled holes was then used for the interpretation.

In the following the geological setting of the investigation area is presented prior to a method
description. A brief introduction to the logging probes used in the measurements is given. The results
are presented together with a discussion and finally the results are summarized in the conclusion.

Geological setting
The Hallandsas Horst, figure 1, is the result of tectonic activities, which has been going on at least
since Silurian time. It is part of the Tornquist Zone and the uplifted blocks have a NW-SE orientation.

2
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The Tornquist Zone is a tectonic element which stretches all the way to the Black Sea (Wikman and
Bergstrom 1987). The Hallandsas Horst is 8-10 km wide, 60-80 km long and reaches an elevation of
150 to 200 m in the investigated area.

Gneisses of presumably intrusive origin dominate the area, whereas sedimentary rocks cover minor
areas. Amphibolites of several generations occur and the oldest are often seen as minor layers or
schlieren parallel to the layering in the gneiss. The younger amphibolites have mostly distinct
contacts and cut across the structures of the older bedrock. These younger dykes often run in the
NNE-SSW direction (Wikman and Bergstréom 1987).
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Figure 1. Left: Map of Southern Sweden showing the position of the investigation area and the outline

Baltic Sea

of the Tornquist Zone (STZ). Right: The position of the three logged boreholes along the tunnel line.
The core drilled holes are KB5336 and KB6105. The percussion drilled hole is MK28. Maps are
modified from Graversen (2009), Lantmdteriverket (2001) and Liboriussen et al. (1987).

The dominant faults correspond to the Tornquist Zone and are oriented in NW-SE direction. Another
younger system has a NNE-SSW direction. The bedrock is intruded by a set of younger dolerite dykes
with their trend parallel to the Scanian horsts. These NW-dolerites are steeply dipping dykes that can
have a width up to 50 m (Wikman and Bergstrom 1987). They are seen as very distinct linear positive
anomalies on the aeromagnetic map (Swedish Geological Survey 1981). On the aeromagnetic maps it
is also possible to see the NNE and NW fault systems because they disconnect the positive anomalies
associated with the dolerite dykes (Wikman and Bergstrom 1987).

The extensive deep weathering of the bedrock began during Triassic time and periodically continued
during the Cretaceous. This resulted in a weathering mainly to kaolinite. The clay weathering is
documented in core drillings from the area. During the weathering iron has been dissolved and
precipitates in fractures as iron-oxides. In the core drillings it is also clear that there often is chlorite
in the fractures (Wikman and Bergstrom 1987).
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Method

Two core drilled boreholes and a percussion drilled borehole were logged in conjunction with the
rock tunnel construction through the Hallandsas Horst (figure 1). The core drilled holes were first
logged and data correlated with the cores. Thereby the logging result is calibrated and the
experience can be used for the interpretation of logging records in the percussion drilled holes.

The cores from the core drillings were preserved and available for comparison with logging data even
though the drillings were done in 2001 and 1998 respectively. Two core drilled boreholes (named
KB5336 and KB6105), were investigated with the total core length of 370 m. Both boreholes were
inclined 15 — 20 degrees from vertical and had a diameter of ¢ 74 mm. During core sampling the rock
cores were classified, i.e. rock type, joints and weathering. The weathering was classified using ISRM
(1980).

Figure 2. Schematic drawing of the logging setup. A is the logging probe, B is the tripod with a
sheave, C is a cable winch and D is measuring unit. Modified from Takahashi et al. (2006).

The percussion drilled hole (named MK28) was drilled in 2004. The borehole is 106 m deep and has a
diameter of ¢ 165 mm. It should be noticed that a percussion drilled hole generally is more uneven
in diameter than a core drilled hole. The lithology and weathering was described from the rock
cuttings by a geologist at the site. The weathering of the rock cuttings was classified using ISRM
(1980).

The logging equipment, from Robertson Geologging Ltd, and the setup used was natural gamma (on
each probe as depth matching), caliper, long and short normal resistivity, temperature, self potential
and single point resistance (the last three are not shown). A schematic drawing of the logging setup is
seen in figure 2. The logging curves were plotted using the software Strater version 1.4.33 from
Golden Software.

A time after the loggings had been carried out the original cores from KB5336 and KB6105 were
placed on the ground in one succession and afterwards inspected visually. The first round of
inspection was done to facilitate an impression of how the geology and structures changes through
the core. The second inspection was done using the resistivity logs in order to identify if structures
could be correlated with resistivity anomalies. The observations and details of the rock classification
were documented by photographs.
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The percussion drilled hole MK28 was logged with the same setup as the core drilled boreholes. The
results were then evaluated using the experience and results from KB5336 and KB6105.

Logging probes

In the following a very brief presentation of the different logging probes is given. For more
information the reader is referred to literature (e.g. Daniels and Keys 1990; Ellis and Singer 2007
Ernstson 2006; Howard 1990; ISRM 1981; Paillet and Ellefsen 2005; Rasmussen and Bai 1987;
Schepers et al. 2001; Segesman 1980).

Natural gamma log

Natural gamma logging is a passive logging technique where the natural gamma-ray intensity
of the formation along the borehole is measured. The gamma photons are mainly produced
by decay of naturally occurring and unstable potassium (*°K), uranium (***U) and thorium
(32Th). K-feldspars are highly radioactive because of the large content of potassium. On the
other hand the amphiboles and quartz are not radioactive. Thus gneiss is more radioactive
than amphibolites (Ernstson 2006; Nielson et al. 1990). The radioactivity is measured in
count per second (cps). When presented it can also be in APl units. This however requires a
calibration against a known source.

Caliper log

The three-arm caliper measures variations in borehole diameter with depth. The diameter is
determined by three mechanically coupled arms in contact with the borehole walls. The use of a
caliper tool to locate fractures requires that the fractures be either open or sufficiently enlarged by
drilling, e.g. clay weathered rock can be washed out, to permit a change in borehole diameter to be
detected by the tip of the caliper arm (Howard 1990). The measurements are done when the tool is
pulled up the borehole. The caliper probe is equipped with a gamma detector for depth matching.
The borehole diameter is given in mm.

Long/Short Normal Resistivity log

The electric log is the oldest logging method and was first used in 1927 by the Schlumberger brothers
and H. Doll (Ellis and Singer 2007). Resistivity is a measure of the ability with which electric current
passes through a material. The resistivities in igneous and metamorphic rocks are extremely high
when compared to resistivities in clay weathered, fractured and water bearing rock, figure 3.
Therefore the resistivities in igneous and metamorphic rock can be lowered significantly by the
presence of open fractures with water and clay weathered zones (Daniels and Keys 1990). Resistivity
is measured in Om (ohm-meter).

There exists several different instrument setups but in this case the short and long normal resistivity
log is used. The probe has a current and two potential electrodes with different intervals (16” (short)
and 64” (long)). The distance between current and potential electrodes determines the depth of
penetration. The larger distance the deeper into the formation can the current penetrate. The
drawback with the larger penetration depth is that small zones are not detected. The probe is
equipped with a gamma probe for depth matching.
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Figure 3. The resistivity of different materials. The resistivity is measured in Qm. The reciprocal of
resistivity is conductivity which is measured in mS/m. Modified from Palacky (1987).

Results

The geophysical logging data for borehole KB5336 and KB6105 is plotted together with the lithology
log in figure 4 and 5 respectively. The geophysical logs are natural gamma, caliper and long/short
normal resistivity log. In the column to the right the observations from the visual inspection of the
cores is entered. Photographs document some of these observations (examples shown in figure 6).

In KB5336 (figure 4) the natural gamma log has lower counts in the amphibolite than in the gneiss.
There are some narrow peaks with higher counts than 300 cps, e.g. at 66 m and 150 m. The caliper
log had difficulties unfolding because of the inclined hole and consequently the fractures at 40 m,
120 m and 170 m appear exaggerated. Besides the mechanical problem with the probe the caliper
shows several irregularities where the diameter of the borehole increases instantaneously. The
intervals are coinciding with intervals where the short resistivity log has low resistivity. Examples are
at 53 m, 80 m and 104 m where especially the short resistivity log has large excursions. The resistivity
differs between 10 Qm and 10 000 Qm. In the first 120 m of the borehole the resistivity is mainly
high (10 000 Qm) but with narrow areas with low resistivity (1 000 Qm). Below 134 m the short
resistivity log changes character shifting intensively and is dominated by lower resistivity (<1 000
Qm). The deeper penetrating long resistivity log does overall not have the same sensitivity and
therefore the log is not as detailed as the short resistivity log. The visual observations show that the
low resistivity intervals strongly coincide with fractures and/or joint sets. The fractures were often
clay filled due to weathering. The high resistivity coincides with fresh rock with few or no fractures.
The change in the resistivity log curve behaviour from 134 m (see figure 6A) is clearly due to higher
fracture frequency.
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Figure 4. The log for KB5336. From left to right is the depth, lithology, natural gamma, caliper, normal
resistivity and visually identified zones. The identified occurrences are abbreviated fracture (f),
weathering (w), joint set (js).
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Figure 5. The log for KB6105. From left to right is the depth, lithology, natural gamma, caliper, normal
resistivity and visually identified zones. The identified occurrences are abbreviated fracture (f),
weathering (w), joint set (js).

The lithology log for KB6105, figure 5, shows that is consists mainly of gneiss with two thin layers of
dolerite and one with amphibolite. The natural gamma log has high count in the gneiss whereas
there is low count in both the dolerite and the amphibolite. At 77 m there is a peak with more than
400 cps with no obvious explanation. The caliper log has some small irregularities where the
diameter for the borehole increases which cannot be explained, e.g. 46 m, 90 m and 118 m. The long
and short resistivity log follows each other to a much larger degree than for KB5336. The difference
between the highest and lowest resistivity is also smaller than in KB5336. Generally it can be seen
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that the gneiss has a high resistivity (~5 000 Qm) whereas the dolerite and the amphibolite have a
low resistivity (1 000 — 2 000 Qm). In this case the visual inspection showed that the gneiss was
homogeneous and of a high quality with few fractures. The low resistivity at 46 m and 92 m coincide
with fractures. On the other hand the low resistivity at 38 m and 88 m (see figure 6B) can not be
correlated with fractures. Here the dolerite and amphiboilte, respectively, was fresh without any
fractures or weathering. The caliper log also showed a small increase in the borehole diameter where
there were small variations in resistivity, e.g. at 144 m, which was identified as joint sets.

The photograph in figure 6A shows an example of fractures, joint sets and clay weathering in KB5336
at 135 m. In figure 6B the fresh amphibolite in KB6105 at 88 m is seen.

] | —

Figure 6 A) KB5336: highly weathered and fractured rock at 135 m. B) KB6105: fresh amph/bol/te at
88 m (the author broke the core in order to take a sample).

The results from the logging of MK28 are plotted in figure 7. The lithology to the left is the
observations from drilling of the borehole. The driller or geologist at site made the interpretation
based on the cutting samples which also included differentiating between different gneisses. Regular
gneiss is classified as grey whereas some parts are grey-red (G/R) and some are quartz-rich (QR).
Then there are also parts which contains aplite.

The natural gamma log primarily fluctuates between 160 and 200 cps. The most prominent anomaly
is between 40 m and 42 m where there are less than 40 cps. Additionally two narrow anomalies at 47
m and 77 m have less than 40 cps. At 57 m and 88 m there are narrow peaks with 280 cps. Below 92
m the gamma log changes character and it mainly fluctuates between 120 and 160 cps. The caliper
and resistivity logs are divided into six zones, A to F. The division is based on how the logs changes
character. The interpreted occurrences are marked with w for weathering, js for joint sets and f for
fractures. In zone A the caliper has very small variations around 168 mm. The 5 — 6 incidents where
the diameter increases to more than 170 mm are interpreted as joint sets, fractures and weathering.
This is also based on the fact that the resistivity decreases at these locations. This is especially noted
at 28, 32 and 36 m. The resistivity is varying between 1 000 and 3 000 Qm. Zone B is characterized by
a larger variation in the caliper log (~¥165 — 175 mm). In addition the resistivity is less than 1 000 Om.
At 45 m there is a prominent peak in the caliper log as well as a low in the resistivity log. This is
interpreted as joint sets and could also be weathering. In zone C the caliper has large variations.
Between 56 and 62 m the caliper shows two zones with a diameter of 145 mm. In the first zone the
resistivity is 3 000 Qm whereas in the second zone the resistivity is 1 000 Qm or less. This is followed
by 6 m with very little variations where the resistivity is 3 000 Qm. Between 68 and 70 m the
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diameter is close to 180 mm. This is coinciding with a resistivity of 500 Qm. Zone D is 7 m thick with
large variations in the caliper log (~150 — 175 mm) and low resistivity (~400 Qm). This is interpreted
as joint sets and weathering and a change in lithology. In zone E the resistivity increases to 1 500 Om
but still there are large variations in the caliper log. In zone F the caliper log has very few variations
and the resistivity is 6 000 — 7 000 Qm.
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Figure 7. The geophysical log and interpretation of the percussion drilled borehole MK28. The
lithology to the left is the observations from the drilling of the borehole. The lithology to the right is
an interpretation based on the gamma log. The interpreted occurrences are based on the caliper and
the resistivity log and are abbreviated fracture (f), weathering (w), and joint set (js). Additionally the
caliper and the resistivity log are divided into six zones, A to F, based on their different characteristic.
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Discussion

The visual inspection, illustrated by the photographs in figure 6, shows clearly that fractures, joint
sets, weathering and in some cases even lithology change can be identified by geophysical logs in
crystalline rock. With the experience from the core drilling in mind the interpretation of the logging
result from MK28 becomes more detailed and less uncertain.

The logging of KB5335 shows clearly that the gamma log detects changes in lithology from gneiss to
amphibolites. The gneiss contains potassium rich minerals as K-feldspar and biotite and thus the
gamma log has a higher count in these parts. The caliper log detects fractures and joint sets even
though it has difficulties in unfolding in the inclined hole. A high resistivity without any excursions is
the result of rock mass with few fractures and no weathering. Where the resistivity is lower the rock
mass is fractured and weathered. Below a depth of 135 m the resistivity log has more excursions due
to the introduction of a second fracture direction seen by visual inspection. The depth is especially
interesting for the tunnel project because it occurs at tunnel level. Even though the resistivity log
does not give a direct measure of the rock properties it is still possible to get information about how
fractured and weathered the rock is.

The logging result from KB6105 shows a more homogeneous rock mass than KB5336. Also here the
gneiss has a high count in the gamma log due to the high content of radioactive K-feldspars and
biotite. It is not possible for the gamma log to distinguish between dolerite and amphibolites due to
the similar mineral content. A high peak is seen at 77 m which can not be explained by looking at the
core. It is not considered to be an artifact because it covers several measuring points. The caliper log
does not have the same difficulties in unfolding in this borehole as in KB5336. More fractures and
joint sets are detected by the caliper log in this borehole. The resistivity log is generally more even
than in KB5336. The resistivity in the amphibolites/dolerites is lower than in KB5336 which the visual
inspection did not explain. The reason for the difference in resistivity is probably due to initial
weathering of pyroxene and is discussed in Danielsen and Madsen (2010). The resistivity in the gneiss
shows only small excursions. Below 130 m the resistivity log seems to change character which
coincides with the same depth as where the second fracture direction is introduced in KB5336.

From the logging data in the core drilled boreholes the obtained experience can be used when
interpreting the logging results in the percussion drilled borehole. All three boreholes are situated
within 3 km of each other and even though the geology varies in the area it is reasonable to assume
that the results are comparable. The different sonds respond to different physical properties and in
this case the three types of geophysical sonds have the following characteristics:

Natural gamma: Low count when the lithology is amphibolite or dolerite and high count when the
lithology is gneiss. This is regardless of fractures. It is however not possible to distinguish between
amphibolite and dolerite, because mineralogically they are similar however with different texture.

Caliper: Increased diameter over a short interval indicates fractured rock mass and the wider peaks
are joint sets and weathered zones.

Normal resistivity: Low resistivity (800 — 2 000 Qm) indicates where the rock is fractured and/or
weathered. A high resistivity (>6 000 Qm) shows homogeneous rock.

11
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The properties of the rock mass which the different geophysical logs detect in the specific geological
environment are summarized in table 1. With this in mind the logging result of the percussion drilled
borehole MK28 can be interpreted with higher grade of certainty.

Table 1. Properties the gamma log, caliper log and resistivity log detects are summarized and marked
with X.

Lithology Joints  Fractures  Weathering
Change
Gamma X
Caliper X (X) X
Resistivity X X X X

The lithology description made at the MK28 drill site is relatively detailed and is based on the drill
cuttings (< 2x2 cm). This demands a very skilled geologist at the site. If that is not the case there
might be some uncertainties in the determination of the lithology and the position of the different
lithology contacts. An advantage with borehole logging is that it provide continuous in situ
measurements and that the data is recorded, so that any ambiguity in the result it can be viewed by
more than one person. In MK28 some inconsistencies exist between the depth and presence of
amphibolites/dolerite. Because logging is in situ measurements the gamma log gives a precise
position and thickness of the amphibolites/dolerites. Here it is obvious that the discrepancy is due to
the difficulties by determining the correct depth from cutting samples (related to the delay time for
the cuttings to come to surface).

