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This paper link quantitative fault zone descriptions, qualitative fracture and fault rock properties, and
engineering data in the study of the permeability structure of fault zones. Datasets include scan-lines,
drill cores and cement pre-grouting from two sub-sea tunnels in gneissic and granitic rocks, from which
systematic pre-grouting volumes can be used to analyse the in-site relative permeability both in host
rocks and fault zones. Major extensional faults intersected by the tunnels reveal common fault rocks
surrounding intensively fractured rock lenses in the core. Fracture frequencies in these lenses can reach
100 fractures/metre (f/m). In the bounding damage zones, networks of fracture sets make up an inner
zone of fairly high frequency (20-30 f/m) of fault-parallel, long fractures connected by shorter fractures.
An outer zone has lower frequencies (<20 f/m) and more diverse fracture orientations and lengths. There
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Fault zones
Fracture distribution is a general increase in fracture frequency from the background level of the protolith towards the fault
Cement injection core.

Sub-sea tunnels Tunnel-scale injection of cement reveals patterns that can be ascribed to the impact of faulting; there is
an increase in cement injection in fault zones compared to areas with background fracturing away from
faults. In detail, there is an innate division of the rock volume into sub-zones characterized by distinct
structural style and permeability, with a background level and three fault related sub-zones (fault core,
inner damage zone, and outer damage zone). Injection data shows that the background sub-zone
commonly can be injected with less than 0.05 m> cement per metre tunnel (commonly not injected),
whereas the fault core has permeability characteristics nearly as low as the outer damage zone, repre-
sented by 0.1-0.2 m> cement per metre tunnel, with occasional peaks towards 0.5 m>. The maximum of
cement injection lies in the inner damage zone, marginal to the fault core, with 0.3-0.7 m> cement per
metre tunnel, locally exceeding 1 m>. This gives a relative relationship for cement injection of approxi-
mately 1:2:1 between fault core, inner damage zone, and outer damage zone of extensional fault zones in
crystalline and metamorphic rocks.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Faults represent a challenge in all type of engineering projects,
especially in tunnels and quarries, because of increased fracture
density, weak rocks, poor rock stability, and enhanced fluid flow
(e.g., Hoek and Bray, 1981; Hoek, 2000; Nilsen and Palmstrem,
2000; Blindheim and @vstedal, 2002). In sedimentary basins, faults
are often analysed due to sealing capacity of gas, oil, and
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groundwater (e.g., Manzocchi et al., 2008). Faults also represent
a major hazard to mankind, in that they locate repeated earth-
quakes that can be devastating, for example seen along the San
Andreas Fault (Chester et al., 1993; Chester and Chester, 1998; Evans
and Chester, 1995). Earthquakes magnitude and reoccurrence are
linked to fault core mechanical strength (Chester et al., 1993). These
subjects have promoted significant attention around faults, with
focuses spanning from fault arrays and displacement fields (e.g.,
Walsh et al., 2003a,b), to intrinsic fault geometry and fault archi-
tecture (e.g., Chester et al., 1993; Caine et al., 1996; Braathen et al.,
2004; Collettini and Holdsworth, 2004), and into the realm of
frictional behaviour, linked to mechanical and chemical processes
(Sibson, 1986, 2000; Stewart et al., 1999; Braathen et al., 2004).
Major faults truncate a significant part of the crust, and will reveal
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different fault products (mylonites, cataclasites, breccias) related to
depth, temperature, strain rate, and internal processes, as the fault
is unroofed (Sibson, 1986). Fluids play an important role in weak-
ening and generating of faults in general (Chester et al., 1993;
Collettini and Holdsworth, 2004; Faulkner and Rutter, 2001,
Faulkner et al., 2003; Seront et al., 1998; Sibson, 1986, 2000; Wib-
berley and Shimamoto, 2003) and, from an applied point of view;
fault zones tend to host ground water.

In this work, we combine fault rock descriptions related to
polyphase activity during faulting and unroofing, with damage
zone fracture properties, and with engineering data. The unique-
ness in the work relates to the connection between structural
observations that can be linked with pre-grouting cement volumes
in two sub-sea tunnels. This opens for in situ considerations of the
permeability structure of fault zones.

2. Fault models and permeability

The established terminology on fault zone architecture in
metamorphic and crystalline rocks (Caine et al., 1996; Seront et al.,
1998) is the fault core, damage zone and protolith. Fault models
outline a core that has seen the bulk of displacement, and is
therefore hosting fault rocks. Outside this, deformation is accom-
modated mainly by fractures of the damage zone. The boundary
between core and damage zone is typically sharp, and defined by
slip surfaces (shear fractures), whereas the transition between
damage zone and protolith is marked by a decrease in fracture
intensity, to a regional background frequency level. These models
predict a zoned permeability field in fault zones in crystalline rocks
(Caine et al.,, 1996; Evans et al., 1997; Wibberley and Shimamoto,
2003), where typically a low permeability fault core is surrounded
by a more permeable damage zone toward pristine, lower or im-
permeable host rocks. Protolith rocks have neglectable primary
porosity and permeability unless damaged by brittle deformation
(Norton and Knapp, 1977; Morrow and Byerlee, 1988,1992; Morrow
and Lockner, 1997).

