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Many subsurface projects in Scandinavia face challenges with settlement risk from water ingress into tunnels, due
to challenging ground conditions featuring hard bedrock underlying soft, marine clay deposits. Pore pressure
reduction in these clay-filled depressions can cause damage to nearby buildings and is one of the main risks
associated with infrastructure development in Oslo. This paper presents an extensive database from 44 tunnels in
the Oslo region, constructed between 1975 and 2020. The data consists of measured water ingress after pre-
excavation grouting, reduction in pore pressure, pre-excavation grouting effort, and geological parameters.
The data is analysed to identify trends and relations between key parameters, such as expected pore pressure
reduction for a given water ingress rate and necessary grouting effort to obtain a given hydraulic conductivity of
the grouted zone. The analysis shows that it is necessary to focus on pore pressure monitoring in future projects,
rather than water ingress, to reduce the risk of unacceptable pore pressure reduction. Suggestions are given on
how to optimise monitoring and follow-up of pre-excavation grouting to ensure that required watertightness is

met.

1. Introduction

Tunnelling in urban areas is increasingly common, especially in
connection with infrastructure development. Water ingress to bedrock
tunnels can cause pore pressure reduction and consolidation settlements
of soft soil deposits (Yoo, 2005; Yoo et al., 2012), leading to risk of
damage to overlying buildings and infrastructure. The problem is illus-
trated in Fig. 1, showing water ingress to a bedrock tunnel, causing pore
pressure reduction in a water bearing layer of sand and gravel at the
bedrock surface, Aug. With time pore pressures, u, in the clay layer are
affected, resulting in settlements. Fig. 2 shows expected settlements
corresponding with a given pore pressure reduction at bedrock level,
and clay thickness, for a normally consolidated deposit. Extensive pre-
excavation grouting (PEG) is often necessary to reduce the water
ingress and limit pore pressure reduction in urban areas.

In Oslo, Norway, the first documented case of settlements caused by
pore pressure reduction during tunnelling was the construction of the
first subway tunnel, Holmenkollbanen in 1912-1916. This project
caused settlements up to 30-40 cm and extensive damage to apartments
and office buildings above the tunnel, as far as 500 m away from the
tunnel (Holmsen, 1953). Another well-known example, is the
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excavation of the Romeriksporten railway tunnel in the 1990s. The
excavation of this tunnel caused major pore pressure reduction, result-
ing in up to 30 cm of differential settlement and extensive damage to at
least 150 houses (Beitnes, 2002, Myrabg and Moss-Iversen, 2014).

Settlement damage caused by groundwater drawdown is a world-
wide known problem in regions with soft soil ground conditions, with
extreme consequences for society. The mechanism of ground settlements
due to groundwater drawdown is well documented from excess pumping
of groundwater from confined and layered aquifers, for example in
Jakarta (Abidin et al., 2011), China (Xue et al., 2005, Zhu et al., 2015),
Bangkok (Pien-wej et al., 2006), Mexico City (Ortega-Guerrero et al.,
1999), Ca Mau Province, Vietnam (Karlsrud and Vangelsten, 2017), and
Las Vegas (Burbey, 2002). However, fewer case studies on the settle-
ments due to tunnelling induced groundwater drawdown have been
reported. Severe settlements have been recorded due to underground
construction in Hong Kong (Garshol et al., 2012; Garshol et al., 2014)
and Shanghai (Shen et al., 2014), China, Seoul, South Korea (Yoo et al.,
2012), and Sao Paulo, Brazil (Barton and Quadros, 2019). These case
studies all highlight the importance of groundwater control and need for
PEG.

As a result of the problems during construction of the
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Fig. 1. Illustration of water ingress to a bedrock tunnel causing pore pressure
reduction in a water bearing layer over the bedrock (revised from Karlsrud
et al., 2003).
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Fig. 2. Consolidation settlements caused by pore pressure reduction (revised
from Karlsrud et al., 2003).

Romeriksporten tunnel, the Norwegian tunnelling industry initiated a
comprehensive research project to better understand the effects of
tunnelling on the surrounding environment (Lindstrgm & Kveen, 2005,
NTS, 1995, NTS, 2001). As part of this project, Karlsrud et al. (2003)
summarized construction and monitoring data for tunnels completed
between 1975 and 2002, including grouting efforts (both drilling and
grout consumption), water ingress measurements and pore pressure
reduction measured at the bedrock surface.

Since the 1980s it has been standard practice to use cement-based
PEG applying high pumping pressures (above 50 bar) in Norway,
except for limited use of chemical grouts, mainly for post-excavation
grouting. After the events of the Romeriksporten tunnel, limits on
water ingress in urban tunnels have typically been set as low as 3-7 1/
min per 100 m tunnel. This has resulted in a need for more extensive
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PEG, typically requiring 30 to 70 grouting holes per round, for tunnel
cross sections varying from 65 to 113 m2.

