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Sammanfattning 
 
Förekomsten och geotekniska konsekvenser av svällande lera i Stockholm 
Viktoria Clarin & Anna Clark 
 
Tidigare fall har visat att otillräcklig förstärkning i tunnlar kan leda till ras där 
svällande lera är en av ett antal faktorer som kan resultera i sådana skador. 
Svällande lermineral innehar egenskapen att absorbera vatten och katjoner som 
resulterar i en volymökning. Instabilitet i tunnelkonstruktioner är en konsekvens av 
det mobiliserande svälltrycket som uppstår då utrymme inte finns tillgängligt för 
denna volymändring. Ett antal tunnlar är planerade genom centrala Stockholm inom 
en nära framtid varför flertalet borrkärnor har karterats. Denna kandidatuppsats 
fokuserar därför på svällningspotential och svälltryck hos prov från en borrkärna som 
korsar Söderströmförkastningen. Proven som valts ut för vidare analys har sitt 
ursprung från en borrkärna tagen vid Slussen, Stockholm. Analyserna i denna studie 
har i syfte att möjliggöra en estimering av förstärkning vid framtida projekt som 
involverar tunnelkonstruktion. 

Ett antal prov valdes ut för analys varpå fria svällningsförsök utfördes för att 
bestämma svällningspotential hos respektive prov. Ett av proven uppvisade en 
volymökning över 100% varför ytterligare försök utfördes för att fastställa provets 
svälltryck. Försöken genomfördes med hjälp av en ödometer vilket resulterade i ett 
svälltryck på ca 155kPa. För identifiering av leran utfördes ett antal analyser med 
röntgendiffraktion. 

Likvärdiga svälltryck har uppmätts i tunnlar som drabbats av ras i Norge. Det är 
därför viktigt att ta hänsyn till detta då de nya tunnelprojekten ska påbörjas. Baserat 
på resultaten denna rapport redovisar kan godtycklig förstärkning estimeras och 
användas som grund för framtida tunnlar som byggs i området. Resultaten i denna 
studie visar att Söderströmsförkastningen innehåller svällande lera vilket kommer 
måsta tas hänsyn till då tunnlar konstrueras. 
 
Nyckelord: Tunnelstabilitet, svällande lera, förstärkning, Söderströmsförkastningen, 
svälltryck 
 
Självständigt arbete i geovetenskap, 1GV029, 15 hp, 2015 
Handledare: Lars Maersk-Hansen och Hemin Koyi 
Institutionen för geovetenskaper, Uppsala universitet, Villavägen 16, 752 36 Uppsala 
(www.geo.uu.se) 
 
Hela publikationen finns tillgänglig på www.diva-portal.org 
 
 
 
 
 
 
 
 
 
 
 



 

Abstract 
 
The Incidence and Associated Geotechnical Issues of Swelling Clay in 
Stockholm  
Viktoria Clarin & Anna Clark 
 
Previous tunnel failures have shown that inadequate reinforcement in tunnels can 
lead to cave-ins, whereby swelling clay is one of several factors that can result in 
these damages. Swelling clay minerals possess the ability to adsorb water molecules 
and cations leading to an increase in volume. Instability in tunnels is a consequence 
of the mobilised swelling pressure caused by lack of room to accommodate for the 
change in volume. Several tunnels are projected throughout central Stockholm in the 
near future, whereby numerous drill cores have been logged. This bachelor thesis 
will therefore focus on the swelling potential and swelling pressure of clay samples 
selected from a drill core traversing the Söderström fault system. The samples 
selected for further analysis were collected from a drill core from Slussen, Stockholm, 
with the aim of determining the reinforcement requirements for future tunnelling 
projects. 

Several samples from the drill core were selected for analysis, whereby free 
swelling test was conducted to determine the swelling potential for each sample. One 
sample displayed more than 100% volume increase and was further tested to 
determine swelling pressure. Tests were performed using an oedometer, resulting in 
a measured swelling pressure of approximately 155 kPa. To identify the clay type 
several X-ray diffraction tests were performed on the sample. 

Similar swelling pressures have been measured in tunnels affected by cave-ins in 
Norway. Due to these previous events, the swelling pressure is of imminent 
importance when constructing new tunnels. Based on the obtained results, an 
adequate reinforcement can be estimated and used as a foundation for future tunnel 
constructions within the area. The tests show that the Söderström fault contains 
swelling clay and precautions will have to be taken when tunnels are constructed. 
 