Due to the percussion drilling method used in MK28 the caliper log has much larger variations than
the core drilled boreholes. Some of the detected fractures and irregularities can therefore have been
introduced by the drilling method. Combined with the resistivity log it becomes more certain to
pinpoint fractures and weathered zones. The parts were the caliper log shows a larger borehole
diameter and simultaneously the resistivity is lower there is probably a fractured/weathered zone. In
the upper part of zone C there are some question marks regarding two 4 m thick zones, where the
caliper log has a decreasing borehole diameter and the resistivity is high in the upper zone and low in
the lower zone. It is expected that when the borehole diameter is small the rock mass quality is good
and as a consequence the resistivity is high. This is also the case at 57 m however at 60 m the
resistivity is low and the borehole diameter is decreased which is the opposite of what is anticipated.
A possible explanation might be stress related so that the borehole diameter decreases.

The division of zones in MK28 helps characterizing the rock mass, so that each zone has a different
character. It can be expected that the rock formation has different mechanical properties in the six
zones. The properties in the different zones are summarized in table 2.

The logging probes used in the three boreholes are common standard and part of most logging
equipments. They provide useful information but additional logging probes could with benefit be
used to give more information. An example is the sonic log which involves high frequency P-waves or
acoustic waves to obtain a detailed velocity profile along the borehole. The velocities of P- and S-
waves if recorded can be used to calculate dynamic modulus of elasticity (Takahashi et al. 2006).
Another logging probe which could be used with great advantage is the optical televiewer. The
optical televiewer provides a continuous and oriented image of the borehole wall. This gives
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information about fractures, fracture orientation, dip and strike as well as a visual image of the rock
surrounding the borehole (Paillet and Ellefsen 2005).

Table 2. The characteristics of the six different zones A-F in MK28.

Zone Characteristic
A Few fractures
B Several lithology contacts —

might contain water

C Changing rock quality

D Very fractured + weathered —
lithology change

E Fractured + weathered

F No fractures

The information obtained from borehole geophysics can be useful in pre-investigations for a rock
tunnel construction. Borehole geophysics is small scale and detailed information which therefore
should be performed in the final stages of the pre-investigation. A pre-investigation should be
performed top down, meaning that the investigations should start on large scale and continue into
more and more details. By starting with large scale geophysics it is possible to position the boreholes
in a more cost efficient way, so that as much information is gained as possible. The borehole and the
borehole geophysics can be useful for the interpretation and calibration of the surface based
geophysics. The pre-investigation should be seen as a dynamic process where it is important after
each step to make a preliminary interpretation of all information. Through the entire project it is also
important to keep in mind what the different investigations contributed with. New information shall
part by part be used for updating or correcting the actual conceptual geological understanding.
When as much information as possible is gathered an interdisciplinary interpretation should be made
and based on this the engineering geological prognosis is done.

An important issue in all construction projects is cost. Therefore it is of major significance that a core
drilled borehole is 4-5 times as expensive as a percussion drilled borehole (Swedish prices 2010, excl.
mobilization/demobilization, L. Bjelm (personal communication, 2010)). A percussion drilled
borehole including logging with the probes used here is approximately one third of the price of a core
drilled borehole. Thus the results encourage to perform logging in the cheaper percussion drilled
boreholes. In this way there can be obtained a high amount of details and still keeping the costs
down.

Another important issue with borehole geophysics is that the data are recorded and should therefore
be archived and re-interpreted if necessary. Cores from a core drilling shall be preserved in a project,
but the moisture has disappeared and new fractures might have been added. Samples of rock
cuttings from percussion drilled holes can also be preserved, and they will only be sporadic samples
not providing a full impression of the variations in the borehole. The borehole geophysical data will
on the other hand always show the conditions in the borehole when the data was recorded.

13
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Conclusion

When comparing the cores with the response from the different geophysical probes the correlation
and the great number of details revealed are remarkable. The different geophysical probes detect
different physical properties. Fractures and weathered zones are evident in the resistivity logs and in
the caliper log, whereas lithology changes are visible in gamma log and to some extent in the
resistivity log. A combination of several logs is the optimal solution. By combining the caliper and the
resistivity log an impression of the degree of fracturing is achieved. The probes used in this case are
basic and part of most logging equipments. Several other probes could with advantage be used, e.g.
optical televiewer and sonic log.

A large advantage with geophysical logging is that the measurements are continuous and in situ.
Thus without full core recovery in a core drilling the geophysical logging will give information about
the bedrock in the difficult parts. Another advantage is that the data are recorded and archived. The
data can then be re-interpreted if that becomes necessary.

The results show the value of geophysical borehole logging in crystalline bedrock. Borehole
geophysics should be a natural part of pre-investigation for rock tunnel construction and other rock
mass construction projects. The logging results provides detailed information about the rock mass
properties which directly can be used for the engineering geological prognosis but also for calibration
of the interpretation of the large scale surface based geophysics.

The results also demonstrate that logging in non-cored boreholes, e.g. percussion drilled boreholes,
reveal useful information especially when there are a few cored drill holes in the vicinity to associate
with. Even without access to core drilled boreholes logging in non-cored boreholes is useful when a
general knowledge of the geological setting is available.
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Abstract: Geophysical logging is a useful tool in rock engineering projects where it gives valuable and
detailed information. Unfortunately it is often neglected because of the additional cost of such an
operation. However, experience show that geophysical logging can be used with advantage,
supplying a high information level of the geology and thus saves money in the end. The scope of this
paper is to show how even low degrees of weathering of rocks affects the geophysical log respond,
by means of thin section microscopy, point counting and logging. This was done on gneisses and
amphibolites from two drill cores done in connection with the construction of the Hallandsas Tunnel,
Southern Sweden. The resistivity logs can thus detect even low grades of weathering of amphibolites
which can be important for the mechanical properties of the rock.
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Introduction

Geophysical logging is a useful tool in rock engineering projects where it gives valuable and detailed
information. Unfortunately it is often neglected because of the additional cost of such an operation.
However, experience show that geophysical logging can be used with advantage, supplying a high
information level of the geology and thus saves money in the end.

On behalf of the International Society of Rock Mechanics (ISRM) Takahashi et al. (2006) gives
guidelines for how to use borehole geophysics to obtain useful and valuable outputs for rock
engineering projects. Rafat et al. (2001) and Schepers et al. (2001) give examples on how borehole
geophysics can contribute with information about lithology, structural and rock mechanic
information. ISRM (1981) suggests geophysical logging of boreholes in order to determine the
geometry of major subsurface structural discontinuities. The detailed information from geophysical
logging is very important in the calibration of the interpretation of large scale geophysics, e.g.
geoelectrical measurements. Dahlin et al. (1999) use geophysical borehole logging for calibration,
reference and verification of the surface geoelectrical data. An advantage with borehole geophysics
is that where there is not full core recovery the geophysical log will also give information from the
missing parts. Additionally data are continuous and are recorded so that they give information about
the site conditions when measured.

Even though the logging of a core drilled hole gives many answers, there are however, unanswered
questions and it can become necessary to go into even more details to get a clear answer. For
example, the use of optical televiewer, core logging and microscopy of rocks taken from drill cores
can improve the interpretation of the geophysical logs and gives more detailed information of the
geology, as fractures and weathering, which is crucial in large engineering projects.
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For instance, the construction of Hallandsas Tunnel, Southern Sweden, has been problematic with
delays and raised budget as a consequence. A major problem has been large differences in the
mechanical properties of the rock. A deep weathering of the rock has in some parts resulted in zones
in the bedrock where the mechanical properties are as clay’s. In other parts of the rock fractures
contains water under a high pressure. Even though borehole geophysics can be a valuable tool, only
a few boreholes at the Hallandsas Tunnel are surveyed with geophysical logging (Dahlin et al., 1999).

The scope of this paper is to show how even low degrees of weathering of rocks affects the
geophysical log respond, by means of thin section microscopy, point counting and logging. This was
done on gneisses and amphibolites from two drill cores done in connection with the construction of
the Hallandsas Tunnel, Southern Sweden.

Geological setting

The Hallandsas Horst is located in Southern Sweden (Fig. 1), and is the result of a tectonic activity,
which has been going on since Silurian time. The uplifted blocks have a NW-SE orientation and occur
in the Tornquist Zone. This tectonic element stretches all the way to the Black Sea (Wikman and
Bergstrom, 1987). The Hallandsas Horst is 8 — 10 km wide, 60 — 80 km long and reaches an elevation
of 150 to 200 meters in the tunnel area (Dahlin et al., 1999).

The Hallandsas ridge is mainly build up by Precambrian crystalline rock of both intrusive and
sedimentary origin. Amphibolites of several generations also occur where the oldest often are seen
as minor layers or schlieren parallel to the layering in the gneisses. The younger amphibolites have
distinct contacts and cross cuts older structures. These younger dykes are commonly oriented in a
NNE-SSW direction. In addition, sedimentary rocks of Phanerozoic ages cover minor areas (Wikman
and Bergstrom, 1987).

[ G0 T T T —
M2E 14E /ﬁ ]
g 100 km g & (.

c Lhs _Eff
; °

i

>1 =3 Normal fault

| Late Cretaceous and
Early Tertiary inversion

=1 Basement high
| ® ODrill hole
= Tunnel line

-

— Highway

Road
== Railway

KB5336

.

Baltic Sea

syl
KB6105.

y

Figure 1. Left: Map of Southern Sweden showing the position of the investigation area and the outline
of the Tornquist Zone (STZ). Right: The position of the two logged boreholes along the tunnel line 770
meters apart. The core drilled holes are KB5336 and KB6105. Maps are modified from Graversen
(2009), Lantmditeriverket (2001) and Liboriussen et al. (1987).

The bedrock is also intruded by a set of younger Permian dolerite dykes with their trend parallel to
the Scanian horsts (Wikman and Bergstrom, 1987). These dolerite dykes are seen as very distinct
linear positive anomalies on the aeromagnetic map (Swedish Geological Survey, 1981). On the
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aeromagnetic maps it is even possible to see a NNE-SSW and NE-SW oriented fracture systems
because they disconnect the positive anomalies associated with the dolerite dykes.

The dominant fracture system is oriented in NW-SE direction corresponding to the Tornquist Zone.
Another distinct fracture system has a NNE-SSW direction and is younger than the NW-system
(Wikman and Bergstrom, 1987).

Substantial deep weathering of the bedrock began during Triassic and continued periodically during
the Cretaceous and to present day. This resulted in a weathering of the feldspars in the gneisses to
mainly kaolinite. The weathering is documented in drill cores from the area (Wikman and Bergstrém,
1987).

Methods

In conjunction with the rock tunnel construction through the Hallandsas Horst, Southern Sweden,
around 30 core holes were drilled. Two of the core drilled boreholes and corresponding cores were
available for comparison with logging data. The cores from the core drillings KB6105 and KB5336
were preserved even though the drillings were done in 2001 and 1998 respectively. The boreholes
are located 770 m apart (Fig. 1). The two core drilled boreholes, with a diameter of 74 mm and a
total core length of 370 m were investigated. Both boreholes were inclined 15-20 degree from
vertical. During the drilling the rock cores were classified, i.e. rock type, joints and weathering. The
weathering was classified using (ISRM, 1980).

The logging equipment is from Robertson Geologging Ltd and the setup used was natural gamma (on
each probe as depth reference), caliper, long and short normal resistivity and temperature (not
shown).

Geophysical logging

In the following a very brief presentation of the different logging probes is given. For more adequate
information the reader is referred to literature (e.g. Daniels and Keys 1990; Ellis and Singer 2007,
Ernstson 2006; Howard 1990; ISRM 1981; Paillet and Ellefsen 2005; Rasmussen and Bai 1987;
Schepers et al. 2001; Segesman 1980).

Natural gamma log

Natural gamma logging is a passive logging technique where the natural gamma-ray intensity of the
formation along the borehole is measured. The gamma photons are mainly produced by decay of
naturally occurring potassium (*°K), uranium (**3U) and thorium (**?Th) (Ernstson 2006; Nielson et al.
1990). The radioactivity is measured in count per second (cps).

Caliper log

The three-arm caliper measures variations in borehole diameter with depth. The diameter is
determined by three mechanically coupled arms in contact with the borehole walls. The use of a
caliper tool to locate fractures requires that the fractures be either open or sufficiently enlarged by
drilling, e.g. clay weathered rock can be washed out, to permit a change in borehole diameter to be
detected by the tip of the caliper arm (Howard 1990). The measurements are done when the tool is
pulled up of the borehole. The caliper probe is equipped with a gamma detector for depth matching.
The borehole diameter is given in mm.

Long/Short Normal Resistivity log

Resistivity is a measure of the ability with which electric current passes through a material. The
resistivity is reciprocal to the conductivity. The resistivities in igneous and metamorphic rocks are
extremely high when compared to resistivities in clay weathered, fractured and water bearing rock.
Therefore the resistivities in igneous and metamorphic rock can be lowered significantly by the
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presence of open fractures with water and clay weathered zones (Daniels and Keys 1990). Resistivity
is measured in Om (ohm-meter).

There exists several different instrument setups but in this case the short and long normal resistivity
log is used. The probe has a current and two potential electrodes with different intervals (16" (short)
and 64” (long)). The distance between current and potential electrodes determines the depth of
penetration. A large distance between electrodes causes the current to penetrate deeper into the
formation (Daniels and Keys 1990). The long resistivity log does not have the same sensitivity and
therefore the log is not as detailed as the short resistivity log. Thus the drawback with the larger
penetration depth is that small zones are not detected. The probe is equipped with a gamma probe
as depth matching.

Visual inspection of cores

The original cores were placed on the ground in one succession and afterwards inspected visually.
The first round of inspection was done to facilitate an impression of how the geology and structures
changes through the core. The second inspection was done using the resistivity logs in order to
identify the structures causing the resistivity anomalies. The core observations and details in the rock
classification were documented by photographs, (Figs. 2 and 5). Finally, representative samples of
the different rock types and rocks with unexplained resistivity anomalies were taken for thin
sections.

It was decided to take 3 samples in the amphibolite from KB5336 and 2 samples in the amphibolite
from KB6105 so as to have enough representative samples for thin sections. In KB5336 the samples
were taken at 123.92—-124 m (sample 1), 126.73-126.81 m (sample 2) and 133-133.06 m (sample 3).
In KB6105 the samples were taken at 86.73—-86.78 m (sample 4) and 91.57-91.61 m (sample 5).
Additionally, one gneiss sample was taken from each core. In KB5336 the sample was taken at
109.55-109.57 (sample 6) and in KB6105 the sample was taken at 61.97-62.03 (sample 7).

Microscopy of thin section

The geophysical logging is calibrated with thin section microscopy and point counting to evaluate the
weathering stage and to quantify the mineral content. The point counting was done on thin sections,
19 mm wide and 37 mm long, by using a point counter and registering the mineral phase for every
0.7 mm in both x and y directions. This summed up to approximately 1200 observations in each thin
section. The accuracy on the point counting ranges from 1 to 3% depending on how common the
mineral is. For documentation microphotographs of the thin sections were done at 2.5 times
magnification.

Results

The lithology log for KB5336 shows that it consists mainly of gneisses with several amphibolite layers
(Fig. 2). Three amphibolite layers, 3—5 meters thick, occur at 30—-45 meters depth, one 11 m thick
amphibolite layer occur at 130 m depth and two minor amphibolites, 3 and 0.5 meters thick, occur at
the bottom of the core at 170 meters depth.

In KB5336 the natural gamma log has lower counts in the amphibolite than in the gneisses where the
amphibolites have less than 40 cps and the gneisses have counts between 120 and 160 cps (Fig. 2).
The caliper shows several irregularities where the diameter of the borehole increases in short
intervals. These intervals are coinciding with intervals of low resistivity at 53 meters, 80 meters and
104 meters depth. The short resistivity log from KB5336 shows large fluctuations where the
resistivity differs between 10 Qm and 10.000 Qm. In the upper 120 meter of the borehole the
resistivity is mainly high (10.000 Qm) but with narrow intervals with low resistivity (1000 Qm). Below
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120 meter the short resistivity log changes character and is dominated by low resistivity (< 1000 Qm).
The long resistivity log shows an average of the resistivity compared to the short log.
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Figure 2. Lithology, natural gamma log, caliper and long/short resistivity log for KB5336. Zones
identified by the visual inspection are marked with f (fracture), js (joint sets) and w (weathering).
Markers in the depth scale shows where the samples for thin sections were taken (for the
amphibolites the same markers are used in the mineral composition plot in figure 6).

The visual observations showed that the low resistivity intervals were coinciding with weathering,
fractures and/or joint sets that occasionally were clay filled (Fig. 3). The high resistivity corresponds
with intervals with fresh rock, both gneisses and amphibolites, without any fractures (Fig. 5). Below
120 meter a second joint set with another direction occur which is coincident with large and frequent
excursions in the short resistivity log.

The lithology log for KB6105 shows that it also consists mainly of gneisses, with two dolerite layers at
around 40 meters depth, 6 and 1 meter thick respectively, and one 7 meters thick amphibolite layer
at 90 meters depth (Fig. 4).
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Figure 3. Weathered gneiss at 173 meter in KB5336.
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Figure 4. Lithology, natural gamma log, caliper and long/short resistivity log for KB6105. Zones
identified by the visual inspection are marked with f (fracture), js (joint sets) and w (weathering).
Markers in the depth scale shows where the samples for thin sections were taken (for the
amphibolites the same markers are used in the mineral composition plot in figure 6).
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The natural gamma log shows high counts (between 120 and 140 cps) in the gneiss whereas counts
are low (< 40 cps) in both the dolerites and the amphibolite. Additionally there are several peaks
with more than 140 cps. Especially at 76 meters depth a peak with more than 400 cps is present.
During the inspection no explanation for this anomaly was found. The caliper log shows an increased
diameter and wider peaks in limited intervals. At 46 meters depth at the transition between gneiss
and dolerite the gamma log shows low count (70 cps), the caliper has a broad peak where the
borehole diameter increases and the short resistivity log shows a resistivity of 800 Qm which is
coincident with joint sets and weathering. The long and short resistivity logs in KB6105 do not differ
as much as in KB5336. Generally the gneiss has a high resistivity (~5000 Qm) whereas the dolerite
and the amphibolite have a low resistivity (1000-2000 Qm) compared to those in KB5336.