This paper compiles monitoring data from Norwegian tunnels,
mainly in the Oslo region, constructed during the last 20 years with the
existing Norwegian tunnel database from Karlsrud et al. (2003). In total,
this extensive database covers 44 tunnels constructed over 45 years in
Norway. The main problem addressed in this paper is the water ingress
to tunnels resulting in pore pressure reduction, which can cause settle-
ments in overlying soft soil deposits. The complex cross-disciplinary
nature of this problem requires the integration of skillsets covering en-
gineering geology, hydrogeology and geotechnical engineering. This
poses a challenge in the complete understanding of the governing pa-
rameters, and consequently the difficulty of reducing the risk for set-
tlements. The main aim of this paper is to highlight key trends and
relations between parameters commonly monitored in tunnelling pro-
jects, such as water ingress, pore pressure reduction and grouting effort.
This will provide a basis for the planning and construction of future
tunnel projects. Furthermore, based on the analysis of the data,
improved methods for monitoring and assessment of the performance of
PEG during construction are suggested, to achieve watertightness
needed in future tunnel projects.

2. Typical rock and soil conditions in the Oslo region, and
sensitivity to pore pressure reduction

The geological conditions in the Oslo region consist of bedrock
dating from the Precambrian, Cambro-Silurian, and Carboniferous and
Permian periods. A graben structure was created by the Caledonian
folding and Permian block faulting, resulting in the following main rock
types:

- Igneous rocks (including both plutonic and volcanic) - Carboniferous
and Permian

- Shale and limestone (sedimentary rocks) - Cambro-Silurian

- Gneiss - Precambrian

A bedrock map of the Oslo region is shown in Fig. 3 (based on
Bjorlykke, 2004). The lower-lying areas of the city centre and nearby
regions consist mainly of Cambro-Silurian sedimentary rocks such as
shale and limestone. Igneous dikes (mostly syenite-porphyry and dia-
base) are common in these formations with thicknesses ranging from
around half a meter to 50 m. The main igneous rocks in the Oslo region
are syenite/monzonite, granite and rhombus porphyry, which makes up
the hills and ridges to the north and west of the city centre. Precambrian
gneissic rocks dominate the areas south and southeast of the city centre.

Research has shown that igneous rocks are often more brittle and
tend to have more open channels along the joints compared to other rock
types (Kliiver, 2000). As an example, in the Oslo region it has been
documented that syenite (plutonic) and Permian dikes, such as syenite
porphyry and diabase, have higher hydraulic conductivity than other
rock types (Holmgy, 2008, and Lindstrgm and Kveen, 2005).

The soil deposits above the bedrock typically consist of soft marine
clays (0-80 m thick) deposited at the end of the last glaciation, about
10,000 years ago. These clays have not been subjected to loads greater
than the present overburden stress and are normally consolidated
(Bjerrum, 1967), with an apparent over-consolidation ratio (OCR, the
ratio between the pre-consolidation stress and the in-situ effective
overburden stress) of 1.2-1.4 due to ageing (Bjerrum, 1973). Commonly
there is a layer of glacial moraine between the bedrock surface and
overlying marine clay. This layer exhibits significantly higher hydraulic
conductivity than the clay deposit, and hence represents a permeable
aquifer which extends along the bedrock surface. Pore pressure levels in
such confined aquifers are sensitive to changes in water infiltration and
extraction, such as water ingress to tunnels.

To illustrate the nature of time-dependant settlements, Fig. 3 shows
an example of calculated pore pressure reduction of 100 kPa at bedrock
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Fig. 3. Location of the tunnels in the Oslo region in the database. Bedrock map modified from Bjgrlykke (2004).

level under a 20 m thick clay deposit, with OCR = 1.2. The calculations
are performed using the Janbu modulus concept (Janbu, 1970), widely
used in the Nordic countries to calculate consolidation settlements in

clay (Andresen & Jostad, 2004). As the OCR is close to 1, minor changes
in effective stresses, i.e., reduction in pore pressure, will cause signifi-
cant consolidation settlements. The hydraulic conductivity of the clay is
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Fig. 4. Example of calculated pore pressure profiles with time in a clay profile.
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set to 5-10"1% m/s. The pore pressure reduction in the clay deposit is
calculated for different time intervals. The low hydraulic conductivity of
the clay layer results in a long consolidation process. From Fig. 4 it is
apparent that the pore pressures need to be monitored at the bedrock
surface to detect any effects of water ingress to tunnels. In the example it
will take more than 6 months for pore pressures at 10 m depth to be
affected. For the case at hand, the corresponding settlement at ground
surface will be over 10 cm, as shown in Fig. 5.