Key words: Tunnel stability, swelling clay, reinforcement, Söderström fault, swelling 
pressure 
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1. Introduction 

1.1 Description of area and drill core  
 
Several tunnels will be constructed throughout central Stockholm in the near future 
therefore numerous drill cores have been logged. The purpose of logging drill cores 
is to gain an insight into what lies beneath the surface. Bedrock quality and areas of 
weakness, such as fault zones can be studied and are of paramount importance 
when planning the location of future tunnels in order to ensure the safest and most 
stable outcome. This bachelor thesis will focus on one particular drill core originating 
from Slussen, Stockholm. The initial purpose of the drill core was to locate and 
analyse a fault zone in order to obtain rock mass properties for a bridge foundation 
(Olsson et. al., 2014). Stockholm’s Community has provided the drill core that will be 
further analysed in this report and required laboratory testing has been conducted at 
Bjerking and Ångström Laboratory in Uppsala.   
 The total length of the drill core in question is 322m, bearing N260 with a 
30 degree plunge and has previously been logged by Golder Associates on behalf of 
ELU consultants AB (Fig. 3). Results from initial drill core logging show evidence of a 
weakness zone with prominent loss of core material in one specific area (Fig. 1) 
(Hansson and Maersk-Hansen 2014). Weakness zones are of particular interest with 
regard to the location and essential reinforcement requirements of future tunnel 
constructions. According to Stiftelsen Bergteknisk Forskning (2010), the likelihood of 
cave-ins increases when weakness zones run vertically through a tunnel. Several of 
the tunnels in the Slussen area are projected to traverse through the weakness zone 
at a more or less 90-degree angle, which may influence reinforcement requirements 
(Section 1.3.2).     
 Initially, visual assessment of the 322m long drill core took place with the 
assistance of Lars Maersk Hansen (Senior geologist at Golder Associates), to 
determine and select samples for further analyses. Samples were taken where the 
drill core material showed prominent signs of alteration, or in other words exhibited 
signs of crushed, crumbled or soft material (Figures 4 & 5).    
 One sample of particular interest was taken from a 2.5m zone located at 
a depth of 148-150m (Olsson et. al., 2014, 6). At this particular interval there is 
conspicuous core loss, potentially suggesting exceptionally low competent material. 
When boring core samples through varying material, careful attention has to be paid 
as to the mechanical forces such as drilling fluid which can damage or in this case 
‘flush away’ entire sections of loose material. Precautions have not been taken when 
conducting this particular drill core, leaving only a small remnant of the original 
material from this zone (Hansson and Maersk-Hansen 2014, 4). Five additional 
samples from varying depths (Appendix 1) were selected with the help of Lars 
Maersk Hansen for further analysis.     The 
samples of interest were tested for mineral composition using X-ray diffraction 
(Section 4.3). Swelling capacity of each sample was determined using the ‘free 
swelling method’ (Section 4.2). Samples showing a considerable capacity for swelling 
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(more than 100%) are further analysed to measure the pressure that is produced by 
swelling, using an oedometer. As a result, reinforcement calculations can be carefully 
considered and carried out for the construction of future tunnels in the area.  

 

                

 

Figure 3. Profile from Slussen Showing the upper and lower deformation boundaries (green) 
traversing the drill core. Joints are represented along the drill core indicated by red banding. 
Arrow representing core loss (Modified after Olsson et. al., 2014) 
 

The preceding studies conducted by Golder Associates have focused mainly on 
logging the bedrock to determine overall rock quality. However, the results lack 
sufficient information with regard to clay and its potential swelling capacity. Logging 
results show a fault zone (Söderström fault) striking east west with an assumed dip of 
50-70 degrees south (Hansson & Maersk-Hansen, 2014). The fault displays three 
main weaknesses, the predominate zone being a 2.5m consecutive void observed at 
a depth of 148-150m. A small volume of material was salvaged from the void and will 
be further analysed in this report (Fig. 4). The remaining two zones are much smaller 
in size (<50cm) and are therefore of less imminent importance with regard to 
tunnelling and reinforcement requirements, however will also have to be considered 
when tunnelling commences (Olsson et. al., 2014). Overall the bedrock is 