In the damage zone, the fracture intensity shows a significant
increase in frequency from the background level towards the fault
core (Caine et al., 1996; Braathen et al., 1998). Not only the fre-
quency but also the length of fractures is of interest, since a key
conclusion from simulation of flow in fracture systems is that long
fractures will conduct more water than short fractures, due to
higher connectivity (Odling, 1997). Detailed analyses of damage
zones reveal sub-zones characterized by distinct fracture sets and
populations, as outlined in Braathen et al. (1998). They describe
a core of fault rocks surrounding lenses of host rock with a dense
network (20-100 f/m) of short fractures. The damage zone has an
inner part, 5-50 m wide, dominated by fault-parallel, moderate
frequency long fractures, which are connected by shorter fractures.
In total, this gives an overall good connectivity. The outer part of the
damage zone shows decreasing frequency of fractures that varies in
length and orientation, demarcating the transition from damage
zone to background fracture level.

Permeability models of faults combine numerical simulations
with laboratory permeability measurements (Morrow and Byerlee,
1988, 1992; Morrow and Lockner, 1997; Seront et al., 1998; Faulkner
and Rutter, 2001). The latter is almost in all cases based on fairly
small samples or rock analogues due to the limitations in in-
strumentation. For example, Faulkner and Rutter (2001) show that
phyllosilicate-bearing fault gouge has permeability in the range of
~10"8 to ~10~%' m? based on oriented drill core samples. In other
words, their gouge has sealing capacity, and can act as a barrier or
baffle to fluid flow in fault zones. In another study of samples from
drill cores, Morrow and Byerlee (1988, 1992) show that the
permeability of intact crystalline host rock range from 10~'8 to
10722 m? at effective pressures equalling depths from 270 to

3500 m. The latter study confirms that the permeability of rocks
and fractures is reduced with depth, i.e. with increasing effective
pressure (Morrow and Byerlee, 1988, 1992; Morrow and Lockner,
1997). In accordance with the studies presented above, perme-
ability studies aimed on faults at shallow depth show that the
lowest permeability is found in the fault core, as addressed by for
example Seront et al. (1998). Their field and laboratory results
suggest that the damage zone conduct most fluid due to its higher
values of permeability, which are several orders of magnitude
higher than the protolith and the core. These results are under-
mined by Faulkner and Rutter (2001), who question the value of
laboratory test results in which the natural fault rocks are without
intact in situ fabrics. Anyhow, Evans et al. (1997) conclude that
there is a permeability contrast between fault core and damage
zone in the order of magnitude of 10-10% with a maximum con-
trast of 108, Further, they argue that the permeability field is an-
isotropic, in an order of 10%, with the highest permeability parallel
to the fault.

Another approach to permeability assessments of faults goes
through in situ analysis of tunnels, by continuous surveying of
water leakage and countermeasures to water leakage and in-
stability by cement injection. In the presented two case studies of
sub-sea tunnels that transect regional scale extensional faults in
metamorphic and crystalline rocks, permeability is addressed
through tunnel-scale injection (pre-grouting) of cement. Presented
data show regular permeability contrasts within faults, consistent
with observable structural zoning. The cases presented are the
Froya and Oslofjord tunnels in central and south-eastern Norway,
respectively (Fig. 1).

3. Methods and datasets

Presented datasets include scan-lines, drill cores and pre-
grouting cement volumes. The main dataset on structures is from
drill cores, which implies that the fault zones and their subordinate
parts are classified from this data set. Note that the fracture fre-
quency in drill cores is regarded as higher than insitu fracture
frequency due to the applied stress during drilling. When tunnel
surveying and engineering logs have allowed identification of
footwall and hanging-wall sides of faults, this is added to the
description. The drill cores were collected in the tunnel during
construction, commonly sampling rocks 15-25 m ahead of the
tunnel face at the time of excavating. They have been mapped with
respect to lithology and logged continuously for fracture frequency
with the unit fracture per metre (f/m). Measuring true aperture or
orientation of fractures in the drill cores was not viable due to
mobility of the cores during drilling and within the storage boxes,
and the drill cores are not oriented. Locally, the coverage of drill
cores is variable and especially along stretches of un-fractured host
rock, drill cores have not been collected and/or stored. In addition,
where the rock has poor quality, as in fault cores, core loss is
common. To quantify the fault zones, and for plotting purposes,
class values of fracture frequencies were pre-set for occurrence of
(non-cohesive) fault rocks, representing breccia (50 f/m) or gouge
(70 f/m). All frequencies below these thresholds are measured
fracture frequency. Description of fault rocks is reached through the
descriptions and classifications presented in Braathen et al. (2004).

Tunnel data include measured fracture frequency in scan-lines
along the foot of the tunnel wall, and was collected during tunnel
excavation for the Oslofjord tunnel only. Data was obtained in in-
tervals ranging from 5 to 15 m. For simplicity, the tunnel mapping
was performed with preset values for fault rocks (60 f/m) and fault
rock with lenses hosting a dense fracture network (40 f/m). Values
below this level represent actual fracture frequency. In construction
of road tunnels, production safety regulations combined with im-
mediate installation of concrete cover on faults, due to stability and
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Fig. 1. (A) Location of the two sub-sea tunnels studied; the Frgya tunnel in central Norway and the Oslofjord tunnel in southern Norway. (B) The Frgya tunnel of central Norway
connects the islands Freya and Dolmgya underneath the Frgyfjorden strait. The region is affected by the Mare- Trendelag Fault Complex (MTFC) that runs sub-parallel to the coast
into the offshore domain (Grenlie et al.,, 1991; Settem and Merk, 1996; Bge et al., 2005; Redfield et al., 2005). The bedrock geology of the Freya and Hitra islands is dominated by
granites and gneisses (Nordgulen, 1995). (C) The Oslofjord road-tunnel stretches from Storsand (Vestfold County) in the west to Drebak (Akershus County) in the east, crossing the
Drebak strait of the Oslofjord. The Oslofjord sub-sea tunnel is 7.2 km long, where 2.4 km is under the fjord. Three major segments of the Oslofjorden Fault Complex (OF) are located
in the strait, with the most prominent segment to the east (Palmstrem et al., 2003). The OF separates mainly Cambro-Silurian and Permian sedimentary and volcanic rocks to the
west from Precambrian basement gneisses to the east (Lutro and Nordgulen, 2004), however, the tunnel is entirely in gneisses and granites.