3. Norwegian tunnel database

The database contains data from 44 tunnel projects, mostly in the
Oslo region, constructed between 1975 and 2020. The original database
from Karlsrud et al. (2003) contained 29 tunnels. In this revision, data
from 15 additional tunnels has been added, mostly from tunnels con-
structed after 2000. An overview of the complete database is given in
Appendix A.

For some projects, data has been monitored in several sections along
the tunnel, in other projects data has been monitored over the total
tunnel length. In total, the database contains monitoring data from 56
sections. All tunnels have been excavated using drill and blast excava-
tion technique. All sections have strict limits on water ingress, which has
required extensive PEG. The locations of the tunnels in the Oslo region
are shown in Fig. 3, together with the three main bedrock types. The
extent and quality of geological mapping varies across projects. In some
cases, jointing, rock type and weakness- or fault zones were not
described in detail. This paper therefore focuses on assessing the data
with respect to the main rock types in the Oslo region.

The following data are registered in the database:

e Type: railway, subway, road, sewage, or energy,

e Year finished: end of construction,

e Tunnel Length [m]: length of bedrock tunnel, or tunnel section,

e Bedrock type: SL - Shale and limestone, I - Igneous (syenite, granite/
monzonite, rhombus-, syenite porphyry), G — Gneiss

e h [m]: average tunnel depth under groundwater table,

e R. [m]: calculated equivalent radius, based on cross-sectional area of
the tunnel re= \/ (A/7),

e D, [m/m?/m]: drilling length for grouting holes normalized over
cross-sectional area and tunnel length,

e Gy [kg/m?%/m]: amount of grouting material normalized over cross-
sectional area and tunnel length,
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Fig. 5. Example of calculated settlement over time for 10 m pore pressure
reduction as given in Fig. 3.
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e q [1/min/100 m]: measured water ingress over concrete thresholds,
given in litres per minute and 100 m tunnel length. The section
length for the measurements varies from 150 m to several kilometres,

e Aup [m]: measured pore pressure reduction in piezometers installed

at bedrock level, in interface between bedrock and clay, or in

moraine layer overlying the bedrock,

Artificial water infiltration and infiltration amount [l/min]: some

tunnels had water infiltration in bedrock wells, which affected the

pore pressure reduction. The infiltration amount is the sum of infil-
tration flow in all installed wells,

ki [m/s/m]: back-calculated hydraulic conductivity of the grouted

zone assessed using the equation from NGI (1998) and Karlsrud

(2000),

2
In (—(R;:r )>

where Q = water ingress to tunnel after PEG [m3/s/m].

k; = hydraulic conductivity of the grouted rock zone [m/s].

h = depth below the groundwater table [m].

R. = equivalent radius of the tunnel [m].

t = thickness of the grouted zone [m], assumed at 10 m for traffic
tunnels and 5 m for sewage tunnels.

0 = 7kih ™

Several equations may be used for back-calculating the hydraulic
conductivity (El Tani, 2003, and Park et al., 2008). The equation given
by Karlsrud et al. (2003) is used for back-calculation of the hydraulic
conductivity in this paper, consistent with previous publications for
tunnel projects in Norway. Karlsrud’s equation has been shown to
overestimate the water inflow rate for shallow tunnels with ratios of
Re /h < 0.5 to 1.0 (El Tani, 2003). In the database, the tunnel depth
below the groundwater table is more than twice the tunnel radius for all
tunnel sections, with two exceptions. Hence, the approximation is
considered sufficiently valid for this study.

The data has been provided by the clients and consultants involved in
the planning and execution of the projects. The extent of the monitoring
and quality of the monitoring varies between projects. Since the data is
collected from completed projects, it has not been possible to influence
the extent of monitoring. The data collected is considered representative
of the Norwegian state-of-practice for monitoring of tunnelling projects
in urban areas. A summary of the database is presented in Fig. 6.

4. Data analysis
4.1. Pore pressure reduction versus horizontal distance from tunnel

Pore pressure reduction at bedrock level has been recorded in 14
tunnel projects. Fig. 7 presents the measured decrease in pore pressure,
in relation to horizontal distance from the tunnel centre. In a large
number of projects pore pressure reduction has been observed up to
several hundred of metres from the tunnel centreline, typically up to
400 m. This large spatial influence is due to hydrogeological conditions
with a confined aquifer over bedrock, which is sensitive to drainage. In
the right hand side of the figure the data is systemized with respect to the
main bedrock type for the tunnels. There is no indication of a correlation
between the magnitude of pore pressure reduction and bedrock type.
One likely explanation for this is that the pore pressure response is
primarily governed by the hydrogeological conditions of the confined
aquifer underneath the clay, such as the orientation, areal extent, hy-
draulic conductivity and natural groundwater recharge. The scatter in
data can also be explained by varying amounts of water ingress to the
tunnels, as well as duration of the leakage to the tunnels with respect to
time of monitoring. Despite the scatter, the data clearly highlight the
potential for large reductions in pore pressure at significant distances
from the tunnel centre line.
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Fig. 6. Overview of some of the main data from the tunnel database, explanation to all parameters is given in the preceding section.

