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SUMMARY IN SPANISH 

El Gobierno de Suecia decidió expandir el transporte público en la ciudad de 
Estocolmo en diciembre de 2000. El proyecto más sostenible consistía en la 
construcción de una línea de ferrocarriles que travesara la ciudad de Estocolmo, el 
llamado Citybanan. El Citybanan consiste en un túnel de 6 km de longitud que 
atraviesa la ciudad de norte a sur, conectando las estaciones de tren de Tomteboda y 
Estocolmo Sur. En mayo de 2007, el Gobierno de Suecia decidió que la Administra-
ción de Transporte de Suecia se haría cargo de la construcción del Citybanan, el cual 
debe de ponerse en funcionamiento en 2017. 

Este Trabajo Final de Carrera incumbe los últimos 500 m del Citybanan, el llamado 
Túnel de Södermalm, que conecta con la Estación de Tren de Estocolmo Sur. Las 
primeras investigaciones geotécnicas se llevaron a cargo en 2008, y las obras del túnel 
empezaron en enero de 2009. En el presente estudio, se comparan los resultados 
obtenidos durante las investigaciones realizadas a priori y durante la excavación del 
túnel. La comparación está basada en los valores estimados y actuales de las clasifi-
caciones geomecánicas utilizadas en el proyecto. La clasificación de Bieniawski (RMR) 
es la de mayor importancia para la caracterización del macizo rocoso, ya que especifica 
el soporte a aplicar en el túnel. La clasificación de Barton (Q) se utiliza como sistema 
adicional para corroborar los valores dados por el RMR y para determinar la longitud 
de los bulones. Además, la Administración de Transporte de Suecia creó otras 
clasificaciones para cuantificar la calidad del macizo rocoso. Tipo de roca, clasificación 
basada en el RMR, describe detalladamente el macizo rocoso existente en el área de 
Estocolmo y anticipa los posibles problemas que puedan ocurrir durante la 
excavación. Clase de roca divide el macizo rocoso dependiendo del número de fracturas, 
y Zonas débiles clasifica las áreas fracturadas dependiendo del espaciado de las fracturas. 

Las investigaciones a priori de la construcción consistieron en la observación de los 
afloramientos en superficie y de los túneles que cruzan la presente excavación, 
sondeos con o sin testigo, GPR, diagrafías, y ensayos in situ y al laboratorio. Las 
investigaciones llevadas a cargo durante la excavación consistieron en mapear detalla-
damente la geología del túnel, y dónde fuese requerido, se realizaron investigaciones 
adicionales. 

Tres casos con diferente calidad del macizo rocoso fueron establecidos para comparar 
estadísticamente los resultados de las investigaciones a priori y durante la excavación. 
El primer caso, correspondiente a los 100 primeros metros del túnel principal, está 
formado por roca de buena calidad, perteneciente a la Formación Granito de 
Estocolmo. El segundo caso, situado en el túnel de servicio, corresponde a un área 
con calidad de roca más pobre. Mientras que el tercer caso corresponde a una región 
del túnel principal dónde los sedimentos glaciofluviales del Esker de Estocolmo están 
en contacto con la roca, y dónde el túnel carece de cobertura de roca durante 20 m. 
En general, los análisis estadísticos mostraron una correlación pobre entre los valores 
estimados y los valores actuales de las clasificaciones del macizo rocoso. Este 
resultado se debe a la concentración de las investigaciones en sólo tres áreas a lo largo 
del túnel. En el resto de áreas del túnel, la calidad de roca fue obtenida mediante la 
extrapolación de los datos obtenidos en ésas tres regiones y, mediante las obser-
vaciones realizadas en superficie. 

La correlación entre la calidad del macizo rocoso y el soporte aplicado en el túnel fue 
también objeto de estudio. La densidad de bulones se ha relacionado con la clasifi-
cación Tipo de roca, y la densidad de lechada se ha relacionado con las clasificaciones 
Clase de roca y Zonas débiles, ya que representan exclusivamente las características de las 
fracturas. En estimar el porcentaje de lechada infiltrado en las fracturas, sólo el 45% 
presentó resultados exitosos. 
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SUMMARY IN ENGLISH 

The Swedish Government commissioned to Banverket the extension of the rail 
capacity through central Stockholm in December 2000. A commuter rail tunnel below 
Stockholm, the City Link, represented the solution for a sustainable expansion of the 
public transport among the other alternatives presented. The City Link consists of a 
6 km long tunnel connecting the train stations of Tomteboda and Stockholm Södra, 
and involves the construction of two new train stations. In May 2007, the government 
decided that Banverket would be in charge of constructing the City Link, expected to 
be finished in 2017. 

This study is focused on the Södermalm’s Tunnel, consisting of the last 500 m of the 
City Link, connecting to Stockholm Södra Train Station. Geotechnical pre-investiga-
tions commissioned by Banverket were carried out during 2008, and the construction 
works began officially in January 2009. In this study, a comparison between the results 
obtained through the pre-investigations and the actual findings while tunneling was 
performed. The comparison is based on the predicted and actual rock mass classifi-
cations used in the project. Rock Mass Rating (RMR) is the main classification for the 
characterization of the rock mass, and thus it specifies the tunnel reinforcement to 
apply. Q classification is provided as an additional system to corroborate the RMR 
values and to determine the length of the bolts used for the rock reinforcement. 
Additionally, other quality classifications were created specifically for this project by 
Banverket. Rock type, based on the RMR classification, provided a detailed description 
of the rock mass existing in the Stockholm area and anticipated the possible problems 
occurring while excavating. Rock class, divided the rock mass depending on the number 
of joint sets, and Weak zones classed the fractured areas depending on the spacing of 
the fractures. 

Pre-investigations carried out consisted of mapping of the surface outcrops, mapping 
of the intersecting tunnels, drill holes and core samples, jb-soundings, GPR, BIPS 
logging, in situ and laboratory tests as well as water loss measurements. Investigations 
while tunneling comprised detailed geological mapping along the trace of the tunnel, 
and where required, drill holes with or without coring and GPR were also performed. 

Three study cases with different rock conditions were established to compare statis-
tically the results of the pre-investigations and the actual findings. The first case is 
located in the main tunnel and belongs to the Stockholm Granite Formation, with 
good rock quality. The second case contains a highly fractured zone occurring in the 
service tunnel. And the third case corresponds to a region where the glaciofluvial 
materials of the Stockholm Esker are in contact with the rock, and thus the trace of 
the tunnel crosses 20 m without rock cover. In general, the statistical analyzes showed 
a low correlation within the predicted and the actual values of the rock mass classi-
fications. This result may be due to the concentration of the pre-investigations in 
mainly three areas along the trace of the tunnel. The rest of the length of the tunnel 
was given a rock quality value based on the extrapolation of the data from those three 
investigated zones and on the surface mappings. 

The correlation within the rock quality and the rock reinforcement is also attempted in 
this study. The density of bolting is related to the Rock type classification, and the 
grouting density is related to the Rock class and Weak zones classifications since they are 
representing exclusively the jointing characteristics. When estimating the percentage of 
grout infiltrated to the fractures, only 45% of the fractures were grouted successfully. 
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SUMMARY IN SWEDISH 

I december 2000 gav den svenska regeringen Banverket i uppdrag att utöka 
spårkapaciteten genom centrala Stockholm. En pendeltågstunnel under Stockholm, 
Citybanan, utgjorde den mest hållbara lösningen för utbyggnaden av kollektivtrafiken 
bland de presenterade alternativen. Citybanan består av en 6 km lång tunnel som för-
binder tågstationerna i Tomteboda och Stockholms Södra, och innefattar byggandet 
av två nya tågstationer. I maj 2007 beslutade regeringen att Banverket skulle ansvara 
för att bygga Citybanan som beräknas vara klar år 2017. 

Denna studie är inriktad på Södermalmstunneln, som utgör de sista 500 metrarna av 
Citybanan och ansluter till Stockholms Södra. Geotekniska förundersökningar genom-
fördes på uppdrag av Banverket under 2008 och byggnadsarbetena inleddes officiellt i 
januari 2009. I denna studie jämfördes de resultat som erhållits under förun-
dersökningarna med de faktiska förhållandena under arbetet. Jämförelsen är baserad 
på de klassificeringarna av bergmassa som användes under projektets gång, RMR och 
Q. Bieniawskis system, RMR, är den viktigaste klassificeringen av kvaliteten av berg-
massan, och specificerar till vilken grad tunneln behöver förstärkas. Q-systemet 
tillhandahålls som ett ytterligare system för att bekräfta RMR-värdena och för att 
bestämma längden av bultarna som används för bergförstärkning. Dessutom skapade 
Banverket andra kvalitetsklassificeringar specifikt för detta projekt. Bergtyp, baserad på 
RMR klassificering, ger en detaljerad beskrivning av bergmassan som finns i 
Stockholmsområdet och förutser eventuella problem som kan uppstå vid utgrävning. 
Bergklass klassificerar bergmassan beroende på antalet sprickgrupper och Svaghetzon 
klassificerar uppkrossade områden beroende på avståndet mellan sprickor. 

Förundersökningarna innefattade kartering av hällar, kartering av korsande tunnlar, 
borrhål och kärnborrningar, jb-sonderingar, GPR och BIPS-mätningar, in situ- och 
laboratorietester samt vattenförlustmätningar. Undersökningar som pågick samtidig 
med tunnel arbetet består av detaljerad geologisk kartering längs spår- och service 
tunnlarna, och där så krävs extra borrhål med eller utan kärna och GPR undersök-
ningar. 

Tre fallstudier med olika bergförhållanden fastställdes för att statistiskt jämföra resul-
taten av förundersökningarna och de faktiska resultaten. Det första fallet ligger i 
huvudtunneln och tillhör stockholmsk granit, med god kvalitet. Det andra fallet inne-
håller en mycket uppsprucken zon i servicetunneln, det tredje fallet motsvarar en 
region där det isälvssediment från stockholmsåsen är i kontakt med berget, vilket 
medför att 20 meter av tunneln saknar bergtäckning. I allmänhet visade de statistiska 
analyserna en låg korrelation mellan de förutsagda och faktiska värdena för klassifice-
ringarna av bergmassan. Detta resultat skulle kunna bero på att förundersökningarna 
koncentrerades till i huvudsak tre områden längs tunneln. Resten av tunnelns längd 
fick ett bergkvalitetsvärde baserat på extrapoleringar av data från dessa tre undersökta 
områden och på hällkarteringar. 

Ett försök att korrelera bergkvaliteten och bergsförstärkningen genomfördes också i 
denna studie. Densiteten av bultar är relaterad till Bergklass, och injekteringsdensiteten 
är relaterad till Bergklass och Svaghetszon klassificeringar då de enbart representerar 
sprickegenskaper. Vid beräkning av procent injekteringsvolym som trängt in i sprickor 
blev resultatet att endast 45% trängt in. 
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ABBREVIATIONS 

CPT Cone Penetration Test; static in situ penetration test that determines the 
geotechnical engineering properties of soils and the stratigraphy. 

BIPS Borehole Image Processing System; logging to achieve information of the 
boreholes including occurrence of rock types and determination of fracture 
distribution and orientation. 

GPR Ground Penetrating Radar; geophysical method that uses electromagnetic 
waves to penetrate into the ground subsurface. 

MMK Maria Magdalena Church, in Swedish Maria Magdalena Kyrka. 

Q Tunneling Quality Index; Barton’s system for the determination of the rock 
mass characteristics and tunnel support requirements.  

RMR Rock Mass Rating; Bieniawski’s system for the determination of the rock mass 
characteristics and tunnel support requirements. 

RMS Rock Mass Strength; rock mass classification system, mainly used for mining. 

RQD Rock Quality Designation; index that estimates the rock mass quality by 
measuring the degree of jointing of the rock mass through drill core logs. 

SFRS Steel Fiber Reinforced Shotcrete; material composed of Portland cement, 
aggregate, and discrete discontinuous steel fibers. 

SPT Standard Penetration Test; dynamic in situ penetration test that determines the 
geotechnical engineering properties of soils. 

SRF Stress Reduction Factor; measure of the rock stress in competent rock. 

TRV Swedish Transport Administration, in Swedish Trafikverket. The pre-
investigations were performed by Banverket, which nowadays corresponds to 
Trafikverket. 
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ABSTRACT 

A statistical comparison between the pre-investigations and the detailed site 
characterization while tunneling was performed in three areas of different rock quality 
in the Södermalm’s Tunnel. An overview of the site investigations performed prior to 
the construction works and the consequences in the tunneling method are also 
presented in this study. 

The statistical analyses in this study showed low correlation within the results obtained 
from the geotechnical investigations performed prior and while tunneling. The 
correlation diminishes as the rock mass quality decreases; however, in areas where the 
rock mass quality is high, the correlation is not as elevated as expected. The low 
association within those results may be due to diverse factors: the concentration of the 
pre-investigations in mostly three areas along the trace of the tunnel, and the 
extension of those results to the rest of the tunnel; the inappropriate utilization of the 
investigation techniques; and the lack of geotechnical data in the regional areas of 
Stockholm. 

The inaccurate geological characterization given by the pre-investigations leaded to 
great challenges in the most fractured and altered areas of the tunnel. A collapse 
occurred where the glaciofluvial sediments were in contact with the rock. The exca-
vation had to be stopped and additional rock reinforcement had to be applied. 
Therefore, an increase of the expenses in terms of time and budget were the major 
consequences of the inaccurate predictions. 

Key words: pre-investigations; RMR; Q; rock reinforcement; glaciofluvial 
sediments; hard crystalline rock.

1. INTRODUCTION 

Stockholm has around 864 000 inhabitants, and 
its metropolitan area reaches a population of 
approximately 2 090 000. The daily income of 
commuters into the city and the expected 
growth of the population in the following years 
urge the construction of new infrastructures. In 
particular, underground excavations represent a 
solution for the transportation media in the 
growing cities. However, the existence of buil-
dings and other facilities in the metropolitan 
areas require minimal impact on existing infras-
tructures due to the tunneling operations, such 
as vibrations which can cause structural damage 
in buildings as well as settlement of the loose un-
consolidated sediment which can cause ground 
subsidence. 

The Precambrian bedrock in Sweden presents 
good pre-requisites for the driving of tunnels 
with reasonable spans (Morfeldt, 1970). Several 
underground constructions have been cons-
tructed in recent years without any major com-
plications (Morfeldt, 1970). Nevertheless, future 
underground constructions will become more 
complex, especially in the urban areas. Urban 
tunnels tend to be located at shallower depths, 
since it is more convenient for the users. Geo-
logical conditions are more adverse due to the 
shallow emplacements, and the existence of 

buildings and infrastructures along the trace of 
the tunnels (Clayton, 2009). Consequently, accu-
rate knowledge of the subsurface prior to the 
excavation is necessary for a successful tunnel 
project and for completing the project within 
budget. 

The aim of pre-investigations is to determine the 
subsurface geological conditions that will be the 
basis for stipulating the design of the under-
ground constructions. According to Clayton 
(2009), new constructions should consider the 
suitability of the site and alternative locations 
according to the findings of the pre-investi-
gations, as well as present an adequate and 
economic design. However, there is usually no 
or at least very little choice between different 
sites and there is almost no debate about the 
suitability of the given location (Clayton, 2009). 
Consequently, the objectives of the site inves-
tigations are much more restricted and the 
geotechnical details relevant to the construction 
will probably remain unknown until the cons-
truction works are advanced (Clayton, 2009). 

This study evaluates the most common techni-
ques for site investigations before and during 
tunneling. Moreover, it presents the different 
rock reinforcement methods and the techniques 
used for groundwater protection in underground 
excavations. The study then focuses on three 



Anna Arqué Armengol Universitat Politècnica de Catalunya – Kungliga Tekniska Högskolan 

 

2 

case studies, specific sites in the City Link 
Tunnel under Stockholm. Finally, an analysis of 
the effectiveness of the pre-investigations pre-
dictions and the actual rock reinforcement 
applied is attempted. 

1.1. Background of the study 

The geological information of the Stockholm 
area was described as heterogeneous in contents 
regarding different sites by Morfeldt & Persson 
(1997). National institutions have been collecting 
geological and geotechnical data for over 15 
years. However, there is still a lack of public 
geotechnical information of the Stockholm area. 
Whereas in fields such as hydrology or mining 
important databases have been created, the 
geotechnical field is still lagging behind in 
developing a good functional database for 
geotechnical data. 

The cost of site investigations, compared to the 
total cost of construction, is nearly negligible. 
However, the effects of unforeseen ground 
conditions can result in very large increases in 
the total construction cost (Clayton, 2009). 
There is a need to evaluate whether or not more 
pre-investigation studies is economically viable. 
By presenting the available techniques for site 
investigations, and by describing the findings of 
an actual tunnel construction, this study shows 
that there is a necessity for more, better planned 
pre-investigations. 

1.2. Purpose and scope 

The purpose of this study is to compare the 
results and expectations based on geological pre-
investigations with the actual geological condi-
tions and the implications of incorrect or 
insufficient pre-investigations; the need for 
complementary investigations required during 
tunneling. The study is focused on part of the 
City Line railway tunnel under the city of 
Stockholm, the Södermalm’s Tunnel. Rock mass 
classification indexes obtained during the pre-
investigations are compared with the actual 
findings. In addition, effectiveness of the rock 
reinforcement applied is examined for the rock 
masses presenting diverging rock quality. 

The study considers three sections with different 
rock quality: a zone with competent rock, a 
highly fractured and altered zone, and a zone 
where the rock cover in the tunnel is nearly 
nonexistent and he overlying sediment consists 
of glaciofluvium, sand and gravel. The different 
subsurface techniques and rock reinforcement 
applied while tunneling are described. Data from 
the pre-investigations and the tunnel mappings is 

compiled and set in a database to be treated 
statistically. 

1.3. Geological settings of Stockholm 
area 

Stockholm is located on the east coast of 
Sweden, 59°N 19°E, where the Gulf of Bothnia 
encounters the Baltic Sea (Fig. 1). The city is 
situated on 14 islands, some in Lake Mälaren, 
and some in the Stockholm Archipelago. The 
numerous bodies of water in the area have had a 
major influence on the development of infras-
tructures (Persson, 1998). The geology consists 
of Quaternary glacial and postglacial sediments 
overlying the Precambrian basement rocks. The 
sediments include: glacial till, glaciofluvium and 
glacial clay, as well as post glacial clay and 
organic sediments. The bedrock crops out fre-
quently at the top of the hills. In the valleys there 
are thick sequences of glacial and post glacial 
sediments. There are more than one hundred 
kilometers of tunnels, underground storages and 
caverns within the Stockholm area, which have 
been constructed using both conventional drill 
and blast methods and tunnel boring machines 
(Persson, 1998). 

Two geological epochs are present in the 
Stockholm area: the Precambrium basement 
rocks, dating more than 3 000 million years old, 
and the Quaternary deposits, composed of 
unconsolidated sediments that are younger than 
the age of 10 000 years old. Geological activity 
during the period of time between these 
extremes in the form of deposits is practically 
nonexistent in the Stockholm region (REO, 
1976).The oldest rocks, consisting of arenites 
and argillites of supracrustal origin also include 
volcanic rocks. These rocks were severely 
metamorphosed to form veined gneisses and 
migmatites (Fig. 2). The oldest plutonic rocks, 
ranging from gabbros to granites and including  
 

Figure 1. Location of Stockholm on the east 
coast of Sweden (Persson, 1998). 
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diorites and tonalities, were also
metamorphism. The youngest plutonic rocks 
consist of fine to medium grained massive 
granites, the Stockholm Granite Formation 
which also contain pegmatites (Persson
Thin amphibolitic dykes occur frequently, and 
dolerite dykes intersect the Stockholm bedrock, 
mainly trending WNW to NW. During the last 
glaciation that covered Northern Europe, 
had its maximum expansion about 20
ago, the bedrock was eroded by polishing and 
plucking (REO, 1976). Nowadays, the 
from the glacier include glacial clay deposited in 
ice lakes and seas in front of the waning glacier, 
gravel and sand in the form of eskers and 
sandurs formed by glacial rivers, and glacial till 
deposited under or at the margin of the glacier 
directly from the glacial ice. The thickness of the 
till can vary, it can be lacking totally or be up to 
15 m, normally it is between 2 to 4
(Persson, 1998). In the Stockholm area till is 
nearly lacking on the tops of hills but thick 
sequence exist in the depressions.
Stockholm Esker, trending north to south, 
extends straight through the central part of the 
city and old town. Glacial and postglacial c
overly the till and sometimes even the esker 
material; it is the predominate sediment at the 
ground surface in the Stockholm region
ever, due to the land upheaval of the Stockholm 
area starting during deglaciation 9

Figure 2. Main structural trend of the bedrock geology and main rock types in the Stockholm 
area; north is up (modified from 
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were also affected by 
metamorphism. The youngest plutonic rocks 

fine to medium grained massive 
Stockholm Granite Formation 

(Persson, 1998). 
Thin amphibolitic dykes occur frequently, and 

the Stockholm bedrock, 
During the last 

glaciation that covered Northern Europe, which 
had its maximum expansion about 20 000 years 

eroded by polishing and 
Nowadays, the deposits 
glacial clay deposited in 

ice lakes and seas in front of the waning glacier, 
gravel and sand in the form of eskers and 
sandurs formed by glacial rivers, and glacial till 
deposited under or at the margin of the glacier 

. The thickness of the 
, it can be lacking totally or be up to 

m, normally it is between 2 to 4 m thick 
). In the Stockholm area till is 

nearly lacking on the tops of hills but thick 
sequence exist in the depressions. The 
Stockholm Esker, trending north to south, 
extends straight through the central part of the 
city and old town. Glacial and postglacial clay 
overly the till and sometimes even the esker 
material; it is the predominate sediment at the 

he Stockholm region. How-
of the Stockholm 

starting during deglaciation 9 000 years ago, 

and still ongoing, the sea waves 
reworked some of the sediment deposit
1976). 