safety measures, made it impossible to carry out complete tunnel predefined pressure thresholds. Pumping/injection pressure was

mapping in the Oslofjord tunnel.

initially set to 45 bar for both tunnels, with a maximum reaching

Pre-grouting, i.e. injection of cement through drill holes ahead 60 bar. Occasionally, pressure was up to 70-80 bar (Lien et al,,
of the tunnel head during excavation, was performed according to 2000; Blindheim and Skeide, 2002). If the rock was still permeable
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at this pressure, the cement was changed to a more viscous cement
type. Therefore, the recorded volumes of cement may be seen as
minimum values. During the tunnel constructions, 3-4 types of
cement ranging from fibrous to armoured are applied, with den-
sities varying from 2800 to 3200 kg/m>?, with an average of
3000 kg/m?, and with different viscosity properties. The heavier,
armoured cement type is commonly reserved for heavily fractured
and loose rock, commonly found around the fault core, and is used
mainly for stability reasons. Initial injection was performed in 23
holes of 20 m length drilled ahead of the blast hole. If injection did
not reach the preset pressure threshold, this was increased to 28
holes of 23 m length, with maximum length of 30 m, to reduce the
injection spacing (Lien et al., 2000; Blindheim and Skeide, 2002).

4. The Freya tunnel

The Frgya tunnel, which was started in year 1999 and finished in
2000, runs N-S underneath the Frayfjorden strait from the Fraya
Island southwards to the Dolmgya Island (Fig. 1B). The tunnel has
a total length of 5.3 km, of which 3.6 km is sub-sea. The lowest
point is 162 m below sea level. For published work on the Fraya
tunnel, see Bge et al. (2005), Lien et al. (2000), Lillevik et al. (1998),
and Settem and Merk (1996).

The Fraya Island (Fig. 1B) is made up of granites and gneisses
related to the Scandinavian Caledonides of Mid Silurian to Mid
Devonian age (Gee et al., 1985). In more detail, the bedrock geology
of the Hitra, Dolmgya and Frgya islands is dominated by the Smgla-
Hitra batholith (Nordgulen et al., 1995). The batholith intrudes
Precambrian supracrustal rock, the latter with medium- to high-
grade metamorphic fabric (Askvik and Rokoengen, 1985). On Fraya
Island, the bedrock alters from tonalite in the west, to granite and
migmatite in the north, and banded migmatitic gneiss in the central
and southern parts (Askvik and Rokoengen, 1985). Underneath the
Froyfjorden strait, common rocks are tonalite to granite, which
locally host lenses of metasedimentary rock such as marble. De-
vonian molasse basins and Jurassic extensional basins are found
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south, east and west of the Frgya Island and are all associated with
fault activity along the Mgre- Trendelag Fault Complex (MTFC).

The key structure of the region is the MTFC, which is a crustal-
scale, NE-SW to ENE-WSW trending fault complex. This fault
complex has several parallel fault strands, running along the coast
of central Norway (e.g., Gabrielsen et al., 2002). One strand, the
Froyfjorden fault, is located between the islands of Frgya and Hitra.
Nearby in the offshore, this fault defines the south-eastern
boundary of a Jurassic basin, the Frohavet basin (Bge et al., 2005).
The Frayfjorden fault array consists of at least four large, ENE-WSW
trending, sub-parallel segments (Fig. 1B; Settem and Merk, 1996;
Bge et al., 2005), of which several were cut by the sub-sea tunnel.
Other structures of the area include N-S and NE-SW lineaments,
which are also abundant in the Frgyfjorden strait (Braathen, 1996;
Sattem and Meark, 1996; Boe et al., 2005).

Repeated fault activity within the Freyfjorden fault array is
documented by movements during the Devonian and Jurassic
(Gronlie et al., 1991; Settem and Merk, 1996; Bge et al., 2005;
Redfield et al., 2005). Further, uplift of the mid-Norwegian shelf
during the Cretaceous and Tertiary caused reactivation of segments
within the MTFC (Redfield et al., 2005), which may tie to non-
consolidated fault rocks recorded in the Freyfjorden fault array
(Settem and Merk, 1996; Bge et al., 2005). This chronology is
confirmed in outcrops of faults on the Frgya Island and elsewhere in
the region, which reveals several types of fault rocks, ranging from
semi-ductile mylonites to cataclasites and non-cohesive breccias
and gouge (Eliassen, 2003; Grenlie et al,, 1991; Osmundsen et al.,
2006).