4.2. Water ingress versus pore pressure reduction

Fig. 8 presents the measured decrease in pore pressure at bedrock
along the centre line above the tunnel versus measured water ingress to
the tunnel. This figure is used by the Norwegian tunneling industry to
determine water ingress limits in urban areas. Based on acceptance
criteria for settlements, the corresponding pore pressure reduction for
areas overlying the tunnel is determined. The figure is then used to
choose the water ingress limit. Normally, a pore pressure reduction of
maximum 10-30 kPa will result in small settlements in a clay deposit
with an apparent OCR of 1.2 to 1.4 due to ageing. The shaded area in-
dicates values “normally accepted” suggested by Karlsrud et al. (2003),
with q in the order of 3 to 7 1/min/100 m, i.e. flow rates expected to
result in Aup < 30 kPa and normally chosen as a water limit design
value. It is important to note that in areas with existing tunnels or other
underground structures, the pore pressures may already have been
affected by leakage, causing an increase in effective stress level and a
corresponding decrease in apparent OCR of the marine clay. Any addi-
tional pore pressure decrease will cause additional consolidation

settlements. In these areas, limits on water ingress may be even stricter
than indicated in Fig. 8, down to 1-3 1/min/100 m.

Fig. 8 data from seven new tunnel projects have been added to the
existing database. The points indicate the average monitored values, the
grey crosses show the range of measured pore pressure reduction and
inflow rates for each tunnel. Red data points show projects without
artificial water infiltration. Blue datapoints show projects with artificial
groundwater infiltration in bedrock wells. For these cases, the water is
infiltrated at a constant rate in drilled bedrock holes, with packers
installed at approximately 5 m depth into the bedrock. The infiltration
will recharge the confined aquifer through fractures the bedrock and
contribute to maintaining pore pressure levels. For these projects, the
decrease in pore pressure is expected to be lower for a given water
ingress, compared to projects without water infiltration.

Fig. 8 shows a considerable scatter in measured pore pressure
reduction in relation to water ingress. This is likely caused by varying
hydrogeological conditions previously described. In addition, there are
uncertainties in the water ingress measurements, which are well-known
to be challenging to perform. Furthermore, the length of the sections for



J. Langford et al.

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 130 (2022) 104762

Horizontal distance from tunnel centre (m)

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
o » 3 2 1 4 & X 19 < <Kk <4 <
o £ 48 g e > x > > 0pq < g<1<m<]<1<1[] < o9
T oy + 107 1>y =4 Q7 wg
BN ¢ R 0 gq <
3k ed, 3

’rE " L x * by * PY %0 q < 4 q o ]}
Q 257 v ym 1 09§ <
X ~& a * 1< Cg] <0
w i !
) ? o <« W e® G 4 4 4
3 s <gedcn
= ® :/ . O @ <
@ 50 ge. @ gﬁq) g
% * 205 q Q00
° o 0@0 <0
5 e *ux ma 98

* <
©
£ 75| 4% < {da g
8 < < a (] <
c < <

| |
g [ < < <
3 100
@ - <
et R | <« NSB Abelhaugen-Olav Kyrres plass <
Q B OVK Majorstua-Lysaker
v ® VEAS Lysaker-Slemmestad
g < %  Granfosslinjen 0y
f= 1251 ¢ Bekkestutunnelen o
c ¢ « Romeriksporten $H «
.8 Tasentunnelen o
g Reelingstunnelen
8 150+ L?re‘nt‘unnelen
o % Fjellinjen st

@ Fjellinjen Vest
® T-baneringen Ulleval-Nydalen < Shale and limestone
™ » Baerumstunnelen <1 O Gneissic rocks
1754 X  Statsbygg - energi @ Igneous rocks
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figure data is plotted for individual tunnels, in the right hand figure data is systemized with respect to main rock type (revised after Karlsrud et al., 2003).

water ingress measurements varies from 150 m to several kilometers.
However, the water ingress, and resulting pore pressure reduction, can
be concentrated around individual fault zones. Therefore, the accuracy
of the individual measurements will vary, which contributes to addi-
tional uncertainty in the magnitude of the resulting pore pressure
decrease for a given leakage rate. Nonetheless, there is a trend showing
that pore pressure reduction increases with increasing water ingress.
Based on the dataset a regression line has been derived for projects
without water infiltration. This line is consistent with typical trendline
previously suggested by Karlsrud et al. (2003). “Upper” and “lower”
bound lines from Karlsrud et al. (2003) are shown in Fig. 8. These
indicate a characteristic area for the Aur to be expected, suggested in
planning and design of tunnelling projects. The data from more recent
tunnels (no. 19-26) are largely in agreement with previous data. Pro-
jects with water infiltration were excluded when deriving these lines, as
they are affected by artificial recharge.