Figure 1. Map of Slussen showing the 2.5m drill core loss represented by the bold red 
marking. Dashed line assumed extension of clay zone (Hansson & Maersk-Hansen, 2014). 
Figure 2. Map of Slussen and surrounding area (Stockholms stad, 2015) 
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characterized as moderate to good, assessed using parameters such as RQD (Rock 
Quality Designation) and basic RMR (for further information and results see: Slussen 
– Geologisk utredning för fastställande av bergets tekniska egenskaper för 
grundläggning. Conducted by Golder Associates, 2014-03-04). The Söderström fault 
is part of a regional strike-slip fault system running from Stockholm to Närke with no 
current seismic activity (Stålhös, 1968).    
 A drill rig with a “triple tube” (TT75mm) core barrel was used to bore the 
322m long core. This particular drilling method uses substantial drilling water, which 
causes unconsolidated material such as clay to be flushed away (Hansson & Maersk-
Hansen, 2014). The material that was obtainable within this 2.5m void is, according 
to Maersk-Hansen, likely to contain swelling clay. This can, in some measure, be 
established by dripping water on the sample whereby a fizzing sound can be heard. 
This ‘fizzing sound’ is one of several characteristics of swelling clay, confirmed by L. 
Maersk Hansen on 2nd March 2015. Additional analyses on the clay material were not 
conducted in the study by Golder Associates but will be presented in this report.  
 

Figure 4.  Box number 28. Depth of sample 148-150 m. Sample indicated with the arrow 
represents the remains of the flushed away material leaving a 2.5m void (note; block “k-
förlust” at bottom right is misplaced. Correct position below the block indicating 
149/70)(Modified after Hansson & Maersk-Hansen, 2014).   

 
Figure 5.  Box number 24. Depth of sample 123 m. Sample from lower casing selected by 
visual assessment (Photo: Clarin & Clark, 2015)  
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1.2 Problems encountered when constructing tunnels through swelling 
clay 
 
During excavation projects the swelling potential in rock should be emphasised due 
to challenges and problems associated with tunneling through areas containing 
material of a swelling nature. Delays and additional costs are both consequences 
related to collapses and damage to reinforcement caused by swelling in clay 
minerals. Projects in Norway associated with swelling clay have led to extensive 
costs of up to 75% of the primary budget for reinforcements in tunnels (Selmer-Olsen 
et. al. 1989). Clay is not the only mineral that possesses potential swelling 
characteristics; anhydrite and calcareous shales also exhibit similar features (Selmer-
Olsen et. al. 1989). However, these features will not be discussed further in this 
report. Several factors play a significant role when considering adequate 
reinforcement. According to Brekke and Selmer Olsen (1965) the following are of 
main concern when tunnel failures are considered:  
 

1. Fault zones exhibiting a unfavourable orientation in relation to the tunnel  
2. Low cohesion in weakness zones containing chlorite, talk and graphite  
3. Solvability of calcite, especially when porous or flaky  
4. Pressure related phenomena’s  
5. ‘Flushing out’ of clay minerals in joints or fault zones  
6. Swelling capacity of montmorillonite  

 
There are no general strategies regarding tunnel design for these kinds of conditions, 
even though substantial research has been conducted (Mao, 2012). There are 
however, various factors that should be emphasised when constructing tunnels in 
areas containing swelling clay. Brekke (1965) described the swelling potential, or 
swellability, in clay as dependent on the following internal factors: 
 

1. The type of clay mineral(s) in the clay 
2. The amount of clay mineral(s) in the clay 
3. The type of dominant cation in the clay 
4. The concentration of ions in the clay 
5. The particle size of the clay mineral(s). 
6. The water content at the beginning of the swelling process 
7. The structure of the clay 
8. The dry density of the clay at the beginning of the swelling process 
9. Possible diagenetic cementation 

Furthermore, Brekke described the extent to which clay will swell, is also dependent 
on the following external factors: 

1. The accessibility of water from imbibition 
2. The concentration of ions in the water 
3. The possibility of an increase of volume during the swelling process 
4. Eventual counter pressure  