The tunnel surveying established a total of ten synthetic
(N-dipping, similar to the Freyfjorden fault) and five antithetic
(S-dipping) fault and/or fracture zones, where the largest ones run
approximately ENE-WSW, sub-parallel to the Frgyfjorden strait
(Figs. 1B and 2). In general, excavated fault zones are approximately
100 m wide. They host one or more, decimetre to metre wide fault
core of both cohesive and non-cohesive fault rocks, which is sur-
rounded by fracture sets of the damage zone.
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Fig. 2. Cross-section showing faults and/or fracture zones (red) encountered in the Frgya tunnel. The plot presents injected cement volumes per metre and fracture distribution

recorded by drill core logging along the tunnel.
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Drill cores from the tunnel reveals foliation in the protolith
bedrock, however, the fabric is not pervasive. The boundary
between protolith and fault cores are commonly sharp (Fig. 3).
The latter is made up of either: (i) basically impermeable proto-
cataclasites to cataclasites hosting protolith fragments in the
range from 0.2 to 0.5 cm to several centimetre; or (ii) red (from
hematite) carbonate cemented breccia with fragments of the
protolith and cataclasites in the size of millimetre to centimetre
(Bge et al., 2005). The latter breccia, which is basically without
preserved porosity, dominates (Fig. 3A). These fault rocks are re-
juvenated in two types of late porous breccias; (iii) breccia with
reworked cataclasite and with fragments of carbonate cemented
breccia, commonly having a fine-grained green coloured matrix
(Fig. 3C); and (iv) breccia hosting fragments of protolith (Fig. 3B),
frequently occurring in the contact between the protolith and
cataclasites. Breccias range from grain supported protobreccia
with up to 5 cm fragments, to matrix supported ultrabreccia with
fragments between 0.2 and 0.5 cm. Encountered gouge, com-
monly with a red or green colour, is very fine grained and almost
entirely made up of matrix (Fig. 3C). The gouge likely has per-
meability values similar to that reported by Faulkner and Rutter
(2001), hence it is nearly impermeable. When gouge is found in
association with cataclasite, the gouge layers of reworked cata-
clasite are narrow. Contrary, when related to breccias, the gouge
layers can be from 0.5 to 2 m wide. In total, the drill cores show
that the amount of non-cohesive fault rocks is superior to that of
cohesive fault rocks.

In the drill cores of the Fraya tunnel, the background fracturing
is relatively high, commonly around 5-7 f/m (Fig. 4). Increased
fracture frequency is encountered in the approximately 100 m wide

gyt

‘Al

fault zones, showing increasing fracture frequency towards the
major fault cores. The outer damage zone has a fracture frequency
below 20 f/m whereas the inner damage zone ranges between 20
and 30 f/m. The core of the fault has a width of 2-30 m, as shown by
the predefined fracture frequencies for fault rocks (between 50 and
70 f/m), seen in Fig. 4.

Cement injection in the Freya tunnel was performed as pre-
grouting through the entire tunnel and was most extensive on the
southern side of the fjord (Fig. 2), near the main Frayfjorden fault.
The background volume of cement injection is less than 100 kg/m
(0.03 m> per metre tunnel) while the highest volume related to
a fault is 4651 kg/m (1.55 m>/m, Figs. 2 and 4). In total, 1043 tons
(347.66 m>) cement was injected into the sub-sea tunnel, of which
the majority is associated with faults.

In the tunnel, the mentioned injection peak of 1.55 m> per metre
tunnel relates to an N-dipping fault with 30 m wide core (stations
4120-4150, Fig. 4). The latter consists of intensely fractured rock
and thin gouge layers, of which the thickest gouge membrane is
0.5 m wide. This fault caused significant water leakage and was
handled by extensive cement injection, with a total volume of
98 tons (32.66 m>, Lillevik et al., 1998). Most of this injection vol-
ume was located in the footwall part of the core and in the nearby,
bounding damage zone, as shown in Fig. 4. This pattern of core-
marginal injection peaks is similar to that encountered for many
faults in the tunnel (see Section 6).

5. The Oslofjord tunnel

The Oslofjord road-tunnel starts at Storsand (Vestfold County)
in the west and surfaces near Drgbak (Akershus County) to the east

Fig. 3. Example of fault rocks encountered in the Frgya tunnel, where a range of fault rocks commonly occur in the fault cores. (A) Red (hematitie), carbonate cemented breccia
hosting protolith fragments in the range of 0.2-3 cm. (B) Porous protobreccia with fragments of protolith in the size-range of 0.5-5 cm, in contact with protolith of granite (right). In
the core box, the protolith can be seen to alter into a protobreccia (as in B) that evolves into a breccia and further into (C) an ultrabreccia and gouge.
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the fault zone, in the plot to the left of the less permeable fault core (st. no. 4124-4150).

(Fig. 1C). The tunnel has a total length of 7.2 km of which approx-
imately 2.4 km are below the Drgbak strait of the Oslofjord. Tunnel
construction started in spring 1997 and was completed during the
summer of 2000. For published work on the Oslofjord tunnel, see
Blindheim and @vstedal (2002), Blindheim and Skeide (2002), and
Palmstrem et al. (2003).