Many of the projects in the database were unable to meet the rec-
ommended water ingress limit of 3-7 1/min/100 m. However, all the
case studies executed after 2002 (no. 20, 21, 24 and 26) have docu-
mented water ingress<7 1/min/100 m. This is an indication that more
rigorous use of PEG, due to strict water ingress limits, can limit pore
pressure reduction and settlements. The tunnel “NSB-National.-Skgyen”
(no. 25) has the lowest registered water ingress of 1 1/min/100 m, this

has been achieved through extensive post-excavation grouting.

There are a limited number of cases in the database where water
infiltration has been used. In the tunnels “Fjellinjen vest” (no. 22) and
“Nye Nationaltheatret st.” (No. 23), relatively large infiltration rates of
around 100 1/min were used, and the infiltration has had a clear effect
on limiting pore pressure reduction. For the “Tasentunnel” (no. 16), the
infiltration rate is unknown. It is believed that the infiltration rate was
limited, as the pore pressure reduction recorded is large (50 kPa).
Despite the relatively few available data points, results indicate that
water infiltration with large capacity can be an effective method for
limiting pore pressure reduction during tunnel excavation.

4.3. Back-calculated hydraulic conductivity versus grouting effort

Since the 1990s, it has been standard practice in Norway to use
systematic PEG and high grouting pressures in urban tunnels with strict
limits on water ingress. The adopted grouting methodology consisted of
dense drillhole patterns with overlapping grout rounds. The total drilled
length for grouting holes is therefore an important parameter, in addi-
tion to the amount of grout used. Therefore, PEG efforts for the projects
in the database are documented in terms of both grout consumption and
drilling length for PEG. The drilling length and grout consumption have
been normalized with respect to the cross-sectional area of the tunnel
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and tunnel length, into a normalized drilling length, D;,, and normalized
average grout consumption, Gy, as described in Section 2. For all tunnel
sections the hydraulic conductivity of the grouted zone, K;, is back-
calculated according to Equation (1), using the average depth of the
tunnel under the groundwater table, the measured water ingress and
assumed thickness of the grouted zone (see Section 3).

In Fig. 9 and Fig. 10 the back-calculated K; is plotted in relation to Dy
and Gy, The figures give an indication of the total PEG effort undertaken.
The data points are sorted according to main bedrock type, to assess if
this has an influence on the grout effort and obtained K;. The data in
Fig. 9 and Fig. 10 shows significant scatter without clear correlations. A
likely reason might be that K; is back-calculated from water ingress

measurements over long sections, rather than measurements of leakage
encountered in specific geological structures. Nevertheless, the figures
imply that it is possible to obtain a hydraulic conductivity in the grouted
zone of typically 4 to 6-10°° m/s, when applying standard Norwegian
practice. The most watertight tunnels after PEG has a K; down to 1 to
2-10° m/s.

Fig. 9 indicates that the drilling effort has been larger in shale and
limestone tunnels, without obtaining a more water tight grouted zone.
Experience from execution indicates that the shale and limestone for-
mations require more grouting effort in terms of drilling for PEG, to
achieve a certain water tightness compared with igneous rocks.
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Fig. 9. Plot of back-calculated hydraulic conductivity of grouted zone in relation to drilling length for grouting (revised after Karlsrud et al., 2003).
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Fig. 10. Plot of back-calculated hydraulic conductivity of grouted zone in relation to grout consumption (revised after Karlsrud et al., 2003).

5. Discussion of results and implications for future tunnel
projects

5.1. Uncertainty in the database and improved hydrogeological
assessments

Much of the scatter in the database may be related to challenges in
measuring water ingress, resulting in variations and uncertainty in the
data itself. In addition, the measurements are average rates taken over

distances ranging from hundreds of meters to several kilometres,
whereas it is well known that the water ingress is often concentrated
around local fracture zones. Also, the data is strongly influenced by
varying geological and hydrogeological conditions for each project, such
as amount of natural groundwater recharge/infiltration which varies
with topography, type of soil, size of catchment area for precipitation
etc. Despite the scatter, the database provides unique insight into trends
in terms of water ingress and pore pressure reduction and permits the
suggestion of design limits for water ingress.
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However, the data plotted in Fig. 8 imply that estimating pore
pressure reduction from water ingress levels is related to significant
uncertainty. Hence, monitoring of water ingress is an unsufficient
measure to control pore pressure reduction. The resulting pore pressure
reduction for a given leakage rate will vary depending on the hydro-
geological conditions. An improved understanding of the sensitivity of
pore pressure reduction in clay filled depressions could potentially be
achieved with more detailed hydrogeological analysis. As an example,
infiltration response tests (water loss measurements) can be performed
during drilling of boreholes in bedrock for water infiltration wells. This
requires installation of piezometers at bedrock level to monitor pressure
levels during water infiltration. This type of test could be used to assess
site-specific conditions, directly relating water infiltration rates to
changes in pore pressure levels and allowing better understanding of the
sensitivity of the areas to water ingress to tunnels.