Building activities have transf
the city, the Stockholm Esker has been exploited 
and used for aggregates lowering the ground 
surface in these areas. New land has been gained 
by filling out along the shores, depositing 
sediment in the bays and lakes (REO, 1976). 
According to REO (1976), a description of the 
geotechnical map of Stockholm (Plate 1) is given 
in order to understand the symbology.

- Red: Rock outcrops wit
sediment cover. Generally
ground. Excavations demand

- Blue: Glacial till, poorly sorted sandy, 
silty till. Generally good building ground. 
Problems with settlements or stability are 
rare. When excavating
heavy precipitation can create 
blems. 

- Green: Glaciofluvium, 
Stockholm Esker, composed of well sorted 
and highly permeable sand and gravel
thickness of the deposit is variable, and up 
to 50 m thick deposits are known.

- Orange: Wave reworked sediment mainly 
sand and gravel. 

- Yellow: Glacial and post glacial silt
occurring with considerable thickness and 

. Main structural trend of the bedrock geology and main rock types in the Stockholm 
modified from Persson, 1998). 
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rare. When excavating, groundwater or 
heavy precipitation can create stability pro-
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posit is variable, and up 

thick deposits are known. 
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with considerable thickness and 
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extension in large valleys. The upper meters 
may be dried and thus have a relatively good 
strength. The lower parts of the clay are 
often very saturated and have very low 
strength. 

- Brown: Organic soil or peat deposited on 
the clay. Groundwater surface often coin-
cides with the natural ground surface. 

- Fracture zones (black lines): Generally 
eroded away during the Precambrian and 
filled up with soils. Aperture of the joints 
can vary, although very thin narrow joint 
apertures are common. 

1.4. Project description 

City Link Tunnel, Citybanan in Swedish, consists 
of a 6 km long tunnel for the commuter train 
under central Stockholm, which connects Tom- 
 

teboda with Södermalm (Fig. 3). The infrastruc-
ture includes two new stations: Odenplan 
Station and Stockholm City Station, whereas the 
third one, Stockholm Södra Station is already 
active. Track capacity will be doubled when City 
Link will be finished in 2017. The commuter 
trains will be using the new rails, whereas the 
other rail services will continue operating on the 
present tracks (TRV website, 2012). 

The project is divided into six sections (TRV 
website, 2012): 

- Tomteboda Concrete Tunnel, which con-
nects the City Link Tunnel to the existing 
rail network in the north. 

- Odenplan and Vasa Tunnel, consisting of 
the new Odenplan Station and the tunnel 
that connects the station with Tomteboda, 
respectively. 

 

Figure 3. City Link 
Tunnel; north is up. 
Södermalm’s tunnel 
is located in the 
South of Stockholm, 
between Riddar-
fjärden and 
Stockholm Södra 
Station (modified 
from TRV website, 
2012). 
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- Norrmalms Tunnel, connecting Odenplan 
Station to Stockholm City Station. 

- Stockholm City Station, consisting of a 
tunnel of 1048 m length that contains the 
central station and connects the tunnels 
from both north and south directions of the 
railway line. 

- Söderström’s Tunnel, which consists of a 
300 m long immersed tunnel in concrete 
that is laid with steel core piles anchored 
into the rock below Söderström’s sea bed.  

- Södermalm’s Tunnel, connecting the Sö-
dermström’s tunnel with Stockholm Södra 
Station.  

This study is focused exclusively on the Söder-
malm’s Tunnel. A shallow location of the tunnel 
allowed the use of the already existing  
 

Stockholm Södra Train Station. However, this 
superficial location caused great challenges 
during the construction due to the thin to 
nonexistent rock cover in some parts of the 
tunnel, where there were glaciofluvial sediments 
overlying the bedrock. 

Södermalm’s Tunnel has been excavated using 
the drill and blast method and is divided by three 
different constructions (Fig. 4): the main tunnel, 
with a length of 540 m and between length 
measuring km 35+460 and km 36+000; the 
service tunnel, 490 m long, from km 00+039 to 
km 00+530; and the access tunnel, referred as 
Fatbur’s Tunnel. The areas where most of the 
pre-investigations were performed, consisting of 
Maria Magdalena Church, Södra Latin School 
and Dykärret, are also located (Fig. 4). 

 

Figure 4. Söder-
malm’s Tunnel; 
north is up. The 
tunnel is constituted 
by three sections: 
main tunnel (km 
35+460 to 
km 36+000), service 
tunnel (km 00+039 to 
km 00+530) and 
Fatbur’s Tunnel. The 
location of the Maria 
Magdalena Church 
(MMK), Södra Latin 
School and Dykärret 
is also indicated 
(modified from TRV 
website, 2012). 
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1.5. Site investigation methods 

Site investigations provide information of the 
technical and economic characteristics which 
represent a suitable alternative at a very first 
stage (West et al., 1981). However, their main 
objective is to study and be able to face the 
difficulties that may arise during the construction 
of the underground excavation. The cost of the 
investigations may vary depending on the 
ground conditions and the localization of the 
tunnel. In urban areas, constraints such as the 
types of structures and foundations in the pro-
ximity may increase the costs of investigations. 

West et al. (1981) divides site investigations 
between three stages. The first stage is to assess 
the viability of the project by a preliminary 
appreciation of the site and its ground 
conditions. It may be achieved by using the 
available information in different thematic maps, 
published reports and reports from existing 
nearby excavations in the archives. The usage of 
air photographs may help to localize faulting and 
unstable areas, especially in non-urban areas, and 
surface reconnaissance will provide the addi-
tional information required. The second stage 
considers the subsurface investigations before 
construction. The methods available can include 
boreholes, trial pits, exploratory shafts, pilot 
tunnels and geophysical methods, apart from 
laboratory and in situ tests (West et al., 1981). A 
final ground investigation will be executed 
during the construction in order to confirm and 
correct the information obtained in the previous 
investigations. This step involves probe drilling, 
consisting of boring ahead of the tunnel face, 
taking of samples and photographs, and even the 
usage of geophysical methods (West et al., 1981). 

The most common subsurface investigations in 
the geotechnical field are described in this study. 
The description includes methods for both rocks 
and soils yet this study involves tunneling in 
hard crystalline rocks but also glaciofluvial 
sediments. According to Clayton et al. (1995), 
subsurface investigations carried out in most of 
the cases are drilling, boring, sampling at discrete 
points, and in situ testing. Laboratory tests are 
also frequent in pre-investigations, but they are 
not covered in this study due to its variety and 
complexity. Clayton et al. (1995) points out that 
a small portion of the volume of soil and rock 
affecting the construction site can be sampled 
and tested. Therefore, geophysical techniques, 
offering an overcome of the inherent problems 
given by the conventional investigation methods, 
are also described. 

1.5.1. Drill holes, samplers and coring 

Drill holes are placed at key positions for the 
analysis of geological conditions. The distance 
between drill holes depends on the geological 
complexity at the surface (West et al., 1981). The 
boreholes should be extended deeper into the 
ground than the tunnel, since the tunnel 
operations may be influenced by geological 
conditions deeper down and not just along the 
trace of the tunnel. When vertical boreholes do 
not give enough information, horizontal and 
inclined drill holes may also be required. In deep 
boreholes, it is of special importance to consider 
the unintentional deviation from the vertical or 
other intended orientation due to drilling or 
geological agents (West et al., 1981). 

Different mechanical methods can be used for 
drilling, depending on the composition of the 
ground. Rotary drilling (Terzaghi et al., 1996) 
can be performed in both soils and rocks. In this 
case the drill hole is advanced by rotation of the 
drilling bit that cuts and crushes the material at 
the bottom of the hole. The cuttings rise to the 
surface with the help of drilling mud, usually 
consisting of bentonite. The bentonite forms a 
thin layer of cohesive material on the walls of 
the hole which prevents non-cohesion particles 
of the soil to collapse. However, it may alter the 
sample and may prevent localizing the water 
level. An advantage of rotary drilling is that 
casing is often not necessary as the cuttings 
determine the lithology of the drilled section 
(Terzaghi et al., 1996). Auger drilling (Chen, 
1999) is the most performed boring method in 
soils. The auger consists of a helical shaft that is 
mechanically advanced to bore a hole into the 
soil. By applying pressure to the auger it is 
possible to advance into the soil by rotation. The 
cuttings rise to the surface on the spirals, but the 
depth from which the given soil comes cannot 
be precisely determined (Chen, 1999). Thus, the 
auger needs to be retrieved frequently to allow 
sampling. The hollow-stem auger, a variation of 
the auger, permits sampling from the bottom of 
the hole without removing the auger from the 
hole (Terzaghi et al., 1996). 

Coring during ground investigations is essential 
and thus, continuous undisturbed core samples 
in soft ground and continuous coring in rock 
should be carried out (Assaad, 2009). Rock 
samples can be obtained either from the bottom 
during drilling or from the side of the borehole 
wall after drilling. Bottom coring uses an open 
centre bit to extract the cylindrical core within 
the core barrel. Sidewall coring is a method for 
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taking core samples in existing drill holes. The 
method is often applied in soft rocks. The core 
barrel (Clayton et al., 1995) is the most common 
equipment for recovering samples in rocks, 
consisting in a single tube with an abrasive lower 
edge that is loaded and rotated while a fluid, 
under pressure, goes through the bit. The fluid 
will erode the core and may soften some rocks, 
especially soft shales. Therefore, the single tube-
core barrel is not acceptable as the core is 
disturbed. A double-tube barrel is adequate to 
counteract these two effects, since the fluid does 
not interact with the core. Triple-tube barrels, 
identical to double barrels except that a tight-
fitting liner tube is used inside the inner barrel, 
allow an easier extraction of the core from the 
barrel (Clayton et al., 1995). However, it is not 
possible to immediately see how much recovery 
has been achieved. 

1.5.2. In situ tests 

In situ testing allows determining the engineering 
properties of soils and rocks after the materials 
have been recognized through boreholes 
(Terzaghi et al., 1996). In situ tests are destructive 
methods. Therefore, these tests are usually 
connected to unnecessary boreholes or to 
boreholes drilled as a part of the testing 
procedure (Rowe, 2001). In soils, in situ testing 
includes both index type tests and tests that 
determine the physical properties of the material, 
whereas in rocks, in situ tests are usually used to 
determine stress conditions (Hung et al., 2009). 

In rocks, in situ testing can be used to evaluate 
rock mass deformation modulus, and in some 
instances, the Rock Mass Strength, RMS, 
(NCHRP, 2006). Nevertheless, laboratory tests 
should be considered to extensively determine 
the rock engineering properties. In soils, a 
simple and widely used method to obtain some 
information concerning the degree of com-
pactness or the stiffness in situ is the Standard 
Penetration Test, SPT, (Terzaghi et al., 1996). 
SPT is mainly recommended for granular soils 
and other ground conditions where it is difficult 
to sample and test in the laboratory, since it is 
being used for any ground condition (Schnaid, 
2009). Another method used for non-cohesive 
soils is the Cone Penetration Test, CPT (Clayton 
et al., 1995). Apart from estimating geotechnical 
parameters, CPT also determines the subsurface 
stratigraphy and identifies the materials. Thus, 
CPT may be used while drilling to obtain the 
data from the drilling machine. Additionally, it is 
common to use SPT and CPT to define the 

contact boundary between soil and rock 
(NCHRP, 2006). 

1.5.3. Geophysics 

Geophysical methods provide information about 
the rock and soil properties in continuous 
sections between the drill hole points, and are of 
great importance for interpreting the lateral 
extension of properties observed in the drill hole 
cores (Clayton et al., 1995). Geophysical me-
thods require drill hole data for accurate 
interpretation. Therefore, it is wiser to carry out 
geophysical measurements first, and then decide 
the number of drill holes required and the 
location that give the greatest aid in interpreting 
the geophysical data. Different physical pro-
perties may be obtained depending on the 
technique and, in some cases the knowledge of 
this property will be directly used in the design 
of the tunnel (Goodman, 1993). The most used 
geophysical techniques for engineering purposes 
are described in the following order: ground 
penetrating radar, electrical methods, and seismic 
refraction. Moreover, electromagnetic and mag-
netic methods, less used in construction, are 
briefly cited. 

Ground penetrating radar (Clayton et al., 1995) 
generates a pulsed electromagnetic wave that 
travels through the subsurface at a velocity 
determined by the electrical properties of the 
ground. Differences in relative permittivity will 
result in the waves being reflected and then 
captured by an antenna. The reflected signals are 
digitized and processed instantaneously. Faults 
and fractures, from both surface surveys and 
boreholes can be detected, as well as presence of 
water. 

Electrical methods (Goodman, 1993) measure 
the resistivity and conductivity of the soil and 
rock. The resistivity is influenced by the porosity 
and jointing of the rock, the salinity of the pore 
water, the ground temperature and the clay 
content. Therefore, these methods can be used 
to map fault zones and locate the water table. 
Electrical resistivity methods can also be used to 
map subsurface fault zones, not visible at the 
surface and to prospect for sources of ground 
water (Clayton et al., 1995). Different confi-
gurations exist depending on the placement of 
the electrodes, and a special configuration has to 
be adapted in each situation. 

Seismic refraction is of great value to determine 
stiffness variations of the rock and soils (Clayton 
et al., 1995) and to locate the groundwater table 
(Milsom, 2003). The method measures the time 
it takes to receive a seismic signal at different 
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distances from a known source (Goodman, 
1993). The seismic wave is generated in the 
ground using a vibrator, falling hammer or 
explosive charge, and the resulting motion is 
detected at the surface by vibration detectors or 
geophones (Clayton et al., 1995). Procedures for 
guiding seismic studies may vary depending on 
the situation of the emitters and receptors, as 
they can be located on the surface or in the 
borehole (Goodman, 1993). 

Electromagnetic surveys (Goodman, 1993) can 
substitute electrical methods in relatively simple 
geologic formations, saving in personnel costs. 
This method consists of creating a magnetic 
field, using alternating electric current and a 
transmitting coil that can determine rock 
contacts, faults and sources of groundwater. On 
the other hand, magnetic methods, which 
characterize the magnetic susceptibility of rocks, 
may determine the occurrence of dykes and 
contacts between igneous and sedimentary rocks 
(Goodman, 1993). 

1.6. Rock classification methods 

Rock classifications can be powerful aid in rock 
engineering when used correctly. These classi-
fications need to be combined with analytical 
and observational data, they may be used with 
enough inputs, and the knowledge of more than 
one classification system should be considered 
(Bieniawski, 1993). In this section, rock 
classifications described are: Rock Quality Desig-
nation (RQD), Rock Mass Rating (RMR), and 
rock mass quality Q. 

1.6.1. Rock Quality Designation 

Rock Quality Designation (RQD), developed by 
Deere during 1963-67, can be used as a classi-
fication parameter because, even if it is not 
sufficient on its own for a full description of a 
rock mass, it is highly efficient in calculating 
tunnel support (Bieniawski, 1989). RQD esti-
mates the rock mass quality from drill core logs, 
being the percentage of intact core pieces longer 
than 10 cm in the total length of the core. The 
core usually has a length of 1.5 m (Milne et al., 
1998) and at least 54.7 mm in diameter, and 
should be drilled with a double-tube core barrel 
(Hoek et al., 1998). Palmström (1982) suggested 
that, when no core is available but discon-
tinuities are visible, the RQD may be estimated 
from the number of discontinuities per unit 
volume (Eq. 1): 

��� = 115 − 3.3
�																				[��. 1] 

Where Jv is the number of joints per unit length 
for all discontinuity sets (Hoek et al., 1998). 

1.6.2. Rock Mass Rating 

The Rock Mass Rating (RMR) system was 
developed by Bieniawski during 1972-73, but 
modified over the years as more cases in tunnels, 
chambers, mines, slopes and foundations be-
came available (Bieniawski, 1993). The following 
six parameters are used in RMR system: 

1. Uniaxial compressive strength of rock 
material 

2. Rock Quality Designation, RQD 
3. Spacing of discontinuities 
4. Condition of discontinuities 
5. Groundwater conditions 
6. Orientation of discontinuities 

In order to apply the RMR classification, the 
rock mass is divided into a number of structural 
regions such that certain characteristics are 
slightly uniform within each region. The boun-
daries of the structural areas usually coincide 
with major structural features such as faults, 
dykes, or changes in lithology. Once the 
structural regions have been defined, the classi-
fication parameters are determined from field 
measurements and entered into the input data 
sheet. Each parameter of the classification is 
ranged into different values depending on its 
overall importance (Appendix I). The final index 
given by RMR system is the sum of the first fifth 
parameters considered. The orientation of the 
discontinuities is treated separately and only indi-
cates a qualitative description (Bieniawski, 1993). 
This index varies from zero to 100 depending on 
the quality of the rock mass. Apart from the 
quality designation, the RMR system provides 
guidelines for the selection of permanent 
support for tunnels (Table 1). These guidelines 
depend on the in situ stress, given by the depth 
below the surface; tunnel size and shape, and the 
method of excavation. The main advantage of 
the RMR system is that it is easy to use and the 
classification parameters are easily obtained from 
boreholes or underground mapping (Bieniawski, 
1993). However, in some cases RMR is insen-
sitive to minor variation in rock quality and the 
support recommendations appear to be con-
servative and have not been revised to reflect 
new reinforcement features (Milne et al., 1998). 

1.6.3. Rock mass quality Q 

Rock mass quality Q developed by Barton et al. 
(1974) determines the quality of the rock using 
six parameters. Each parameter has a rating of 
importance that can be estimated from surface 
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mapping and can be more accurately determined 
during excavation. The six parameters are as 
follows: 

1. Rock Quality Designation, RQD 
2. Joint set number, Jn 
3. Joint roughness number, Jr 
4. Joint alteration number, Ja 
5. Joint water reduction factor, Jw 
6. Stress Reduction Factor, SRF 

The combination of the six parameters (Barton 
et al., 1974) gives the numerical value from the 
Q classification (Eq. 2). 

� =
���


�
∙
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�
∙

�

���
																		[��. 2] 

The first quotient (RQD/Jn) represents the 
structure of the rock mass as it measures the 
block or particle size. The second quotient (Jr/Ja) 
exemplifies the roughness and frictional charac-
teristics of the joint walls or filling materials. 
And the third quotient (Jw/SRF) can be regarded 
as the total stress parameter. The numerical 
value of Q ranges on a logarithmical scale 
between 0.001, for exceptionally poor quality 
squeezing ground, to 1000, for extremely good 
quality rock (Fig. 5). The main advantages of Q-
system are that it is relatively sensitive to minor 
variations in rock properties, and modifications 
over the years have only occurred in the Stress  
 

Reduction Factor, SRF (Milne et al., 1998). 
However, this classification is rather difficult to 
apply for inexperienced users (Milne et al., 1998). 

1.7. Tunnel construction 

Rock classification systems described previously 
determine the amount of support that 
excavations need to be stabilized. Due to this 
direct relation, the most common rock reinfor-
cement techniques for tunneling are described in 
this project. A description of the tunnel support 
is made as follows: bolting, shotcrete, steel ribs 
and lattice girders. Groundwater protection 
techniques are also described in the project since 
they can be part of the reinforcement, such as 
the case of grouting fans. 