For KB6105 the visual inspection showed that the gneiss was of a high quality with few fractures. The
low resistivity at 92 meters coincided with fractures. The low resistivity at 38 meters and 88 meters
on the other hand do not coincide with fractures. In these cases the dolerite and amphibolite were
fresh without any fractures or weathering. The minor excursions in the resistivity log at e.g. 144
meters are identified as joint sets. The caliper log also shows a minor increase in the borehole

diameter.

"

nts at 130 metres depth in KB5336. ) Apparently
unweathered amphibolites with no joints from KB6105 at 88 metre.

Figure 5. A) theathered amph)’bblites with joi

The resistivities of the amphibolites in KB5336 (Fig. 5a) are around 7000 Om whereas the resistivity
of the amphibolite and dolerites in KB6105 (Fig. 5b) are around 2000 Om. Further the resistivity is
constant within amphibolite layers in KB5336 whereas it fluctuates in the amphibolite and dolerite
layers in KB6105. No obvious and visual explanations were found during the inspection of the core,
thus samples were taken for petrographic investigations.

The initial petrographic investigation indicated that all the amphibolites are mainly comprised by
plagioclase, amphiboles, pyroxenes, garnet with accessory quartz, biotite and an opaque phase
probably low resistive oxides or sulphides (Fig. 7). However, the point counting show very little
variance in mineral content (Fig. 6, Appendix A). Plagioclase is the most abundant mineral with a
content of 35-40%. Hornblende is present with 25—-30%. The only exception is for sample 2 (KB5336)
which only contains 20% hornblende. On the other hand this sample contains 19% pyroxene which is
3—-4% more than in the other samples. The samples contains between 8 and 10% garnet. The
variation in the quartz contents is relatively large (3—8%) whereas the content of biotite is less than
3%. There are approximately 5% of the unspecified opaque minerals. Less than 1% of the mineral
content is unidentified. The point count of the mineral content in the gneisses showed that they
contained 15 and 17% alkalifeltspar whereas the amphibolites did not contain any (Appendix A).
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Mineral content in amphibolites
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Figure 6. The mineral content [%] in the amphibolites. The minerals are abbreviated as follows:

plagioclase (Pl), hornblende (A), pyroxene (Px), garnet (G), quartz (Q), biotite (B), opaque (O) and
other minerals (Other).

The microscopy of the thin sections showed microfractures in sample 1, 3 and 5. The fractures were
filled with probably ironhydroxides or chlorite. Opaque minerals occur as isolated crystals (Fig. 7). In
sample 4 and 5 several of the pyroxenes appears to be altered (Fig. 7b) compared to the pyroxenes in
sample 1, 2 and 3 (Fig. 7a).

PEEPva-l-Sap) §
N — A - -
Figure 7. Microphotograps of A) an unaltered amphibolite from sample 2 and B) altered amphibolite
from sample 5. The minerals are abbreviated as follows: plagioclase (Pl), amphibole (A), pyroxene
(Px), garnet (G), quartz (Q), biotite (B), opaque (O)and altered (Alt.).

Discussion

The different geophysical logs detect different physical properties, so a combination of several logs is
the optimal solution (e.g. Takahashi et al., 2006). In this particular case drill cores exist to verify and
calibrate the interpretation of the geophysical logs. However it also becomes clear that it is necessary
to go into details to find the explanation for the ambiguous resistivities of the amphibolites and
dolerites in the two core drillings. Microscopy of rocks taken from the drill cores improve the
interpretation of the geophysical logs and gives more detailed information of the geology, as
fractures and weathering.

The natural gamma log detects decay of potassium (*°K) amongst others and indicates the presence
of minerals as clays and feldspar rich in this element. The higher count in gneiss is thus due to the
high content of alkalifeltspars whereas the low counts in the amphibolites and dolerites is due to lack

8
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of minerals rich in potassium. Generally the gamma log cannot detect fractures, however if they are
clay filled the gamma log would detect this. The caliper log gives good indications of fractures. In the
resistivity log a low resistivity of 800-2000 Om is interpreted as fracture and weathered zones.
Gneisses without any fractures or weathering have a resistivity of 7000—1000 Om. In KB5336 the
change in behaviour of the resistivity log below 120 meter was clearly due to higher fracture
frequency. Generally KB6105 contains less fractures and weathered zones than KB5336 which is seen
in a steadier resistivity and calliper log signal. Only a few joint sets and weathered zones were
observed in KB6105.

The resistivities of the amphibolites in KB5336 (Fig. 5a) are around 7000 Om whereas the resistivity
of the amphibolite and dolerites in KB6105 (Fig. 5b) are around 2000 Om. Further the resistivity is
constant within amphibolite layers in KB5336 whereas it fluctuates in the amphibolite and dolerite
layers in KB6105. The two boreholes are only separated with 770 metre so the large difference in
resistivity is ambiguous. In both cases the amphibolites seemed to be fresh with no weathering and
only few fractures or joints (Fig. 5). The overall theory is that the abrupt differences in resistivity in a
lithological unit are caused by large fractures and/or weathering. But why the large difference in
resistivity of two apparently similar amphibolites? The visual inspection could not provide an
explanation. The structure and texture of the amphibolites seemed similar and there were no
weathering or fractures visible. Is this due to difference in mineralogy of two different generations of
amphibolite? Is it conductive microfractures? Or weathering of minerals? Therefore the petrography
and the mineral composition were investigated. No large difference in mineralogy or texture was
observed that could cause the large difference in resistivity were observed and can thus be ruled out
as an explanation.

Oxides and sulphides are conductive minerals and would thus lower the resistivity of the rock
(Carmichael, 1989). However, in the thin sections the opaque phase occurs as isolated crystals and
therefore is not the reason for lower resistivity of the amphibolite in KB6105 (Fig. 7). If the opaque
phase should decrease the resistivity of the amphibolite significantly, it should form an
interconnected conducting network. Such a network could be formed by microfractures filled with
probably ironhydroxides and chlorite which are present in the studied amphibolites. However,
microfractures are present in both the high and the low resistivity amphibolites and can thus not
explain the difference in resistivity.

Initial weathering and alteration of the amphibolite on the other hand can explain the lower
resistivity of the amphibolites and dolerites in KB6105. This is evident from commonly altered
pyroxenes in the amphibolite in sample 5 in KB6105, in particular in the bottom part of the
amphibolite. The pyroxenes have clearly been hydrated forming new hydrous minerals along the
edge and cleavage planes of the crystals. Hydrous minerals are more conductive than non-hydrous
silicate minerals and have therefore lowered the resistivity of the weathered amphibolite.
Simultaneously minor hydrous minerals have precipitated along grain boundaries, thus forming a
conductive network able to decrease the resistivity of the amphibolite. The weathering was most
likely initiated during uplift of the Hallandsas Horst, in this particular case, by introduction of water
into the lithological contact between the bottom part of the amphibolite in sample 5 in KB6105 and
the underlying gneiss.

Geophysical logging has proven to be very useful for determining lithology and providing a large
number of details as position of joints and weathering state. Especially it will become a useful tool
when the geophysics is calibrated with observations in core drilled holes and afterwards used in
cheaper percussion drilled holes. The advantage with borehole geophysics is that the measurements
are continuous. Thus where there is not full core recovery the geophysical log will give information
from the missing parts and provide a more complete knowledge of the geology. Therefore, correct
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use of geophysical logs is valuable in pre-investigations for large construction projects, as this will
minimize unpleasant surprises, delays and keep the costs within the budget. Geophysical logging is
fast and relatively cheap and the knowledge gain from geophysical data can potentially avoid
problems during construction and extra costs. Therefore we find that it is of utmost importance that
geophysical logging is performed prior to large construction projects.

Conclusion

The visual inspection show clearly that lithology changes, fractures, joint sets, and even initial
weathering in crystalline rock can be identified by geophysical logs. Overall the geophysical logs,
especially the resistivity logs, show that KB6105 is more homogenous than KB5336which has more
fractures and weathered zones. In this case the used geophysical logs showed the following
characteristics:

Natural gamma: Low count when the lithology is amphibolite or dolerite and high count when the
lithology is gneiss which is due to the difference in the content of potassium-rich minerals. It is
however not possible to distinguish between amphibolite and dolerite as this distinction is based on
texture.

Caliper: Increased diameter in a limited interval indicates fractured rock and the wider peaks are
joint sets and weathered zones.

Normal resistivity: The short normal resistivity has a shallower penetration depth than the long
normal. On the other hand the short normal the long gives a smoother image. Low resistivity (800 —
2000 Om) indicates where the rock is fractured and/or weathered, high resistivity (> 7000 Qm) shows
fresh rock. In the lower 60 meters of KB5336 the resistivity in the short normal fluctuates more
compared to the rock mass due to an additional fracture direction.

The low resistivity of the amphibolite in KB6105 compared to the high resistivity amphibolites in
KB5335 is the result of initial stage of weathering which is evident from altered pyroxenes. The
resistivity logs can thus detect even low grades of weathering of amphibolites which can be
important for the mechanical properties of the rock.

Even though geophysical logging gives great details there might be some ambiguity in the
interpretation of the results. To answer some of the questions it can become necessary to go into
even greater details. Microscopy of thin sections can help answering some of the questions as
demonstrated.
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Appendix A Point counts of minerals in thin sections

Amphibolite

Mineral KB5336 KB5336 KB5336 KB6105 KB6105
123.92-124 126.73-126.81 133-133.06 86.73-86.78 91.57-91.61
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
[%] [%] [%] [%] [%]

Plagioclase 41 38 38 38 38

Hornblende 27 20 25 26 29

Clinopyroxene 14 19 16 16 15

Garnet 7 9 9 10 9

Quartz 4 7 8 4 3

Biotite <1 3 <1 <1 <1

Opaque 6 5 5 5 5

Other <1 <1 <1 <1 <1

Number of 1055 1034 958 1044 1035

samples

Observations Joints Joints Joints
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Gneiss

Mineral KB5336 KB6105
109.55-109.57 61.97-62.03
Sample 6 Sample 7
[%] [%]

Plagioclase 40 38

Quartz 33 28

Alcalifeltspar 15 17

Microcline 6 11

Hornblende 2 4

Biotite 1 1

Opaque 1 1

Other 2 <1

Number of 1210 1180

samples
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For construction in rock a thorough pre-investigation is important in order to avoid unforeseen conditions
which may delay the work. It is crucial to remember the results from this investigation in the further work,
and use the experience from the construction to update the geological prognosis and reduce the
uncertainties. Different geophysical methods have proved valuable tools in such investigations. In this work
the electrical imaging is evaluated with regards to the method's applicability. The evaluation is done
qualitatively by comparing the electrical imaging with tunnel documentation from a tunnel in Southern
Sweden. By evaluating the result continuously when making the tunnel a more detailed geological prognosis
can be compiled and used in the continued work with the tunnel. The parameters used for the comparison
are lithology, Q, RQD, weathering and water leakage. The result was that virtually every change in electrical

Keywords:

Comparison

Tunnel documentation
Geoelectrical imaging

Lithology resistivity image coincides with a change in rock conditions. The general trend was that high resistivity
Q corresponded with good quality gneiss whereas low resistivity corresponds to poor quality rock e.g., high
RQD weathering, low RQD, low Q and/or several lithological contacts. The intermediate resistivity is often
Weathering amphibolites or rock with water bearing fractures. The results were supported by in-situ resistivity

Water leakage
Resistivity
Dynamic prognosis

measurements inside the tunnel and resistivity logging in a core drilling. Geoelectrical imaging proved to
give valuable information for a detailed geological model, which could be compiled for a section where the
tunnel had not yet been drilled as a help for planning of the continued tunnel work. As is the case other
geophysical methods it is clear that for the interpretation of data a priori information about the geological

setting is necessary.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Construction in rock with unforeseen quality or conditions can
result in delays which in the end are expensive. Therefore a thorough
pre-investigation has to be carried out in order to establish the best
geological model possible. Different geophysical methods have proven
to be valuable tools in the early stages of the large scale pre-
investigations (Dahlin et al., 1999; Renning, 2003; Cavinato et al.,
2006; Ganergd et al., 2006). An engineering geological prognosis is
based on the pre-investigation report and the purpose is to form the
base for design and estimation of e.g., reinforcements and grouting
(Swindell and Rosengren, 2007). By using the experience gained during
construction work a more detailed interpretation of the geoelectrical
data can be done, and an updated and geological prognosis with less
uncertainties can be compiled. The original prognosis is optimised based
on the data available when it was compiled, but with a new prognosis
the construction work is better prepared for unforeseen conditions. No
matter how good a prognosis is it is still an estimate of how the ground

* Corresponding author.
E-mail address: berit.danielsen@tg.Ith.se (B.E. Danielsen).

0013-7952/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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conditions are and there will always be room for improvements. It might
be that nothing is added, but the prognosis becomes more certain.
Therefore it is always a good idea to learn from the parts already drilled,
and use it to update the geological model and its reliability. In this way
the data are used in a more optimal way and the value of the money
spent on the data is higher.

The compilation of the first prognosis is bound to involve
uncertainties. A traditional method for obtaining information about
the rock properties is core drilling. Core drillings are considered giving
very exact information about the geological properties. However they
have the limitation that they only give point information. An
important issue is also that, to some degree, they are interpreted,
preferably by a geologist. When considering the documentation from
the core drillings the human factor has to be acknowledged; the
geologist can misinterpret the rock quality when it is based on core
drillings. For example the scale and orientation of a sample can give a
wrong impression and in addition two different persons do evaluate
the classification systems differently. For compiling a useable prog-
nosis the geologist/engineering geologist has to be certain which
parameters are important for the construction work. In some cases
time is used for gathering information which is not necessary for the
actual work, while other information is neglected. In order to make
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the classification easier the pre-investigation has to be planned and
carried out so that it gives suitable information and is decision
oriented. If the desired result of the investigations is unclear it might
cause unnecessary time consuming and expensive investigations
(Stanfors et al., 2001). It is advisable to use multiple methods in any
rock engineering investigation in order to reduce the uncertainty.

The International Society for Rock Mechanics (ISRM) has sug-
gested the use of geophysics to obtain more information about the
rock properties (Takahashi, 2004; Takahashi et al., 2006). The
different geophysical methods exploit the contrast in the physical
properties of the subsurface. The most commonly used geophysical
method in tunnel construction is seismic refraction (Cardarelli et al.,
2003; Ganergd et al., 2006). Often the method is used with advantage
for locating the bedrock surface and evaluating the mechanical
properties of soil and rock. In Klose et al. (2007) multi-dimensional
seismic data, achieved from sidewalls of a tunnel, are used to char-
acterize and predict engineering geological conditions. The very low
frequency method (VLF) is an electromagnetic method that is often
used for detecting sub-vertical electrical conductors such as fracture
zones (Reynolds, 1997; Stanfors et al., 2001). The geomagnetic
method measures the variation in the content of magnetic minerals
in the rock. This is a fast method but a disadvantage is that the method
is sensitive towards buried scrap metal and electrical installations
(Stanfors et al., 2001). Geoelectrical imaging is used for measuring the
spatial variation in the resistivity of the subsurface. Most rock forming
minerals are insulators so the resistivity of crystalline rock depends
largely on the amount and quality of water present and the degree of
weathering of the rock. Therefore rock without water bearing
fractures or weathering has a high resistivity whereas clay-weathered
rock or rock with water bearing fractures has a considerably lower
resistivity (Parasnis, 1997; Binley and Kemna, 2005). A joint
interpretation of different methods with different sensitivities will
produce the best result. Before deciding on a certain method, knowl-
edge about the expected contrasts in physical properties has to be
obtained from e.g., previous measurements, geological maps and geo-
logical history. Evaluations of the different geophysical methods used
in connection to construction of a number of tunnels (Dahlin et al.,
1999; Renning, 2003; Cavinato et al., 2006; Ganerad et al., 2006)
showed that geoelectrical imaging gave good results. In addition it
was a time and cost effective method compared to other geophysical
methods.

The aim of this paper is to show what the resistivity method is able
to resolve by comparing the results from geoelectrical imaging and
tunnel documentation. The aim is also to show how the experience
can be used to update the geological prognosis. The prognosis
becomes more reliable and can therefore reduce the number of
uncertainties in the continued construction work. Ongoing work in a
tunnel provides the opportunity to compare actual rock type, Q, RQD,
weathering, water leakage and amount of grout used with the
measured resistivity profiles. The resistivity values are extracted at
different levels from the inverted data. This allows a good evaluation
of how the resistivity model varies with depth.