5.2. Assessments of grouting performance and improved monitoring

Traditionally, water ingress measurements have been used for
follow-up of PEG. One apparent issue with this is that monitoring of
water ingress is undertaken after tunnel construction, and insight into
whether limits have been met are registered after the tunnel is
completed. The data presented in Fig. 7 shows that many projects pro-
jects have not complied with typical water ingress limits of 3-7 1/min/
100 m. For future tunnels in urban areas already affected by subsurface
development, limits on water ingress may be as low as 1-3 1/min/100 m
(corresponding to small or no pore pressure reduction). This further
emphasizes the need for pore pressure monitoring during construction,
rather than monitoring of water ingress.

Challenges related to the uncertainty in water ingress measurements,
and the importance of avoiding pore pressure reduction suggest that
alternative monitoring methods are necessary. Monitoring of pore

Dn Year

Gn

Dh Gn

Year

q
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pressure at bedrock level during tunnel excavation can give early in-
dications of unacceptable water ingress. Such monitoring can be carried
out simultaneously with the PEG works, and hence can be used as
criteria for assessing the result of the PEG during tunnel excavation.
Furthermore, this approach can be used to adjust the details in the
grouting methodology such as the number of drilling holes for grouting,
the overlap between the grouting rounds, as well as the termination
criteria for grouting pressure and grout amounts. Such an approach re-
quires real-time monitoring of pore pressures during tunnel excavation.
This is feasible with modern technology in monitoring and data pro-
cessing, and is becoming a common practice in urban tunnelling projects
in Norway. For the pore pressure data to be suitable for decision making
during execution of PEG, one needs to distinguish the effects of the
tunnelling from natural variations in pressure levels. One method which
could be utilized is time series analysis, for example the open-source
PASTAS script (Collenteur, 2019).

As stated, requirements on achieved watertightness will increase, as
water ingress limits in future tunnel projects in urban enviroment likely
will become stricter. To meet these requirements the PEG technology
needs to be improved, with optimization of grouting fan layout and
grout material properties. In addition, a direct method for assessing the
hydraulic conductivity of the grouted zone is necessary. For this purpose
more extensive use of water-loss measurements (Lugeon-measurements)
after PEG can be utilized, to measure the effect of each grouting round
and make necessary modifications to the PEG design.

5.3. Assessment of hydraulic conductivity and grouting effort with
emphasis on main bedrock type

The data in Fig. 9 and Fig. 10 shows no correlations between PEG
effort and main bedrock types. Nevertheless, Fig. 9 indicates that the
drilling effort has been larger in shale and limestone tunnels, without

0.8
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-0.2
-0.0
--0.2
-—0.4
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-0.8

h Re

Fig. 11. Correlation matrix for parameters in database, using the Pearson correlation coefficient. 1 = max positive correlation, 0 = no correlation, —1 = max

negative correlation.
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obtaining a more watertight grouted zone. Experience from execution
indicates that the shale and limestone formations require more grouting
effort in terms of drilling for PEG, to achieve a certain water tightness
compared with igneous rocks. This is consistent with Kliiver’s (2000)
classification, where shale and limestone typically have lower hydraulic
conductivity with discontinuous joints and clay-filled joints. Therefore,
a larger number of grouting holes may be needed to intersect the
transmissive joints and channels to achieve effective PEG.

The analyses herein with back-calculated hydraulic conductivity
based on water ingress measurements over long sections, is not been
detailed enough to find good correlations between pregrouting con-
sumption and bedrock types. However, some of the tunnel projects
included in the data base have been studied in more detail earlier
(Holmgy, 2008, and Lindstrgm and Kveen, 2005). As an example, in the
T-baneringen tunnel (Ulleval-Nydalen), a syenite porphyry dike, 15 m
wide, caused high water ingress before PEG, compared to the rest of the
tunnel. The syenite dike and nearby shale was highly jointed due to a
fault zone, with Q-values between 0.01 and 0.3. The syenite porphyry
dike gave higher water ingress than the rest of the tunnel, and after PEG
the hydraulic conductivity was around 1-10"® m/s. The PEG consump-
tion in syenite porphyry was higher than average, but the normalized
drilling length was comparable to the surrounding rock mass. This is
consistent with Kliiver’s (2000) rock mass classification, where syenite
is typically representing a rock mass with open joints and high hydraulic
conductivity and favourable for PEG, achieving the water tightness
within a forecasted effort.