The geology of the Oslofjord region is divided into a western
province of Cambro-Silurian to Permian sedimentary and volcanic
rock successions, and an eastern Precambrian province of plutonic
rocks and gneisses (Fig. 1C; Heeremans et al., 1996; Lutro and
Nordgulen, 2004). Drill cores from the Oslofjord tunnel show that

the protolith bedrock is mainly granitic gneiss, rich in quartz and
feldspar, and characterized by augen structure and bands of mafic
composition. The N-S to NE-SW trending Oslofjord Fault Complex
(OF) separates the two regions. The OF is a major block-bounding
structure that can be traced from the Oslo City and nearly 100 km
southwards into the Skagerrak Sea, consistently making up the
eastern boundary of the Permian Oslo Graben (Swensson, 1990;
Heeremans et al., 1996; Lutro and Nordgulen, 2004). The OF has
a down-to-the-west throw of about 2-3 km near Oslo that in-
creases to the south. Good exposures of a fault segment, the
Nesodden fault, reveal both cohesive and non-cohesive fault rocks
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Fig. 5. Cross-section of the Oslofjord tunnel, also showing a plot of fracture frequency (tunnel mapping and drill core logs) and cement injection volumes. Peaks fit with faults for all
datasets. This comparison of fracture frequency logged in the tunnel and in drill cores show that the fracture distribution is overall higher in the drill cores.
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Fig. 6. Examples of fault rocks encountered in the Oslofjord tunnel. (A) Photograph of core showing a range from protocataclasite (right), cataclasite (center) to ultracataclasite (left).
The cataclasites host fragments of protolith. (B) Photograph of protobreccia to the right that gradually transgress into a breccia to the left. The non-consolidated, porous breccias

contain fragments of cataclasite in a fine grained matrix.

reflecting deformation spanning from ductile/plastic to brittle re-
gimes (Swensson, 1990).

The OF in the Drgbaksundet strait consists of at least four
strands, as can be demonstrated in the Oslofjord sub-sea tunnel
(Fig. 5). Of these, the easternmost, major fault strand with assumed
displacement of 2 km, dips to the west (synthetic), whereas the two
central strands are nearly vertical. The westernmost fault zone host
cores that dip both west and east. In more detail, the tunnel ex-
cavation revealed 25 small and large fault and/or fracture zones,
most with decimetre to metre thick zones of cohesive and/or non-
cohesive fault rocks in the fault core (Fig. 5; Statens vegvesen,
2001). Otherwise, the bedrock was regarded as of relatively good
quality (Statens vegvesen, 2001). During construction three main
faults were of concern. The western fault around station no. 16000
(Fig. 5) was deeply eroded and filled with an approximately 100 m
wide section of non-consolidated sedimentary rocks. This zone was
pre-grouted, frozen in advance and excavated very carefully, and

then fully armoured (Statens vegvesen, 2001). At about station no.
16750, a 17-20 m wide fault core filled with gouge (clay rich) and
highly fractured rock in the damage zone caused stability problems.
Further east, at about station no. 17600, excavation of the main fault
revealed extensively deformed rocks. The latter can be divided into
a western part (station no. 17320-17350) and eastern part (station
no.17690-17715). The former has a fault core of mainly gouge (clay)
hosting highly fractured rock, and caused extensive water inflow
(Figs. 5 and 7). In the eastern part, the fault zone is dominated by
densely fractured rock, which required extensive cement injection
(Statens vegvesen, 2001), as reflected in Fig. 5. In this case, signif-
icant injection volumes match the greatest water leakage in the
tunnel, of 301/min/100 m. For comparison, after finishing the
tunnel, total leakage along the entire tunnel was 8 1/min/100 m
(Statens vegvesen, 2001). The core and highly fractured parts of the
eastern, main fault was immediately fully armoured during con-
struction (Statens vegvesen, 2001).
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The drill cores show three events of deformation, as docu-
mented in fault cores. The oldest event is represented by (i)
semi-ductile to ductile shear zone with augen clasts in a mylonitic
matrix. This fabric is reworked in (ii) cataclasites that occur in
sparse bands with millimetre to centimetre width or in the core of
larger faults, then with metre width (Fig. 6A). The final activity on
the fault is seen as (iii) non-cohesive breccia and gouge, hosting
fragments of both the cataclasites and mylonites (Fig. 6B). This late,
superimposed deformation rejuvenates the porosity of the fault
cores, since the non-cohesive fault rocks are porous, contrary to the
mylonites and cataclasites. However, non-cohesive fault rocks are
less abundant than the cohesive ones.

For most faults mapped in the tunnel, the common width of
fault zones is 60-100 m, frequently showing an increase in fracture
frequency towards the core of the fault (Fig. 5). The fracture fre-
quency in the drill cores outside fault zones reveals a background
fracture level of 1-5 f/m. Within fault zones, peaks with fracture
frequency between 30 and 50 f/m locate the cores of faults. Such
peaks have maximum widths of up to 10 m, and are made up of
breccias and gouge in the drill cores. The damage zones divide into
wider parts with a fracture frequency in the range of 5-20 f/m, and
narrower parts with values in the range or 20-30 f/m (Fig. 7). The
latter is commonly found near or along the margin of fault cores,
making up inner damage zones.

Injection volumes in the studied section of the Oslofjord tunnel
(between station no. 15675 and 18190) is in general low, below
100 kg/m (0.03 m> per metre tunnel), with a total volume of
1811 tons (603.66 m>) cement injected in the 2.4 km long tunnel
section under the fjord. Peaks in injection volumes match the
location of fault zones (Fig. 5). The best example is represented by
the main fault occurring between station no. 17690 and 17750,
which required extensive cement injection, a total of 682 tons
(227.33 m>). This fault zone, and especially the part with significant
water leakage, required about 40% of the total cement volume over
a distance of 60 m (Fig. 7). When correlating the fracture distri-
bution (note preset values for fault rock) to the cement injection for
this fault zone, as shown in Fig. 7, the peak of injected cement
volume drops in the fault cores (stations 17705 and 17770). Con-
trary, in the marginal parts around the cores, in the inner damage
zones, significant volumes are injected.