1.7.1. Tunnel reinforcement 

Initial rock support may consist of shotcrete, 
rock bolts, steel ribs, and steel mesh. These rein-
forcement elements stabilize and preserve the 
tunnel after excavation and provide safety to the 
workers. The required initial support depends on 
the quality of the rock. When the rock quality is 
good enough, no additional support may be 
required. However, in tunnels where the rock is 
weak, the initial support does not fulfill the role 
of permanent support and additional system 
bolting or concrete lining has to be installed. 

Rock bolts can be mechanically anchored or 
grouted (USACE, 1997). Rock bolts are intro-

Table 1. Guidelines for excavation and support of 10 m span rock tunnels in accordance with 
the RMR system, after Bieniawski, 1989. 

Rock mass class Excavation 
Rock bolts  

(20 mm diameter, 
fully grouted) 

Shotcrete Steel sets 

Very good rock 
RMR 81 to 100 

Full face, 
3 m advance. 

Generally no support required except spot bolting. 

Good rock 
RMR 61 to 80 

Full face, 1 to 1.5 m 
advance. Complete 
support 20 m from face. 

Locally, bolts in crown 
3 m long, spaced 
2.3 m with occasional 
wire mesh. 

50 mm in crown 
where required. 

None. 

Fair rock 
RMR 41 to 60 

Top heading and bench, 
1.5 to 3 m advance in top 
heading. Commence 
support after each blast. 
Complete support 10 m 
from face. 

Systematic bolts 4 m 
long, spaced 1.5 to 
2 m in crown and 
walls with wire mesh. 

50 to 100 mm in 
crown and 30 mm in 
sides. 

None. 

Poor rock 
RMR 21 to 40 

Top heading and bench, 
1 to 1.5 m advance in top 
heading. Install support 
concurrently with 
excavation, 10 m from 
face. 

Systematic bolts 4 to 
5 m long, spaced 1 to 
1.5 m in crown and 
walls with wire mesh. 

100 to 150 mm in 
crown and 100 mm in 
sides. 

Light to medium ribs 
spaced 1.5 m where 
required. 

Very poor rock 
RMR < 20 

Multiple drifts 0.5 to 
1.5 m advance in top 
heading. Install support 
concurrently with 
excavation. Shotcrete as 
soon as possible after 
blasting. 

Systematic bolts 5 to 
6 m long spaced 1 to 
1.5 m in crown and 
walls with wire mesh. 
Bolt invert. 

150 to 200 mm in 
crown, 150 mm in 
sides, and 50 mm on 
face. 

Medium to heavy ribs 
spaced 0.75 m with 
steel lagging and 
forepoling if required. 
Close invert. 
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duced into a borehole, previously drilled into the 
rock. The hole should be cleaned before 
installing the bolt. Mechanically anchored bolts 
are then tightened and tensioned. Grouted bolts 
are usually left untensioned after installation, and 
when the grout has reached sufficient strength, 
the bolts are finally tensioned. The g
consist of resin or cement, which usually needs 
to be mixed with an accelerator. In addition, end 
plates are fixed to the rock bolts by nuts. 
end plates, apart from providing a 
reaction to the rock in the tensioned bolts, can 
also be used to hold in place the 
Insertion of shotcrete in the end plates may 
contribute to surface protection of the bolt. In 
all cases, rock bolts need to be tested
their functionality (USACE, 1997). 
of bolts are the Swellex bolts (Bureau
which are possible to be used in both rocks and 
soils, and are approved as permanent support in 
some cases. Once introduced into the borehole, 
Swellex are expanded using high pressure water 
pumps: the quality of their installation is 
mined when the pump is stopped, 
is when the bolt completely 
Therefore, Swellex bolts ensure total integrity 
into the rock mass, whereas cement and resin 
grouted bolts cannot guaranty that the whole 
surface is entirely in contact with the rock 
(Bureau, 1997). 

Shotcrete is commonly used due to its ability to 
be applied immediately to fresh excavated rock 
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duced into a borehole, previously drilled into the 
d be cleaned before 

installing the bolt. Mechanically anchored bolts 
. Grouted bolts 

are usually left untensioned after installation, and 
when the grout has reached sufficient strength, 

tensioned. The grout can 
consist of resin or cement, which usually needs 
to be mixed with an accelerator. In addition, end 
plates are fixed to the rock bolts by nuts. The 

part from providing a supporting 
tensioned bolts, can 

the steel mesh. 
Insertion of shotcrete in the end plates may 
contribute to surface protection of the bolt. In 
all cases, rock bolts need to be tested to ensure 

SACE, 1997). Another type 
(Bureau, 1997), 

possible to be used in both rocks and 
, and are approved as permanent support in 

. Once introduced into the borehole, 
high pressure water 

the quality of their installation is deter-
when the pump is stopped, good quality 

the bolt completely fills the hole. 
Therefore, Swellex bolts ensure total integrity 
into the rock mass, whereas cement and resin 

that the whole 
ace is entirely in contact with the rock 

Shotcrete is commonly used due to its ability to 
be applied immediately to fresh excavated rock  

surfaces and due to its 
complex shapes such as tunnel intersections
(USACE, 1997). For initial support, shotcrete is 
often sprayed on the fresh rock in layers of 5 to 
10 cm thick. In blasted rock, where irregu
surfaces are frequent, shotcrete
greater thickness where required to prevent 
block motion and leave the surface more 
uniform. In poor or squeezing ground, shotcrete 
may require additional reinforcement 
gain sufficient strain capacity and ductility. Steel 
Fiber Reinforced Shotcrete (SFRS) consists of
adding steel fibers to the concrete to increase the 
flexural and tensile strength and enhance the 
post-failure ductility of the shotcrete. The steel 
fibers consist of 25 to 38
steel strips or pins that are
shotcrete mixture, between 
(USACE, 1997). 

Steel ribs and lattice girders
required when low quality ground conditions 
exist. Lateral spacer rods or collar braces are
often placed between steel ribs to provide lateral 
continuity between them. During and after the 
rib is erected, it has to be blocked into place with 
shotcrete. An alternative support may be the 
pipe umbrella system, consisting of 
installed from the actual tunnel face
forward in an umbrella shape around the area to 
be excavated (Volkmann & Schubert, 
diameter of the steel pipes ranges from 60 to 
200 mm and the length of each umbrella is 
usually 12 m or 15 m. Two different methods of 
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surfaces and due to its ability to adhere to 
complex shapes such as tunnel intersections 

. For initial support, shotcrete is 
the fresh rock in layers of 5 to 

thick. In blasted rock, where irregular 
surfaces are frequent, shotcrete is accumulated in 
greater thickness where required to prevent 
block motion and leave the surface more 
uniform. In poor or squeezing ground, shotcrete 
may require additional reinforcement in order to 

in capacity and ductility. Steel 
ced Shotcrete (SFRS) consists of 

adding steel fibers to the concrete to increase the 
flexural and tensile strength and enhance the 

failure ductility of the shotcrete. The steel 
fibers consist of 25 to 38 mm long deformed 
steel strips or pins that are added to the 
shotcrete mixture, between 50 to 80 kg/m3 

Steel ribs and lattice girders (USACE, 1997) are 
required when low quality ground conditions 
exist. Lateral spacer rods or collar braces are 
often placed between steel ribs to provide lateral 
continuity between them. During and after the 
rib is erected, it has to be blocked into place with 
shotcrete. An alternative support may be the 

umbrella system, consisting of steel pipes 
om the actual tunnel face, extending 

in an umbrella shape around the area to 
& Schubert, 2007). The 

eel pipes ranges from 60 to 
mm and the length of each umbrella is 

m. Two different methods of  

Figure 5. Rock 
classes and estimated 
support based on the 
tunneling quality 
index Q (Hoek et al., 
1998). 



Comparison between pre-investigations and geotechnical site characterization of City Link, Stockholm

 

11 

 

installation of the umbrella are available: the 
cased-drilling system and the pre-drilling system. 
In the cased-drilling system the pipe follows 
directly behind the drilling bit, providing 
immediate support, whereas in the pre-drilling 
system the pipe is installed after having drilled 
the holes (Volkmann & Schubert, 2007). 

1.7.2. Groundwater protection 

Pressure grouting is applied when strengthening 
of the ground or inhibiting of the water flow 
through the rock is required (Warner, 2004). 
Grouting in rocks may involve sealing the 
fractures to make them impermeable and to 
increase the bearing strength of the rock mass. 
In soils, grouting is commonly used to augment 
the load-bearing capacity, and in some cases, to 
lower the permeability by sealing the voids 
(Warner, 2004). 

Two main ways of grouting exist in rock 
tunneling: pre-grouting, before the excavation is 
done, and ahead of the tunnel face; and post-
grouting, done in boreholes in the excavated 
opening extensive leakage is observed (Hollmén, 
2008). The pre-grout is injected in a fan shape, 
which surrounds the tunnel with holes parallel or 
inclined 10 to 20 degrees out from the tunnel. A 
common length of the grout holes ranges 
between 20 and 25 m with 5 to 10 m overlap 
between the grouting fans (Fig. 6). The number 
of grout holes per fan depends on the adopted 
grouting method and the requirements of the 
rock. In addition, it is important to consider the 
possible deviation of the drill holes when grou-
ting, since the quality of the fan may be 
decreased (Dalmalm, 2004). 

A stop criteria needs to be adopted when 
grouting in each borehole, since grouting after 
that point is uneconomical (Hollmén, 2008). 
Different standards can limit the amount of 
grout in rock mass: a maximum grouting time, a 

maximum grouting volume or a minimum 
grouting flow. In fractures with small aperture, 
the minimum flow criterion becomes important. 
In fractures with a larger aperture, a high 
maximum volume may be needed (Emmelin et 
al., 2007). 

Tunnels in soils or highly weathered rocks with 
high ground water pressures require the 
installation of drainages to reduce the pressures 
and to reduce the infiltration of water into the 
tunnel (Lemke et al., 2008). An impervious layer, 
consisting of 2 to 3 mm thickness PVC or 
polyethylene material, is installed in the whole 
perimeter of the tunnel. The layer is located 
between the initial support, consisting of 
shotcrete, bolts or steel ribs, and the permanent 
lining (Lemke et al., 2008). The impervious sheet 
acts as a barrier that drives the groundwater to 
the lower parts of the tunnel, where the drains 
are located and the water is collected. To ensure 
waterproofing of the tunnel, the layers need to 
be welded carefully (Lemke et al., 2008). 
Furthermore, a geotextile is placed between the 
ground and the layer to create a better sliding 
surface for the water, and function as a protector 
of the sheet. 

2. DATA AND METHODS 

Data regarding the pre-investigations done by 
Trafikverket for the Södermalm’s Tunnel was 
obtained through Mineconsult AB. Record of 
the tunnel mappings is also obtained through 
Mineconsult AB. 

Data of the pre-investigations performed is 
available for the whole trace of the tunnel. Data 
of the detailed investigations while tunneling is 
available for the excavated areas as the tunnel 
construction is not finished yet. In addition, the 
data from the pre-investigations is the basis for 
the statistical comparison with the actual data 
determined while tunneling. 

2.1. Pre-investigations and Study cases 
documentation 

Several reports describe the different techniques 
used during the pre-investigations and present 
the results of the geotechnical data. The data 
consisted mainly of rock type identification, 
predicted RMR and Q values, joint orientations, 
rock stress measurements, and hydraulic conduc-
tivity. 

Geological mappings of the excavated sections 
were the main investigations during tunneling. 
Sections ranging 3 to 8 m were the most 
common lengths of the mappings. The map-

Figure 6. Pre-grouting drill pattern follo-
wing a fan shape (Hollmén, 2008). 
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pings consisted of hand-written reports 
containing information of: rock type; particle 
size, degree of weathering and orientation of 
structures in the rock mass; values of the RMR 
and Q classifications; orientation of the main 
joint sets, spacing, aperture, filling and presence 
of water in the fractures (Appendix II). Further-
more, a proposal of the rock support expected 
to be required in the roof / spring line and walls 
of the tunnel section is added. All data from the 
hand-written mappings is computerized in CAD 
and Excel files in order to have a digital 
database. The Excel files contained both 
predicted and actual RMR and Q values, the 
grouting information, and additional comments 
for each section. Two types of CAD files were 
produced: CADs with geological mapping  
 

information, and CADs including the support 
applied. On the geological mapping CADs, apart 
from the rock types and joint structures, it is 
possible to identify the different geotechnical 
classifications used in the project (Appendix III). 
The CADs containing the tunnel support give 
the location of the spot bolts installed, clarify the 
density of bolts in system-bolting areas, specify 
the shotcrete thickness and characterize the 
different grouting fans by indicating the number 
of holes and the quantity of grout required 
(Appendix IV). Other investigations while 
tunneling are provided in separate reports and 
described in the results of the Study cases. 

In the next section, the geotechnical classifica-
tions, rock support classes and grouting used in 
the Södermalm’s Tunnel are presented. 

Table 2. Rock type classification, including the description of the rock mass, expected 
observations / problems during tunneling, and expected rock quality (TRV, 2008). 

Rock 
type 

Description of rock mass Expected observations / Problems in 
tunneling 

Expected 
rock 

quality 

A Big to medium blocky granite or gneiss-granite; 
big to medium blocky sparingly exfoliated gneiss 
dominated by quartz and feldspar minerals; big to 
medium blocky pegmatite (pegmatite mainly pre-
sent as intrusions or deposits on the above types 
of rock mass). 
The majority of the cracks have rough fracture 
surfaces with none or small amounts of crack 
filling (mainly biotite, calcite and quartz). Isolated 
smooth cracks coated with chlorite may occur. 

Generally very poor deformations. Fallout of 
the blocks in the roof and walls in connection 
with blasting may occur as well as local ex-
foliation. Advance length can be up to 5 m in 
single and double track tunnels. Essentially, 
good adhesion between the sprayed concrete 
and rock expected. 

70
≤
R

M
R
≤
10

0 

B Medium to small blocky granite or gneiss-granite; 
medium to small blocky moderated, exfoliated 
gneiss; medium to small blocky pegmatite. 
The majority of fractures have no rough fracture 
surfaces to smooth filling with small amounts of 
either hard minerals (such as calcite and feldspar) 
or soft minerals (chlorite, talk, graphite and clay 
minerals). Single cracks with armor surfaces (slick 
sides) can occur. 

Generally poor deformations. Fallout of blocks 
in the roof and walls in connection with the 
blasting in not reinforced conditions can occur 
as well as local fallout due to overloaded rock 
between bolts in the roof before the shotcrete 
is applied. Advance length can be up to 5 m in 
single and double track tunnels. Essentially, 
good adhesion between the sprayed concrete 
and rock expected. 

50
≤
R

M
R
≤
70

 

C Slightly blocky to highly crushed granitic rock 
mass; slightly blocky to highly crushed and 
strongly foliated rock mass. 
Most of the cracks are filled with smooth and soft 
minerals (such as chlorite, talc, graphite and clay 
minerals). Relatively frequent occurrence of 
cracks with the armor surfaces. 

Generally highly deformed. Fallout of the block 
and/or overloaded rock between bolts in the 
roof / spring line, as well as relaxation of the 
blocks in the walls before application of 
shotcrete reinforcement can occur if this is 
installed far behind the front. To avoid the 
stability concerning driving problems, the 
advance length can be reduced may be ne-
cessary. Cracking of shotcrete installed up to 
or near the front may occur. Poor adhesion 
between shotcrete and rock may be expected. 

30
≤
R

M
R
≤
50

 

D Strong tectonically influenced, broken up and 
crushed rock mass. Extensive training of shear 
planes. The majority of cracks are smooth and 
filled with large quantities of soft minerals (chlorite, 
talc, graphite and clay minerals). 

Generally extremely deformed. Large-scale 
loads and structure-related movements and 
fracture in the rock mass can be expected 
from exposure of large areas in both the roof / 
spring line and walls of the tunnels in slender 
structures. Immediate reinforcement up to the 
tunnel front can be expected to be necessary. 
Overload (plasticization) of gain that is 
installed near the tunnel face is probable as 
well as problems with the front stability. Poor 
adhesion between shotcrete and rock can be 
expected. 

R
M

R
<

30
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Table 3. Rock class (conditions of the 
bedrock between weak zones) (TRV, 
2008). 

B1 Essentially a single joint set with irregular 
occurring cracks. No block delimitation. 

B2 
Mainly two joint sets and irregular presence of 
fractures that give rise to delimitation of individual 
blocks. 

B3 Three joint sets with formation of a large block 
and with an average edge length > 2 m. 

B4 
Three or more joint sets with cracks occurring 
irregularly, formation of large blocks, and an 
average edge length of 0.6 to 2 m. 

 

Table 4. Weak zones (TRV, 2008). 
S1 Rock with planar jointing (layer thickness >10 cm). 

S2 Rock with planar jointing (layer thickness <10 cm). 

S3 Blocky rock (blocks with a perimeter length 
> 20 cm). 

S4 Partially crushed rock (blocks with a perimeter 
length < 20 cm). 

S5 Completely crushed rock. 

 

Table 5. Clay alteration (TRV, 2008). 
L1 Fracture weathered to clay (width < 10 cm). 

L2 Fracture weathered to clay (width > 10 cm). 

L3 Zone with clay alteration in all joints. 

L4 Zone presenting generalized clay alteration. 

 

2.1.1. Geotechnical classifications in the project 

Rock classification in the Södermalm’s Tunnel is 
based on two systems: RMR and Q. Values of 
both systems were given in the preliminary stage 
of pre-investigations as a prognosis of the rock 
quality along the underground excavation. RMR 
and Q values were also given in the tunnel 
mappings provided while excavating. 

An adaptation of the RMR system for this 
project was made depending on the type of rock, 
and the degree of weathering and deformation 
of the rock mass along the tunnel, referred as 
Rock type (Table 2). A brief description of the 
rock mass and the possible expected problems 
when tunneling in each category is also given. 
Other classifications were set in the project in 
order to standardize the rock descriptions when 
mapping. Two of the classifications are based on 
the number of joints sets in a specified area: 
Rock class, describing the number of joint sets 
and the possibility of block formation in the 
areas considered not to be weak zones (Table 3); 
and Weak zones, which classifies the areas 
regarded to be weak zones depending on their 
fracturing degree (Table 4). A classification 
based on the presence of clay in the fractures 

and the rock mass was also determined, referred 
as Clay alteration (Table 5). 

2.1.2. Rock support and grouting in the project 

Rock support in the tunnel was based on the 
RMR classification. The Q-system was used to 
determine the length of the bolts, and when low 
values were obtained in the Q-system, the RMR 
at that point was revised. The reinforcement 
consisted of a combination of SFRS, grouted 
bolts and grouting fans. A distinction was made 
between spot bolts, used to avoid block fallings, 
and system bolts, applied in a specified pattern 
(C/C) according to structural findings. 

Four different support classes were established 
depending on the span of the tunnel and dis-
tinction was made between the roof / spring 
line, and the walls of the excavation (Tables 6 
to 9). Reinforcement class 1 was applied in the 
service tunnel, and Reinforcement class 3 was used 
in the main tunnel. Reinforcement classes 2 and 4 
were practiced in the access zones from service 
tunnel and main tunnel, respectively. 

Grouting fans were performed along the entire 
length of the tunnel, as a measure of reinfor-
cement and waterproofing. The main grout used 
was INJ30 and in special cases INJ20 was also 
injected. INJ30 has a particle size distribution 
where 95 percent of the material is less than 
30 µm in particle size (d95 = max 30 µm).The 
compact density of this cement is approximately 
3100 to 3200 kg/m3, and the bulk density ranges 
between 800 to 1500 kg/m3 (Cementa AB, 
2007). INJ20 was used in cases where the 
aperture of the fractures is extremely small, since 
d95 = max 20 µm. The grouting fans consisted of 
several holes of approximately 21 m long and 
64 mm in diameter in both the main and service 
tunnel (Fig. 7). There were about 5 and 8 m over 
lapped from one fan to the other, and an average 
distance of 2 m was left between the grouted 
holes in the face of the tunnel (Fig. 7). The 
water/cement ratio generally used for the grout 
was 0.8. The stop criterion was usually de-
pendent on the pressure: grouting pressure was 
limited to 17 bars. However, if the pressure was 
not reached, volume of grout was used as stop 
criteria. 

2.2. Available data for the statistic 
analyses 

A database was created with the parameters 
concerning the pre-investigations and the tunnel 
mappings. The available data describe the rock 
quality, rock properties, and joint characteristics 
of the rock mass, as well as quantify the rock 
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support and grouting applied in the tunnel 
(Appendix V). 