5.4. Correlation analysis

A correlation analysis (using the Pearson correlation coefficient) has
been performed between tunnel-project specific properties, water
ingress and grouting effort for projects in the database. The correlation
matrix in Fig. 11 indicates a low correlation between pairs of variables in
the dataset, with a few exceptions. This is not unusual for geological and
hydrogeological problems, where correlation values of 0.3 to 0.5 can be
considered to indicate medium to high correlations (Cesano et al., 2000,
Henriksen, 2008; Holmgy, 2008). For the tunnel database no correlation
values exceed 0.5, and only four of fifteen correlation values exceed 0.3.
This indicates that water ingress is governed by many variables. In the
following, only correlation values above 0.3 between pairs of variables
will be discussed.

The positive correlation between R, (equivalent tunnel radius) and
construction year, has its natural explanation in a tendency of increasing
cross-sections for newer tunnels.

A positive correlation value of 0.41 is seen between drilling length
and grouting volume. This result is not surprising, since increased dril-
ling meters will give increased intersections of joints and penetration of
grout material.

6. Conclusions

The presented Norwegian tunnel database is an extensive resource
for planning, executing and monitoring of future tunnel projects in
urban areas, to reduce the risk of unacceptable pore pressure reduction
and consolidation settlements.

Based on the analysis of the data, the following statemens can be
made:

- The additional recent data of water ingress and related pore pressure
reduction (Fig. 8) are consistent with the database from Karlsrud
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et al. (2003). Pore pressure reduction is typically observed up to 400
m from the tunnel centre line (Fig. 7). The magnitude and the extent
of pore pressure reduction is governed by hydrogeological conditions
of the confined aquifer overlying the bedrock and not only the hy-
draulic conductivity of the rock mass.

The large scatter in the data (Fig. 8) implies that it is necessary to
focus on pore pressure monitoring in future projects, rather than
water ingress, to reduce the risk of unacceptable pore pressure
reduction.

The data imply that it is possible to obtain a hydraulic conductivity in
the grouted zone of typically 4 to 6:10° m/s, when applying standard
Norwegian practice. The most watertight tunnels after PEG has a K;
down to 1 to 2:10° m/s.

The database gives indications of PEG effort, drilling for grouting
holes (Fig. 9) and grout consumption (Fig. 10). However, there is no
clear trend between back-calculated hydraulic conductivity in the
grouted zone, K;, and grouting effort, likely due to the uncertainties
in water ingress measurements which is the basis for back-calculated
K;.