Water accessibility and the amount of accommodation available are both factors 
enabling the swelling process to transpire and are usually made possible during the 
excavation process.      
 The crystal lattice of clay allows adsorption of water whereupon an 
increase in volume takes place. The displacement caused by this volume increase 
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generates the observed swelling pressure, which can cause damage to 
reinforcement and may initiate cave-ins in tunnels. It is therefore important to let time 
and rock bolts stabilise the ground before applying shotcrete linings. Samples 
showing measurements with swelling pressure below 0.1MPa rarely expose any 
stability problems caused by swelling. Samples defined as moderately active (0.1-
0.3MPa) on the other hand, can potentially cause stability problems. However, 
instabilities are not likely to be single-handedly caused by moderately active clay 
(Mao et. al., 2011).      
 A different method that has been applied in several tunnelling projects is 
to allow deformation to take place by cutting slots into the shotcrete (Bickel et. al. 
1996). By tolerating a certain amount of swelling, the mobilized swelling pressure will 
decrease, permitting a smaller reinforcement budget (Brekke, 1965).  Without water 
however no swelling will occur (Selmer-Olsen et. al. 1989), it is therefore important 
that when possible, clay minerals should be kept dry. Available pore water from 
surrounding bedrock and humidity should also be considered, as these factors may 
be enough to start the swelling process (Bickel et. al. 1996). Swelling clay in 
weakness zones is even more complicated as the width, orientation and compaction 
of the zone influences stability.     
 Due to inadequate guidelines concerning tunnel design in such areas, 
most projects are carried out based on previous experience. Even though tunnels are 
designed based upon experience, cave-ins still occur. This is why additional research 
and knowledge in the area of tunnel design and swelling clay is required to ensure 
reliable rock support.      

 

1.2.1 Previous tunnel failures  
 
The following two cases of cave-ins are examples of tunnels excavated through 
bedrock containing clay with a moderate swelling pressure. 

 

• Hanekleiv, Norway 
 
In 1998, the Hanekleiv highway 
tunnel, consisting of two tubes 
(each 65m2), was completed. 
The clay found in the tunnel, 
exemplified a swelling pressure 
of 0.18MPa. A fault zone with a 
slope of 70-80˚ and a width less 
than 4m was exposed during 
excavation. It was established 
that the zone contained swelling 
clay. Bolts and a 15cm fibre 
reinforced shotcrete were used 
for support. Later that same year, 
cracks were found in the 
shotcrete and an additional 10cm 
layer of shotcrete was applied. 
Ten years after tunnel completion a cave-in occurred in one of the two tubes 

Figure 6. Hanekleiv tunnel cave-in, Norway 
(Nilsen, 2011) 
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(Fig. 6). The collapse occurred at approximately 1km from the tunnel opening, 
in syenite bedrock. In the vicinity of the fault zone, joints filled with 5-10cm of 
clay gouge were found. The fault zone contained altered syenite along with 
seams of clay, both consisting of swelling material. Upon further examination 
swelling processes alone were not likely to be the sole cause of failure, but 
could also have been influenced by a low internal friction, leading to 
gravitational collapse (Nilsen, 2011).  
 

• Gidböle, Sweden 
The power plant tunnel in Gidböle was completed six years prior to the cave-in 
occurred. Within the caved in material a block of mesh reinforced shotcrete 
was found. The quality of the bedrock was probably estimated to be poor since 
no rock bolts had been deployed. Instead an additional layering of shotcrete 
was applied resulting in a total thickness of 20 cm. Test results of the clay 
originated from the brecciated and altered rock, showing a swelling pressure 
ranging from 0.16-0.39MPa. It is believed that water originating from the tunnel 
initiated the swelling process. The swelling caused a mobilization of swelling 
pressure resulting in shotcrete deformation. Aside from the swelling pressure, 
blocks had been eroded from the brecciated bedrock and caused an additional 
load towards the reinforcement, which with time gave way. The 
unconsolidated, overlying material fell through the tunnel roof accompanied by 
the reinforcement and eroded bedrock. The damage resulted in a hole 15m 
wide at the surface and penetrated to a depth of 35m (Hultman et. al. 1993). 
 

1.2.2 Future projects 
 
The potential occurrence of swelling clay in the vicinity of the Söderström fault is of 
interest, bearing in mind the future tunnelling projects planned in this area. The 
following projects have underground routes, which intend to traverse the Söderström 
fault system (Fig. 7); 

• City Link  
Electricity grid project involving up to 100m deep tunnelling operations 
extending from Danderyd to Skanstull. The 14km planned route will extend 
below Solna city and the central parts of Stockholm including Saltsjön 
(Stockholm Ström, 2014). 
 

• Eastern Connection of the city orbital 
The completion of the city orbital incorporates a tunnel below Saltsjön at a 
preliminary depth of 130m (Trafikverket, 2015). 
 