Rock quality parameters introduced in the 
database were the predicted and the current 
values from the tunnel mappings of RMR and Q 
classifications. Values regarding the classi-
fications adopted in this specific project: Rock 
class (Table 3), Weak zones (Table 4) and Clay 
alteration (Table 5) were also introduced in the 
database. Since Rock class describes the quality of 
the ground between the Weak zones, both  
 

classifications were considered in the same 
category, referred to Rock classification.  The rock 
properties were given a numerical format in the 
database. The variables considered were: the 
rock type (1= gneiss, 2 = pegmatite, 3 = granite, 
4 = gneiss-granite), the particle size (1 = 
medium, 2 = coarse), weathering state (1 = 
fresh, 2 = slightly weathered, 3 = moderately 
weathered), and structure (1 = massive, 2 = 
massive to blocky, 3 = blocky). 

Variables included with respect to the joint  
 

Table 6. Reinforcement class 1. Span class 1: B ≤ 6 m; Rock cover ≥ B/2; Bolt length: 
L =2.4 m; S indicates spot bolts (TRV, 2008). 

Rock 
type 

Rock quality 

Bolts Steel fiber reinforced shotcrete 
Reinforcing 

class 
Bolt length (m) Thickness (mm) 

Roof / Spring line Wall Roof / Spring line Wall 

A 70 ≤ RMR ≤ 100 S S 50 0 1A 

B1 60 ≤ RMR < 70 2 S 50 0 1B:1 

B2 50 ≤ RMR < 60 1.7 S 50 0 1B:2 

C 30 ≤ RMR < 50 1.5 1.5 75 50 1C 

D 0 ≤ RMR < 30 Special reinforcement, designed from case to case. 

Table 7. Reinforcement class 2. Span class 2: 6 < B ≤ 9 m; Rock cover ≥ B/2; Bolt length: 
L = 3 m; S indicates spot bolts (TRV, 2008). 

Rock 
type 

Rock quality 

Bolts Steel fiber reinforced shotcrete 
Reinforcing 

class 
Bolt length (m) Thickness (mm) 

Roof / Spring line Wall Roof / Spring line Wall 

A 70 ≤ RMR ≤ 100 S S 50 0 2A 

B1 60 ≤ RMR < 70 2 S 50 0 2B:1 

B2 50 ≤ RMR < 60 1.7 S 50 0 2B:2 

C 30 ≤ RMR < 50 1.5 1.5 75 50 2C 

D 0 ≤ RMR < 30 Special reinforcement, designed from case to case. 

Table 8. Reinforcement class 3. Span class 3: 9 < B ≤ 15 m; Rock cover ≥ B/2; Bolt length: 
L = 4 m; S indicates spot bolts (TRV, 2008). 

Rock 
type 

Rock quality 

Bolts Steel fiber reinforced shotcrete 
Reinforcing 

class 
Bolt length (m) Thickness (mm) 

Roof / Spring line Wall Roof / Spring line Wall 

A 70 ≤ RMR ≤ 100 S S 50 0 3A 

B1 60 ≤ RMR < 70 2 2 50 50 3B:1 

B2 50 ≤ RMR < 60 1.7 1.7 75 50 3B:2 

C 30 ≤ RMR < 50 1.5 1.5 100 75 3C 

D 0 ≤ RMR < 30 Special reinforcement, designed from case to case. 

Table 9. Reinforcement class 4. Span class 4: 15 < B ≤ 20 m; Rock cover ≥ B/2; Bolt length: 
L = 5 m; S indicates spot bolts (TRV, 2008). 

Rock 
type 

Rock quality 

Bolts Steel fiber reinforced shotcrete 
Reinforcing 

class 
Bolt length (m) Thickness (mm) 

Roof / Spring line Wall Roof / Spring line Wall 

A 70 ≤ RMR ≤ 100 2 S 50 0 4A 

B1 60 ≤ RMR < 70 2 2 75 50 4B:1 

B2 50 ≤ RMR < 60 1.7 1.7 100 50 4B:2 

C 30 ≤ RMR < 50 
Special reinforcement, designed from case to case. 

D 0 ≤ RMR < 30 
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characteristics were: strike and dip, aperture 
(cm), spacing (m), filling material, and water 
content of the joints. The tunnel mappings 
provided information about the compos
the filling materials in the fractures. Since there 
were several elements identified, the fill materials 
were classified in the database as: 1 = cemen
titious, 2 = non-cementitious and 0 = no data. 
Cementitious materials include calcium and 
feldspar, whereas non-cementitious materials 
include iron, limonite, pyrite, chlorite, clay and 
graphite. The content of water in the fractures 
has been classed in four different numerical 
categories: 1 = dry, 2 = damp, 3 = wet and 4 = 
dripping. 

The data regarding the tunnel support include 
the number of spot bolts in each section, the 
length of the bolts, the distribution of the system 
bolting (C/C), and the thickness of the 
shotcrete. Distinction between the support 
applied in the roof and the walls of the tunnel 
can be made from the CAD file containing the 
support data. The available data from the 
grouting consists of the number of holes and 
quantity of grout, expressed in kg per grout fan.

The database is presented in two diff
one considering the original data of the reports 
and containing the characteristics of the 
fractures (Appendix V); and the other one 
considering the variables to be analyzed and 
without taking into account the fractures 
(Appendix VI). By this subdivisi
tition of the data (involving rock quality, rock 
properties, rock support and grouting) from 
each section was avoided, since the same 
information for the representative joints in each 
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were: strike and dip, aperture 
(cm), spacing (m), filling material, and water 
content of the joints. The tunnel mappings 
provided information about the composition of 
the filling materials in the fractures. Since there 
were several elements identified, the fill materials 
were classified in the database as: 1 = cemen-

cementitious and 0 = no data. 
include calcium and 

cementitious materials 
include iron, limonite, pyrite, chlorite, clay and 
graphite. The content of water in the fractures 
has been classed in four different numerical 
categories: 1 = dry, 2 = damp, 3 = wet and 4 = 

The data regarding the tunnel support include 
the number of spot bolts in each section, the 

distribution of the system 
(C/C), and the thickness of the 

shotcrete. Distinction between the support 
applied in the roof and the walls of the tunnel 
can be made from the CAD file containing the 
support data. The available data from the 
grouting consists of the number of holes and 
quantity of grout, expressed in kg per grout fan. 

is presented in two different files: 
one considering the original data of the reports 

characteristics of the 
V); and the other one 

es to be analyzed and 
taking into account the fractures 

. By this subdivision, the repe-
(involving rock quality, rock 

properties, rock support and grouting) from 
since the same 

or the representative joints in each  

section was considered in the database.

The different inputs to be statistically analyzed
(Table 10; Appendix VI) 
according to the sections fr
mappings instead of using 
which would not be representative per each case. 
Even though excavation advance is performed in 
intervals of 0.5 to 3 m, depending on the rock 
quality, the support is applie
(Table 1). For this reason, it was considered 
coherent to maintain the parameters given per 
each mapped section, of lengths ranging from 
zero to 8 m, as they represent an area of similar 
rock characteristics. When lengths exceeded 8
the section was divided into two parts
to reduce the variability of the section lengths.

The number of spot bolts in each section cannot 
be directly used itself to compare between the 
three Study cases, since the main tunnel and the 
service tunnel have different dimensions. 
Therefore, the variable m2
represent the area affected by a single bolt. This 
variable was calculated considering both system 
and spot bolting, and concerning only the area 
where the support is applied in each section, 
since the walls are not always supported by bolt

Due to the difference of size between the main 
and the service tunnel, the grout was expressed 
as kg per area of the section. The area of the 
section was calculated considering the perimeter 
delimitated by the walls, roof and ground of the 
tunnel, since the grouting fan surrounds the 
tunnel, and multiplied by the length of the 
section. The amount of grout per hole was 
obtained dividing the quantity of grout injected 
 

 

Grouting fan scheme of the service tunnel (modified from TRV, 2008
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in the database. 

to be statistically analyzed 
VI) were introduced 

rding to the sections from the tunnel 
mappings instead of using a regular interval 
which would not be representative per each case. 
Even though excavation advance is performed in 

m, depending on the rock 
lied at longer distances 

1). For this reason, it was considered 
coherent to maintain the parameters given per 
each mapped section, of lengths ranging from 

m, as they represent an area of similar 
When lengths exceeded 8 m 

the section was divided into two parts in order 
ability of the section lengths. 

The number of spot bolts in each section cannot 
be directly used itself to compare between the 

, since the main tunnel and the 
l have different dimensions. 

m2bolt was created to 
represent the area affected by a single bolt. This 
variable was calculated considering both system 
and spot bolting, and concerning only the area 
where the support is applied in each section, 
since the walls are not always supported by bolts. 

Due to the difference of size between the main 
and the service tunnel, the grout was expressed 
as kg per area of the section. The area of the 
section was calculated considering the perimeter 
delimitated by the walls, roof and ground of the 

the grouting fan surrounds the 
tunnel, and multiplied by the length of the 
section. The amount of grout per hole was 
obtained dividing the quantity of grout injected  

2008). 
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by the number of holes per grout fan. The grout 
injected to the fractures was estimated per each 
section. The difference between the quantity of 
cement required to fill an ideal drill hole in the 
grout fan and the real injected grout expressed 
the amount lead to the fractures. The bulk 
density of grout INJ30, ranging from 800 to 
1500 kg/m3 was multiplied by the volume of the 
drill hole, of 21 m length and 64 mm diameter, 
to obtain the quantity of cement in an ideal 
borehole. Hence, the variables d800, d900, d1000 
and d1100 represent the excess of grout injected 
depending on the estimated bulk density. The 
variable grout_access describes the accessibility of 
the grout in the fractures. Non accessibility of 
the grout was considered when the fractures 
presented cementitious materials and the aper-
ture was smaller than 100 µm, which is the 
minimum width that INJ30 can get into. 

2.3. Methodology for statistical 
evaluation 

The numerical data from the different 
parameters (Table 10) was analyzed with the 
statistical software SPSS Statistics, from IBM. Li-
near correlations (Pearson) and non-parametric  
 

correlations (Kendall’s tau-b and Spearman) 
were performed to identify the most meaningful 
relations within the parameters. The analyzed 
variables, RMR and Q, display different distri-
butions. RMR displays a normal distribution, 
whereas Q has a non-parametric distribution. 
Thus, Pearson correlation is more representative 
for RMR, and Spearman is more representative 
for Q-system. RMR classification represents the 
main rock quality classification of the project, as 
the reinforcement has been based on it. Hence, 
the statistical analysis will be based on normal 
distributions. Box plots, consisting of the 
standardized representations used by SPSS 
Statistics, are performed to show the deviation 
within and between each Study case. Box plots do 
not follow any statistical distribution, and they 
provide the mean, first quartile and third quartile 
of the data. 

Simple linear correlation (Pearson r) and coef-
ficient of determination (r2) were used when 
comparing the predicted and actual RMR and Q 
values. Coefficient of Pearson (r) was used to 
show the extent to which the values of the two 
rock quality indexes were proportional to each 
other, and coefficient of determination (r2) to 

Table 10. Variables statistically analyzed. 
Variable Description 

Rock quality 

RMR_k RMR value per section of the tunnel mappings (referred as RMR mapping or actual RMR). 

Q_k Q value per section of the tunnel mappings (referred as Q mapping or actual Q). 

RMR_p RMR value from the pre-investigations, applied to each section (referred as RMR prognosis or 
predicted RMR). 

Q_p Q value from the pre-investigations, applied to each section (referred as Q prognosis or predicted 
Q). 

rock_classification Index given by the Rock classification, including Rock class and Weak zone classifications from the 
tunnel mappings. 

rock_type Index given by the Rock type classification, based on the RMR system. 

Joint characteristics 

water Water conditions of the main joints, per section. 

Rock support 

m2bolt Area, in m2, containing one bolt, referred as area of influence per bolt. 

Grouting 

kg_section Quantity of grout, in kg/m3, per section. 

kg_hole Quantity of grout, in kg, per hole. 

d800 Percentage of grout that differs from the quantity of grout required to fill one drill hole of the grouting 
fan, when considering a bulk density of 800 kg/m3. 

d900 Percentage of grout that differs from the quantity of grout required to fill one drill hole of the grouting 
fan, when considering a bulk density of 900 kg/m3. 

d1000 Percentage of grout that differs from the quantity of grout required to fill one drill hole of the grouting 
fan, when considering a bulk density of 1000 kg/m3. 

d1100 Percentage of grout that differs from the quantity of grout required to fill one drill hole of the grouting 
fan, when considering a bulk density of 1100 kg/m3. 

grout_access Accessibility of the grout in the fractures. 0 values represent inaccessibility, and 1, accessibility. 
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determine the strength of the relationship 
between both variables. 

According to Olofsson (1991), the orientations 
of open fractures and the connection between 
different joint sets govern the groundwater flow 
on hard crystalline rocks. Therefore, contour 
plots were performed to identify the main joint 
sets from the pre and post investigations, since 
measurements of the joint orientations are not 
specifically considered in the described rock 
mass classifications. The software used was 
Dips, by Rocscience. Orientation measurements 
from the joints in Study case 1 were compared to 
the data regarding the intersecting tunnel SS1 
considered as part of the information from the 
pre-investigations. Orientation measurements 
from Study Case 2 and Study case 3 were obtained 
from the tunnel mappings. Since no data was 
available regarding the joint orientations from 
the pre-investigations in the areas of Study Case 2 
and Study Case 3, no comparison was made in 
these cases. The four joint sets from the 120 
measurements made on the outcrops of the area 
(Table 11) were established as data from the pre-
investigations. Since no exact data from the 
measurements was available, a Monte Carlo 
analysis was used to represent the variability 
within each joint set. The Monte Carlo analysis 
was based on the number of joints in each joint 
set and the orientation of the joint sets given in 
intervals. On the other hand, joint characteristics 
are widely considered in both rock quality 
classifications RMR and Q. Therefore, no 
further analyses were considered relevant in this 
study regarding joint characteristics mapped 
while tunneling such as aperture, spacing or 
filling of the fractures. 

Support in the tunnel was mainly based on the 
RMR classification, even though the bolts were  
 

also dependent on the Q-system. The Rock 
classification is also considered since it is created 
essentially for this project and it depends directly 
on the rock jointing. Thus, when studying the 
support applied in the tunnel, the considered 
variable was the rock quality. When assessing the 
spot bolts the variable m2bolt was used, repre-
senting the area in which a single bolt is 
installed. The grout assessment was done using 
the variables kg_section, kg_hole and the several 
variables informing of the percentage of grout in 
the fractures d800, d900, d1000, d1100. Other 
types of support have not been included in the 
statistical analyses since they do not present 
much variability, such as the shotcrete, or 
because they have been used just in specific 
areas. 

2.3.1. Limitations 

This study is limited to the comparison of the 
rock quality parameters regarding pre and actual 
investigations. The study also analyzes the 
effectiveness of the rock reinforcement applied 
in the tunnel depending on the rock quality, but 
does not take into account the excavation 
methods. Other studies focus on the impact that 
divergences within pre and post investigations 
have in reference to time and expenses. 
However, in this study no arguments about time 
and budgets have been mentioned. 

Because the tunnel is not yet finished, an analysis 
of the complete infrastructure could not be 
performed. Therefore, three regions of the 
tunnel with differing rock quality were selected 
for the statistical analyses. In addition, no actual 
data regarding the glaciofluvial sediments is 
available, as the corresponding section has not 
been yet excavated. 

 

Table 11. Joint sets mapped from the outcrops in Södermalm’s area. Joint sets have the same 
orientation on the northern and southern sides of the distinct rock outcrops at Maria Magda-
lena Church. Foliation measurements are included in the table since they are considered as 
weak directions. The orientation measurements follow the right hand rule (TRV, 2008). 

Joint set Type Strike / dip Orientation Length (m) Number 

S1 

Fracture 120±30 / 70±50 SE – NW 2 to 5  28 

Fracture 320±10 / 60±30 3 to 15  28 

Foliation 300 / 80   

S2 

Fracture 240±10 / 30±50 SW – NE  2 to 3  16 

Fracture 060±20 / 50±30 1 to 4  7 

Foliation 60±10 / 50   

S3 Fracture 170±30 / 70±30 N – S  2 to 3  19 

S4 
Fracture 270±10 / 80±20 E – W  1 to 5  11 

Foliation 80±10 / 70±10   
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3. RESULTS  

The results are presented in three sections: 

- Pre-investigations; description and results of 
the site investigations carried out prior to 
the excavation. 

- Study cases; results of the pre-investigations, 
results of the investigations while exca-
vating, and applied rock reinforcement in 
each study case.  

- Statistical evaluation; comparison of the 
results from the pre-investigations and the 
results of the detailed investigations while 
tunneling, and effectiveness of the rock 
reinforcement. 

3.1. Pre-investigations 

A vast inventory was carried out by Stockholm’s 
Urban Planning Department (Stadsbyggnads-
kontoret) and other private companies as the 
first step of the pre-investigations. 

Field investigations were performed in the 
second stage, prior to the tunnel construction, 
by a consulting firm. The field investigations 
involved mapping of some areas, trial pits, core 
sampling, soil-rock soundings, in situ determi-
nation of rock stresses and laboratory tests to 
determine the rock strength and deformation, 
geophysical investigations, and water loss 
measurements. 

3.1.1. Geological mapping 

Geological mapping in the study area included 
rock identification, determination of the weak 
zones, and mapping of the significant fractures, 
often considered to be longer than 1 m long. 
Eleven outcrops and five intersecting tunnels 
were mapped, as well as the old railway tunnel 
that connects with the southern access of the 
Södermalm’s Tunnel. Additionally, information 
from the drill cores with length around 1 m was 
used for the mappings. Guidelines for core 
mapping were followed in order to estimate 
correlations in the areas where information was 
incomplete. Uncertainties increased where the 
cores were not oriented, since BIPS (Borehole 
Image Processing System) studies were not 
performed in every drill hole. In those cases, 
pole plots were used to correct the observations. 
Presence of dust, algae and microbes repre-
sented another source of uncertainties. 

The predominant rock type was a severely 
migmatized gneiss of granite-granodiorite or 
greywacke origin, identified from mapping the 
outcrops, which usually contains veins of granite 
and pegmatite. Fine-grained, light gray to pink, 

massive granite also exists in some of the 
outcrops. 

The mapping of the significant fractures, greater 
than 1 m long, resulted in the measurement of 
approximately 120 joints. Four joint sets were 
recognized from the total measurements, re-
ferred as S1, S2, S3 and S4 (Table 11). No 
distinction was made between normal, reverse, 
strike-slip faults and joints, since erosion and 
deformation is present in most of the area. The 
direction of the gneiss foliation was measured at 
several locations. Foliation corresponds to the 
gneiss banding, containing flaky minerals orien-
ted in the same direction. Rocks with high 
percentage of flaky minerals, such as mica, are 
weaker parallel to foliation than perpendicular to 
foliation. Therefore, foliation orientation was 
included together with the joint measurements. 
The three predominant foliation orientations are 
parallel to the joint sets S1, S2 and S4 (Table 11). 

3.1.2. Core drilling and JB-sounding 

Core drilling provides the qualitatively best 
information on rock types and their boundaries 
(Morfeldt et al., 1973). Achieved representative 
data of the rock mass around the drill holes can 
be: type of rock and its condition; RQD; 
frequency, orientation, width and characteristics 
of the joints (Bergman & Helfrich, 1974). To 
determine the orientation and characteristics of 
the fractures, logging of the drill holes is 
required, as well as information from the 
geological surface mapping will help in the 
extrapolation of the data (Bergman & Helfrich, 
1974). Core drill holes were drilled in three 
selected areas: Maria Magdalena Curch, Södra 
Latin School yard, and Dykärret, where the 
southern exit of the tunnel is located (Fig. 4). 
Rock type was identified through the cores and a 
classification of the rock mass quality was done. 

Soil-rock probing, referred as Jb-sounding, is 
classified as a dynamic method mainly used to 
determine the contact between rock and soil. 
The method consists of hydraulically drilling in 
the unconsolidated sediment by using a rotary 
hammer, and measuring the penetration resis-
tance in seconds per 0.2 m of penetration in the 
sediment (SGF, 1999). According to SGF/BGS 
(2001), three types of Jb-soundings exist: Jb-1, 
Jb-2 and Jb-3, each of them measuring and 
recording different parameters. Jb-1 is the 
conventional soil-rock probing, where the data 
collection is done manually and consists of the 
depth (m) and penetration resistance (s/0.2 m). 
Jb-2 automatically determines the depth (m), 
penetration resistance (s/0.2 m), penetration 
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rate (m/min), force input (kN), hammer pres-
sure (MPa) and rotational pressure (MPa), which 
is the pressure in turning the engine. Jb-3 
identifies the flushing media pressure (MPa) and 
the flushing media flow (MPa) additionally to the 
parameters measured by Jb-2 (SGF/BGS, 2001). 
Field investigations for the tunnel project in-
cluded 32 Jb2-soundings and 19 Jb1-soundings, 
most of them concentrated in Maria Magdalena 
Church, Södra Latin School and Dykärret. 