From the analyses it is apparent that focus should be aimed at
monitoring pore pressure levels rather than water ingress, to reduce the
risk of unacceptable pore pressure reduction and associated settlements.
Real time monitoring of pore pressure during excavation and execution
of PEG works, enables a more precise assessment of possible effects of
tunnelling on pressure levels. This can aid decisions on necessary ad-
justments to PEG during construction. In addition, continued research
and development of PEG technology is recommended to meet future
stricter requirements on watertightness.
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Appendix
Case Tunnel Type Year Tunnel Bed- Depth Equivalent Drilling Amountof Water Pore pressure Artificial K; back-calc.
no finished length rock under radius, Re  length, grouting ingress q reduction water (Karlsrud,
[km] type ground [m] D, [m/ material, G, [l/min/ over tunnel, infiltration 2000) [m/s]
water mz/m] [kg/mz/m] 100 m] at bedrock [1/min]
level, h level Aug
[m] [kPa]
1* NSB Stortinget Subway 1975 3.65 SL 18-22 6.4 0.45 2 15-25 60 0 22108
stasjon
2% NSB Arbiensgt. Railway 1979 SL 30 4.8 1.5 65 10-20 30 0 3.98.10°8
3* NSB Parkvn. Railway 1979 SL 30 4.8 1.5 65 20-40 100-120 0 3.98.10°%
4 NSB Gyldenl.gt Railway 1979 SL 30 4.8 1.5 65 10-20 20-30 0 3.98.10°8
5% NSB Frogner Railway 1979 SL 30 4.8 1.5 65 30-50 100-140 0 3.98.10°
6* NSB Erling S.gt. Railway 1979 SL 30 4.8 1.5 65 20-30 60 0 3.98.10°%
7* OVK Majorstua- Sewage 1982 2.7 SL 40 1.5 2.97 50 5-13 20-35 0 6.3-10°
Kirkeveien
8* OVK Lysaker- Sewage 1982 1.4 SL 40 1.6 33 7-16 50-100 0
Majorstua
9* Fjellinjen @st Road 1989 0.75 SL 28 10 3.1 56 4-8 5-15 8 3.94.10°
10*  Granfoss. Lysaker Road 1991 0.9 SL 27 8.7 2.4 83 5-15 60-80 0 7.52:10°
11*  Granfoss. Ullern Road 1991 1.1 SL 20 8.7 1.75 47.5 14-20 30-50 0 1.73.10°%
12*  Romeriksporten. Railway 1997 0.4 SL 23 5.7 53 9-15 10-20 0 1.43.10°®
Bryn
13*  Romeriksporten. Railway 1997 1 G 73 5.7 37 15-22 60-75 0 5.56.10"
Godlia
14*  Romeriksporten. Railway 1997 1 G 108 5.7 14 15-62 35-120 0 9.76-10°
Hellerud
15*  Romeriksporten. Railway 1997 1.05 G 68 5.7 6 10-17 60-135 0 5.57-10°
Ellingsrud
16*  Tésentunnelen Road 1998 0.95 SL 20 9 1.3-2.85 33-92 13-42 40-65 unknown 2.55-4.8-10°
17*  Reelingstunnelen Road 1997 1.8 G 18 8.7 9-13 45-55 0 1.85.10°%
18*  Bekkestutunnelen. Road 1994 0.7 SL 12 4.8 0.56 64 1-2 5-35 0 3.58.10
Gjgnnes
19*  Bekkestutunnelen. Road 1994 0.7 SL 12 4.8 0.56 64 7-14 10-20 0 2.63-10°8
Egne hjem
20 Lgrentunnelen Road 2013 0.91 SL 30 5.9 1.32 22 3.5-7 35-50 0 3.79-10
21 T-baneringen. Subway 2002 1.2 SL 23 4.8 2.1 67 3-8 5-50 0 4.10°-1.10°®
Ullevél-Nydalen
22 Fjellinjen Vest Road 1989 0.77 SL 30 10 1.9 30 11-18 10-20 100 8.58.10
23 Nye Nationalth. st. ~ Railway 1997 0.27 SL 15 8.6 1.29 28 17-19 2-12 100 2.59-10°%
24 Beaerumstunnelen Railway 2009 7.8 SL 45 7.8 20 0.5-9 0-20 0 1.32:10°
Lysaker-Sandvika
25 NSB Railway 1979 SL 30 4.8 1 0
Nasjonaltheatret-
Skgyen (after post
grouting)
26 Statsbygg Energy 2020 Uuo SL/G UO uo 1.05 17 4-8 15 0 8.9-10°
27*  OTB Vendeslgyfe Railway 1985 SL 18 5.1 1.5 23 5 0 8107
28*  OTB Sentrum stasjon Railway 1985 SL 18 5.6 2 10 0 2.49-10°%
29 Tanum Railway 2004 SL 50 8.1 1.2-1.8 33-58 7 0 2-5.10°
30 Skaugum Railway 2005 SL 70 8.1 1.3-1.6 17-35 6 0 1-810°
31 Bragernes Road 2001 2.3 I 100 5.7 0.4-0.6 30-100 8-25 0 2710
32 Lunner Road 2003 1.6 1 90 4.6 1.26 41 8 0 2.9.10°
33 Lundby (Swedish) Road 1998 I 10-30 4.6 1.5-4 9 1 0 1.1.10°
34 Baneheia Road 2001 G 30 11.8 1.1 14.2 2 0 1.10°
35 Storhaug Road 2000 SL 12 6.2 3.34 26 1.6 0 3.2.10°
36 Hagan Road 2003 1 8 4.63 1.3 102 4 0 1.53-10°®
37*  OVK Majorstua- Sewage 1982 3 SL 40 1.5 3.18 33 5 0 4.86-10°°
Torshov
38*  OVK Majorstua- Sewage 1982 2.7 SL 37 1.5 2.97 50 6 0 6.31.10°
Ruselpkka
39*  OVK Torshov-Ola Sewage 1985 1.7 SL 35 1.5 3.35 89 2.5 0 2.78.107
Narr
40*  OVK Ola Narr- Sewage 1985 2.4 SL 45 1.5 3.17 81 2.3 0 1.99.10°
Fagerlia
41*  OVK Ruselgkka- Sewage 1983 0.9 SL 18 1.7 4.5 73 2 0 404107
Rédhusplassen
42*  OVK Radhusplassen- Sewage 1983 0.6 SL 15 1.7 4.1 59 1.5 0 3.64-10°
Festningen
43*  VEAS Sandvika- Sewage 1982 10.5 SL 35 1.7 0.87 21 5 0 5.20-107
Lysaker
44*  VEAS Sewage 1982 8.2 SL 25 1.3 0.6 11 3.5 0 5.86-107°
Stabekktunnelen

* Published in Karlsrud et al., 2003, SL: Shale and limestone, I: Igneous, G: Gneiss.
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