In this specific case the tunnel work is already started and the pre-
investigations carried out. First of all it is a good example of showing
how reliable the method is and secondly it can be shown how the data
can be used in the continued tunnel work. Just because the pre-
investigations are finished the data should not be forgotten. Based on
the experience from the finished parts of the tunnel updated
geological prognoses can be made for the sections not yet built and
used in the planning of the tunnel work. This can repeated more or
less continuously or at regular intervals throughout the construction
phase.

In this study the construction of twin track tunnels through the
Hallandsds Horst in southern Sweden (Fig. 1) is used. The work was
initiated in 1992 and is ongoing. Problems related to high ingress of
water and difficult rock conditions have resulted in major delays to the

work. The tunnel has 100 to 150 m overburden and a high water
pressure, which in combination with strict requirements on limiting
the water ingress, even during the construction period, have caused
problems for the project. Despite considerable pre-grouting opera-
tions a substantial amount of water has been leaking into the tunnels
with a critical lowering of the groundwater table as a consequence
(Banverket, 2005). The use of an advanced shielded tunnel boring
machine has mitigated these problems and the tunnel is now being
built with a water tight segmental lining.

Since the beginning of the project different geophysical methods
have been used, e.g., geoelectrical imaging, ground based magnetic,
VLF and seismic refraction. Especially geoelectrical imaging and
ground based magnetic has been useful. Geoelectrical imaging has
pinpointed large weak zones and magnetic measurements have
located dolerite dykes.

The tunnel is constructed 100 to 150 m below the surface
whereas the measured geoelectrical data has an investigation
depth of maximum 160 m. The resolution of the geoelectrical
method gets inferior with depth. Thus the resolution at tunnel level
is not suitable for a quantitative and statistical comparison of the
geoelectrical imaging and tunnel documentation. Still the qualita-
tive comparison gives valuable information about the rock proper-
ties which are useful in the large scale pre-investigation of a tunnel
construction.

2. Geological setting

The Hallandsas Horst is the most northern of the Scanian horsts.
These are the result of a tectonic activity, which has been going on
since Silurian time. The uplifted blocks have a NW-SE orientation and
occur in the so called Tornquist Zone. This tectonic element stretches
all the way to the Black Sea (Wikman and Bergstrom, 1987). The
Hallandsds Horst is 8-10 km wide, 60-80 km long and reaches an
elevation of 150 to 200 m in the tunnel area. Towards the north the
slope is steep whereas it has a gentler slope towards the south (Dahlin
et al., 1999).

Crystalline Precambrian rocks make up most of the bedrock,
whereas sedimentary rocks cover minor areas. Gneisses of presum-
ably intrusive origin dominate the area. Amphibolites of several
generations occur and the oldest often are seen as minor layers or
schlieren parallel to the layering in the gneiss. The younger am-
phibolites have mostly distinct contacts and cut across the structures
of the older bedrock. These younger dykes often run in the NNE-SSW
direction (Wikman and Bergstrom, 1987).

The dominant fractures are oriented in NW-SE direction corre-
sponding to the Tornquist Line. Another important fracture system has
a NNE-SSW direction and is younger than the NW-system. The
bedrock is intruded by a set of younger dolerite dykes with their trend
parallel to the Scanian horsts. These so-called NW-dolerites are
steeply dipping dykes that can have a width up to 50 m (Wikman and
Bergstrom, 1987). These dolerite dykes are seen as very distinct linear
positive anomalies on the aeromagnetic map (Swedish Geological
Survey, 1981). On the aeromagnetic maps it is even possible to see the
NNE and NE fracture system because they disconnect the positive
anomalies associated with the dolerite dykes (Wikman and Berg-
strém, 1987).

The substantial deep weathering of the bedrock began during
Triassic time and periodically continued during the Cretaceous. This
resulted in a weathering to mainly kaolinite. The weathering is
documented in core drillings from the area. In the core drillings it is
also clear that there is often chlorite in the fractures (Wikman and
Bergstrom, 1987).

The Hallandsds Horst is an important groundwater reservoir. There
are two types of reservoirs; one in the soil layer (<20 m thick) and
one in the bedrock. In the bedrock the water flows in a large and
complex web of fractures. The tectonic activity has made it possible for
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Fig. 1. Location of the Hallandsas Horst. Modified from Ohrling (2007) and Sitesatlas.com (2008).

the large amounts of water to be contained within the bedrock. At
tunnel level there is a water column of 100-150 m which results in
high water pressure. The groundwater level is strongly influenced by
the construction of the tunnel and is therefore monitored very
thoroughly (Banverket, 1996 and www.banverket.se).

3. Geoelectrical imaging

Geoelectrical imaging is used for measuring the spatial variation
of resistivity of the subsurface. The resistivity of the different
geological materials differs greatly from about 10~ 6 QOm in minerals
such as graphite to more than 10'?> Om for dry quartzitic rocks. Most
rock forming minerals are insulators so the resistivity of crystalline
rock depends basically on the amount of water present and the
degree of weathering of the rock. Therefore rock without water
bearing fractures or weathering has a high resistivity whereas clay-
weathered rock or rock with water bearing fractures has a
considerably lower resistivity (Palacky, 1987; Parasnis, 1997; Binley
and Kemna, 2005).

In this paper no introduction to the geoelectrical imaging is given.
For more information see Binley and Kemna (2005), Reynolds (1997)
and Takahashi (2004).

Generally the depth of investigation of the method increases with
increasing electrode distance. The current will seek to obtain the
lowest possible total resistance on the path between the two current
electrodes. For example a very low resistive layer near the surface
would prevent the current from penetrating deeper into the ground.
In this case, the resolution of the deeper layer will be limited. By
contrast, a very high resistive layer close to the surface would force the

current down to a less resistive lower layer. The depth of investigation
therefore depends on the resistivity of the different layers as well as
the largest electrode separation.

The resistivity data were measured as 2D profiles while the sub-
surface is 3D. To assume a 2D earth might in some cases be prob-
lematic. This would create 3D effects in the resistivity data; especially
in this particular case where the geology changes relatively fast. In
order to obtain the best 2D situation the profiles should always be
perpendicular to the geological structures. The Hallandsds Horst
profiles are more or less perpendicular to the NW-SE structures.

3.1. Geoelectrical imaging at the Hallandsds Horst

In connection with the tunnel project almost 20 km of CVES
profiles have been measured between 1995 and today using different
versions of the ABEM Lund Imaging system (ABEM, 2007). During this
time the measuring instruments, computers and software have
developed and become faster and with better resolution. The
measurements were done using the roll-along technique allowing a
continuous data acquisition. For more information about the techni-
que used at the Hallandsds tunnel, the reader is referred to Dahlin
et al. (1999).

For comparison in this paper, old data of good quality has been re-
processed using the newest version (ver. 3.55.77) of the software
RES2DINV. This program uses a 2D finite element calculation
method. For the inversion of the data the robust inversion is used
which favours a blocky geology (Loke, 2004). This is done because at
the Hallandsds there are often sharp boundaries and vertical
structures.

Fig. 2. Visualization of resistivity and mapped data from both tunnels in the northern part of the Hallandsas tunnel. The mapped data were rock type, fractures, RQD, Q, weathering,
water leakage and amount of grout. The resistivity data are shown as full model and as sub-models extracted at 60 m, 30 m and 20 m above sea level. The low resistive zones are
marked with L1, L2 and L3. High resistive zones are marked with H1, H2 and H3. The area with intermediate resistivity is marked I1. Here the tunnel base is at approximately 15 m

above sea level.


http://www.banverket.se
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The resistivity data was measured using a Schlumberger
electrode configuration with a cable layout of 800 m and an
electrode spacing of 10 m. An exception is in the southern part of
the profile where the measurements were done using a Wenner
electrode configuration with cable layout of 400 m and an electrode
spacing of 5 m. With the electrode layout and arrays used, the depth
of investigation is 120-160 m for the long Schlumberger layout and
60 m for the short Wenner layouts. For long intervals, the tunnel is
located 150 m below ground surface. To compensate for the
inadequate penetration depth the full resistivity model is shown as
well as sub-models extracted at different levels from the model. By
showing the different sub-models a clear image of the resistivity
change with depth is obtained. Instead of the commonly used
colourful resistivity images, the images here are shown in grey scale.
This allows an easier comparison (Fig. 2) to mapped tunnel
parameters such as RQD, Q, weathering, water inflow etc. which
are also presented in a similar grey scale.

4. Tunnel documentation

The long history of the Hallandsds tunnel has given rise to different
types of approaches both for tunnel construction and documentation.
Documentation exists from regular drill and blast at the early stages of
the tunnel construction. This was done from both ends and in both
tunnels more or less concurrently. However the work was stopped
because of problems caused by large amounts of ground water leaking
into the tunnel. Therefore this type of mapping only exists for 1 km in
the north and for 800 m at the south end of the tunnel.

Use of a TBM (tunnel boring machine) has resulted in another type
of documentation. The geologist can only get access for mapping the
tunnel face when the TBM is stopped during mounting of the lining.
This means the face is only visible every 2.2 m. So far 1200 m has been
mapped in a single tunnel.

In both types of documentation the lithology is mapped. In several
instances there are different types of rock present in one tunnel face.
When there is more than 50% gneiss in a face but with different rock
types also present, such as amphibolite, it is written as e.g., gneiss
(amph).

4.1. Documentation from drill and blast

During the period when drill and blast was done the parameters
mapped were rock type, fracture zones, weathering, RQD, Q, water
leakage and amount of grout used. The water leakage was measured
for every grouting round (fan). The weathering was classified
according to ISRM 1980 (ISRM, 1980). The weathering was only
divided in two intervals; W1 to W2 and W3 to W5. W1-W2 is fresh
rock while W3-W5 is weathered rock. The RQD is the Rock Quality
Designation as proposed by Deere et al. (1967).

Barton et al. (1974) developed the rock mass quality system (Q-
system) evaluating the rock quality using six different parameters. The
six parameters are: RQD, the number of joint sets (J,,), the roughness
of the weakest joints (J;), the degree of alteration or filling along the
weakest joints (J,), and two parameters which accounts for the rock
load (SRF) and water inflow (J,,). In combination these parameters
represent the block size, the inter-block shear strength and the active
stress.

The degree of fracturing is another parameter which was observed.
As a starting point the rock is all fractured, but the degree of fracturing

Table 1

The rock class defined exclusively for the Hallandsas tunnel.

Rock class RQD Block size (cm) Weathering
1 75-100 >60 W1
2 50-75 20-60 W1
3 25-50 5-20 Wi
4 0-25 0-5 Wi
5 25-50 5-20 W2
6 0-25 0-5 W2
7a 25-50 5-20 W3
7 0-25 0-5 W3
8 25-50 5-20 W4
9 0-25 0-5 W4
10 0-25 0-5 W5

Based on Banverket (2002).

increases at several places. Thus the fracturing is divided into three
different categories; normal, high and very high fracturing.

During the tunnel construction the fractures are grouted to water
from leaking into the tunnel. The amount of grout is stated with the
unit of kg and/or I. This is done because there were used two different
types of grout; cement and chemical grout. The first has the unit kg
and the latter has the unit litres.

4.2. Documentation from the TBM

For the use with the TBM, a site specific classification system was
developed exclusively for the Hallandsds. The rock masses were
divided into 11 different classes based on RQD, block size and
weathering. The classification can be seen in Table 1.

Thus the parameters mapped are rock type, weathering, block
size and rock class. Based on the weathering and block size the
RQD can be assessed (see Table 1). For several probe drilling
ahead of the TBM the water flow was measured. The measured
water flow is a mean value for the whole probe length of 10 to
40 m. The exact position of the water bearing fractures is there-
fore not distinguished in this analysis. In the zones where the
water leakage is less than 10 it shall be regarded as if there were
no probe drillings or no flow measurements and not that there
was no water leakage.

5. Comparison of resistivity data and tunnel documentation

In order to evaluate the results from the resistivity method the data
are compared with the existing tunnel documentation. The compar-
ison is done merely by visual evaluation because of the difference in
the scale of the data and the inadequate penetration depth. The
resolution of the tunnel documentation is in decimetres whereas the
resistivity data are in tens of metres. Because of the inadequate
penetration depth of the resistivity data the sub-models at different
levels are primarily used for the comparison in order to give an
impression of how the structures changes with depth. This is possible
because of the vertical structures in the area.

All data is plotted in grey scale in order to give a rapid impression
of the rock quality. Dark colours are poor rock mass quality while light
colours are good quality. The only exception is rock type where the
colour does not have any significance with regards to the mechanical
quality of the rock.

The coordinate system used is the chainage system used by the
Swedish National Rail Administration.

Fig. 3. Visualization of resistivity and mapped data from both tunnels in the southern part of the Hallandsas tunnel. The mapped data were rock type, fractures, RQD, Q, weathering, water
leakage and amount of grout. The resistivity data are shown as full model and as sub-models extracted at 60 m, 40 m and 20 m above sea level. The low resistive zones are marked L4, L5 and
L3. The zones with intermediate resistivity are marked 12 and 3. Here the tunnel base is at approximately 15 m above sea level.
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6. Results

The comparison between resistivity and the mapped data is done
for three different sections of the tunnel here referred to as North,
South and TBM. The distance between the centrelines of the two
tunnels is 25 m.

To make the evaluation of the results easier different resistivity
zones are marked with a letter and number. The resistivity data are
divided into three types e.g., low (L), high (H) and intermediate (I).
The dividing into the different resistivity zone is done so that it covers
the same resistivity intervals in all three tunnel sections. The intervals
can be disputed and discussed.

6.1. North

Fig. 2 shows the resistivity and the mapped data from the northern
part of the twin track tunnel. The mapped data are rock type, fracture
zones, RQD, Q, weathering, water leakage and amount of grout. What
is obvious when evaluating the water leakage from the two parallel
tunnels is that the amount of water in the western tunnel is much
higher than in the eastern tunnel (~factor 10). This is probably due to
the fact that the western tunnel was constructed prior to the eastern.
Therefore the ground water reservoir was drained by the first tunnel
and there was not the large amount of water accessible for leaking into
the second tunnel. Furthermore, considerable pre-grouting was
carried out for the west tunnel which may influence also the east
tunnel. As a consequence the water leakage data for the eastern tunnel
is biased.

The mapping of the lithology in the two parallel tunnels shows that
the dolerite dykes are striking NE-SW following the structural trend.

The sub-models of the resistivity data shows three zones with low
resistivity along the part with tunnel documentation, but only two, L2
and L3, are clearly seen in all three depth slices. Interesting zones in
the resistivity data can also be areas with very high resistivity. Three
areas with high resistivity (~4000 Qm) are visible in the depth slices.

6.2. South

Fig. 3 shows the resistivity data and the tunnel documentation for
the southern part of the Hallandsds tunnel. This part of the tunnel is
dominated by poor rock quality. The resistivity data was measured
with Wenner array and had a maximum layout on 400 m. This might
have implications for the resolution at the tunnel level. In a later field
campaign resistivity was measured from chainage 190800 to 197600
using the Schlumberger array and layouts of 800 m. The southern-
most part of this can be seen in Fig. 4. Thus there is an overlap between
the resistivity sections shown in Figs. 3 and 4. The deeper model in
Fig. 4 confirms that the resistivity at tunnel level between chainage
197300 and 197950 is low.

In this part of the resistivity section three areas are categorized
as low resistive zones and two as intermediate zones. In Table 2
the dominant observations from the tunnel documentation are
summarized.

6.3. Thm

In Fig. 4 the tunnel documentation from the use of a TBM is
compared with the resistivity data from the same section. The mapped
data were rock type, RQD, block size, weathering, rock class and water
leakage. The resistivity data are shown as the full model and as sub-
models extracted at 60 m and 25 m above sea level.

In this part of the resistivity section three low resistive zones are
identified. Only L7 and L9 are visible in both levels. Two high resistive
areas and three areas with intermediate resistivity are visible. In
Table 4 the corresponding properties from the tunnel documentation
are summarized.

7. Discussion

The comparison shows that a change in resistivity in most cases is
related to some kind of change in the rock conditions. High resistivity
corresponds well with good quality gneiss as the dominant rock type.
For the northern part this is seen at H2 and H3, Fig. 2 (Table 3). In the
part drilled with a TBM, Fig. 4 (Table 4), it is observed at H4 and H5. In
general low resistivity corresponds to a varying lithology with
fractured contacts or merely rock with very poor quality (RQD <25).
This is very clear in large areas of the southern part of the tunnel,
Fig. 3. The intermediate resistivity often coincides with areas of
amphibolite with an average RQD of 25-75 (fair quality). An example
of this is in Figs. 3 and 4 where the I3, 14 and 16 all are amphibolites.
But in some cases the intermediate resistivity corresponds to
increased water content. The presence of water can decrease the
resistivity of a rock with an otherwise fair rock quality. This is the case
in the northern part, Fig. 2 (Table 3) at I1 where there is an increased
amount of water.

For reference, in-situ measurements of the resistivity were per-
formed on some representative samples of the different rock types
in the tunnel. For this purpose a special device was made for
measuring the resistivity using a Wenner-configuration with
spacing between the electrodes equal to 0.05 m and to 0.1 m. The
measured apparent resistivities are shown in Fig. 5. It is seen that
the resistivity of the amphibolite is between 800 and 4000 Qm,
whereas for gneiss it is scattered between 1000 and 11,500 Qm. This
emphasises the difficulty in distinguishing between these two
lithologies. But it is quite clear that the amphibolite does not attain
the same high resistivity as the gneiss. High resistivity is clearly an
indication of gneiss whereas an intermediate resistivity is often
amphibolite that to some degree may be mixed with gneiss. This
supports the observations from comparing tunnel documentation
with the resistivity data.

