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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
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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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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
H =

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

Resistivity model

32.0 36.0 400 440 480

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.
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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-gn
A O @ | N A QO Q|s
M| @ M| ® ® N
C) A-BMN d) Gradient
A O Qs A O
: M@
ik N |®
o |
B 1O

o A, B:current electrode @ M N:potential electrode

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 Q) 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 Q) m (i.e. the actual water resistivity is 5 ) 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 Q0 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 Q m) compared
to the matrix (8000 Q 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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b) AM-N, residual = 7.0 % C) AM-BN, residual = 3.8 %

d) A-BMN, residual = 3.8 % €) Gradient, residual = 2.3 % f) Gradient + AM-BN, residual = 2.4 %

Resistivity [Q2m]

B % W Y, Y Y W b Y, %,

Fig. 4. a) The true model 1 made in RES2DMOD. Model of inclined fracture zone with a resistivity of 300 2 m in a 8000 {2 m matrix. The model is seen from above with a left (L) and
right (R) borehole. Inversion results using 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. 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, cand 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 -25 -30 -35 -40 -45

30

b) AM-N, residual =10.2 % C) AM-BN, residual = 3.4 %

-30 -35 -40

d) A-BMN, residual = 6.1 % e) Gradient, residual = 2.1 % f) Gradient + AM-BN, residual = 3.1 %

Resistivity [2m]

é"d. 2 Z b 7 ’6‘ <
v % B % % % W %, %, Y,
Fig. 5. a) The true model 2 made in RES2DMOD. Model of inclined zone with a resistivity of 3000  m in a 8000 0 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)

b) Am-BN, (35,5.7)

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

C) AM-BN, (2,2,8,8)

Sensitivity

-16 -0.8 -04 -02 -041

01 02 04 08 186

d) Gradient, (6,15,7,8)

€) Gradient, (2,11,5,6)

f) Gradient, (2,29,11,14)

Sensitivity

-0.16 -0.08 -0.04 -0.02 -0.01 0.01 0.02 0.04 0.08 0.16

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), c) 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
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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 -

e/

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
Distance[m]
0 2 4 6 8 10 12 14 16 18 20 22 24 260
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2 2
3 -3
4 4
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2000 2500 3200 4000 5000 6300 7900 10000 13000 16000 20000
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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 O 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 I/min NAOI =
G Formation change, lefl is g
Gneiss-Granite, right is Gneiss . . . 5
H | Fracture with water, 30 I/min . Gneiss-Granite Gneiss =
1 Clay deposit ~ 0.1 m /s /.5 . 1o .1m5.£1;2|0.l./2|5 AR
’J‘ ' 4
[
¥ L2
! , rermreefeth . . L
t / /
| 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 of a 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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