3.1.3. In situ and laboratory tests 

Stress rock measurements were performed by 
estimating the in situ stress from the defor-
mations occurred in the drill cores during their 
unloading. This method is sensitive to the micro-
cracks that may be formed during coring, and it 
assumes that the rock mass is continuous, 
homogeneous, isotropic, and with elastic-linear 
behavior. 

Uniaxial pressure experiments and triaxial tests 
were carried out in the laboratory. Young’s 
modulus and Poisson’s number were determined 
from the core samples. Uncertainties are due to 
the selection of the core samples for testing, 
even though the samples were considered to be 
representative. 

Three cores, each of them consisting of a 
different rock type – gneiss, pegmatite and 
granite – were tested to determine Young’s mo-
dulus, Poisson’s number, internal friction angle 
and cohesion. Young’s modulus ranged from 64 
to 80 GPa, where pegmatite corresponded to the 
lower value and granite to the higher. Poisson’s 
number varies between 0.21 and 0.24. Internal 
friction angle ranged from 43 to 50°, where 
gneiss represented the lower value and granite 
the higher. Cohesion differed between 28 to 
62 MPa, where pegmatite corresponded to the 
lower value and granite the higher. 

3.1.4. Geophysics  

Two geophysical methods were used during the 
pre-investigations: GPR and BIPS logging. GPR 
was only performed in the area of Maria 
Magdalena Church, where the Stockholm Esker 
occurs. However, the data was not sufficient to 
make reliable interpretation of the depth to rock 
surface. The explanation given was that the 
sediment in the area consisted of primarily silt 
and clay, through which radar waves could not 
penetrate deep enough to find the rock surface. 

BIPS logging, standing for Borehole Image 
Processing System logging, is a high resolution, 
side viewing, color borehole TV system that 
yields information about the borehole walls 

(Gustafsson, 2010). Determination of the rock 
types as well as fracture distribution and 
orientation can be established. The BIPS 
method produces a digital scan of the borehole 
by using a video camera installed in the probe. 
There is a conical mirror in the probe that 
reflects the image, which is recorded by the 
probe. The orientation of the images is done by 
two alternative methods: using a compass, in 
vertical holes; or with a gravity sensor, in 
inclined boreholes (Gustafsson, 2010). BIPS 
measurements were performed in the core drill 
holes at Dykärret. A total of 323 fractures were 
measured, from which four significant joint sets 
could be determined (Table 12). 

3.1.5. Water loss measurements 

Crystalline rocks usually contain small amount of 
water, and flow is restricted to the fracture 
zones. However, larger reservoirs of water can 
occur in the uppermost part of the bedrock, 
were the rock mass is more heavily fractured, 
and especially if these areas have been covered 
by permeable Quaternary deposits (Olofsson, 
1991). Therefore, water loss measurements were 
carried out in different zones of the project to 
know the hydraulic characteristics. Three 
boreholes were located north of Södermalm’s 
Tunnel. One of the wells showed moderate 
hydraulic conductivities (< 10-7 m/s) along a few 
sections, whereas no water loss occurred in the 
other sections. The two other holes showed 
higher conductivities (10-7 to 10-6 m/s). In the 
MMK area the results showed a hydraulic 
conductivity ranging 1 to 5·10-7 m/s. 

3.2. Study cases 

Three cases with differing rock qualities are 
examined in the Södermalm’s Tunnel. The first 
case corresponds to rocks of the Stockholm 
Granite Formation, which is of good quality and 
thus, the support required was minimal. In the 
second case the rock was of lower quality than 
the first, highly jointed and altered rock mass; 
and the third case corresponds to an area where 
the sand and gravel materials from the  
 

Table 12. Joint sets deduced from BIPS 
logging at Dykärret, km 36+000. The 
orientation measurements follow the 
right hand rule (TRV, 2008). 

Joint set Strike Dip 

s1 95 75 

s2 295 85 

s3 90 10 

s4 70 50 
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Stockholm Esker overly and there is no rock 
cover in the tunnel line and the tunneling is in 
part through the esker (mixed face excavation)
The pre-investigations performed and the ob
tained results are described for each 
Likewise, the detailed investigations performed 
while tunneling and the results obtained are 
provided for each Study case. Finally, 
corresponding tunnel reinforcement 
described. 

3.2.1. Study case 1 

Study case 1 is situated at the first hundred meters 
of the main tunnel, between km
km 35+560. The rocks correspond to the 
Stockholm Granite Formation. 

Pre-investigations 

Pre-investigations were based on the field 
reconnaissance of seven outcrops in the area, 
sites 4 to 10 (Fig. 8). Determination of the rock 
type, measurement of the joints and evaluation 
of the RMR value was reported for each 
outcrop. The most common rock t
of migmatized gneiss that, even though the high 
presence of deformation, was classified as 
Stockholm Granite due to its good geotechnical 
properties. However, at site 5 the visible rock 
was a homogeneous, uniform grained granite, 
granite was also present at sites 4, 8 and 10. 
Pegmatite also occurs at sites 6, 7 and 8. RMR 
values estimated from the outcrops were excep
tionally good, ranging from 79 to 85, except for 
site 4, where RMR was 64. 

Predicted RMR and Q values were determined 
by the data regarding the intersecting sewage 
tunnel, named as SS1, at km 35+570, and some 
investigation drillings performed in the 
rounding area. Therefore, the predicted RMR 
 

Figure 8. Field reconnaissance of outcrops 4 
to 10 around km 35+460 and km 35+560
(modified from TRV website, 2012)
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and Q values were 75 and 20, respectively, along 
the 100 m tunnel length (Plate
sensitive zone, the last 20
where vibrations should be avoided. This is 
mainly due to the proximity of foun
the buildings and the existence of the 
intersecting tunnel SS1 that could be damaged 
by vibrations. The rock surface occurs near the 
ground surface, and the groundwater level is 
located approximately 5 m above the trace of the 
tunnel roof. 

Detailed investigations and rock reinforcement

Detailed mapping of each blasted section was 
carried out as the only field investigation along 
the 100 m Study case. The most common rock in 
the area was described as a non
massive and migmatized gn
ticle size. Non-weathered pegmatite was often 
present, first 50 m, presenting a massive struc
ture and coarse particle size. Granite intrusions 
appeared from section 35+510 up to the end of 
the Study case. S1 weak zone was present around
km 35+480, and S2 was predominant along the 
100 m length. Rock classes
zones corresponded to B2 and B3.

Reinforcement class 3 was established along the 100 
m section. From km 35+460 to km
support applied corresponded to 
class 3A, consisting of spot-
shotcrete in the roof / spring line, and no 
support was applied in the walls. 
class 3B:2 was set in the rest of the section, with 
system bolting and shotcrete in the roof / spring 
line and the walls (Table 8).

3.2.2. Study case 2 

Study case 2 comprises 100
tunnel, from km 0+141 to km
fractured area occurs under Maria Magdalena 
Church (MMK), in the proximity of the 
Stockholm Esker. 

Geological and geotechnical maps of Stockholm 
delimitate the area where the Stockholm Esker 
occurs. Two versions of the Stockholm geo
technical map exist, containing slightly 
information. Specifically, the geotechnical map 
used for the design of 
approximately 1980, omits the existence of a 
weak zone crossing the MMK
old publication from 1976 
zone (Plate 3). This weak zone is detected in the 
service tunnel around km
of graphite and clay. 
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Pre-investigations 

Information regarding the site investigations of 
the outcrops 4 to 10 (Fig. 8) was used as pre-
investigations. Furthermore, soil-rock probing 
tests were used due to the knowledge of a weak 
zone in the area, corresponding to the proximity 
of the esker materials under the MMK area. The 
rock surface was determined by some of the 
probes, while others did not detect it. The 
longitudinal section delimits the rock surface, 
which reaches the lowest point around the sea 
level, corresponding to meter zero (Plate 4). On 
that point, the groundwater table is expected to 
be higher than the rock surface. The inclination 
of the service tunnel in that area made it possible 
to avoid the instability during the excavation, 
since the tunnel is located 10 m below the rock 
surface. A vibration sensitive zone is located in 
the first 20 m of the Study case. 

The predicted rock type was migmatized gneiss, 
first 60 m, and granite and amphibolite, last 
40 m. Predicted RMR value ranged from 75 to 
40, with the lowest value corresponding to the 
weak zone under the church; the Q values were 
predominantly 20, except for the weak zone 
where Q was 2. Consequently, rock was classed 
as Rock type A in the first 60 m, Rock type C, 
under the MMK, and Rock type B in the last 20 m 
(Plate 4). 

Detailed investigations and rock reinforcement 

Investigations while tunneling consisted of 
detailed mapping of the sections, which describe 
the rock typology, rock classification, joint 
characteristics, and propose the support to be 
applied. Additionally, two drillings without cores 
were performed in the weak zone located in the 
longitudinal section (Plate 4), aiding to deter-
mine the consistency of the material and the 
potential groundwater flow. Non-weathered 
gneiss of medium size particles and non-wea-
thered granite were the main rock types that 
occur in this area. The expected weak zone was 
located between km 0+214 and km 0+226, 
consisting of completely crushed rock, classified 
as Weak zone S5, and with presence of graphite in 
the fractures. Consequently, the Reinforcement class 
corresponded to 1A up to km 0+203, and 1B:2 
for the rest of the section (Table 6). 

3.2.3. Study case 3 

Study Case 3, starting from km 35+619 to 
km 35+670, disposes data of the tunnel length 
between km 35+619 and km 35+638. The 
available information corresponds to the last 
meters of rock in the Study case. A mix faced 

section occurs from km 35+642 to km 35+648 
where there is no rock cover in the tunnel, and 
instead, the tunnel cuts the Stockholm Esker. 
Moreover, the area where the tunnel cuts the 
Stockholm Esker is located 30 m below Maria 
Magdalena Church (MMK). This church is a 
historical building from the 17th century, with 
architectural, artistic and religious values. The 
altar is considered as a particularly sensitive area, 
since it is built directly in the church wall. There 
is also a grave yard around the church. There-
fore, vibrations from the blasts and settlements 
should be specially avoided (TRV website, 2012). 

Pre-investigations 

Different pre-investigation methods were carried 
out to determine the contact between the rock 
and the glaciofluvial sediments of the Stockholm 
Esker around the MMK area. Jb-soundings and 
coring located the soil-rock contact in most of 
the cases. GPR was also carried out around 
MMK, but the top of the rock surface could not 
be determined. The reason given about the non-
attainment of data through GPR was that silty 
layers and lack of groundwater did not allow the 
electromagnetic waves to penetrate deep enough 
to reach the top of the rock surface. 

Jb1-soundings only give information about the 
top of the rock surface, whereas Jb2-soundings 
record the time it takes to drill 0.20 m. Jb-2 
performed in km 35+647 did not detect the rock 
surface. Jb-1 carried out in km 35+650, and Jb-2, 
in km 35+653, detected the rock surface around 
2.7 m above the sea level, and Jb-1 located in 
km 35+654 recognized the soil-rock contact at 
1.6 m above the sea level (Fig. 9). Additionally, 
eight vertical and one inclined drill holes were 
made, between km 35+635 and km 35+665, that 
extended 6 m down into the rock. Rock type was 
determined for each borehole and presented in 
percentages (Table 13). In decreasing order, 
percentages of Rock type identified through the 
boreholes were: B (39%), A (30%), C (24%) and 
D (7%). The detected weak zones were des-
cribed as crushed granite in the northern 
boreholes and crushed amphibolites with an 
approximately 1 m wide chlorite-graphite-clay 
zone in the southern drill holes (Table 14). Cores 
helped in the delimitation of the soil-rock 
contact, which occurred between 20 to 27 m 
deep from the surface in most of the cases. 
Description of the rock type, number of frac-
tures per meter, filling materials of the fractures 
and fractures crossing the cores was given, and 
estimation of the Q index was done per each 
borehole. 
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Figure 9. Jb-soundings in the MMK area, 
between km 35+645 and km 35+655; 
discontinuous line represents the tunnel; 
vertical scale is in meters above the sea level 
(TRV, 2008). 

The top to rock surface in the MMK area was 
determined from the nine boreholes and 
numerous Jb-soundings. The results show that 
the trace of the tunnel will not have any rock 
cover, but will go through the esker for about 
20 m (Plate 5). The data from the boreholes 
predicted that the rock type was migmatized 
gneiss, granite and amphibolite along the entire 
section. Average Q value was 2 and RMR was 
ranging from 20 to 75, thus the rock mass was 
classed as A, B and C in just 50 m (Plate 5). 
Even though the drillings predicted Rock class D 
(Table 13), there was no rock mass classed as 
type D in the pre-investigations (Plate 5). 

Detailed investigations and rock reinforcement 

Investigations consisted of detailed mapping 
and, additionally, other investigations were done 
in the face of the tunnel to locate the contact 
between the Stockholm Esker and the rock. 
Four boreholes with coring were drilled at 
different depths and inclinations in the face of 
the tunnel. The boreholes intersected the weak 
zone, consisting of glaciofluvial deposit of sand, 
gravel and cobbles of the Stockholm Esker. The 
bedrock consisted of moderately jointed and 
fresh gneiss-granite. From km 35+620 to 
km 35+630 the tunnel was excavated in a blocky 
and non-weathered gneiss-granite of medium 
particle size. The support applied consisted of 
system bolting of C/C = 2 m and 50 mm of 
shotcrete, corresponding to Reinforcement class 
3B:1 (Table 8). Additional support was imple-
mented from km 35+630 due to the proximity 
of the Stockholm Esker. The reinforcement 
consisted of steel mesh, lattice girders, and 
additional grouting fans. A mixed face with 
glaciofluvial sediments and the rock occurred as 
predicted (Plate 6). 

According to TRV website (2011), on Friday the 
11th November 2011, a pit of 2 m by 2 m wide 
and 1.5 m depth occurred in the grave yard at 
MMK; resulting due to the excavations of the 
tunnel (Plate 7). The incident caused no harm to 
people, buildings or tombs. City Link Tunnel 
contractor took immediate precautions, the 
tunnel excavations were stopped and the pit was 
filled. Hence, additional site investigations were 
performed in the MMK area. Several drill cores 
were carried out and GPR was performed again. 
In this case, the penetration of the electromag-
netic waves to deeper layers was accomplished. 
Additional support was required in the face of 
the tunnel to avoid future incidents. The pre-
support under MMK followed the umbrella arc 
method, which includes steel pipe umbrella arch, 
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jet grouting, colloidal silica grouting, and self-
drilling anchors (Plate 8). 

The umbrella arch method is used to improve 
the stability of a tunnel prior to excavation and is 
often applied in fractured zones, areas where 
surface settlements are restricted, or other soil 
conditions, from moraines to sands. Steel pipe 
umbrella arch consists of the installation of steel 
pipes at the upper part of the tunnel face. 
Cement is then injected to the pipes, reaching 
the sandy area and giving strength to the soil 
(Ocak, 2008). This process usually continues 
until the grout comes out from the returning 
pipe. Jet grouting can be used in a wide range of 
soil types, with variable permeability and grain 
size distribution. The method consists of drilling 
a hole between 70 and 120 mm diameter, and 
then pumping the grout through the rod using 
high pressure (300 to 400 bar). At that time, the 
jet simultaneously excavates and mixes with the 
soil, resulting in a column of modified soil with 
lower permeability and improved strength. 
Colloidal silica grout consists of a chemical grout 
of very low viscosity and small particle size that 
 

 allows the injection to areas where the ordinary 
Portland cement does not access. Whereas 
ordinary Portland cement has a particle size of 
40 µm, the diameter of colloidal silica particles is 
0.015 µm (Garshol, 2011). On the contrary, the 
final strength is lower for the chemical grout. 
Self-drilling anchors (SDA), also known as IBO-
anchors, consist of a steel tube of length varying 
between 1 and 6 m, which are driven into the 
rock by rotary-percussion (Kolymbas, 2008). 
IBO-anchors were introduced at an approximate 
inclination of 30° to the roof, and then grout 
was injected through the tube with a pressure up 
to 20 bar. Therefore, the main purpose of the 
IBO-anchors is the injection of grout but not the 
anchor itself. 

The excavation of the main tunnel under the 
MMK stopped since the collapse occurred in 
November 2011 and still in May 2012 has not 
been started again. Reinforcement techniques 
following the umbrella arch method are being 
applied, and more site investigations are being 
carried out. The fractured zone indicated by the 
geotechnical map of Stockholm dating 1976  
 

Table 13. Percentage of Rock type obtained from the bore holes in the Maria Magdalena 
Church area (TRV, 2008). 
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A 49 0 17 0 50 17 33 33 30 30 

B 28 33 17 50 50 17 67 50 39 39 

C 21 33 33 50 0 67 0 17 24 24 

D 2 33 33 0 0 0 0 0 7 7 

Table 14. Description of the weak sections detected by the boreholes in the Maria Magdalena 
Church area (TRV, 2008). 

Borehole (m) Length 
borehole (m) Description 

04R_ KB1 
28.3 to 85.15 
(inclined 
borehole) 
 

34.9 to 38.8 Sand with coarse ridge material. Clearly rounded stones 2 to 20 cm, consisting of 
various rock types. 

38.8 to 47 Heavily crushed granite. 

58.4 to 60.2 Crushed zone with chlorite, graphite and clay. About 1 dm zone of clay. 

71.6 to 73.4 Amphibolite with abundant presence of graphite involved in the rock. Normal 
fracture frequency. 

04R_ KB2 
24.2 to 30.2 

24.2 to 30.2 Strongly crushed bedrock. 

04R_KB3 
23.2 to 29.2 

23.2 to 26.7 Strongly crushed bedrock. 

04R_KB4 
23.7 to 29.7 

23.7 to 26.7 Strongly crushed bedrock. 

04R_KB5 
20.6 to 26.6 

25.6 to 26.6 Gneiss with a greenish color and abundant presence of graphite. Normal fracture 
frequency. 

04R_KB6 
20.5 to 26.5 

20.5 to 22.3 Gneiss, red - green with abundant presence of graphite. 

24.5 to 26.5 Brittle faults mostly healed (breccia). Thin and strong graphite and chlorite bearing 
fracture zones. 
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(Plate 3) has not been detected yet in the main 
tunnel, but it was in the service tunnel (Study 
case 2). 

3.3. Results of statistical evaluation 

Matrices of correlation exposed the represent-
ative analyses within the considered variables. Q-
system was better adjusted by the Pearson 
correlation, as Q values in the project follow a 
normal distribution. Since RMR values do not 
present normality, non-parametric correlations 
were more representative, being Spearman the 
most adjustable. On the other hand, the variable 
rock_classification, corresponding to the own 
classification of the project did not lead to any 
tendency. The lack of tendency for this classi-
fication may be explained because the variable 
rock_classification mixes both indexes Rock class 
and Weak zone and values from 1 to 9 were set 
independently of the rock quality. However, this 
classification was used in the box plots repre-
sentation as it represents the fracturing degree of 
the local areas. 

3.3.1. Comparison between predicted and 
actual RMR and Q values 

A low coefficient of determination was obtained 
when correlating the predicted and actual values 
of RMR classification (Fig. 10). Nevertheless, a 
relation can be seen between the variables 
although the poor variability of the predicted 
RMR. A more significant coefficient of deter-
mination was achieved when comparing the 
predicted and actual Q values in a logarithmical 
scale (Fig. 10). However, correlations do not 
quantify the disagreement between the predicted 
and actual values because no information is 
given about the changes in the Rock type 
(Table 2). 

As mentioned, a significant effect occurs when 
the mapped values belong to a distinct Rock type 
than the predicted one, since the support 
characteristics will require modifications. There-
fore, the representation of the predicted and 
actual values of both RMR and Q indexes is 
used to compare the pre-investigations results 
and actual results as well as the need for further 
investigations while tunneling. 

Predicted and actual values of RMR in Study 
case 1 (Fig. 11) are relatively similar between 
km 35+460 to km 35+517. Nevertheless, from 
km 35+517 to the end of the Study Case 1, the 
mapped RMR values belong to Rock type B1 
whereas predicted indexes were classed as Rock 
type A. In Study Case 3 no difference between the 
predicted and actual Rock type occur (Fig. 11). In  

the service tunnel predicted values are generally 
lower than the actual ones (Fig. 11). Predicted 
and actual values were constant for the first 
60 m, but the actual values were classed as Rock 
type A whereas the predicted values were classed 
as Rock type B1. From km 0+200 to km 0+220, 
the predicted are constantly at RMR 40, but the 
actual values decrease from 70 to 40 along this 
section. Along the last 20 m the predicted RMR 
values were constant and classed as Rock type A 
whereas the actual values were classed as Rock 
type C and B1. 