This is also confirmed by geophysical logging of the core drilling
KB6105. The position of the drill-hole is marked with a line in Fig. 4.
The drill-hole is positioned 30 m west of the tunnel line inclined at
an angle of 20° from vertical. From the full resistivity section it is
seen that the drill-hole passes through a low resistivity zone (250-
600 Om), L7. In Fig. 6 the lithology is plotted together with the
resistivity log and natural gamma log. The core drilling is dominated
by gneiss but with two layers of dolerite at 37 m and 47 m. From 85 m
to 92 m the lithology is amphibolite. It is interesting that the resis-
tivity of these three zones is as low as 2000 Qm, whereas the gneiss
has a resistivity of 4000 to 10,000 Om. In addition they give low
gamma readings. In the gneiss there is a thin layer with a very
high gamma count which is seen neither in the lithology log nor
the resistivity log. The low resistive zone L7 is well explained in the
tunnel documentation by several lithology contacts. Thus the
disagreement between the resistivity seen in the profile and in the
resistivity log might be explained by the fact that the geology is very
complex and that the drilling is made 30 m from the resistivity
profile. The different scale of resolution of the methods is also
essential for the result.

Although in most cases there is a correlation between resistivity
and rock conditions, there are also exceptions. The example from the
northern part of the tunnel is at H1, Fig. 2 (Table 3). There is a high
resistivity and therefore it is expected to be good quality rock
without weathering and water. The rock in the eastern tunnel is
highly weathered whereas the western tunnel is fresh. On the other
hand the RQD is lower in the western than in the eastern tunnel. In
agreement with the expectation there is gneiss, mixed with
amphibolite in some places. The result from the investigation at L3
is also difficult to interpret. There is increased water leakage but the
RQD is not as low as expected. Thus the low resistivity here might be
an effect of the inversion or 3D effects. Lack of resolution can also
cause a low resistive body at a shallower depth to apparently extend
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Table 2

Summation of the dominating properties of the rock in the intervals based on the resistivity data for the southern part of the tunnel.

Resistivity Rock type Fracturing RQD Q Weathering Water

L4 Gneiss/amphibolite Very high 0-25 <0.01 W3-w5 E: Int. W: Low
L5 E: gneiss W: gneiss (amph) E: very high W: normal 25-50 0.01-0.1 Ww3-ws5 E: Int. W: Low
L6 E: gneiss W: gneiss (amph) Normal 50-75 1-10 W1-W2 High

12 E:gneiss (amph) W: gneiss Very high E: 0-25 W: 25-50 0.1-1 W1-W2 Int.

|E] E: amphibolite W: gneiss(amph) Normal 50-75 1-10 W1-W2 Low

L is low, H is high and I is intermediate resistivity. The most likely explanation to the resistivity value in the interval is indicated with bold and italic.

Table 3

Summation of the dominating properties of the rock in the intervals based on the resistivity data for the northern part of the tunnel.

Resistivity Rock type Fracturing Q Weathering Water

L1 Dolerite Very high 0-25 0.1-1 E: W3-W5 W: W1-W2 E: Low W: High
L2 Gneiss(amph) Normal E: 25-50 W: 0-25 0.1-1 W1-W2 E: Low W: High
L3 Gneiss Normal E: 25-50 W: 50-75 0.1-1 W1-w2 Med.

H1 E: Gneiss W: Gneiss/Amph Normal E: 25-50 W: 0-25 0.1-1 E: W3-W5 W: W1-W2 E: Low W: High
H2 E: Gneiss W: Gneiss(amph) Normal E: 25-50 W: 0-25 0.1-1 wi-wz E: Low W: High
H3 Dolerite/Gneiss Normal E: 75-100 W: 25-50 0.1-1 wi1-wz Low

11 E: Gneiss W: Gneiss(amph) E: Very high W: Normal E: 0-25 W: 75-100 0.1-1 W1-W2 High

L is low, H is high and I is intermediate resistivity. The most likely explanation to the resistivity value in the interval is indicated with bold and italic.

down to tunnel level. For I1 the documentation, especially for the
eastern tunnel, shows that the rock has a low RQD (0-25) and is very
highly fractured. On the other hand the western tunnel has a very
high RQD (78-100). Additionally there is a large amount of water in
the western tunnel. A low RQD is expected to give low resistivity
while the high amount of water is expected to give an intermediate
resistivity. But in this case it is also interesting to see that the rock is
fresh. Therefore in this instance it has an intermediate resistivity due
to increased water content.

In the documentation from the TBM, Fig. 4, the RQD at H5 shows a
relatively large area with a value of less than 25 and a very high water
leakage in an otherwise fair rock quality. It is expected that such a
large area with poor rock quality and very high water leakage would
give low resistivity. Instead there is quite high resistivity. The water
might flow in few fractures and the high water leakage may be caused
by the high pressure. The nature of the fractures cannot be evaluated
in the type of flow measurement performed in the probe drillings. The
conclusion is that the zone most likely is too small to create an
anomaly in high resistivity gneiss with good quality. Another example
is at L8 in the same section where the RQD shows many narrow zones
with values lower than 25. The water leakage shows an intermediate
flow that is slightly increased. There is no clear indication of this
problematic area because the resistivity data at tunnel level does not
show any low resistivity whereas at 60 m.a.s.l. it does. Here the
problem might be that 20 m.a.s.l. is deeper than the resistivity method
can resolve with the layout and electrode array used.

Table 4
Summation of the dominating properties of the rock in the intervals based on the
resistivity data for the TBM drilled part of the tunnel.

Resistivity =~ Rock type RQD Weathering  Water

L7 Several contacts  25-50 W1 Intermediate but increased
L8 Gneiss/amph. 25-50 W1 Intermediate

L9 Gneiss 0-25 W2 No values

H4 Gneiss 25-50 W1 Low

H5 Gneiss 50-75 W1 Low/ Very high

14 Amphibolite 25-50 W1 Int./high

15 Gneiss 25-75 W1 Intermediate/no values

16 Amphibolite 25-75 W1 Intermediate

L is low, H is high and I is intermediate resistivity. The most likely explanation to the
resistivity value in the interval is indicated with bold and italic.

A probable reason for the divergence between the tunnel docu-
mentation and the resistivity data might be the 3D effects in data. The
tunnels are separated by 25 m and still there is a large difference
between the lithology and rock properties in the eastern and western
tunnels, emphasising the high variability in the rock mass properties.

Another issue is the difference in the scale of the data. The tunnel
documentation shows every small change in the rock conditions. For
the resistivity method to be successful a zone has to be sufficiently
large and have large enough contrast in the physical properties. A
complicating factor in this particular tunnel project is that the tunnel is
situated at a large depth giving poor resolution at tunnel level. The
resistivity data are measured at the ground surface 120-150 m above
the tunnel. Therefore these data have a lower resolution at tunnel level
than the detailed tunnel documentation. Thus a zone can be too
narrow to be visible in the resistivity data if the resistivity contrast with
the surrounding rock is not sufficiently large. The scale of resolution is
tens of metres.

In the mapping of the tunnel there is the human factor to
acknowledge. The mapping of RQD, weathering and lithology is a
subjective assessment done by geologists at the tunnel site. There is
not a big difference in the rock properties if the rock has a RQD of e.g.,

Apparent resistivity of in-situ data
y []

10000}--

Resistivity [Qm]

1000t--

Amphibolite Gneiss

Fig. 5. The apparent resistivity of amphibolite and gneiss measured at different
locations in the tunnel.
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28 or 23 but it means that the conditions look more serious in the plot.
So the mapping is somewhat subjective and might bias the results of
this study in some parts.

By using the experience from the evaluation made in this paper a
new geological prognosis can be compiled and used in the further
work with the TBM. Fig. 7 shows a part of a new prognosis for a part
of the tunnel. In Fig. 7a the resistivity profile for the whole tunnel is
seen. Fig. 7b shows a close-up of a 1200 m long section in the central
part where the TBM had not yet drilled through when this study was
finished. In Fig. 7c the rock type, RQD and weathering is estimated
based on the resistivity data and ground based magnetic data (not
shown). The dolerite in the southern part of the selected section is
pinpointed by the magnetic data. The low RQD and high weathering
in the contact zone between the dolerite and the gneiss is based on
general knowledge about the rock conditions in such zones. The old
prognosis showed that from 194400 to 194650 there should be rock
with a RQD lower than 25. This is to some extent confirmed in the
updated version of the model where the RQD is between 25 and 50.
In the old model there are several dolerite dykes between 194100
and 194400 with a poor rock quality in the contact zones. This is not
confirmed by the resistivity data. In the old model, as well as in the
updated version, the dolerites are pinpointed by ground based
magnetic surveys. It was noted in the first version that the magnetic
anomalies might be due to noise, and because they are not indicated
in the resistivity data they are left out of the updated model. The
next step for the prognosis would be to estimate its reliability. This
brings up a lot of new issues and will therefore not be discussed in
this paper.

8. Conclusion

For the Hallandsds tunnel project in southern Sweden several
kilometres of resistivity measurements (CVES) have been made.
Therefore the tunnel documentation gives a good opportunity to
perform an evaluation of the resistivity data. It has previously been
shown that three large zones with problematic rock conditions
could be identified using geoelectrical imaging (Dahlin et al., 1999).
In this case the contrast in resistivity between rock of good quality
and rock of poor quality is sufficiently large to be resolved beyond
any doubt. It is probable that more information can be extracted
from the remaining part of the 2D profile and used in the
construction work.

The ability of geoelectrical imaging to indicate changes in rock
conditions by means of varying resistivity makes it a valuable tool
in the pre-investigation. With the tunnel drilled 150 m beneath
the surface and in an area with this type of geology, the scale of
resolution is tens of metres. Thus in this example the method cannot
resolve bodies smaller than this. The comparison of the tunnel
documentation and the geoelectrical imaging showed that a change
in resistivity often corresponds to some kind of change in the rock
mass properties. The resistivity can be divided into three categories,
i.e,, high, low and intermediate resistivity. These three categories can
generally be correlated to certain types of rock mass conditions. The
high resistivity corresponds well with gneiss with a good quality.
Intermediate resistivity is most likely amphibolite with a relatively
good rock quality. This is also supported by in-situ measurements in
the tunnel where the only rock with very high resistivity is gneiss.
Also the resistivity log showed that amphibolite has lower resistivity
than gneiss. In some cases the intermediate resistivity can also be
water bearing rock. The low resistivity is rock of a poor quality which
is deeply weathered or has many contacts between different
lithologies.

Fig. 6. The lithology from the core drilling KB6105 plotted together with the natural
gamma and long/short normal resistivity log.
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Fig. 7. a) The full resistivity section for the Hallandsas tunnel in grey scale. b) Close-up on 1200 m in the central part of the tunnel section. c) Estimated rock type, RQD and weathering

for the 1200 m long section.

However it is not always possible to relate the changes in resistivity
to a specific rock condition or property. This may be caused by
differences in the scale of the compared data. The resistivity data has a
much lower resolution than the tunnel documentation. Another
reason can be 3D effects in the 2D resistivity profiles. In addition a
certain amount of bias can occur in the mapping of the tunnel
parameters because different geologists may interpret the conditions
differently.

The decision makers can use the changes in resistivity as an
indication of the need for caution when planning for example an
underground rock construction. The experience from the Hallandsas
tunnel construction can be used to improve the interpretation
capability of the resistivity image. Previously there has been a focus
on low resistivity zones in order to identify poor rock conditions. The
comparison has shown that the high resistivity zones tend to indicate
good quality rock. This is as important for the contractor to know as
the location of poor quality rock. Even though the resistivity method is
not able to interpret every change in the conditions it still contributes
with important information within the limitations of its resolution.
Geoelectrical imaging contributes to reduce the number of uncertain-
ties. In combination with other investigations the ambiguity and
uncertainty might be further reduced.

As a tool for pre-investigations, resistivity imaging has the advan-
tage that it is more time and cost efficient than other alternatives, e.g.,
seismic refraction. It has to be stressed that the method should not
stand alone. A priori information about the geological setting is crucial
and the results have to be followed up by additional measurements,
i.e., with other types of geophysical methods exploiting other physical
parameters or by 3D resistivity measurements. The measurements can
then be used as a base for deciding where to perform geotechnical
drillings.

When the resistivity data has been used for the pre-investigations
they should never be put aside. It is important to make a dynamic
geological prognosis and always use new information and experience
to update the interpretation of the data. No matter how good a
prognosis is, it is still an estimate of the ground conditions and there
will always be room for improvements. It might be nothing is added,
but the model becomes more certain. By performing a comparison
as in this paper the value of the time and money spent on the
investigations becomes higher and the tunnel projects might be better
prepared for unforeseen rock conditions.
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Introduction

A major problem when constructing tunnels is unforeseen rock conditions e.g. water leakage and
changes in rock mechanical properties. The contractor needs as much information about the ground
conditions as possible in order to provide a sound financial offer, prepare adequate equipment and
to organize a relevant contingency plan. An unforeseen event can delay the project with further costs
as a consequence. To reduce the uncertainty an engineering geological prognosis is necessary. This
prognosis should be based on geophysical measurements supported by drillings (Danielsen, 2007).

The results of the geophysical measurements usually have to be processed and evaluated by a
geophysicist. Only the geophysicist knows the sensitivity and resolution of the methods. Thus the
engineer does not always have appropriate expectations of the advantages and limitations of the
geophysical methods. On the other hand the geophysicist does not always have detailed
understanding of what the engineer requires; e.g. at what scale is information needed? One task for
the engineer and the geophysicist is to find a common language (Danielsen, 2007). Value of
information analysis (VOIA) might be an approach for communicating with the decision-makers.

VOIA is an aid in decision-making in complex problems. It can help to create a rational design strategy
for investigation programmes. The method is based on Bayesian statistics and cost-benefit analysis
and is suitable for problems where different alternatives are evaluated and compared, e.g. the design
of an investigation programme when the number of measurements or investigations needs to be
determined. In VOIA the cost for new information is compared with the reduced risk for taking an
economically unfavourable decision. The cost and the time it takes to obtain better information must
be compared to what can be saved by modifying the investigation programme. New information is
only interesting when it can change the outcome of the decision and thus is of value for the decision-
maker. The cost of an investigation or measurement should be less than the expected savings;
otherwise the investigation should not be made (Back, 2006; Bedford and Cooke, 2001; Freeze et al.,
1992).

In the petroleum industry the VOIA approach has been used for evaluating if seismic and controlled-
source electromagnetic data can reduce some of the uncertainty in the reservoir properties (Buland
et al., 2010; Eidsvik et al., 2008). However to our knowledge the VOIA approach has never been
applied to geophysical methods used in pre-investigations for rock tunnel construction. One of the
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central tasks in this study is to evaluate how good different geophysical methods are at detecting
problematic rock conditions in otherwise good rock. Because, such an estimation can be biased
(based on experience, affiliation etc.), our approach is to ask geophysical experts to judge this in
order to get a more objective result. The experts will be presented to a number of simulations of
possible rock volumes and the estimate should be based on those. The experts opinion is then the
foundation for the probability used in the VOIA. It is also important to remember that the estimate is
only valid for a specific geological setting which will be described further down. The example is
hypothetical but is inspired by an actual tunnel construction in Sweden.

Statistical methods and Value of Information Analysis

There are two predominant ways of conceiving probability. The traditionalists (also called
frequentists) consider probability as a frequency with which things occur in a long series of trials, e.g.
rolling a dice. The Bayesians on the other hand consider probability as a degree of belief and
therefore admit probability statements on states of nature. In this way states of nature are
considered as variables, and not unknown constants. This is consistent with engineering geology
which is heavily depending on observations and uncertainty of the observations. The expert might
have discretely sampled data (measurements) of how the state of nature is. Based on this the
engineering geologist is expected to make a statement about the state of nature without actually
having solid proofs. The engineering geologist makes an estimation of how the geological conditions
are and what events are probable (Baecher and Christian, 2003).

Tunnel construction is decision making under risk where pre-investigation should reduce the risk of
something unexpected happening. If the unexpected happens it will in most cases cost more time
and money than a thorough pre-investigation. However a thorough pre-investigation is no guarantee
that no problems will arise, because there is a probability that problematic zones are missed or
underestimated. Nevertheless is an optimised pre-investigation necessary for making the best
decisions with the information available in order to reduce the risk for unexpected geological
problems. In VOIA the data worth is assessed by comparing the cost of data collection with the
expected value of the risk reduction the data provides. The data worth assessment lead to a strategy
for a rational design of a field investigation program. Such a strategy must address the questions 1)
what to measure, 2) how many methods to use, succession of the methods and how many profiles,
and 3) where to make the measurements (Freeze et al., 1992; Norberg and Rosén, 2006).

Additional information should always aim at reducing uncertainties, and the decision to make
measurements or change the design of the pre-investigation program, is based on cost-effectiveness.
A pre-investigation program is regarded as cost effective as long as the expected benefit associated
with the new information is larger than the measurement costs. Another way of expressing this is
that measurements are only justified if the sampling has potential to change decision (Andersson et
al., 2004). An insufficient pre-investigation will make it difficult to distinguish between nothing found
because there was nothing there or nothing found because of deficiencies in the site-investigation
(Back, 2007).