6. Discussion
6.1. Fault zone characteristics

Although the geological history of the two study sites is dif-
ferent, there are similarities in the fault characteristics. All faults
intersected by the tunnels show a fault zone of 50-100 m width,
where the fracture frequency commonly increases towards the
core of the fault. Further, a polyphase history characterise the
studied faults, with fault products including impermeable mylon-
ites and cataclasites, which are reworked in porous breccias and
gouge. In the Oslofjord tunnel the fault cores are in general narrow,
seldom more than 10 m wide, and characterized by cataclasites

superimposed by non-cohesive fault rocks. Contrary, the main
faults intersected by the Frgya tunnel show up to 30 m wide fault
cores mainly consisting of non-cohesive fault rock (Figs. 3 versus
6). Further, the fracture frequency, especially in the damage zone, is
higher in the Fraya tunnel than in the Oslofjord tunnel. Apart from
these minor differences, the structural characteristics of all de-
scribed faults follow that commonly presented in the literature
(Sibson, 1986, 2000; Chester et al., 1993; Caine et al., 1996;
Braathen et al., 2004, Collettini and Holdsworth, 2004).

The detailed descriptions of major faults transected by the
tunnels reveal common fault rocks surrounding intensively frac-
tured rock lenses in the core. Encountered fracture frequencies in
these lenses are commonly around 50 f/m, but can locally reach
100 f/m before the rock disintegrate to breccia. In the surrounding
damage zones, networks of fracture sets can be divided into two
parts, one that is made up of fairly high frequencies (20-30 f/m)
and another with lower frequencies (< 20 f/m). The part with
higher frequencies are mostly found as a narrow zone marginal to
the core (inner damage zone), whereas the lower frequency part
covers the stretch outwards to background fracture level (outer
damage zone). Outcrop studies by Braathen et al. (1998) suggest
that the high frequency sub-zone has longer, fault sub-parallel
structures, whereas the latter sub-zone is characterized by more
diverse fracture orientations and lengths. This difference has sig-
nificant implications for the permeability field in the damage zone,
since longer fractures will conduct more water than short fractures,
due to higher connectivity (Odling, 1997). Hence, due to higher
frequencies and longer fractures in the inner damage zone, this
sub-zone of faults should show higher injection values compared to
the outer damage zone.

6.2. Fault zone permeability

The overall differences in structural characteristics between
faults in the Frgya and Oslofjord tunnels may affect porosity and
permeability properties. If this is so, the Oslofjord faults with nar-
row cores and less abundant porous fault rock and also lower
fracture frequency in damage zones, should in general see less in-
jection of cement. Contrary, faults of the Frgya tunnel have wide
cores of both porous breccia and impermeable gouge, and also
higher fracture frequency in the damage zones. When comparing
results of the two tunnels, as presented in Fig. 8, the datasets from
the damage zones contradicts the assumption presented above.
There is slightly higher cement injection values for damage zones of
the Oslofjord tunnel, with 0.7-1.1 m> per metre tunnel compared to
0.5-0.7 m>/m for Freya. Fault core injection volumes are also fairly
similar, in the range of 0.1-0.15m> per metre tunnel. In other
words, the resolution of the datasets (see below) is not sufficient for
detailed comparison of the permeability characteristics of in-
dividual faults.

Despite this negative result, common experience by engineers
analysing tunnel constructions (Blindheim and @vstedal, 2002) is
that the core of the fault zone does not cause large inflow, since it
usually contains impermeable fault rocks such as gouge (clay rich).

Fig. 8. (A) Correlation between fracture frequency in drill cores and injected cement per metre tunnel, presented as running average of 2 points for presentation purposes. The data
are from three faults in the Frgya tunnel (see Fig. 2 for fault locations). The sub-zones of the fault are based on the distribution of fractures and fault rocks. In general, the trend show
that the mass of injected cement is largest in the inner damage zone, with a distinct drop in the fault core and a relatively stable, low level in the outer damage zone. The cement
volumes in the fault core are in general similar to those of the outer damage zone. (B) Correlation between fracture frequency in drill cores and injected cement per metre tunnel for
three faults in the Oslofjord tunnel, presented as running average of 2 points for presentation purposes. See Fig. 5 for location of faults. The fault zoning is based on the distribution
of fractures and fault rocks, as described in the text. For this dataset as well, the trend is that the volume of injected cement is largest in the inner damage zone, with a distinct drop
in the fault core and a relatively stable, low level in the outer damage zone. The width of the fault core corresponds to the width of the drop in cement volume. (C) Plot presenting
statistical values for fracture frequency (fractures/m) and cement injection data (kg/m and m3/m) for the fault core, and the inner and outer damage zones, based on the six faults
described in A and B. Values presented are average frequency and injection volume, standard deviation outlining the box, and maximum and minimum values delimiting the
vertical line and median value the horizontal line, see also coherent table. Fracture frequencies for the fault core are preset values, see text. The high cement volumes in the fault
core are probably due to the lack of detail in the cement dataset, where narrow fault cores (5-10 m wide) are overshadowed by interval of cement injection, see text for further

explanation.
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Large inflow is commonly found in the damage zone of the fault,
where open fractures conduct water, similar to the model of Evans
et al. (1997). For construction planning, locating such zones is of
special interest since the combination of poor stability and water
inflow presents a high risk of collapse (Blindheim and @vstedal,
2002).