In general, predicted and actual mapped values 
regarding Barton classification do not present 
large heterogeneity (Fig. 12). This result shows a 
high coefficient of correlation (Fig. 10). In the 
main tunnel, almost all the predicted values 
indicated the same rock quality as the actual 
values (Fig. 12). In Study Case 2, between 
km 0+203 and km 0+226 the actual Q indexes 
indicate rock of very poor quality, while the 
predicted values suggest only poor quality. 

Differences between the predicted and actual 
mapped RMR values sometimes result in 

 
Figure 10. Correlation between predicted 
(prognosis) and actual (mapping) values of: 
a) RMR (up); and b) Q (down). 
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different Rock type classes. The correspondence 
between the predicted and mapped RMR values 
is evaluated considering only the sections that do 
not change Rock type between the two, and are 
then presented in percentages (Table 15). For 
Study Case 1 there was a correspondence of 
about 50% for the Rock type. In contrast, none of 
the predicted Rock types corresponded to the 
actual findings in Study case 2. Likewise, predicted 
Q values that do not cause a change in the rock 
quality regarding Q-system are presented in 
percentages (Table 15). Predicted Q indexes 
corresponded to the mapped values in 84.1% of 
the length in Study case 1. Following the same 
tendency, there was almost no agreement for the 
predicted and actual rock quality in Study case 2. 
In Study case 3 the Rock type and rock quality  
 

Figure 11. Predicted and actual values of 
RMR in: a) the main tunnel (up): Study case 
1 – section 460 to 560; Study case 3 – section 
619 to 638; and b) the service tunnel (down): 
Study case 2 – section 141 to 243. Discon-
tinuous lines delimitate the Rock type. 

regarding the Q-system was in good agreement 
between predicted and actual values. 

The percentage of predicted and actual Rock type 
per each Study case is summarized (Table 16). 
Study Case 1 was entirely classified as Rock type A, 
when 49.5% of the length consisted of Rock type 
B1. In Study case 2 around 60% of the length was 
expected to have Rock type B1 and 17% of Rock 
type A. Instead, the actual findings showed that 
60% of the length consisted of Rock type A and 
around 24% consisted of Rock type B1. Actual 
findings also showed that there was around 8% 
of Rock type C instead of the predicted 20%. In 
Study case 3 both predicted and actual values  
 

Figure 12. Predicted and actual values of Q 
in: a) the main tunnel (up): Study case 1 – 
section 460 to 560; Study case 3 – section 619 
to 638; and b) the service tunnel (down): 
Study case 2 – section 141 to 243. Discon-
tinuous lines delimitate the rock quality 
considering the Q-system.  
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Table 15. Percentage of predicted RMR 
and Q values not entailing a change of 
class when compared to the corres-
ponding mapped values, in each Study 
case. 

Correspondence (%) Study 
Case 1 

Study 
Case 2 

Study 
Case 3 

RMR  50.5 0 100 

Q  84.1 14.1 90.2 

 

indicated Rock type B1. On the other hand, when 
considering all of the Study cases together, the 
percentages between actual and predicted Rock 
types are compensated and the variation is lower. 

3.3.2. Joints 

Joint orientation measurements from the pre-
investigations were compared to measurements 
done in the tunnel mappings using contour 
plots. No information of orientation measure-
ments was available in the proximity of Study 
Case 2 and Study Case 3 from the pre-
investigations. Thus, the identification of the 
main joint sets was only done in Study Case 1. 

Measurements were made at the intersecting 
tunnel SS1, at km 35+570, which allowed the 
comparison within the actual data from the 
tunnel mappings in Study Case 1. Only clearly 
defined and systematic fractures were mapped 
and resulted in a total of 47 joint observations 
with four joint sets (Table 17, Fig. 13). Mapping 
from the tunnel, also considering the most 
significant joints, resulted in a total of 58 meas-
urements in Study Case 1, and again four main 
joint sets were identified (Table 18, Fig. 14). By 
the use of a Monte Carlo analysis, a contour plot 
was made for the 110 measurements done from 
mapping of the outcrops during the pre-
investigations (Table 11, Fig. 15). Measurements 
from the pre-investigations do not often 
correspond to the joint sets mapped in Study 
Case 1. However, the joint sets S1’’ and S3’’ from 
Study case 1 (Table 18) correlate well to the joint 
sets in the intersecting tunnel S2’ and S3’ 
(Table 17), respectively. No similarities exist 
between the joints mapped in the tunnel with  
 

those mapped on the outcrops. However, the 
report of the pre-investigation specifies that 
measurements from the outcrops and the 
intersecting tunnels were used for the rock 
quality classification. 

3.3.3. Rock reinforcement 

The area of influence per bolt is given in 
accordance with both the Rock type and the Rock 
classification (Fig. 16). Bolting standards were 
based on the Rock type classification. Therefore, a 
clear correlation exists between the area of 
influence per bolt and this classification. Rock 
type A presents a large variability within values, 
mainly because there is no defined separation 
within spot bolts. Rock type B1, consisting of 
system bolting and/or spot bolting, presents 
lower variability. System bolting is implemented 
for Rock type B2 and C, and therefore the area of 
influence per bolt is constant. 

The Rock classification, which considers two 
classifications, the Rock class between the weak 
zones (Table 3) and the Weak zones (Table 4), 
does not show a clear tendency for the bolting 
specifications. Rock class B2, corresponding to 
areas with two joint sets that may create 
individual blocks, present large variation of area 
per bolt. This high variation is due to the spot 
bolting used to protect against block falling. On 
the contrary, Rock class B3, which demand 
system bolting and in some cases additional spot 
bolts, presents low variability. In the Weak zones, 
both S1 and S2 present large variability, indi-
cating spot bolting as the type of support. S5 
zones, corresponding to a completely crushed 
zone, require less separation within system bolts. 

Different analyses have been done with respect 
to the injected grout in the tunnel. The quantity 
of grout per section has been classified 
depending on the Rock type and on the water 
content in the fractures (Fig. 17). In general, the 
quantity of grout injected to the rock increases 
as the rock quality decreases. However, the grout 
injected in Rock type B1 presents a large 
heterogeneity and the average grout injected 
overcomes the injected grout in sections of  
 

Table 16. Percentage of actual and predicted Rock type in each Study case. 

Rock type 
Study Case 1  (%) Study Case 2  (%) Study Case 3  (%) Total cases (%) 

Actual Predicted Actual Predicted Actual Predicted Actual Predicted 

A 50.5 100 62.6 17.2 0 0 51.5 55 

B1 49.5 0 23.7 62.6 100 100 42.5 36.1 

B2 0 0 5.6 0 0 0 2.4 0 

C 0 0 8.1 20.2 0 0 3.6 8.9 

D 0 0 0 0 0 0 0 0 
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Table 17. Identified joint sets in the 
intersecting tunnel SS1, km 35+570. 
Orientation measurements follow the 
right hand rule (TRV, 2008). 

Joint set Strike Dip 

S1’ 300 to 330 90 

S2’ 50 to 80 80 to 90 

S3’ 160 to 180 40 to 50 

S4’ 250 to 290 15 to 35 

 

lower quality. On the other hand, no correlation 
can be extracted when analyzing the effect of the 
grout in the groundwater. Even though the 
injection of grout has a waterproofing purpose, 
the quantity of water in the fractures does not 
relate the quantity of cement injected. 

The infiltration of grout in the fractures is also 
analyzed. A first assumption is needed since the 
bulk density of INJ30 ranges from 800 to 
1500 kg/m3 and no exact value is available for 
the project. Therefore, the variable grout_access 
was used to estimate the bulk density of the 
grout. The quantity of cement injected in the 
areas without access to the fractures is set 
around 67 kg (Fig. 18). Regions with non-
cemented fractures accepted higher quantities of 
grout. Therefore, if considering that the areas 
containing cemented fractures do not allow 
more grout than can be injected in the hole, then 
67 kg would be the amount of cement that a 
borehole can take. Then, the quantity of grout 
calculated from a bulk density of 1000 kg/m3 
agrees with this hypothesis (Table 19). 

An increase of the quantity of grout injected is 
observed not only when the rock quality  
 

diminishes but also when the penetrability of the 
grout to the fractures is possible (Fig. 18). Study 
case 2 presents lower rock quality than Study 
case 3, but contrary to what would be expected, 
more grout was able to be injected to the 
fractures in Study case 3 than in Study case 2. This 
result may be due to higher degree of non-
cemented fractures in Study case 3, and the fact 
that two grouting fans were injected at the same 
length. According to the ideal intake of grout per 
hole calculated as averaging 67 kg, then the 
fractures in Study case 1 hold less grout than 
would be expected. 

The percentage of grout differing from the ideal 
case, considered to be the complete filling of the 
drill hole, gives information about the penetrated 
grout into the fractures. A positive result 
indicates intake of grout in the fractures, while a 
negative result shows the incompleteness of the 
grout filling in the drill hole (Fig. 19). An 
increasing intake of grout is seen while the rock 
quality decreases. Rock class B2 allows around 
10% of grout in the fractures whereas B3 
accepts around 50% of cement. In the Weak 
zones, this correlation is also observed; the 
amount of grout increases as the weakness zone 
increases in weakness, from S1 to S5. However, 
rock classified as Rock class B3 intakes larger 
amounts of grout than the rock located in weak 
zones. 

If considering that Rock classes B2, B3 and Weak 
zone S5 allow the grout in the discontinuities, 
whereas Weak zones S1 and S2 do not permit the 
intake of grout in the joints, we can roughly 
estimate the percentage of joints that were 
grouted (Table 20). 65.7 % of the joints were  
 

 

Figure 13. Contour 
plot from the 
measured joints in the 
intersecting tunnel 
SS1; dashed line 
corresponds to the 
trace of the tunnel SS1 
(TRV, 2008). 
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Table 18. Identified joint sets in Study 
Case 1, km 35+460 to km 35+560. Orien-
tation measurements follow the right 
hand rule. 

Joint set Strike Dip 

S1’’ 60 to 65 80 to 85 

S2’’ 100 to 120 70 to 80 

S3’’ 160 to 180 50 to 60 

S4’’ 300 to 350 30 to 70 

 

unsuccessfully grouted in Study case 1, and 31.6% 
in Study case 2. On the other hand, most of the 
joints were filled in Study case 3, and a total of 
45.1% of the considered length of the tunnel 
was grouted without penetration in the 
discontinuities. 

 

 

4. DISCUSSION 

The design of underground excavations rarely 
takes into consideration the geotechnical aspects. 
Even though unsuitable geological conditions 
are known to occur along the planned cons-
truction, the location of the infrastructure is 
hardly ever changed to avoid these areas. In 
addition, budget for pre-investigations usually 
represents a small amount of the total cost of a 
tunnel construction. In Sweden the budget may 
be even lower than in other countries since the 
rocks are often good with respect to their 
geotechnical properties. Therefore, the quality of 
the geological settings may not be known until 
the excavation is performed. 

 

 

 

Figure 14. Contour 
plot from the 
measured joints in 
Study Case 1. Only 
the main joints are 
considered in the 
tunnel mappings. 
Line corresponds to 
the trace of the 
tunnel. 

 

Figure 15. Contour 
plot from the 
measured joints in 
the surface outcrops 
during the pre-
investigations. 
Orientation 
measurements have 
been obtained by 
applying a Monte 
Carlo analysis from 
the join sets in Table 
11. 
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Figure 16. Area of influence per bolt, in 
m2/bolt, depending on: a) the Rock type 
(up); and b) the Rock classification (down). 
 

This study shows that there was a low 
correlation between the predicted and the true 
geology conditions occurring in the tunnel, as far 
as the tunneling has advanced to date. Once the 
Södermalm’s Tunnel is finished, a complete 
comparison should be made between the 
predicted and actual geological conditions in 
order to determine the success of the pre-
investigations along the entire trace of the 
tunnel. 

4.1. Comparison predicted and actual 
rock mass classifications 

Correlations between predicted and actual rock 
mass classifications showed low significance for 
the RMR values but relatively high coherence 
within the Q indexes. The low variability of the 
predicted RMR values may be due to the 
insensitivity that this classification presents to 
minor variations in rock quality (Milne et al., 
1998). On the other hand, Q-system is relatively 
sensitive to minor variation in rock quality 
(Milne et al., 1998). The larger variability of 
predicted Q values confirms this statement. 
Another possible explanation for the high 
correlation within the Q values is that since the 

Q-system has such a wide range, from 0 to 1000 
in logarithmical scale, variations between pre-
dicted and actual values are less significant. 

The RMR classification generally presents low 
margin of error as it gives strict guidelines to be 
followed for the classification of the rock mass. 
The Q-system does not present such strict 
guidelines and therefore, experienced users are 
required in order to classify the rock mass 
correctly. Experienced geologists did determine 
RMR and Q values while tunneling. Even 
though it was not the same person that 
performed the detailed mappings of the sections, 
the same criteria were used for the rock mass 
classifications. Pre-investigations were per-
formed by a consultant company, different from 
the one that was specifying the actual findings. 
Therefore, the criteria used for the rock mass 
characterization could be slightly different than 
the one used during the construction. It is not 
known if different technicians were determining 
the rock mass classification values, which could 
be a factor of uncertainty in the predicted values 
presented. 

 

Figure 17. Quantity of grout per section, in 
kg/m2, depending on: a) the Rock type 
(up); and b) the content of water in the 
fractures (down). 
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Figure 18. a) Quantity of grout per hole 
depending on the accessibility to the frac-
tures, and b) quantity of grout per hole in 
each Study case. 
 

Table 19. Quantity of grout per borehole 
depending on the considered bulk density 
of the cement INJ30. 
Bulk density (kg/m 3) 900 950 1000 1100 

Quantity of grout (kg) 61 64 67 74 

 

In general, the statistical analyses showed poor 
predictions of the rock mass classifications in the 
three Study cases. However, where the rock 
quality is good, better correlations are obtained 
than in areas where the rock quality is poorer. 
This is due to the wider range of interpretation 
of the rock mass properties: 

- There is a tendency in believing that the 
rock quality in Sweden is good, and espe-
cially in Stockholm, where past construc-
tions have shown very few complications. 

- Companies performing the pre-investiga-
tions may have interests in not presenting 
areas with very poor rock quality, as it would 
indicate that the selected design may have 
not been the most appropriate. Then these 
companies do not have to deal with the 

future problems due to geology conditions, 
but the construction companies will have to. 

- Companies may not want to perform many 
investigations so as not to increase the cost 
of the services, and therefore the geological 
conditions are not determined correctly. 

- Subsurface investigations were not per-
formed adequately and, even though poor 
rock quality was indicated in some areas, the 
quality was underestimated and it turned out 
to be lower than expected. 

4.2. Rock reinforcement associated to 
rock mass classifications 

Even though RMR is the classification with less 
correlation between predicted and actual values 
in this project, RMR is a notable classification to 
specify the rock reinforcement. The actual RMR 
values provided in each section of the tunnel the 
adequate reinforcement. However, the esti-
mation of the real reinforcement specifications 
could not be predicted adequately since the 
divergences within predicted and actual RMR 
was substantial. The Q-system is also used for  
 

Figure 19. Percentage of grout in the frac-
tures depending on the Rock classification. 
Positive results represent intake of grout in 
the fractures, and negative results represent 
an incomplete filling of the drill hole. 
 

Table 20. Accessibility of the grout into the 
fractures, in percentages (lack of data in 
some sections gives total percentages 
below 100). 

 
Total 
cases 

Study 
Case 1 

Study 
Case 2 

Study 
Case 3 

Grouted 
joints (%) 51.5 32.7 62.3 100 

Non-grouted 
joints (%) 45.1 65.7 31.6 0 
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classification for the rock reinforcement, even 
though it is not as widely used as the RMR. In 
this project the predicted Q values were more 
similar to the actual ones. Thus, the budget 
regarding rock reinforcement would have been 
closer to reality this system had been used. 
Other systems used in the project, the Rock class 
and Weak zones, were useful to characterize the 
efficiency of the rock support since they are 
exclusively based on the joint characteristics 
while tunneling. However, Rock class and Weak 
zones are not complete classifications, and 
therefore they cannot be used to specify the rock 
reinforcement. 

The statistical analyses regarding the rock re-
inforcement have shown that the classification 
Weak zones do not always refer to areas of poorer 
quality than the ones classed as Rock class. Areas 
classified as Rock class B3, consisting of blocky 
regions, required as much reinforcement as areas 
classed as Weak zone S5, where the rock was 
completely crushed. Therefore, those two com-
plementing classifications should be reorganized 
so that the quality of the rock is graded 
following an order. 

Statistical analyses showed that the density of 
bolts increased as the Rock type was poorer. The 
quantity of grout increased slightly as he Rock 
type was poorer. However, in Rock type B1 the 
quantity of grout was substantially higher than in 
areas where the rock quality was poorer. This 
result may be because there is several data 
classed as Rock class B1, whereas few data is 
classed as B2 and C. The quantity of grout also 
increased along the three Study cases, and in Study 
case 3, the quantity of grout was almost the 
double than in Study case 1 and Study case 2. This 
is mainly because additional grout was applied in 
Study case 3, due to the existence of the 
Stockholm Esker. However, this result also 
implies that the rock was highly fractured in that 
area, since large quantities of grout could be 
injected to the rock. 

The use of the classifications Rock class and Weak 
zones was useful to relate the rock reinforcement 
with the joints, since these classifications depend 
exclusively on the joints. However, these classi-
fications are just giving an index, which does not 
represent the complexity of the reality. 

From the hypothesis made, as the quality of the 
rock was poorer, the percentage of joints 
successfully grouted increased. Nevertheless, it 
was estimated that only half of the total length 
of the three Study cases was unsuccessfully grou-

ted. A more efficient method of waterproofing 
should be considered in future tunnels. 

4.3. Causes inaccurate pre-
investigations 

In the Södermalm’s Tunnel most of the 
difficulties that have arisen are due to the 
shallow location of the tunnel; with very little 
rock cover in some areas. Sections with presence 
of glaciofluvial sediments and no rock cover 
along the trace of the tunnel would have been 
avoided with a deeper location. Knowing that 
the trace of the tunnel had to remain as the 
design specified, at a shallow emplacement, well 
planned pre-investigations should have been 
performed to identify the potential problems 
and thus be able to avoid the problems while 
excavating. However, this study has shown that 
pre-investigations yielded inaccurate results of 
the geological conditions in the Södermalm’s 
Tunnel. 

In the preliminary appreciation of the cons-
truction site, mainly based on data collection 
from old projects and thematic maps, inappro-
priate information was obtained. As cited 
previously, the geotechnical map of Stockholm 
used for the project design does not consider a 
fractured zone crossing the trace of the tunnel. 
A previous version of the map, dating 1976, 
places the fractured zone that was identified in 
the service tunnel (Study case 2) and that may 
appear in the main tunnel (Study case 3) when 
proceeding with the excavations under Maria 
Magdalena Church. Another relevant fact is that 
the reports of the pre-investigations were written 
completely in Swedish, while the contractor 
comes from a non-Swedish speaking country. 
This fact does not facilitate an easy transmission 
of the information for the correct development 
of the construction. 

In the second step of the pre-investigations, 
concerning subsurface investigations, the results 
obtained were mainly concentrated in three 
areas: Maria Magdalena Church, Dykärret, and 
Södra Latin School, being the last two sites not 
fully considered in this report. Drill holes, cores 
and Jb-soundings were performed in those three 
areas. The information obtained by these 
conventional methods is highly valuable, but 
cannot be extended to larger areas. The extra-
polation or assumption that the results from 
these few pre-investigations were representative 
of the entire tunnel is incorrect. Furthermore, 
pre-investigations consisting of mapping of the 
surface outcrops and intersecting tunnels did not 
represent the geological conditions at the 



Anna Arqué Armengol Universitat Politècnica de Catalunya – Kungliga Tekniska Högskolan 

 

32 

location of the tunnel. Despite this lack of 
association, it was specified in the report regar-
ding the pre-investigations that those charac-
teristics were considered for the rock quality 
classification. 

In addition, the pre-investigations performed in 
the MMK area were mainly focused on 
determining the rock surface, but no inter-
pretation was made of the composition of the 
glaciofluvial sediments. The glaciofluvial sedi-
ments were classified as gravelly soils; however, 
they presented layers of different particle size, 
from silts to cobbles. The particle size is very 
important when determining the rock reinfor-
cement and the excavation method, which had 
to be redesigned while tunneling. 