In a VOIA different action alternatives are considered and an objective function ¢;is applied for each
alternative j (Back, 2007):




Framework for VOIA applied to geophysical methods used for pre-investigation

¢; =B; = —P(F); - Cpj
(Eqg. 1)

where B;is the benefit and C; is the investment cost. The last term is the risk term, where P(F); is the
probability of failure and Cg is the cost of failure. Failure could also be seen as an event or that
something unexpected occurs. In this particular VOIA, failure in the prior analysis is when the rock is
weak.

By collecting more information (more measurements/drillings), the value of the risk term is reduced
and therefore the expected value of the objective function increases. The decrease in the risk term is
proportional to the probability of failure. The expected increase in the objective function, ¢, is the
value of the pre-investigation (Back, 2007).
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Figure 1. The central parts of the VOIA (modified from Back, 2006).

The VOIA consists of a prior analysis and a preposterior analysis, see figure 1. A part of the
preposterior analysis is to calculate the value of new information. The VOIA only covers the planning
of the pre-investigation and no calculation of the posterior value with actual data is performed.
However the VOIA can be updated when another round of measurement is considered and in that
case all new information should be considered when the probabilities are estimated.

The prior analysis is solely based on the knowledge available before any pre-investigation is carried
out. It results in an expected total cost or benefit. The Bayesian inference allows the use of prior
knowledge, which is very important when there is little data. Prior knowledge might come from old
data (e.g. from before pre-investigation), or from some form of expert judgement (Bedford and
Cooke, 2001).

The prior value of the best decision alternative is calculated as the prior objective, dior (Back, 2006;
Back, 2007):

¢prior = max (0,P(F) - Cr — ()
(Eq. 2)
where P(F) is the probability for failure (weak rock), C; is the cost if failure occur and C is the cost for

preventing failure. The cost if failure occurs is in this case the additional cost if the project is
unprepared for weak rock and it entails a delay.
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The probability P(F) that an event F happens is said to be the marginal probability or the prior
probability. An event can happen, F, or not happen F’. Two events might be related somehow, and
the joint probability are said to be conditional. Thus given that an event happens, it can either be
detected, P(D|F), or not detected, P (D’| F). Given that an event does not happen, it can either be
detected, P (D|F)’, or not detected, P (D’| F’). This is illustrated by the event tree in figure 2. (Baecher
and Christian, 2003; Davis, 2002). The P(D’|F) and P(D | F’) are the reliability of the different
alternatives and describes the accuracy of the investigation.

P(D|F) 4

Figure 2. Event tree of the preposterior analysis. The square is a decision node, circles are chance
nodes and triangles are terminal nodes, indicating the outcomes (modified from Back (2006)).

The preposterior analysis is done after the pre-investigation program is defined, but before the actual
measurements are carried out (Back, 2006; Back, 2007). The preposterior analysis is also calculated
using equation 6.1 but is based on the expected information from the pre-investigations. This results
in an objective function, ®prepost :

Pprepost = max(0, P(F|D') - Cp — €) - P(D') + max(0, P(F|D) - Cr — C) - P(D)
(Eq. 3)
The investigations have no value if both parts of the sum are negative. In order to calculate the

conditional probabilities P(F| D’) and P(F| D) Bayes’ theorem is used. It relates the conditional and
prior probabilities of event F and D:

P(D|F)P(F)
P(D|F)P(F) + P(D|F")P(F")

P(F|D) =
(Eq. 4)
and from the law of probability (Back, 2007; Bedford and Cooke, 2001; Olofsson, 2005; Sturk, 1998):

P(D) = P(F)P(D|F) + P(F)P(D|F")
(Eq.5)

The value of the new information (or Expected Value of Information (EVI)) is calculated as (Back,
2006):

EVI = ¢prepost - ¢prior
(Ea. 6)
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The EVI is always nonnegative and a value of information is only obtained if the pre-investigation has
the potential to change the decision. The expected preposterior value is equal to or larger than the
prior value because we make better-informed decisions (Eidsvik et al., 2008).

It is possible to estimate the value of a perfect sampling program, thus there are no errors in the
measurements, without performing a preposterior analysis. This is the expected value of perfect
information (EVPI) and represents an upper limit on EVI and the maximum exploration budget that
can be justified without performing a preposterior analysis (Back, 2007).

The EVI does not consider the cost, Cyreiny, Of the pre-investigation program. If the cost of the
investigations should be considered the Expected Net Value (ENV) is calculated:

ENV = EVI — Cpreiny
(Eq. 7)

A posterior analysis should be performed after the actual pre-investigation has taken place. In this
analysis the real worth of the obtained information is calculated and a new updated VOIA is
performed using the posterior as prior information (Bedford and Cooke, 2001).

The idea of updating a prior distribution to obtain a posterior distribution gives an important role to
the expert. The expert has to decide on the form of the prior distribution. This combination of giving
weight to experts but still allowing for scientific evidence makes Bayesian reliability very useful in
geo-science (Bedford and Cooke, 2001).

Tunnel project

The tunnel project used in this example is hypothetical but derived from a real tunnel case in the
central part of Sweden (an 800 metre long railroad tunnel). In the central parts of this tunnel the
maximum overburden is 25 to 30 metres. The tunnel is constructed using drill and blast with a tunnel
face of 6x6 m?. The geological setting in the area is dominated by greywacke and granite. There are
elongated sections with pegmatite and dolerite dykes. The valleys that are found on both sides of the
tunnel coincide with regional fracture zones that vary between 10 and 20 metres wide. The soil
deposits are relatively thin and in some areas the bedrock is exposed or covered by a thin layer of
lichen and moss. The terrain is dominated by forested till and marsh.

For this hypothetical example a simple geological model was generated in the statistical software T-
PROGS (part of the computer program GMS from Aquaveo). The simulations are kindly made
available by Miriam Zetterlund (Zetterlund, 2009). For more details about the simulations see
Zetterlund (2009). The realization of the possible rock volume (example shown in figure 3):

- Each cell is 1x2x2 metre (i.e. 80x100x100 metre)

- The virtual tunnel will be constructed in the central cells (3x3 cells)

- Two rock classes, good rock (RC1) and poor rock (RC2)

- Problematic rock are fracture zones and clay weathered rock (poor rock)
- Good rock is unaltered

- 10 % poor rock (red)
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Figure 3. An example of a 3D simulation. Modified from Zetterlund (2009)

In the software it is possible to create 2D slices in both horizontal and vertical direction in order to

evaluate the rock properties through the whole rock volume. In total 200 3D simulations (example

shown in figure 3) were generated.

Tunnel line

103

20

Figure 4. Example of a 2D surface view with the tunnel line marked.

Estimation of probabilities

It is difficult to obtain an un-biased estimation of the value of geophysics because the concept of the

methods can vary from expert to expert and accordingly geophysics is not easily amenable to

mathematical representation. Nevertheless the probability that geophysics detects failure is essential

to this VOIA. In an attempt to make the used probability more reliable seven experts were asked
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their opinion of how good a geophysical method is in the geological environment of the hypothetical
example. The experts have all worked with the application of geophysical methods in hard rock
environment in national and/or international tunnel projects. The experts were asked to give their
opinion based on 10 randomly chosen simulations of possible rock volumes (described in previous
chapter). The experts should base their judgement on the information from the geology description
and on “outcrops” (surface view) on the surface of the simulations (Fig. 4). In this way the
information available resembles how it would be in an actual case.

Estimated weak zones
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Figure 5. The expert’s judgement of the number of weak zones in the 10 randomly chosen simulations
of possible rock volumes.
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Figure 6. The expert’s opinion about which geophysical methods to use and the succession with
which the methods should be used. NB. Not all methods were mentioned by every expert.

The experts were also asked to suggest which methods to use and how they would plan the pre-
investigations. In figure 5 the experts judgment of the number of weak zones in the 10 randomly
chosen simulations are plotted. There is a large difference in the number of zones even though it is
the same simulations the experts were presented to. This has to be seen in relation to the experts
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different proposals to possible field campaigns, figure 6. However the experts agree on that the first
priority is to use a fast and qualitative method e.g. magnetometer, VLF or Slingram. In the second
stage a more quantitative method such as geoelectrical imaging or refraction seismic is preferred.
Only 2 of the 7 experts suggest borehole geophysics. This might be due to the relatively limited
access to logging equipments in Sweden. Despite the difference between the numbers of weak zones
the experts estimate, there is a consistency in how each expert evaluates the probability for the
geophysical methods to detect the weak zones. The experts can be divided in two groups, where
expert 1-4 generally is more optimistic than expert 5-7. Despite the fact that there is a difference
between the opinions of the two groups their answers are useful for the estimation of the probability
that geophysics detects failure. Their answers should be seen as a guideline in the estimation of the
probability.

Table 1. The probability of detecting weak zones/dolerites using different geophysical methods. The
size of the object has importance for the probability. Based on Danielsen (2010), Danielsen and Dahlin
(2009), Stanfors (1987) and R@nning (2003).

Method Anormaly Size Probability
Aeromagnetic Weak zone >50m 80%
<50 m 25%
Dolerite (Scania) >10m 85%
Ground magnetic Weak zone >50m 80%
10-20 m accuracy <50 m 25%
Dolerite (Scania) >10m 85%
VLF Weak zone >50m 75%
<50m 60%
Slingram Weak zone >50m 85%
10-50m 60%
Seismic refraction Weak zone >50m 31%
Resistivity Weak zone >50m 95%
<10m 80%

As part of the evaluation of the geophysical methods, the experience from geophysics in other tunnel
projects is used (table 1), so that not only the experts opinion is considered when estimating the
probability. The authors experience from Hallandsas Tunnel (Danielsen, 2010; Danielsen and Dahlin,
2009) and Bolmen Tunnel (Stanfors, 1987) both in southern Sweden, are used together with work
done by NGU in Norway (Rgnning, 2003). The geological setting in the examples is different but still it
is possible to obtain an impression of the probability of finding a weak zone using the different
geophysical methods.

Pre-investigation program

Based on the experience gained from interviewing the experts and from evaluating the results from
other tunnel project a pre-investigation program is planned. The pre-investigation is performed top-
down meaning that the investigation is progressing from large to small scale. The program is divided
in two parts where the first is:
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Archive study

Field visit incl. fracture count if possible

Magnetics (5 parallel lines)

CVES (resistivity/IP) (1 line along tunnel line, c/c 5 metre)

el S

The pre-investigation should start with an archive study where existing material is evaluated. This
includes geological maps, existing boreholes and other types of geological data. Based on this a field
visit should be done where possible exposed rock surface is inspected. If the rock surface is visible a
fracture count should be performed. Next step is to make magnetic measurements, which is a fast
qualitative method. Five parallel lines should be measured along the tunnel line. This is followed by
CVES measurements. One profile line should be done parallel to the tunnel line (c/c 5 metre). A first
interpretation of the geophysical data is based on the information from the archive study as a priori
data.

When data are evaluated it might be necessary to make additional CVES and/or refraction seismic
measurements in selected (problematic/ambiguous) areas. Thus the second part consists of:

(Additional CVES at problematic/ambiguous areas)
(Refraction seismic (1 line along tunnel line, c/c 5 metre))
Earth/rock soundings (consistent distance)

1 core drilling and 1-3 percussion drilled holes

©® N oW

. Geophysical logging in the boreholes
10. Pumping tests/flow tests
11. Laboratory/rock mechanical tests

During the pre-investigation the results of each step should be evaluated before continuing to the
next step. An engineering geological prognosis should be compiled based on all information.

Framework

In the following a framework is presented where the value of geophysical measurement in pre-
investigation for rock tunnel construction is evaluated. The geophysical methods are geoelectrical
imaging and ground based magnetic measurements. The suggested pre-investigation program is
discussed further in paper 6. In this framework a responsible authority (e.g. Trafikverket) plans to
build a tunnel and orders a pre-investigation from a consultant (Fig. 7). The first step for the
consultant is to produce an early (rough) engineering geological prognosis (based on archive data
and field visits). The consultant has to decide what the major concerns are and how to proceed with
the pre-investigations. Should a detailed prognosis be done or is the early prognosis enough as basis
for contract negotiation? If a detailed prognosis is made, should it then consist only of drillings or
also geophysics? These question marks are answered by VOIA. When the basis for contract
negotiation is ready the contractors can start giving offers on the work.
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Responsible Investigation
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Figure 7. The flow in the decision process for a construction work. The question marks are answered
by VOIA.

In the VOIA there are different decision alternatives (Fig. 8). In the prior analysis it has to be decided
which of the construction alternatives to use. The first alternative is to assume that 10% of the rock is
poor (reference alternative). This means that when constructing the tunnel reinforcement class
BFK3b is used in 10% of the tunnel length. For a description of the reinforcement classes see
appendix B. In alternative two it is assumed that 40% of the rock is poor and requires reinforcement
with BFK3b. Thus the construction is more expensive. In the preposterior analysis it has to be decided
which of the pre-investigation programs to use: 1) two core drillings or 2) geoelectrical imaging,
ground based magnetic (in the following called geophysics) and two core drillings positioned based
on the geophysics.

a) drill

b) geophy + drill

a) drill

b) geophy + drill

Figure 8. Decision tree for the problem in this VOIA. Squares are decision nodes, circles are chance
nodes and triangles are terminal nodes. First decision (prior analysis) is regarding construction
alternatives: 1 is standard and 2 is extensive. Second decision (preposterior analysis) is regarding pre-
investigation alternatives: a) drillings or b) geophysics combined with drillings.

The probabilities necessary for the cost-benefit analysis are based on 10 simulations (different from
those evaluated by the seven experts). It is decided that failure is when there is weak rock (RC2) at
tunnel level.

The approach for estimation of probabilities:

1. The 10 simulations are divided into 10 sections, each 8 metre long. Only a 6 metre wide zone
in the y-direction was considered which resembles the width of the tunnel (Fig. 9). It is
assumed that only the excavated rock volume is important. Each section is therefore 8x3
cells in the 2D view.

10
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2.

For the prior analysis the 2D surface view (z = 0) is used to calculate the first P(F) for 10x10
sections. For the calculation of P(F) it is counted in how many of the sections the surface
view (regarded as engineering geological prognosis) shows RC2 (failure). It is assumed that
there has to be more than one cell (pixel) showing RC2 for the section to be considered as
failure.

For the preposterior analysis the probability of detecting failure, P(D |F), and not detecting
failure, P(D|F’), for each of the 10 sections (in each of the 10 simulations) should be
calculated taken the information from pre-investigation into account (two different pre-
investigation approaches). Based on the simulations it is estimated if the weak rock type is
detected by the pre-investigation and an engineering geological prognosis is compiled. It is
evaluated in how many sections the engineering geological prognosis detects RC2 (at tunnel
level, z = 50).

The estimated probabilities are:

P(D|F): probability for detecting weak rock (RC2) that exist

P(D’ | F): probability for not detecting weak rock (RC2) that exist

P(D|F): probability for detecting weak rock (RC2) that not exist

P(D’|F’): probability for not detecting weak rock (RC2) that not exist, this is equivalent to
detecting good rock (RC1).

Calculate the preposterior value of the tunnel in each decision alternative using Bayes’
formula.

Figure 9. 2D surface (z = 0) and tunnel (z = 50) view used for estimating the probability for failure,
P(F).

Prior analysis

In the prior analysis it has to be decided which construction alternative to use, standard or extensive.
In the standard approach the cost for the construction is lower than in the more extensive approach.
The input data and results are given in table 2 and 3 and the calculations in the prior analysis are
shown in appendix B. The probability of failure is calculated using the simulations as described in step
2. It turned out that P(F) is 0.5 and thus P(F’) is also 0.5. This is so even if there in the T-PROGS
simulation only is 10% RC2. However it has to be acknowledged that the sections are regarded as
poor if more than 1 pixel in each section is RC2. It is assumed that in the construction of the tunnel it

11
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is not possible to switch reinforcement class for each metre, so there has to be a reaction length,
which is said to be a full section.

Table 2. The input data for the prior analysis.

Cost kSEK

Cost of tunnel (alternative 1) C 10085
Cost of tunnel (alternative 2) G, 14389
Difference C=Cr-C 4304
Probability

Probability for RC2 P(F) 0.5
Probability for RC1 P(F’) 0.5

Table 3. The calculated output data from the prior analysis.

Alternative 1 kSEK

Cost of tunnel C 0
Cost of failure Cr1 110160
Risk cost R 6885
Benefit B, 0
Alternative 2

Cost of tunnel C =C,-C; 4304
Cost of failure Cey 96390
Risk cost R, 1721
Benefit B, 5164
Objective functions

Cswitch CFl' CFZ 13770
Value of alternative 1 P1prior 0
Value of alternative 2 P 2prior 860
Value of prior analysis ® prior 860

If the unexpected occurs the construction cost might increase because of the increased amount of
materials needed (e.g. shotcrete + bolts) but more importantly due to the increase in construction
time. In Malmtorp and Lundman (2010) and Kim and Bruland (2009) it is estimated that it takes 50%
longer time to construct a tunnel if e.g. BFK3 is used instead of BFK1. Therefore it is assumed here
that the cost is 50% higher when the change from one strategy to another is unexpected. This
additional cost if the unexpected happens (C; failure) is calculated for each alternative. The
probability, P(F), that something unexpected happens was 0.5 and when the strategy is to only use
the extensive reinforcement in 10 out of 100 sections the project is unprepared in 40 out of 100
sections. In alternative 2 the project is only unprepared in 10 out of 100 sections. The difference
between the cost of failure in the two alternatives is called the switchover cost, C..ch, and is the cost
for the additional time needed because the project is unprepared for the required reinforcement.
The failure cost is lowest in alternative 2 and thus the Cqyitch = Ce1— Cea = 13770 kSEK. 1 kSEK is 105
euro (September 2010).