A fruitful examination addresses general fault zonation against
injection patterns, as shown in Figs. 8 and 9, and presented in Table
1. The different zones of faults in both tunnels seem compatible in
that there is a general pattern showing that the inner damage zone
requires the highest volume of injected cement, while the less
permeable fault core and outer damage zone show a distinct drop
in the cement volume injected. To further test this pattern, three
faults intersected by the Frgya tunnel were chosen for a detailed
study (Table 1, Fig. 8A). In this dataset, the outer damage zone has
average cement injection volumes of 150 kg/m (0.05 m3/m), and
fracture frequency in the range of 5-15 f/m. For the inner damage
zone, the cement volumes are in the range of 1000-1500 kg/m
(0.33-0.5 m?/m), with a width of the sub-zone from 12 to 30 m that
has a fracture frequency in the range of 25-45 f/m. The average
thickness of the fault core is about 8 m, with a peak fracture
frequency in rock lenses hosted by fault rocks of 60-70 f/m, and an
average cement volume of 260 kg/m (0.08 m>/m). This gives an
injection average ratio of inner damage zone and fault core of
approximately 2.3/1, core and outer damage zone ratio of 0.8/1, and
inner and outer damage zone ratio of 3.1/1 (Table 1).

Similar patterns of injection can be found for the three studied
faults in the Oslofjord tunnel (Fig. 8B), with an injection average
ratio of inner damage zone and fault core of approximately 1.8/1,
core and outer damage zone ratio of 1.1/1, and inner and outer
damage zone ration of 1.7/1 (Table 1). However, there are excep-
tions; fault 3 in the Oslofjord tunnel gives the largest water leakage
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in the tunnel (see also Fig. 7). This fault has a wide damage zone of
densely fractured rock and a narrow (0.5-1 m) fault core. With such
a narrow core, the expected low ratio in cement volume of the fault
core may be overshadowed by the damage zone, and therefore not
show up, as discussed below. Fault 2 in the Frgya tunnel is another
zone that caused significant water leakage. Again, a narrow core
may explain why the volume ratios differ greatly from the other
results (Table 1).

6.3. Resolution in datasets and permeability considerations

A major challenge in in situ analysis of faults is the different
resolutions of available datasets. That is, drill cores reveal results on
mm to metre scale, whereas tunnel data commonly covers intervals
on metre-scale, in our case with intervals of 5-15 m. The engi-
neering data such as the injected cement is related to excavation
campaigns, commonly of 5 m length, setting off a new swarm of
drill-holes ahead of the tunnel face. These drill holes are 23-30 m
long (Lillevik et al., 1998; Lien et al., 2000; Statens vegvesen, 2001;
Blindheim and Skeide, 2002; Blindheim and @vstedal, 2002;
Palmstrem et al., 2003). The permeability fields along these holes
are unknown but assumed to be more permeable near the tip, in
the previously un-injected 5 m section at the base of the hole.
Therefore, standard engineering results on pre-grouting can at best
be considered viable on 5 m scale, and can only be regarded exact
on 20-30 m scale. This lends support to the discussion above, in
that structural zoning of faults below a minimum 5-m threshold
may not be revealed in injection data, as suggest for some faults.

Despite such limitations in injection data, one can crudely cal-
culate effective porosity of the rocks. The drill hole swarm generally
covers an area of around 200-300 m?, which can be converted to
200-300 m> for one metre of tunnel. With the average injection
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Fig. 9. Conceptual model of extensional faults in metamorphic and crystalline rocks, divided into sub-zones (modified after Braathen and Gabrielsen, 2000). The curves describe
anticipated fracture frequency of the damage zone and volumes of injected cement (pre-grouting) into the fault zone. Note that the model predicts increase in fracture frequency
from a linear trend in the outer damage zone to a possible exponential trend in the inner damage zone. Some cases may also see a small asymmetry, with more intense deformation

and thereby increased injection in the hanging-wall of the fault. See text for discussion.
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Table 1

Amount of injected cement and their characteristics in the different sub zones, the fault core (C), the inner damage zone (ID) and the outer damage zone (OD) of totally six

faults in the two sub-sea tunnels

Faults Station no. Fault core (C)

Inner damage zone (ID)

Outer damage zone (OD) Ratio Ratio Ratio

Cement Volume FF (preset Width Cement
(kg/m) (m*/m) max/m) (m) (kg/m)

Volume FF
(m*/m) (max/m) (max, m) (kg/m)

ID/C OD/C ID/OD

Width Volume FF Width

(m®/m) (max/m) (min, m)

Cement

The Oslofjord tunnel

OF fault 1 17470-17520 1351 0.45 40 3 (HW) 2946 0.98

OF fault 2 17550-17580 691 0.23 50 4 (FW) 1247 0.42
OF fault 3 17720-17750 6787 2.26 50 2 (HW) 9479 3.16
The Fraya tunnel Average 0.98 1.52
Ffault1 3970-4010 857 0.29 70 44 (FW) 1523 0.51
Ffault2 4090-4160 1474 0.49 70 27 (FW) 4651 1.55
F fault 3  5390-5420 732 0.24 70 5 (FW) 1464 0.49