Apart from poor planning of the location of the 
pre-investigations, the techniques used were not 
always the most adequate. When performing 
GPR in the MMK area as part of the pre-
investigations, no relevant data was obtained. 
However, GPR was performed in 2012, and data 
could be obtained by using different frequencies 
of the GPR that allowed the electromagnetic 
waves to penetrate deeper in the subsurface. 

4.4. Consequences inaccurate pre-
investigations 

Pre-investigations are useful to foresee the 
geological conditions prior to tunneling, and to 
plan the most adequate and economical method 
of construction. Therefore, inaccurate pre-
investigations will have several implications to 
the construction. 

As this study has shown, the predictions were 
not representing the actual conditions of the 
rock mass in the tunnel. Therefore, the expected 
tunnel reinforcement specifications and methods 
of excavation along the tunnel had to be 
changed. Furthermore, additional investigations 
had to be performed while tunneling to foresee 
the geological conditions. Those changes in the 
construction works increased the initial budget 
of the construction, as well as increased the 
expected time required for the excavation. 

In the worst case, accidents may occur due to 
the poor knowledge of the geological conditions. 
In the Södermalm’s Tunnel, the collapse that 
occurred in the MMK area was not only a 
consequence of the inaccurate pre-investigations, 
but also a consequence of the inconclusive 
results from investigations done while tunneling. 
The results from investigations prior and while 
tunneling  did not represent the geological 
conditions and, even though additional reinfor-

cement was applied, not enough strength and 
cohesion was given to the glaciofluvial sedi-
ments. Due to the collapse, the excavations 
under the MMK area had to be stopped for 
around half a year, additional investigations had 
to be performed, the rock reinforcement had to 
be increased substantially, and therefore the cost 
of the excavations rose considerably. 

4.5. Recommendations 

Better planning of pre-investigations is highly 
recommended for future projects. A proper sub-
surface investigation should be designed on the 
results of geophysical studies and evaluation of 
existing geological maps. Geophysical methods 
provide indirect data of large subsurface areas at 
low costs. They identify places where uncer-
tainties occur and based on this, drill holes can 
be more optimally placed. Where geophysical 
surveys indicate similar results over long 
stretches few drill holes are required. Whereas in 
areas where the geophysical surveys suggest 
complexities and uncertainties, more drill holes 
can be placed. Thus, the application of geo-
physics in first instance would determine the 
regions where additional geological information 
is required. Then, drill holes can be carried out 
to give direct information of the subsurface just 
in the required areas. The combination of both 
methods, geophysics and drilling, may result into 
a more sustainable investigation as information 
of the whole construction site will be covered. 
Additionally, the budget will not be necessarily 
increased as drill holes, which are highly ex-
pensive, would be only located in the required 
regions. 

5. CONCLUSIONS  

The findings of this study indicated inaccurate 
predictions of the rock mass quality in an urban 
tunnel of Stockholm due to the insufficient 
planning of the subsurface investigations carried 
out. Pre-investigations in the tunnel were 
concentrated mainly in three areas. Data from 
those areas were assumed to be representative of 
the long sections along the trace of the tunnel.  
Data from the mappings of surface outcrops and 
intersecting tunnels located along the trace of 
the tunnel were also used for the determination 
of the rock mass quality. However, identification 
of the joint sets and characteristics of the joints 
in the outcrops and intersecting tunnels showed 
low association to the joints in the tunnel. Thus, 
inaccurate estimations of the rock quality 
classifications RMR and Q were obtained during 
the pre-investigations. 
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The RMR rock mass classification system was 
used for the design of the rock reinforcement in 
the tunnel and the Q-system was used as a 
complementing classification. The agreement 
between predicted and actual values of RMR was 
lower than in the Q-system.  Hence, the design 
of the rock reinforcement was based on the 
classification that resulted into more changes to 
the real conditions. The statistical analyses also 
proved that there was a lack of correspondence 
between the two systems Rock class and Weak 
zones, specified for the project. Rock class, used 
specifically for regions occurring between Weak 
zones, indicated lower rock quality and higher 
demands in rock support than some of the 
regions classed as Weak zones. 

Grouting fans applied along the tunnel as means 
of waterproofing and rock reinforcement 
achieved penetration to the fractures in just half 
of the considered length of the tunnel. This 
result shows there was quite low success of the 
grouting. It is possible that other means of water 
protection might be more successful in hard 
crystalline rocks. In the expected weak areas, 
additional rock reinforcement had to be installed 

in accordance to the rock conditions observed 
while tunneling, the pre-investigations did not 
succeed in properly identifying how extensively 
poor the geological conditions were in these 
areas. 

Future underground constructions should con-
sider implementing both more pre-investigations 
and better planned pre-investigations to avoid 
unexpected and difficult rock quality problems 
while excavating. In urban constructions, the 
difficulty of planning site investigations is greater 
than it is in rural areas; there is a great density of 
infrastructures that reduce the space for site 
investigations. Geotechnical investigations in the 
cities should also include the target of providing 
data for new constructions and for a better 
planning of the city. Furthermore, document-
ation of the geology during underground 
construction in cities should be done and be sent 
to a database that is available for future projects 
to use; providing a better knowledge of the 
expected geological problems that can occur and 
where they are expected to occur. 
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8. PLATES  

Plate 1. Geotechnical map of Stockholm
given in the text, based on REO, 
 

Plate 2. Longitudinal section Study case 1 based on the findings of the pre
(modified from TRV, 2008). 
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Plate 3. Geotechnical map of Stockholm, dating 1976, north is up (REO, 1976). Highlighted 
fracture zone is missing in the new versions of the geotechnical map of Stockholm. Legend in 
colors: red, rock outcrops; blue, till; green, glaciofluvium sediments; orange, sa
For a better description, see description in the text based on REO (1976).
 

Plate 4. Longitudinal section from Study case 2 based on the findings of the pre
(modified from TRV, 2008). 
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Geotechnical map of Stockholm, dating 1976, north is up (REO, 1976). Highlighted 
fracture zone is missing in the new versions of the geotechnical map of Stockholm. Legend in 
colors: red, rock outcrops; blue, till; green, glaciofluvium sediments; orange, sa
For a better description, see description in the text based on REO (1976). 
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Geotechnical map of Stockholm, dating 1976, north is up (REO, 1976). Highlighted 

fracture zone is missing in the new versions of the geotechnical map of Stockholm. Legend in 
colors: red, rock outcrops; blue, till; green, glaciofluvium sediments; orange, sand; yellow, clay. 
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Plate 5. Longitudinal section from Study case 3 based on the findings of the pre
(modified from TRV, 2008). 
 

Plate 6. Mixed face of the tunnel where the 
hard crystalline rocks are in contact with the 
glaciofluvium materials. 

Plate 7. Collapsed area in the ga
Maria Magdalena Church. 
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ngitudinal section from Study case 3 based on the findings of the pre

 

 

 

Plate 8. Rock reinforcement
umbrella arch method: a) elements of rein
forcement in the roof are: steel mesh, 
shotcrete and IBO-anchors (up); and b) 
elements of reinforcement in the tunnel face 
are: steel grouted pipes, jet grouting and 
colloidal silica grouting (down).
 

Mixed face of the tunnel where the 
hard crystalline rocks are in contact with the 

 
Plate 7. Collapsed area in the garden of 
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ngitudinal section from Study case 3 based on the findings of the pre-investigations 

Rock reinforcement following the 
umbrella arch method: a) elements of rein-
forcement in the roof are: steel mesh, 

anchors (up); and b) 
elements of reinforcement in the tunnel face 
are: steel grouted pipes, jet grouting and 
colloidal silica grouting (down). 
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APPENDIX I 

Rock Mass Rating System (after Bieniawski 1989). 
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APPENDIX II 

Example of the tunnel mappings, containing information of the geology and rock reinforcement 
applied in each section. 
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APPENDIX III 

Example of the reports containing information of the geology in the tunnel.
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Example of the reports containing information of the geology in the tunnel. 
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APPENDIX IV 

Example of the reports with information of the reinforcement 

Universitat Politècnica de Catalunya – Kungliga Tek

VI 

Example of the reports with information of the reinforcement applied in the tunnel.
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applied in the tunnel. 
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APPENDIX V 

Data obtained from the pre-investigations and the tunnel mappings. 
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1 463,0 466,0 3,0 466,0 74 21,0 75 20 2 0 300 30 1 0,30 1,50 2 1 1 1 1 7 4 0 50 4 0 0 - -

1 463,0 466,0 3,0 466,0 74 21,0 75 20 2 0 300 50 1 0,30 2,50 2 1 1 1 1 7 4 0 50 4 0 0 - -

1 466,0 469,0 3,0 469,0 74 21,0 75 20 2 0 20 40 2 0,30 0,70 2 1 1 1 1 1 4 0 50 4 0 0 36 2400

1 466,0 469,0 3,0 469,0 74 21,0 75 20 2 0 350 50 1 0,30 2,50 2 1 1 1 1 1 4 0 50 4 0 0 - -

1 466,0 469,0 3,0 469,0 74 21,0 75 20 2 0 300 30 1 0,30 1,50 2 1 1 1 1 1 4 0 50 4 0 0 - -

1 470,0 476,0 6,0 476,0 74 21,0 75 20 5 0 65 80 0 0,00 1,50 2 1 1 1 3 11 4 0 50 4 0 0 - -

1 470,0 476,0 6,0 476,0 74 21,0 75 20 5 0 200 40 0 0,00 0,40 1 2 2 1 1 11 4 0 50 4 0 0 - -

1 481,0 481,0 0,0 481,0 79 20,0 75 20 5 0 60 80 0 0,00 1,50 2 1 1 1 2 3 4 0 50 4 0 0 36 2000

1 481,0 481,0 0,0 481,0 79 20,0 75 20 5 0 330 40 1 0,30 0,70 1 2 2 1 1 3 4 0 50 4 0 0 - -

1 484,0 484,0 0,0 484,0 74 21,0 75 20 5 0 60 80 0 0,00 1,50 1 1 1 1 2 1 4 0 50 4 0 0 - -

1 484,0 484,0 0,0 484,0 74 21,0 75 20 5 0 320 40 1 0,30 0,70 1 2 2 1 1 1 4 0 50 4 0 0 - -

1 476,0 490,0 14,0 490,9 74 21,0 75 20 6 0 60 80 0 0,00 1,50 2 1 1 1 1 3 4 0 50 4 0 0 - -

1 476,0 490,0 14,0 490,9 74 21,0 75 20 6 0 340 40 1 0,30 0,70 1 2 2 1 1 3 4 0 50 4 0 0 - -

1 476,0 490,0 14,0 490,9 74 21,0 75 20 6 0 110 70 1 0,30 0,00 2 1 1 1 1 3 4 0 50 4 0 0 - -

1 490,0 495,0 5,0 495,0 74 13,0 75 20 6 0 170 50 0 0,00 0,40 1 1 1 1 2 11 4 0 50 4 0 0 30 2000

1 490,0 495,0 5,0 495,0 74 13,0 75 20 6 0 60 80 0 0,00 1,50 2 1 1 1 2 11 4 0 50 4 0 0 - -

1 490,0 495,0 5,0 495,0 74 13,0 75 20 6 0 110 70 1 0,30 0,00 2 1 1 1 2 11 4 0 50 4 0 0 - -

1 495,0 498,0 3,0 498,6 74 12,5 75 20 6 0 60 80 0 0,00 0,70 2 1 1 1 2 13 4 0 50 4 0 0 - -

1 495,0 498,0 3,0 498,6 74 12,5 75 20 6 0 110 70 1 0,30 0,00 2 2 2 1 2 13 4 0 50 4 0 0 - -

1 495,0 498,0 3,0 498,6 74 12,5 75 20 6 0 190 70 0 0,00 0,40 2 1 1 1 2 13 4 0 50 4 0 0 - -

1 495,0 498,0 3,0 498,6 74 12,5 75 20 6 0 80 70 1 0,30 0,70 1 2 2 1 2 13 4 0 50 4 0 0 - -

1 498,0 506,0 8,0 506,5 74 12,5 75 20 6 1 110 70 1 0,30 0,00 2 1 1 1 2 14 4 0 50 4 0 0 - -

1 498,0 506,0 8,0 506,5 74 12,5 75 20 6 1 60 80 2 0,30 1,50 2 1 1 1 2 14 4 0 50 4 0 0 - -

1 498,0 506,0 8,0 506,5 74 12,5 75 20 6 1 280 60 0 0,00 1,50 1 1 1 1 2 14 4 0 50 4 0 0 - -

1 506,0 510,0 4,0 510,2 74 12,5 75 20 6 1 100 70 0 0,00 0,40 2 1 1 1 2 16 4 0 50 4 0 0 30 2015

1 506,0 510,0 4,0 510,2 74 12,5 75 20 6 1 350 50 1 0,30 0,70 1 2 2 1 2 16 4 0 50 4 0 0 - -

1 506,0 510,0 4,0 510,2 74 12,5 75 20 6 1 180 30 0 0,00 0,70 2 1 1 1 2 16 4 0 50 4 0 0 - -

1 510,0 517,0 7,0 517,8 74 12,5 75 20 6 1 350 40 1 0,30 0,70 1 1 1 1 3 25 4 0 50 4 0 0 - -

1 510,0 517,0 7,0 517,8 74 12,5 75 20 6 1 90 70 0 0,00 0,40 2 2 2 1 3 25 4 0 50 4 0 0 - -

1 510,0 517,0 7,0 517,8 74 12,5 75 20 6 1 180 30 0 0,00 0,70 1 1 1 1 3 25 4 0 50 4 0 0 - -

1 510,0 517,0 7,0 517,8 74 12,5 75 20 6 1 120 80 2 0,30 0,00 2 2 2 1 3 25 4 0 50 4 0 0 - -

1 517,0 536,0 19,0 536,5 69 13,3 75 20 3 0 300 30 1 0,30 1,50 1 1 1 1 2 29 4 1,7 75 4 1,7 50 30 2500

1 517,0 536,0 19,0 536,5 69 13,3 75 20 3 0 60 80 0 0,00 0,40 2 1 1 1 2 29 4 1,7 75 4 1,7 50 - -

1 517,0 536,0 19,0 536,5 69 13,3 75 20 3 0 350 70 0 0,00 1,50 2 1 1 1 2 29 4 1,7 75 4 1,7 50 - -

1 536,5 543,0 6,5 544,2 69 13,3 75 20 6 1 160 60 2 0,30 0,70 2 4 1 1 2 11 4 1,7 75 4 1,7 50 30 2500

1 536,5 543,0 6,5 544,2 69 13,3 75 20 6 1 350 70 0 0,00 1,50 2 4 1 1 2 11 4 1,7 75 4 1,7 50 - -

1 536,5 543,0 6,5 544,2 69 13,3 75 20 6 1 60 80 0 0,00 1,50 1 4 1 1 2 11 4 1,7 75 4 1,7 50 - -

1 536,5 543,0 6,5 544,2 69 13,3 75 20 6 1 100 70 2 0,30 0,00 2 4 1 1 2 11 4 1,7 75 4 1,7 50 - -

1 543,0 548,0 5,0 548,0 69 6,6 75 20 6 1 160 60 2 0,30 0,40 1 4 1 1 2 6 4 1,7 75 4 1,7 50 - -

1 543,0 548,0 5,0 548,0 69 6,6 75 20 6 1 350 70 0 0,00 1,50 1 4 1 1 2 6 4 1,7 75 4 1,7 50 - -

1 543,0 548,0 5,0 548,0 69 6,6 75 20 6 1 60 85 2 0,30 0,40 2 4 1 1 2 6 4 1,7 75 4 1,7 50 - -

1 543,0 548,0 5,0 548,0 69 6,6 75 20 6 1 100 80 2 0,30 0,40 2 4 1 1 2 6 4 1,7 75 4 1,7 50 - -

1 548,0 554,8 6,8 554,8 69 6,6 75 20 6 1 100 70 2 0,30 0,40 2 4 1 3 2 10 4 1,7 75 4 1,7 50 40 2400

1 548,0 554,8 6,8 554,8 69 6,6 75 20 6 1 60 85 1 0,30 0,40 2 4 1 3 2 10 4 1,7 75 4 1,7 50 - -

1 548,0 554,8 6,8 554,8 69 6,6 75 20 6 1 160 50 0 0,00 1,50 1 4 1 3 2 10 4 1,7 75 4 1,7 50 - -

1 554,8 559,8 5,0 559,8 69 6,6 75 20 6 1 160 50 1 0,30 0,90 2 4 1 3 2 0 4 1,7 75 4 1,7 50 - -

1 554,8 559,8 5,0 559,8 69 6,6 75 20 6 1 100 70 2 0,30 0,40 2 4 1 3 2 0 4 1,7 75 4 1,7 50 - -

1 554,8 559,8 5,0 559,8 69 6,6 75 20 6 1 60 85 1 0,30 0,40 1 4 1 3 2 0 4 1,7 75 4 1,7 50 - -

1 560,0 563,0 3,0 563,0 69 13,3 75 20 3 0 200 30 1 0,30 0,90 2 4 1 1 2 0 4 1,7 75 4 1,7 50 97 6141

1 560,0 563,0 3,0 563,0 69 13,3 75 20 3 0 100 70 2 0,30 0,40 2 4 1 1 2 0 4 1,7 75 4 1,7 50 - -

1 560,0 563,0 3,0 563,0 69 13,3 75 20 3 0 170 50 1 0,30 0,90 2 4 1 1 2 0 4 1,7 75 4 1,7 50 - -

1 563,0 567,0 4,0 566,8 69 13,3 75 20 3 0 200 30 1 0,30 0,90 2 4 1 1 2 0 4 1,7 75 4 1,7 50 - -

1 563,0 567,0 4,0 566,8 69 13,3 75 20 3 0 360 80 1 0,30 1,50 1 4 1 1 2 0 4 1,7 75 4 1,7 50 - -

1 563,0 567,0 4,0 566,8 69 13,3 75 20 3 0 170 50 1 0,30 0,90 2 4 1 1 2 0 4 1,7 75 4 1,7 50 - -

1 566,0 570,0 4,0 571,0 69 13,3 75 20 3 0 280 20 1 0,30 1,50 2 4 1 1 2 0 4 1,7 75 4 1,7 50 - -

1 566,0 570,0 4,0 571,0 69 13,3 75 20 3 0 360 80 1 0,30 0,40 1 4 1 1 2 0 4 1,7 75 4 1,7 50 - -

1 566,0 570,0 4,0 571,0 69 13,3 75 20 3 0 170 50 1 0,30 0,90 2 4 1 1 2 0 4 1,7 75 4 1,7 50 - -

1 566,0 570,0 4,0 571,0 69 13,3 75 20 3 0 220 70 0 0,00 0,40 2 4 1 1 2 0 4 1,7 75 4 1,7 50 - -

2 141,0 147,0 6,0 147,0 74,0 13,3 65,0 20 0 0 40 20 1 0,40 0,40 2 1 1 1 2 11 2,4 0 50 2,4 0 0 24 1539

2 141,0 147,0 6,0 147,0 74,0 13,3 65,0 20 0 0 170 50 1 0,40 0,70 1 3 1 1 2 11 2,4 0 50 2,4 0 0 - -

2 141,0 147,0 6,0 147,0 74,0 13,3 65,0 20 0 0 340 70 0 0,00 1,50 2 1 1 1 2 11 2,4 0 50 2,4 0 0 - -

2 147,0 153,5 6,5 153,3 74,0 11,6 65,0 20 5 0 170 50 1 0,40 1,50 1 1 1 1 2 14 2,4 0 50 2,4 0 0 - -

2 147,0 153,5 6,5 153,3 74,0 11,6 65,0 20 5 0 110 70 1 0,40 0,70 2 3 1 1 2 14 2,4 0 50 2,4 0 0 - -

2 147,0 153,5 6,5 153,3 74,0 11,6 65,0 20 5 0 40 20 2 0,40 0,10 2 1 1 1 2 14 2,4 0 50 2,4 0 0 - -

2 153,5 160,6 7,1 160,6 74,0 11,6 65,0 20 5 0 100 70 2 0,40 0,70 2 1 1 1 2 9 2,4 0 50 2,4 0 0 - -

2 153,5 160,6 7,1 160,6 74,0 11,6 65,0 20 5 0 40 20 2 0,40 0,10 2 3 1 1 2 9 2,4 0 50 2,4 0 0 - -

2 153,5 160,6 7,1 160,6 74,0 11,6 65,0 20 5 0 320 80 2 0,00 1,50 2 1 1 1 2 9 2,4 0 50 2,4 0 0 - -