12
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The risk in alternative 1 is that the construction strategy has to be changed if something unexpected
happens. The risk is calculated as: Ry = P(F) Cyyitch. FOr alternative 2 the risk is R, = R1/4, because the
project only is unprepared in 10/100 sections and not 40/100 sections.

In the first alternative with the standard approach the benefit is zero whereas the benefit of using
the extensive and more expensive approach is a lower risk for something unexpected to happen: B, =
Ri— R,. In other words the benefit is what is saved if the project is prepared for change in
reinforcement strategies.

In the prior analysis the prior objective function is calculated for both alternatives using equation 2,
i.e. ;= B;—C; and is the expected net benefit with present information. The best alternative is the
one with the highest value for the project. The value of the prior analysis is calculated as ¢pyior =
max(®1prior, P2prior) = Max(0, 860 kSEK) = 860 kSEK. Therefore the alternative 2 with the extensive
construction approach is the best decision.

Preposterior analysis

In the preposterior analysis the value of a pre-investigation is calculated before the measurements
are done and is therefore the expected net benefit with information from the planned sampling
program. It has to be decided if the best alternative is to only do drillings or if the best alternative is
to do geophysics prior to drillings. The probability for detecting failure using geophysics or no
geophysics is estimated as described in step 3. The input data for the preposterior analysis are given
in table 4. Calculations can be seen in appendix B.

Table 4. The input data for the preposterior analysis.

Only boreholes Geophysics and EVPI
boreholes
Probability for RC2 P(F) 0.50 0.50 0.50
Probability to detect RC2 P(D| F) 0.40 0.68 1
Probabllltyito detect RC2 P(D| F) 0.27 0.03 0
that not exist

Table 5. The results from the preposterior analysis.

Only boreholes Geophysics and EVPI
boreholes

Conditional probability P(F| D) 0.60 0.95 1
Conditional probability P(F| D) 0.45 0.25 0
Probability of detection P(D) 0.33 0.35 0.50

kSEK kSEK kSEK
Preposterior value Dprepost 2581 3123 4733
Expected value EVI 1721 2253 3873
Exp. Net value ENV 1441 1863

The preposterior value, @yrepost, fOr both alternatives is calculated using equation 3:

¢prepost = maX(OI CswitchP(F | D’) - CI)P(D’) + max(O, CswitchP(F | D) - CI)P(D)

13
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The conditional probabilities used in the preposterior analysis is calculated using Bayes’ theorem (Eq.
4) and P(D) from the law of probability (Eq. 5). The results are summarised in table 5.

The preposterior value, Pyrepost, Of Only drilling boreholes in the pre-investigation is 2581 kSEK,
whereas the value of a combination of geophysics and a borehole is 3123 kSEK. And therefore
geophysics combined with a borehole is the best alternative. In the calculation of the preposterior
value in appendix B it is seen that the value of not achieving data (D’) is zero whereas the value of
achieving the data (D) is 8777 kSEK.

Value of perfect information

Calculating the EVPI means that the probabilities P(D’| F) and P(D| F’) both are zero and perfect
information is obtained. The EVI for the perfect information (EVPI) is 3873 kSEK. This is regardless of
which alternative is chosen for the pre-investigations.

Expected value and expected net value

The expected value EVI, that is the value of new information, is calculated EVI = ¢prepost - Pprior (EQ. 6).
For the project the information has a value or worth even though there is a cost combined with the
decision. For using geophysics the EVI is 2253 kSEK. The EVI for only drilling boreholes is 1721 kSEK
and therefore this alternative has a lower value for the project. If the cost for the pre-investigation
should be considered the expected net value for geophysics, ENV is calculated to 1863 kSEK using
equation 7. However the pre-investigation program should in the best case also contain geophysical
borehole logging and pumping tests. But in the ENV only the methods considered here are used in
the calculations.

Sensitivity analysis

An essential part of this VOIA is the sensitivity analysis of the different input variables. For the
analysis of the different variable’s uncertainty a Monte Carlo simulation is made where a large
number of random solutions (“qualified guesses”) are calculated. In this case 10° simulations were
done. The parameters are systematically changes to determine the effects of such changes. In this
way the robustness of the study is investigated. Monte Carlo uses statistical distributions to
represent different kinds of uncertainty and for the analysis a probability density function (pdf) has
to be chosen for each of the stochastic variables (Burgman, 2005). This is a difficult part and in this
case a beta-distribution is applied. For the pdf's the mean and standard variation is calculated.

Table 6. Input data to the Monte Carlo simulations (costs in kSEK).

Mean Standard

deviation
Cost if failure (alternative 1) Cr1 110160 1840
Cost if failure (alternative 2) (o 96390 460

14
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Table 7. The parameters for the beta-distributions.

o B
Probability for RC2 P(F) 51 51
Alternative 1 (only boreholes)
Probability to detect C2 P(D|F) 17 25
Probability to detect RC2 that P(D| F) 17 45
not exists
Alternative 2 (geophys + bh)
Probability to detect C2 P(D|F) 28 14
Probability to detect RC2 that P(D| F) 3 59
not exists

In this analysis the only cost-variables to consider is the cost of failure, Cr, and Cr,. The other costs in
the calculations depend on these two variables and therefore it is not reasonable to analyse any
other. It is assumed that the two costs are normal distributed and that they to some extent are
dependent on each other and therefore the correlation is said to be 0.6. The probabilities P(F),

P(D| F) and P(D| F’) are said to be beta-distributed in all alternatives. The input data for the
simulations are seen in table 6. For the probabilities it was chosen to use a beta distribution, table 7.

In 13.4% of the 10° simulations construction alternative 1 was the best solution in the prior analysis.
In the remaining 86.6% of the simulations alternative 2 was the best solution. For the preposterior
analysis the results of the simulations can be seen in table 8. The mean value of only drillings is 1683
kSEK and the standard deviation is 351 kSEK. For the combination of geophysics and drillings the
mean value is 2218 kSEK and standard deviation is 312. In only 13 of the 96634 simulations (with EVI
> 0) the solution with only drillings is the best alternative.

Table 8. The results from the simulations of the preposterior analysis.

Only boreholes Geophysics and EVPI
boreholes

Expected value >0 EVI>0 ~100% 100% ~100%

kSEK kSEK kSEK
Mean value (given that EVI 1683 2218 3826
>0)
Standard deviation 351 312 301
Exp. Net value ENV 1403 1828
Discussion

In the prior analysis conducted in this example it was seen that the extensive construction approach
is the best alternative. The value of the standard approach is zero and the value of the extensive is
860 kSEK and therefore the latter is the best alternative because the prior function (Eq. 2) is
maximised. The sensitivity analysis showed that the standard approach is the best solution in 13.4%
of the 10° simulations. It is notable that the best alternative is to assume that it is necessary to use
BFK3 instead of BFK1 in 40% of the tunnel, even though in this simulation only 10% of the rock is
classified as poor rock (RC2). The reason is probably that it is assumed that in the construction of the
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tunnel it is not possible to switch reinforcement class for each metre and therefore a larger ratio of
the volume is regarded as RC2.

The preposterior analysis showed that the highest value is obtained by using a combination of
ground based magnetic measurements, geoelectrical imaging and core drillings as base for compiling
an engineering geological prognosis. The expected value of new information (EVI) is approximately
2250 kSEK which should be seen in relation to a total construction cost of 104800 kSEK. The expected
value of using the information from only core drillings is approximately 1700 kSEK. However there
are uncertainties in the calculations from both the probabilities and the cost. In an attempt to reduce
the uncertainty seven experts were asked their opinions. Nevertheless an un-biased estimation of
the value of geophysics is still difficult to obtain because the confidence in the methods can vary
from expert to expert. What also has to be considered regarding the experts is that they have
different ideas about how a pre-investigation campaign should be planed. All of this was considered
when a combination of the experts opinions, the experience from geophysics used in other tunnel
projects and the authors experience from the use of the geoelectrical method when the probabilities
for the specific project were estimated. However the probabilities used in the example are calculated
based on 10 simulations, which means they are rather uncertain in statistical terms. A sensitivity
analysis is therefore conducted to support the results. Even though the framework originates from a
real tunnel case it has been a challenge to estimate the cost if failure occurs (switchover cost)
because such a cost is first negotiated if delay occurs and/or increased material expenses exceeds
the budget. Consequently the question is very complex and beyond the scope of this framework. The
main focus is the value of pre-investigation and not contractual problems. Here a switchover factor
based on literature examples (Malmtorp and Lundman, 2010); Kim and Bruland, 2009) is estimated
and used in the calculations.

The sensitivity analysis showed that in nearly 100% of the simulations it would have a value to
perform only core drillings. However the analysis also showed that the alternative with only drillings
had the highest ENV in only 13 of the 96634 simulations where ENV was positive. Otherwise
alternative 2 including geophysics have the highest ENV. The chance/risk that the highest data value
is obtained with performing only drillings is therefore minimal. However it should be taken into
consideration that the drillings in this case only has the purpose to detect RC1 or RC2 based on what
is seen at the surface. The drilling gives point information and might miss a weak zone nearby. In
reality a core drilling is also used for e.g. laboratory tests, and therefore has a value for a project in
that sense, but this value is not taken into account in the analysis. Nevertheless the difference in EVI
between the two decision alternatives is relatively large and therefore implies that it can be strongly
recommended for the decision-makers to perform a profound pre-investigation including geophysics
(in this case ground based magnetic measurements and geoelectrical imaging) as guideline for where
to do the drillings.

The value of perfect information (EVPI) is 3873 kSEK and can be considered as the maximum cost for
the investigations to be worthwhile to perform. However perfect information is hypothetical and in a
construction project it is impossible to obtain so much information that the risk for something
unexpected to happen is zero. The sensitivity analysis of the EVPI (EVI > 0) gives a mean value of 3826
kSEK with a standard deviation on 301 kSEK. Thus it can be concluded that not even geophysics and
boreholes gives perfect information. As for the alternative with only boreholes the geophysical data
can also have additional value in a later project phase that not is considered here.
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The benefit of having the most certain engineering geological prognosis is less risk and a more
predictable cost. The benefit should be seen as the amount of money saved when the best decision is
made. The benefit depends very much on the rock mass properties because the costs increase
dramatically when rock quality decreases. Generally the benefit should be seen in proportion to
direct cost (everything which can be measured and calculated), indirect cost (cost which come in play
when anything unexpected happens, i.e. switchover costs) and absent cost (what does not happen
but what society loses if a project is not finished. E.g. what does society lose if a railroad station is not
finished in time).

The example used is a relatively simple case with a 800 metre long tunnel constructed using drill and
blast. Even with a fairly moderate budget and time schedule it is still worthwhile to perform the more
profound pre-investigation. With a 50% higher costs for a strategy change by unexpected geological
conditions, the extra cost for the geophysics will soon be meaningful to take. For a major tunnel
project with more complex geological settings the costs if something unexpected happens might
even be much higher. If the deviation from the anticipated rock conditions is severe the tunnel
construction can be influenced due to shorter blasting rounds and/or construction of a pilot tunnel. It
might even be necessary to use a heavier reinforcement class. Thus an extra cost could be significant
e.g. size of tunnel may be too small if more support is required, extra monitoring may be needed;
and mobilization of equipment could be required. But most important, it will take longer time and
this will imply extra cost. A worst case scenario could be if the work has to be stopped or an incorrect
construction approach is used. This would naturally make the cost if failure even higher than the 50%
assumed in the example.

The rock volume simulations generated with T-PROGS in GMS is a useful tool for estimating the
probabilities, but requires a rather extensive knowledge of how different anomalies would appear in
the geophysical data. If experience with a certain geophysical method is deficient, a natural
foundation would be numerical modelling where it can be tested how a specific geological setting
would appear in the geophysical data. An example of this is given in Danielsen and Dahlin (2008)
where numerical modelling is used for identifying the response from a dolerite dyke using
geoelectrical and induced polarization measurements. By using the T-PROGS simulations it is
important to acknowledge that the rock volume simulations are randomly generated and might not
always reproduce a realistic geological environment.

The geological model and the problems considered in this VOIA are a simplification of reality. The
model can be further developed and become more complex. However this VOIA is meant as a
demonstration of the general idea behind VOIA and the considerations behind the framework are
generally valid when geophysics is evaluated.

The aim with this VOIA was to show that it is important to use a suitable geophysical method prior to
drilling; however there will always remain some uncertainties in the engineering geological prognosis
no matter how many measurements are made. But with the VOIA the value of new information from
ground based magnetic measurements and geoelectrical imaging is assessed by estimating the
reliability in the present information compared to the expected increase in reliability following
collection of new information. New information is only interesting when it can change the outcome
of the decision and thus is of value for the decision-maker. The cost of an investigation or
measurement should be less than what is expected to be saved; otherwise the investigation should
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not be made (Back, 2006; Bedford and Cooke, 2001; Freeze et al., 1992). Applying these lines of
thoughts to geophysics gives the decision-maker the opportunity to evaluate the reliability in an
approach without actually being an expert in either VOIA or geophysics. A cost-benefit analysis
shows in clear terms if it is worthwhile to incur the cost of additional measurements or not. VOIA is a
model of reality and is therefore also encumbered with uncertainty, but a sensitivity analysis gives a
clear idea of the reliability. Also by looking at the success probabilities P(D|F) and P(D’| F’) an
impression of the reliability of the investigation is obtained. In this particular case the alternative 1
(only drillings) has a P(D|F) = 0.40 and P(D’| F’) = 0.73 whereas alternative 2 (geophysics and drillings)
hasa P(D|F)=0.68 and P(D’|F’) = 0.97. Thus the second alternative has a higher reliability regarding
differentiation between good and poor rock quality. However for the alternative to be worthwhile to
choose the risk reduction has to be sufficiently large.

VOIA is an aid for decision-makers to evaluate the value of different alternatives before taking action
and is therefore in this case an attempt to show the value of geophysics by using an approach the
decision-makers understand. The framework developed here has the potential to become an integral
part of pre-investigation. The analysis should be done after the archive study and prior to the first
geophysical measurements. In many construction projects some kind of geophysical method is used
e.g. refraction seismic, but this is not always the case. In some projects it might be very beneficial to
use another or additional geophysical method, e.g. geoelectrical imaging, seismic, magnetic or a
combination. VOIA can help evaluate and design the best measurement program for a specific
geological setting. The challenging part is to assign the most certain probabilities. An important issue
with a VOIA is that it is constructed specifically for every problem and cannot be re-used from project
to project. The cost-benefit calculations are relatively simple to perform; however with the
framework developed it is straightforward to change the costs and probabilities in the calculations.

Conclusions

The framework for a VOIA of geophysical methods used in pre-investigation showed that the value of
performing ground based magnetic measurements and geoelectrical imaging prior to drillings has a
higher value than make drillings without using geophysics. This result is only valid for this particular
geological setting and is site specific. Nevertheless the framework is applicable to all projects where
geophysics used in pre-investigation should be evaluated. The analysis should be done after the
archive study and prior to the first geophysical measurements. It can help designing the best
measurement program for a specific geological setting if the task is to decide between different
geophysical methods, e.g. geoelectrical imaging, seismic, magnetic or a combination. The framework
developed here has the potential to become an integrated part of a pre-investigation.

Acknowledgements

This work was financed by Rock Engineering Research Foundation (BeFo) and Swedish Construction
Industry (SBUF). Special thanks go to Miriam Zetterlund, Chalmers University of Technology, Sweden
for supplying the T-PROGS simulations.

18



Framework for VOIA applied to geophysical methods used for pre-investigation

References
Andersson, J., Munier, R., Strom, A., Soderbéck, B., Almén, K.-E., and Olsson, L., 2004, When is there

sufficient information from the Site Investigations?, Stockholm, Sweden, Swedish Nuclear
Fuel and Waste Management Company (Svensk Karnbranslehantering AB), R-04-23.

Back, P.E., 2006, Value of information analysis for site investigations in remediation projects [Ph.D.
Thesis]. Department of Civil and Environmental Engineering, Division of GeoEngineering,
Chalmers University of Technology, Goteborg, Sweden.

Back, P.E., 2007, A model for estimating the value of sampling programs and the optimal number of
samples for contaminated soil. Environmental Geology, v. 52, p. 573-585.

Baecher, G.B. and Christian, J.T., 2003, Reliability and statistics in geotechnical engineering. John
Wiley & Sons Ltd.

Bedford, T. and Cooke, R., 2001, Probabilistic Risk Analysis: Foundations and methods. Cambridge
University Press.

Buland, A, Lgseth, L.O., and Rgsten, T., 2010, The Value of CSEM Data in Exploration, Conference
proceeding. 72nd EAGE Conference & Exhibition incorporation SPE EUROPEC 2010, Barcelona,
Spain.

Burgman, M., 2005, Risks and decisions for conservation and environmental management. Cambridge
University Press.

Danielsen, B.E., 2007, The applicability of geoelectrical imaging as a tool for construction in rock.
[Licentiate Thesis]. Engineering Geology, Lund University.

Danielsen, B.E., 2010, The applicability of geoelctrical methods in pre-investigation or construction in
rock [Ph.D. Thesis]. Engineering Geology, Lund University.