Average 0.34 0.85

Total average 0.66 118

25 26 (HW) 1937 0.65 15 16 22 14 15
20 46 (FW)642 0.21 12 10 18 09 19
30 18 (HW) 5820 1.94 18 8 14 09 16
0.93 18 11 1.7
30 30 (FW)667  0.22 15 5 18 08 23
22 12 (FW)895 0.30 12 20 32 06 52
27 20 (FW)776  0.26 12 5 2 11 19
0.26 23 08 31
0.60 2 09 24

OF - Oslofjord faults; F - Frgya faults. Ratio of cement injected in the different zones of the fault, showing characteristics of the three faults selected from each tunnel and their

coherent zones. HW - hanging-wall; FW - footwall; FF - fracture frequency.

volumes established herein (see below), effective porosities for
cement is low, in the range of 0.50% for the inner damage zone, c.
0.25% for the core and outer damage zone, and below 0.01% for the
protolith. We stress that this are guiding numbers rather than exact
facts, since the calculations are hampered with significant
uncertainty.

Porosity calculations and permeability assessments are in gen-
eral challenged by the heterogenic nature of fracture aquifers,
which will flavour interpretations of injection data in a swarm of
drill holes ahead of a tunnel. For example, a single long and highly
permeable fracture may conduit cement far out from the tunnel
profile, and thereby trigger injection in a large volume of porous,
fractured rocks. Without this fracture, the volume of available
porous rock would be significantly smaller. Such long and highly
permeable fractures are occasionally experienced in shallow tun-
nels, where they are documented by pre-grouting cement that
burst out on the surface (Danielsen and Dahlin, 2006, 2007).
However, even with these uncertainties, it is likely that large-scale
in situ injection data is better representing fault porosity and
permeability fields than the up-scaled result of laboratory mea-
surements of selected structures within major fault zones (Morrow
and Byerlee, 1988, 1992; Evans et al., 1997; Seront et al., 1998;
Wibberley and Shimamoto, 2003), where the flow characteristics of
faults are established through numerical models.

6.4. Permeability models of faults in metamorphic and
crystalline rocks

As outlined, most detailed outcrop studies of fault zones show
an increase in fracture frequency towards the fault core (Fig. 9), in
some cases even supporting a difference in the fracture distribution
between a wider hanging-wall and a narrower footwall (e.g., Caine
et al, 1996; Braathen et al., 1998; Gudmundsson et al., 2001;
Micarelli et al., 2003; Berg and Skar, 2005). Further, for example
Berg and Skar (2005) suggest that there is a linear trend of struc-
tural frequency in the distal part of fault zones (in sandstone), in the
outer damage zone, which evolves into an exponential trend in the
inner damage zone. In our analysis, two of six faults have a damage
zone side consistent with this view. Anyhow, the pattern of sig-
nificantly increased injection volumes in the inner damage zone is
well documented above, and can be explained by such an empiric
model through fracture frequency alone. Alternatively, the expla-
nation may be a general pattern of higher fracture frequencies and
longer fractures in the inner damage zone, or a combination of the
two models.

Despite the presented contrary examples presented above, the
general results from this study agree well with results presented by

for example Evans et al. (1997), which show that the damage zone
has the highest permeability. However, the proposed fault zone
contrast, with permeability 10-1000 times lower in the fault core
and the protolith compared to the damage zone, seems very high
compared to our results on in-site fault permeability. At the best,
such contrasts may be valid in comparisons between the inner
damage zone and an un-fractured protolith domain. Our combined
study of quantitative fault zone descriptions, qualitative fracture
and fault rock property assessments, and engineering pre-grouting
data sustains the conclusion that there is much more cement
injected into the inner damage zone than in the fault core and the
outer damage zone (ratio ~ 2:1, Table 1). Average injection vol-
umes of cement per metre tunnel for the fault core is 0.66 m?, for
the inner damage zone is 1.18 m?, and for the outer damage zone is
0.60 m> (Table 1). Therefore, there is about the same amount of
cement injected into the core as the outer damage zone (~1:1,
Table 1). Injected volumes in the background domain of the pro-
tolith are insignificant, in accordance with the conclusions drawn
by Morrow and Byerlee (1988, 1992), Evans et al. (1997), and Seront
et al. (1998).

7. Conclusions

This study of extensional fault zones in granites and gneisses
combine datasets from two tunnels, including scan-lines, drill
cores, and pre-grouting cement volumes. The following conclusions
can be drawn from the analysis:

1) Fault zones show an increase in fracture frequency from the
background fracture level in protolith towards the fault core.

2) Fault zones can be divided into a core, inner damage zone, and
outer damage zone with basis in structural characteristics.

3) There is a substantial increase in injected cement volumes in
fault zones compared to areas with background fracturing.

4) Fault cores show a clear reduction in injected cement compared
to the inner damage zone, likely caused by abundant imper-
meable fault rocks in the core.

5) High injection values in the inner damage zone likely relates to
a high frequency of long, fault-parallel fractures with good
connectivity, whereas lower injection volumes in the outer
damage zone is controlled by lower fracture frequencies and
more variable fracture orientations and lengths.

6) Average injection volumes of cement per metre tunnel for the
fault core is 0.66 m> (SD = 0.79), for the inner damage zone is
118 m? (SD = 1.06), and for the outer damage zone is 0.60 m>
(SD = 0.68).
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7) Injection volume of cement has a relative relationship of 1:2:1
between fault core, inner damage zone and outer damage zone.
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