2 160,6 174,0 13,4 174,0 74,0 21,0 65,0 20 2 0 100 50 1 0,40 1,50 2 1 1 1 2 11 2,4 0 50 2,4 0 0 23 1600

2 160,6 174,0 13,4 174,0 74,0 21,0 65,0 20 2 0 280 70 0 0,00 1,50 1 3 1 1 2 11 2,4 0 50 2,4 0 0 - -

2 174,0 182,0 8,0 182,0 74,0 22,5 65,0 20 2 0 60 50 1 0,40 1,00 1 1 1 1 1 6 2,4 0 50 2,4 0 0 23 2000

2 174,0 182,0 8,0 182,0 74,0 22,5 65,0 20 2 0 100 60 1 0,40 2,50 2 2 2 1 1 6 2,4 0 50 2,4 0 0 - -

2 182,0 190,0 8,0 190,0 74,0 15,0 65,0 20 2 0 60 50 1 0,40 1,00 1 1 1 1 1 3 2,4 0 50 2,4 0 0 - -

2 182,0 190,0 8,0 190,0 74,0 15,0 65,0 20 2 0 270 70 0 0,00 1,50 2 2 2 1 1 3 2,4 0 50 2,4 0 0 - -

2 182,0 190,0 8,0 190,0 74,0 15,0 65,0 20 2 0 150 50 1 0,40 1,50 1 1 1 1 1 3 2,4 0 50 2,4 0 0 - -

Rock supportSections Rock classifications Joint properties Rock properties
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2 190,0 203,0 13,0 203,0 74 4,4 65 20 2 0 290 80 2 0,70 0,00 2 4 1 3 2 13 2,4 0 50 2,4 0 0 23 1515

2 190,0 203,0 13,0 203,0 74 4,4 65 20 2 0 100 85 2 0,70 1,50 2 4 1 3 2 13 2,4 0 50 2,4 0 0 - -

2 190,0 203,0 13,0 203,0 74 4,4 65 20 2 0 60 50 0 0,00 0,70 1 4 1 3 2 13 2,4 0 50 2,4 0 0 - -

2 190,0 203,0 13,0 203,0 74 4,4 65 20 2 0 360 20 1 0,30 1,50 1 4 1 3 2 13 2,4 0 50 2,4 0 0 - -

2 203,0 207,7 4,7 207,7 69 0,9 40 2 6 1 120 85 2 0,30 0,40 2 1 1 1 2 0 2,4 1,7 50 2,4 0 0 24 2100

2 203,0 207,7 4,7 207,7 69 0,9 40 2 6 1 220 20 1 0,30 1,50 1 2 2 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 203,0 207,7 4,7 207,7 69 0,9 40 2 6 1 360 20 1 0,30 0,70 1 1 1 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 207,7 212,5 4,8 212,5 63 0,9 40 2 2 0 60 50 2 0,30 0,40 1 1 1 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 207,7 212,5 4,8 212,5 63 0,9 40 2 2 0 160 60 1 0,30 1,50 1 1 1 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 207,7 212,5 4,8 212,5 63 0,9 40 2 2 0 360 20 1 0,30 1,50 2 1 1 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 212,5 218,0 5,5 218,0 58 1,1 40 2 9 3 60 60 2 0,70 0,40 3 1 1 3 3 0 2,4 1,7 50 2,4 0 0 - -

2 212,5 218,0 5,5 218,0 58 1,1 40 2 9 3 340 70 0 0,30 0,70 1 1 1 3 3 0 2,4 1,7 50 2,4 0 0 - -

2 212,5 218,0 5,5 218,0 58 1,1 40 2 9 3 210 30 0 0,30 1,50 2 1 1 3 3 0 2,4 1,7 50 2,4 0 0 - -

2 212,5 218,0 5,5 218,0 58 1,1 40 2 9 3 160 50 0 0,00 0,70 1 1 1 3 3 0 2,4 1,7 50 2,4 0 0 - -

2 218,0 223,0 5,0 223,0 45 0,7 40 2 9 0 60 55 2 0,70 0,10 4 1 1 3 3 0 2,4 1,7 50 2,4 0 0 23 1503

2 218,0 223,0 5,0 223,0 45 0,7 40 2 9 0 210 30 2 0,70 1,50 3 1 1 3 3 0 2,4 1,7 50 2,4 0 0 - -

2 218,0 223,0 5,0 223,0 45 0,7 40 2 9 0 340 70 2 0,70 0,70 2 1 1 3 3 0 2,4 1,7 50 2,4 0 0 - -

2 223,0 226,0 3,0 226,0 40 0,6 75 20 3 0 60 55 2 0,70 0,10 4 1 1 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 223,0 226,0 3,0 226,0 40 0,6 75 20 3 0 210 30 2 0,70 1,50 3 1 1 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 223,0 226,0 3,0 226,0 40 0,6 75 20 3 0 340 70 2 0,70 0,70 2 1 1 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 226,0 233,0 7,0 233,0 65 11,6 75 20 3 0 60 50 0 0,70 0,10 4 1 1 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 226,0 233,0 7,0 233,0 65 11,6 75 20 3 0 230 25 0 0,70 1,50 1 1 1 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 226,0 233,0 7,0 233,0 65 11,6 75 20 3 0 340 70 0 0,30 1,50 2 1 1 1 2 0 2,4 1,7 50 2,4 0 0 - -

2 233,0 240,0 7,0 240,0 64 20,0 75 20 6 0 220 60 0 0,30 0,40 2 1 1 1 2 0 2,4 2 50 2,4 0 0 23 2700

2 233,0 240,0 7,0 240 64 20,0 75 20 6 0 310 85 0 0,30 0,70 1 1 1 1 2 0 2,4 2 50 2,4 0 0 - -

3 619,0 623,0 4,0 623,0 62 5,6 65 6 3 0 110 50 2 0,50 0,40 2 1 1 1 2 0 4 2 50 4 2 50 43 4825

3 619,0 623,0 4,0 623,0 62 5,6 65 6 3 0 230 80 1 0,30 1,50 1 1 1 1 2 0 4 2 50 4 2 50 - -

3 619,0 623,0 4,0 623,0 62 5,6 65 6 3 0 340 85 1 0,30 0,40 1 1 1 1 2 0 4 2 50 4 2 50 - -

3 623,0 628,0 5,0 627,5 62 5,6 65 6 3 0 100 50 1 0,30 0,40 2 4 1 1 2 0 4 2 50 4 2 50 - -

3 623,0 628,0 5,0 627,5 62 5,6 65 6 3 0 230 85 0 0,00 1,50 1 4 1 1 2 0 4 2 50 4 2 50 - -

3 623,0 628,0 5,0 627,5 62 5,6 65 6 3 0 340 80 2 0,30 1,50 1 4 1 1 2 0 4 2 50 4 2 50 - -

3 627,0 629,0 2,0 629,5 69 5,6 65 6 3 0 100 50 1 0,30 0,40 2 4 1 1 2 0 4 2 50 4 2 50 - -

3 627,0 629,0 2,0 629,5 69 5,6 65 6 3 0 230 85 0 0,00 1,50 1 4 1 1 2 0 4 2 50 4 2 50 - -

3 627,0 629,0 2,0 629,5 69 5,6 65 6 3 0 340 80 2 0,30 1,50 1 4 1 1 2 0 4 2 50 4 2 50 - -

3 629,0 630,9 1,9 630,9 68 2,1 65 6 3 0 110 35 1 0,20 0,75 3 3 1 1 3 0 4 2 50 4 2 50 - -

3 629,0 630,9 1,9 630,9 68 2,1 65 6 3 0 250 75 2 0,20 1,75 4 3 1 1 3 0 4 2 50 4 2 50 - -

3 629,0 630,9 1,9 630,9 68 2,1 65 6 3 0 310 65 2 0,20 0,70 4 3 1 1 3 0 4 2 50 4 2 50 - -

3 629,0 630,9 1,9 630,9 68 2,1 65 6 3 0 310 75 2 0,20 0,70 1 3 1 1 3 0 4 2 50 4 2 50 - -

3 632,2 632,2 0,0 632,2 69 1,4 65 2 3 0 110 35 1 0,20 0,70 1 1 1 1 3 0 4 2 50 4 2 50 16 1400

3 632,2 632,2 0,0 632,2 69 1,4 65 2 3 0 250 80 2 0,20 0,70 2 3 1 1 3 0 4 2 50 4 2 50 - -

3 632,2 632,2 0,0 632,2 69 1,4 65 2 3 0 310 65 2 0,20 0,75 2 1 1 1 3 0 4 2 50 4 2 50 - -

3 632,2 632,2 0,0 632,2 69 1,4 65 2 3 0 180 75 2 0,15 0,00 1 3 1 1 3 0 4 2 50 4 2 50 - -

3 632,2 632,2 0,0 632,2 69 1,4 65 2 3 0 30 60 2 0,15 1,50 2 1 1 1 3 0 4 2 50 4 2 50 - -

3 633,3 633,3 0,0 633,3 69 1,4 65 2 3 0 100 40 2 0,20 0,75 2 3 1 1 3 0 4 2 50 4 2 50 - -

3 633,3 633,3 0,0 633,3 69 1,4 65 2 3 0 210 70 2 0,20 0,75 1 1 1 1 3 0 4 2 50 4 2 50 - -

3 633,3 633,3 0,0 633,3 69 1,4 65 2 3 0 70 50 2 0,20 0,75 1 1 1 1 3 0 4 2 50 4 2 50 - -

3 634,5 634,5 0,0 634,5 69 1,3 65 2 3 0 100 40 2 0,20 0,75 1 3 1 1 3 0 4 2 50 4 2 50 - -

3 634,5 634,5 0,0 634,5 69 1,3 65 2 3 0 210 70 2 0,20 0,50 2 1 1 1 3 0 4 2 50 4 2 50 - -

3 634,5 634,5 0,0 634,5 69 1,3 65 2 3 0 70 50 2 0,20 0,50 2 3 1 1 3 0 4 2 50 4 2 50 - -

3 634,5 634,5 0,0 634,5 69 1,3 65 2 3 0 320 60 2 0,20 0,80 1 1 1 1 3 0 4 2 50 4 2 50 - -

3 634,5 634,5 0,0 634,5 69 1,3 65 2 3 0 190 90 2 0,35 0,50 2 1 1 1 3 0 4 2 50 4 2 50 - -

3 636,0 636,0 0,0 636,0 64 1,3 65 2 3 0 80 80 2 0,40 0,40 2 3 1 2 3 0 4 2 50 4 2 50 - -

3 636,0 636,0 0,0 636,0 64 1,3 65 2 3 0 180 90 2 0,35 0,30 2 1 1 2 3 0 4 2 50 4 2 50 - -

3 636,0 636,0 0,0 636,0 64 1,3 65 2 3 0 110 40 2 0,20 0,75 3 3 1 2 3 0 4 2 50 4 2 50 - -

3 636,0 636,0 0,0 636,0 64 1,3 65 2 3 0 300 70 1 0,15 0,70 3 1 1 2 3 0 4 2 50 4 2 50 - -

3 637,5 637,5 0,0 637,5 64 1,3 65 2 3 0 220 70 2 0,20 0,40 1 3 1 1 3 0 4 2 50 4 2 50 - -

3 637,5 637,5 0,0 637,5 64 1,3 65 2 3 0 60 80 2 0,20 0,40 2 3 1 1 3 0 4 2 50 4 2 50 - -

3 637,5 637,5 0,0 637,5 64 1,3 65 2 3 0 140 40 1 0,20 0,75 1 3 1 1 3 0 4 2 50 4 2 50 - -

3 637,5 637,5 0,0 637,5 64 1,3 65 2 3 0 110 65 1 0,40 2,50 3 3 1 1 3 0 4 2 50 4 2 50 - -

3 637,5 637,5 0,0 637,5 64 1,3 65 2 3 0 50 20 1 0,20 0,40 1 3 1 1 3 0 4 2 50 4 2 50 - -

3 637,5 637,5 0,0 637,5 64 1,3 65 2 3 0 180 65 2 0,20 2,50 2 3 1 1 3 0 4 2 50 4 2 50 - -

3 638,3 638,3 0,0 638,3 64 0,9 65 2 3 0 150 50 1 0,20 0,60 1 1 1 2 3 0 4 2 50 4 2 50 - -

3 638,3 638,3 0,0 638,3 64 0,9 65 2 3 0 100 60 2 0,35 1,25 2 3 1 2 3 0 4 2 50 4 2 50 - -

3 638,3 638,3 0,0 638,3 64 0,9 65 2 3 0 60 15 1 0,20 0,60 1 1 1 2 3 0 4 2 50 4 2 50 - -

3 638,3 638,3 0,0 638,3 64 0,9 65 2 3 0 230 80 2 0,20 0,30 2 3 1 2 3 0 4 2 50 4 2 50 - -

3 638,3 638,3 0,0 638,3 64 0,9 65 2 3 0 330 70 2 0,20 0,60 4 1 1 2 3 0 4 2 50 4 2 50 - -

Sections Rock classifications Joint properties Rock properties Rock support
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APPENDIX VI 

Data from the variables statistically analyzed.  
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1 463,0 3,0 466,0 464,5 74 21,0 75 20 1 2 6,17 23,81 66,67 23,35 9,65 -1,32 -10,29 0 2

1 466,0 3,0 469,0 467,5 74 21,0 75 20 1 2 43,20 23,81 66,67 23,35 9,65 -1,32 -10,29 1 2

1 470,0 6,0 476,0 473,0 74 21,0 75 20 1 5 7,85 11,90 66,67 23,35 9,65 -1,32 -10,29 0 2

1 476,0 5,0 481,0 478,5 74 21,0 75 20 1 5 12,00 14,29 66,67 23,35 9,65 -1,32 -10,29 0 2

1 481,0 3,0 484,0 482,5 79 20,0 75 20 1 5 43,20 43,65 66,67 23,35 9,65 -1,32 -10,29 0 2

1 484,0 0,0 484,0 484,0 74 21,0 75 20 1 5 0,00 0,00 66,67 23,35 9,65 -1,32 -10,29 0 1

1 484,0 6,0 490,0 487,0 74 21,0 75 20 1 6 28,80 9,92 66,67 23,35 9,65 -1,32 -10,29 0 2

1 490,0 5,0 495,0 492,5 74 13,0 75 20 1 6 6,55 23,81 66,67 23,35 9,65 -1,32 -10,29 0 2

1 495,0 3,0 498,0 496,5 74 12,5 75 20 1 6 3,32 39,68 66,67 23,35 9,65 -1,32 -10,29 0 2

1 498,0 8,0 506,0 502,0 74 12,5 75 20 1 6 8,23 7,44 66,67 23,35 9,65 -1,32 -10,29 1 2

1 506,0 4,0 510,0 508,0 74 12,5 75 20 1 6 3,60 29,87 66,92 23,82 10,06 -0,95 -9,95 0 2

1 510,0 7,0 517,0 513,5 74 12,5 75 20 1 6 4,03 8,57 67,17 24,28 10,47 -0,58 -9,62 1 2

1 517,0 6,0 523,0 520,0 69 13,3 75 20 2 3 11,53 22,40 75,25 39,23 23,76 11,39 1,26 0 2

1 523,0 6,0 529,0 526,0 69 13,3 75 20 2 3 10,74 22,40 75,25 39,23 23,76 11,39 1,26 0 2

1 529,0 7,0 536,0 532,5 69 13,3 75 20 2 3 15,49 10,63 83,33 54,19 37,06 23,35 12,14 0 2

1 536,5 6,5 543,0 539,8 69 13,3 75 20 2 6 11,40 11,45 83,33 54,19 37,06 23,35 12,14 1 2

1 543,0 5,0 548,0 545,5 69 6,6 75 20 2 6 14,89 14,88 83,33 54,19 37,06 23,35 12,14 1 2

1 548,0 6,8 554,8 551,4 69 6,6 75 20 2 6 12,68 21,45 70,00 29,52 15,13 3,62 -5,80 1 2

1 554,8 5,0 559,8 557,3 69 6,6 75 20 2 6 2,89 14,29 60,00 11,02 -1,32 -11,19 -19,26 1 2

1 560,0 3,0 563,0 561,5 69 13,3 75 20 2 3 2,89 84,73 62,34 15,35 2,54 -7,72 -16,11 1 2

1 563,0 4,0 567,0 565,0 69 13,3 75 20 2 3 2,89 63,55 62,34 15,35 2,54 -7,72 -16,11 0 2

1 566,0 4,0 570,0 568,0 69 13,3 75 20 2 3 2,89 45,69 63,31 17,14 4,13 -6,29 -14,81 0 2

2 141,0 6,0 147,0 144,0 74 13,3 65 20 1 0 3,86 12,92 64,13 18,65 5,47 -5,08 -13,71 0 2

2 147,0 6,5 153,5 150,3 74 11,6 65 20 1 5 3,29 11,93 64,13 18,65 5,47 -5,08 -13,71 1 2

2 153,5 7,1 160,6 157,1 74 11,6 65 20 1 5 5,59 10,92 64,13 18,65 5,47 -5,08 -13,71 1 2

2 160,6 6,4 167,0 163,8 74 21,0 65 20 1 2 4,53 24,71 66,79 23,58 9,85 -1,14 -10,13 0 2

2 167,0 7,0 174,0 170,5 74 21,0 65 20 1 2 16,53 11,51 69,57 28,72 14,41 2,97 -6,39 0 2

2 174,0 8,0 182,0 178,0 74 22,5 65 20 1 2 9,44 22,67 78,26 44,81 28,72 15,84 5,31 0 2

2 182,0 8,0 190,0 186,0 74 15,0 65 20 1 2 18,89 12,59 86,96 60,90 43,02 28,72 17,01 0 1

2 190,0 7,0 197,0 193,5 74 4,4 65 20 1 2 5,51 25,30 76,41 41,39 25,68 13,11 2,83 1 2

2 197,0 6,0 203,0 200,0 74 4,4 65 20 1 6 10,62 12,72 65,87 21,88 8,34 -2,50 -11,36 1 2

2 203,0 4,7 207,7 205,4 69 0,9 40 2 2 6 2,04 38,75 76,91 42,32 26,50 13,85 3,50 1 1

2 207,7 4,8 212,5 210,1 63 0,9 40 2 2 2 2,04 37,94 76,91 42,32 26,50 13,85 3,50 1 1

2 212,5 5,5 218,0 215,3 58 1,1 40 2 3 9 2,04 19,24 87,50 61,90 43,91 29,52 17,75 0 3

2 218,0 5,0 223,0 220,5 45 0,7 40 2 4 9 2,04 36,30 76,66 41,84 26,08 13,47 3,16 1 4

2 223,0 3,0 226,0 224,5 40 0,6 75 20 4 3 2,04 25,24 65,35 20,91 7,48 -3,27 -12,06 1 4

2 226,0 7,0 233,0 229,5 65 11,6 75 20 2 3 2,04 10,82 65,35 20,91 7,48 -3,27 -12,06 0 3

2 233,0 7,0 240,0 236,5 64 20,0 75 20 2 6 2,82 30,25 91,37 69,06 50,28 35,25 22,95 0 1

3 619,0 4,0 623,0 621,0 62 5,6 65 6 2 3 3,93 35,90 112,21 107,62 84,55 66,10 51,00 1 1

3 623,0 5,0 628,0 625,5 62 5,6 65 6 2 3 3,93 28,72 112,21 107,62 84,55 66,10 51,00 1 1

3 627,0 2,0 629,0 628,0 69 5,6 65 6 2 3 3,93 71,80 112,21 107,62 84,55 66,10 51,00 1 1

3 629,0 1,9 630,9 630,0 68 2,1 65 6 2 3 3,93 75,58 112,21 107,62 84,55 66,10 51,00 1 4

3 632,2 1,1 633,3 632,8 69 1,4 65 2 2 3 3,93 163,95 105,51 95,22 73,53 56,18 41,98 1 2

3 633,3 1,2 634,5 633,9 69 1,4 65 2 2 3 3,93 154,39 105,51 95,22 73,53 56,18 41,98 1 1

3 634,5 1,5 636,0 635,3 69 1,3 65 2 2 3 3,93 123,51 105,51 95,22 73,53 56,18 41,98 1 2

3 636,0 1,5 637,5 636,8 64 1,3 65 2 2 3 3,93 123,51 105,51 95,22 73,53 56,18 41,98 1 3

3 637,5 0,8 638,3 637,9 64 1,3 65 2 2 3 3,93 231,58 105,51 95,22 73,53 56,18 41,98 1 2

Sections Rock class i fications