Danielsen, B.E. and Dahlin, T., 2008, Numerical modelling for improvement of the interpretation of
geoelectrical and induced polarization measurements, Conference proceeding. 14th
European Meeting of Environmental and Engineering Geophysics, Krakow, Poland.

Danielsen, B.E. and Dahlin, T., 2009, Comparison of geoelectrical imaging and tunnel documentation
at the Hallandsas Tunnel, Sweden. Engineering Geology, v. 107, p. 118-129.

Davis, J.C., 2002, Statistics and data analysis in geology. John Wiley & Sons, Inc.

Eidsvik, J., Bhattacharjya, D., and Mukeriji, T., 2008, Value of information of seismic amplitude and
CSEM resistivity. Geophysics, v. 73, p. R59-R69.

Freeze, R.A., James, B., Massmann, J., Sperling, T., and Smith, L., 1992, Hydrogeological Decision
Analysis: 4. The Concept of Data Worth and Its Use in the Development of Site Investigation
Strategies. Ground Water, v. 30, p. 574-588.

Kim, Y. and Bruland, A., 2009, Effect of rock mass quality on construction time in a road tunnel.
Tunnelling and Underground Space Technology, v. 24, p. 584-591.

Malmtorp, J. and Lundman, P., 2010, Férundersékningar vid undermarksprojkt - Osédkerheter och
deras hantering, Trafikverket, p. 3-82. (In Swedish).

19



Framework for VOIA applied to geophysical methods used for pre-investigation

Norberg, T. and Rosén, L., 2006, Calculating the optimal number of contaminant samples by means of
data worth analysis. Environmetrics, v. 17, p. 705-719.

Olofsson, P., 2005, Probability, statistics, and stochastic processes. John Wiley & Sons, Inc.

Renning, J.S., 2003, Miljg- og samfunnstjenlige tunneler. Sluttrapport delprosjekt A, Forundersgkelser,
NGU, Report nr. 2003.007. (In Norwegian).

Stanfors, R., 1987, The Bolmen tunnel project. Evaluation of geophysical site investigation methods,
Stockholm, In SKB (Swedish Nuclear Fuel and Waste Management Company), ed., Stockholm,
Technical Report 87-25.

Sturk, R., 1998, Engineering Geological Information - Its Value and Impact on Tunnelling [Ph.D.
Thesis]. Division of Soil and Rock Mechanics, Department of Civil and Environmental
Engineering.

Zetterlund, M., 2009, Geological Characterisation and the Observational Method Application of Value
of Information Analysis [Licentiate Thesis]. Department of Civil and Environmetal
Engineering. Chalmers University of Techology, Goteborg, Sweden.

20



Framework for VOIA applied to geophysical methods used for pre-investigation

Appendix A
Background to the questionnaire

Outline

- Value of information analysis (VOIA) and geophysics
- Geophysical measurements

- Tunnel project

- Geology

- Model

- References

Value of information analysis (VOIA) and geophysics

A major problem when constructing tunnels is unforeseen rock conditions e.g. water leakage and
changes in rock mechanical properties. The contractor needs as much information about the
ground conditions as possible in order to provide a sound financial offer, prepare adequate
equipment and to organize a relevant contingency plan. An unforeseen event can delay the
project with further costs as a consequence. To reduce the uncertainty an engineering geological
prognosis is necessary. This prognosis should be based on geophysical measurements supported
by drillings (Danielsen, 2007).

The results of the geophysical measurements usually have to be processed and evaluated by a
geophysicist. Only the geophysicist knows the sensitivity and resolution of the methods. Thus the
engineer does not always have appropriate expectations of the advantages and limitations of the
geophysical methods. On the other hand the geophysicist does not always have detailed
understanding of what the engineer requires; e.g. at what scale is information needed? One task
for the engineer and the geophysicist is to find a common language (Danielsen, 2007). Value of
information analysis (VOIA) might be an approach for communicating with the decision-makers.

VOIA has become a central part in decision-making in complex problems. It can help to create a
rational design strategy for investigation programmes. The method is based on Bayesian
statistics and cost-benefit analysis and is suitable for problems were different alternatives are
evaluated and compared, e.g. the design of an investigation programme when the number of
measurements or investigations needs to be determined. In VOIA the cost and the time it takes
to obtain better information must be compared to what can be saved by not doing anything®.
New information is only interesting when it can change the outcome of the decision, and thus is
of value for the decision-maker. The cost of an investigation or making a measurement should be
less than what is expected to be saved; otherwise the investigation should not be made (Bedford
and Cooke, 2001; Freeze et al., 1992; Zetterlund 2009).

! In VOIA the value of new information, from measurements for example, is assessed by estimating the
uncertainties in the present information. This value is then compared to the expected reduction in
uncertainty following collection of new information. The cost and the time it takes to obtain better
information must be compared to what can be saved by modifying the investigation programme.
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To our knowledge the VOIA approach has never been applied to geophysical methods used in
pre-investigations. One of the central tasks is to evaluate how good different geophysical
methods are at detecting problematic rock conditions in otherwise good rock. Because, such an
estimation can be biased (based on experience, affrication by a person etc.), our approach is to
ask geophysical experts to judge this in order to get a more objective result. The experts will be
presented to a number of simulations of possible rock volumes and the estimate should be
based on those. The experts opinion is then the foundation for the probability used in the VOIA.
It is also important to remember that the estimate is only valid for a specific geological setting
which will be described further down. The example is hypothetic but is inspired by an actual
tunnel construction in Sweden.

Geophysical measurements

The idea is that the geophysical measurements (hypothetically) are preformed as a part of the
pre-investigation in an early project phase. The measurement setup can differ depending on
what the expert would recommend. The setup should be realistic for a pre-investigation. The
expert should base their judgement on the information from the geology section and on
“outcrops” (surface view) on the surface of the Simulations (Fig. 1). In this way the information
available resembles how it would be in an actual case.

Tunnel project
Facts about the tunnel:

- Railroad tunnel

- 800 metre long

- 25-30 metre below surface
- 6x6 m?

- Drill and blast

- 5types of reinforcements

Geology

The geological setting in the area is dominated by greywacke and granite. There are elongated
sections with pegmatite and dolerite dykes. The valleys that are found on both sides of the
tunnel coincide with regional fracture zones with a size that varies between 10 and 20 metre.
The soil deposits are relatively thin and in some areas the bedrock is exposed or covered by a
thin layer of moss. The terrain is dominated by forested till and swamp areas.
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Fig. 1. Example of a 2D surface view with the tunnel line marked.
The Model
The simulation of the possible rock volume (Example shown in figure 2)

- 80x50x50 cells

- Each cell is 1x2x2 metre (i.e. 80 metre long)

- The virtual tunnel will be constructed in the central cells (3x3 cells) (See fig. 3)
- Two rock classes

- Problematic rock are fracture zones and clay weathered rock (poor rock)

- Good rock is unaltered

- 10 % poor rock (black)

The simulations are generated in the software GMS. In total 200 3D simulations are generated
but only 10 (randomly chosen) will be presented. The simulations are shown as 2D views seen
from the surface. In every 10 simulations the tunnel line is marked for orientation.
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Fig. 2. An example of a 3D simulation. You will only be presented for 2D surface views.

Fig. 3. The virtual tunnel will be drilled through the centre of the simulation. (Zetterlund, 2009)
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Questionnaire
Please read the document Background to the questionnaire before you answer the questions.

1) Do you have experience with pre-investigation for construction in rock (e.g. tunnels)?

2) Which geophysical method(s) are you familiar with?

3) Do you have experience with the method(s) used in hard rock environments?

4) Which method(s) would you use in the particular geological environment (described in
the background material)?

5) How would you recommend the measurement setup/field campaign should be?

6) Inthe following a surface view of 10 simulations of the rock mass is shown. For the
different simulations how many of the problematic zones would you expect the
geophysical method(s) could detect?

25



Framework for VOIA applied to geophysical methods used for pre-investigation

Simulation 1
Number of zones detected:

Comments:

Simulation 2
Number of zones detected:

Comments:
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Simulation 3
Number of zones detected:

Comments:

Simulation 4
Number of zones detected:

Comments:
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Simulation 5
Number of zones detected:

Comments:

Simulation 6
Number of zones detected:

Comments:
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Simulation 7
Number of zones detected:

Comments:

Simulation 8
Number of zones detected:

Comments:
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Simulation 9
Number of zones detected:

Comments:

Simulation 10
Number of zones detected:

Comments:
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Appendix B

Cost and Calculations

Description of 6 reinforcement types (BFK1-BFK5) commonly used in Sweden:

Tabell 3: Anvinda utféranden i de clika bergférstiarkningsklasserna.
Benamning Tak Vagg Anvandning
BFK 1 Selektiv bultning, L=3.0 m Selektiv bultning, L=3.0 m, Tak/ vigg*
(Q=10) 50 mm vidhaftande fiberarmerad (\id behov 50 mm vidhaftande
sprutbetong sprutbetong)
BFK 2 20 mm, vidhdftande fiberarmerad 20 mm, vidhdftande spruthetong Vidhaftning anses foreligga
[Q=4-10) sprutbetong Systembultning cfe 2.0 m, L= 3.0
Systembultning c/c 2.0 m, L= 3.0 m
m
BFK 3 ¢ 50 mm bergférankrad** 20 mm bergforankrad™ Dér vidhaftning mot berg & anses
QA=1-4) fiberarmerad sprutbetong. cl/c 1.7 spruthetong, c/fc 2.0m, L=30m fareligga
m, L=3.0m
BFK 3 d 50 mm bergférankrad** 20 mm bergforankrad™ Dar vidhaftning mot berg & anses
@=1-0,1) fiberarmerad sprutbetong, ¢/c 1.3 | fiherarmerad sprutbetong, c/c 1.5 | foreligga
m,L=30m m,L=30m
BEFK 4 120 mm sprutat valv med Dimensioneras efter maktighet pa
Q=< 0,1) fiberarmerad sprutbetong ned fill bergtidckning eller beddmd
vl rensad botten, forankring i lGskama.
végg med 4 rader bult* fran Anvéndes vid 15g bergtackning,
ROK, hdg vattenfaring, lerzon, o.d.
cle1.3m, L=30m Ev. moduleringssprutning
Bultfdrankring av konvexa
bergpartier
Valv *
BFK & 120 mm bergférankrad 100 mm bergfdrankrad Takivagg*
@=<0,1) fiberarmerad sprutbetong™, cfc sprutbetong™, efe 1.5m, L=3-4
15mL=3-4m m
BFK & - 10 Tyngre bergfirstdrkningar och specialférstarkningar hanteras som GK 3 fall.

From Malmtorp and Lundman (2010)

Cost for 6 different reinforcement type commonly used in Sweden:

Kostnad (kr)

45 000
40 000

40491 kr

35000
30 000

322 260 kr

25 000

22998 kr

21 674 kr —

20 000

15 000

14 876 kr

10 000

& 650 kr

5000 |

0

BFK 1 BFK 2

Figur 5-23:

BFK 3¢

Jamférelse kostnader for slutférstirkning olika BFK. Priserna avser 2008 ars

BFK3d BFK4 BFK 3

prisniva med januari som basmanad.

From Malmtorp and Lundman (2010)

Farstarkningsklass
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The cost for the pre-investigation alternative 1 (only drillings):

Method Length (800 metre tunnel) | Price kSEK
Core drilling 2x50 metre 280
Sum 280

All drillings are incl. mob/demob

The cost for the pre-investigation alternative 2 (geophysics + drilling):

Method Length (800 metre tunnel) | Price kSEK
Magnetics 4000 20
CVES 1600 90
Core drilling 2x50 metre 280
Sum, Cyreiny 390
All drillings are incl. mob/demob

The calculations are based on information from Mats Svensson (Tyréns), Hans Jeppsson (WSP) and
Leif Bjelm (Lund University). The pre-investigation is planned based on the expert’s opinion from the
questionnaire.

Calculation of construction cost (materials):

The cost, C, for constructing the tunnel are based on the costs from Malmtorp and Lundman (2010).
In this case the good rock (RC1) is reinforced with BFK1 (8650 sek/m) and the poor rock (RC2) is
reinforced with BFK3b (22998 sek/m). The tunnel is 800 metre long and is divided into 100 sections
of 8 metre (10 simulations).

C, =90 * 86500 kr + 10*229980 kr = 10084.8 kSEK

C, =60 * 86500 kr + 40*229980 kr = 14389.2 kSEK

Alternative 1 is assumed to be the null alternative, so the calculations C; is null and C, is the
difference 4304.4 kSEK.

Calculation of the switchover cost (part of benefit):

In Malmtorp and Lundman (2010) and Kim and Bruland (2009) it is estimated that it takes 50% longer
time to construct a tunnel if the BFK 3 is used instead of BFK 1. This is only time and not cost for
more expensive reinforcement. Therefore assumption: The switchover cost is estimated to 50%
higher when the switchover is unexpected. According to the head of construction (J. Sjoberg,
Trafikverket) the real tunnel cost 131 kSEK/m. For 800 m tunnel that is 104800 kSEK.

Planned reinforcements cost 13000 kSEK incl. materials (in real tunnel).
(without any materials):

100%: 104800 kSEK - 13000 kSEK = 91800 kSEK
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150%: 91800 kSEK + 50% = 137700 kSEK

There are 100 sections of 8 metre:

100%: 918 kSEK /section (cost if prepared for rock class)

150%: 1377 kSEK /section (cost if unprepared for rock class)

The switchover cost is said to be 50% higher (459 kSEK /section).
Calculation of cost if failure, C:

The prior (based on surface view only) analysis of the 100 sections shows that P(F) is 0.5 (50% is RC2)
and P(F’) is 0.5 (50% is RC1).

In alternative 1 the tunnel is build assuming that here is 10% RC2 and 90% RC1, thus there are 40
sections where the crew is unprepared and 60 sections where the crew is prepared, i.e. cost if failure,
Cr1, is (40*1377 kSEK + 60*918 kSEK) = 110160 kSEK.

In alternative 2 here are 10 sections where the crew is unprepared and 90 sections where the crew is
prepared, i.e. cost if failure, Cr,, is (10%1377 kSEK + 90*918 kSEK) = 96390 kSEK.

The switchover cost is decreased in alternative 2 and is: Cqyitch = Cr1— Cr2 = 13770 kSEK

Calculation of risk:
Risk is calculated as R = P(F) Cqitch
Ry =0.5 * 13770 kSEK = 6885 kSEK, i.e. unprepared in 40 out of 100 sections

R,= Ry/4 =1721.25 kSEK, i.e. unprepared in 10 out of 100 sections

Calculation of benefit:

Benefit is calculated as: B; = (R - R))
Benefit in alt 2 is the risk reduction.
B, =0 sek

B, = R,;— R, = 6885 kSEK — 1721.25 kSEK = 5163.75 kSEK

Calculation of prior objective function:

The objective function is calculated as ¢; = B;— C;
P1prior = 0 SEK

®3 prior = 5163.75 kSEK — 4304 kSEK = 859.75 kSEK

Bprior = MAX(P1prior, Dprior) = Max(0, 859.75 kSEK) = 859.75 kSEK
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Calculation of preposterior analysis:

The probabilities for detecting (and not detecting) failure are based on the 10 simulations (10x10
sections). The probability for detecting failure is different with or without geophysics.

P(D) = P(F)P(D|F) + P(F')P(D |F’)
P(D’)=1-P(D)
Bayes formula:
P(F|D) = P(F)P(D |F)/P(D)
P(F|D’) = P(F)P(D’ | F)/P(D’)
The value of the preposterior analysis is calculated as
prepost = MaX(0, CoyitenP(F| D’) — C)P(D’) + max(0, CowirenP(F| D) — C))P(D)
Only drillings:

®prepost = Max(0, 13770 kSEK *0.450 — 4304.4 kSEK)*0.667 + max(0, 13770 kSEK *0.600 — 4304.4
kSEK)*0.333

=1892.1 * 0.667 + 3957.6*%0.333 = 2580.6 kSEK
Geophysics + drilling:

Bprepost = Max(0, 13770 kSEK *0.252 — 4304.4 kSEK)*0.646 + max(0, 13770 kSEK *0.953 — 4304.4
kSEK)*0.354

=0*0.646 +8777.1 * 0.354 =3122.9 kSEK

Value of perfect information, EVPI:

P(D’'|F)=P(D|F)=0

P(F|D)=1and P(F|D’)=0

P(D) = P(F) = 0.5 and P(D’) = 0.5

Dprepost evel = Max(0, 13770 kSEK *0 — 4304.4 kSEK)*0.5 + max(0, 13770 kSEK *1 — 4304.4 kSEK)*0.5

=0*0.5+9465.6 * 0.5=4732.8 kSEK

Expected values of the information gained, EVI:
EVI= d)prepost' cI)prior
Only drillings:

EVlgrin = 2580.6 kSEK — 859.75 kSEK = 1720.85 kSEK
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Geophysics + drilling:
EVlgeophysics = 3122.9 kSEK — 859.75 kSEK = 2253.15 kSEK
With perfect information (EVPI):

EVlperfect = 4732.8 kSEK —859.75 kSEK = 3873.05 kSEK

Expected Net Value, ENV:

ENV = EVI = Cpreiny

Without geophysics:

ENVg = 1720.85 kSEK — 280 kSEK = 1440.85 kSEK
With geophysics:

ENVgeophysics = 2253.15 kSEK — 390 kSEK = 1863.15 kSEK
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