• Subway to Nacka  
An expansion of the Stockholm metro is planned between Kungsträdgården 
and Nacka C. The underground tunnel will pass under central Stockholm, 
Hammarby sjöstad and Saltsjön at a maximum depth of 90 m (Stockholm läns 
landsting, 2015; Trafikförvatlningen 2013) 
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• Sewer tunnel, Bromma – Sickla 
Construction of the new sewer tunnel from Bromma to Sickla is expected to 
start in 2016. The length of the tunnel will be 15km and reach depths of 90m. 
(Stockholm vatten, 2015)  
 

 

 
Figure 7. Approximate routes for future tunnels (Modified after SGU kartgeneratorn [2015]; 
Trafikverket (2015) fig. 5; Stockholm ström (2014); Stockholm Vatten (2015) figure 1; SLL 
[2015]) 

 

1.3 Swelling clay characteristics 
 

1.3.1 Formation of swelling clay minerals 
 
The formation of clay minerals is primarily a consequence of weathering and 
hydrothermal processes. The latter is dependent on water from the earth’s core 
whereas weathering is caused by surface water (Martna, 1972), biological influences 
and physical factors (Wenk & Bulakh 2004, 462). Tectonic events can in some cases 
be an important factor concerning the alteration of bedrock and formation of clay 
minerals. Fragmented rock represents a larger reactive surface area as opposed to 
intact rock leading to a higher susceptibility of alteration (Marshak & Van Der Plum, 
2004, P.181). In joints and faults, where water can easily infiltrate the alteration of the 
side rock is initiated. Clay minerals are therefore a secondary product and mainly 
formed by minerals such as feldspar and mica (Martna, 1972). Swelling minerals 
found in weakness zones, or gouges usually consist of smectites and are generally 
accompanied with rock fragments and finer particles as well as other minerals such 
as quartz, zeolites, illites, calcite, chlorite, kaolinite and talc (Selmer-Olsen et. al., 
1989). 
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 1.3.2 Swelling clay structure 
 

Smectite and illite are two types of clay that exemplify swelling abilities and are 
formed either by low-temperature hydrothermal processes or in situ alteration of 
various rock types. These are classified as sheet silicates and have a 2:1 structure, 
or in other words, consist of tetrahedral-octahedral-tetrahedral (t-o-t) sheets (Klein 
and Philpotts 2013). Due to the sheet like structure clay minerals exemplify a 
preferred orientation (Marshak & Van Der Plum, 2004).  Specific properties of these 
clay minerals, according to The Cooperative Soil Survey, enabling them to adsorb 
and hold water, are:  

 
• Small particle size (<0.002mm) 
• Large surface area 
• Net charge 

 

Smaller particles have a larger surface area allowing for a greater adsorption of water 
molecules and exchangeable cations (Eriksson et. al., 2005). Between the 
interlayering sheets a charge exists (Fig. 8), attracting and bonding charged ions and 
water molecules as a result of their dipolar property (Bulakh & Wenk, 2012). The 
larger the interlayered space between the tetrahedral-octahedral-tetrahedral sheets 
the easier it is for water and ions to enter the structure, leading to a larger volume 
alteration (Yong et. al., 2012). If the clay is in turn dried, ions and water molecules 
leave the structure leading to a decrease in volume, or in other words, reversing the 
process leading to swelling. The degree of water held within the structure affects the 
attraction of new water molecules. Therefore the more water the clay is exposed to 
the less net force it exhibits to further bond new molecules.  

Several thousands of MPa or heating above 100 degrees are required to eliminate 
the adsorbed water (Eriksson et. al., 2011).  

 

 
Figure 8. 2:1 structure represented by a swelling respectively non-swelling mineral (Modified 
after Selmer-Olsen et. al., 1989; The Cooperative Soil Society [2015]) 
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2. Methods  
 

Classification of rock mass is usually performed by e.g. Rock Mass Rating (RMR) or 
the Q-system. By classifying the bedrock, necessary rock support and reinforcement 
can be estimated. The classification systems, however, lack sufficient detail in how 
swelling clay affects the rock mass (Mao, 2012). By using the Q-system to classify 
the bedrock in areas containing swelling clay, the estimation of reinforcement may be 
either over- or underestimated depending on whether the swelling is taken into 
account or not. For sufficient reinforcement estimates, further analyses of the 
swelling pressure have to be taken into account. According to the Norwegian 
National Group of ISRM, NBG (in Laboratory Testing of Swelling Gouge from 
Weakness Zone – Principle and Recent Update by Mao et. al., 2011) the swelling 
pressure of particle sizes less than 0.002mm are classified as follows: 

 

Table 1. Classification of swelling pressures 

 
Swelling pressure (MPa) 
 

 
Classification 

 
< 0.1 

 
Low 

0.1 – 0.3  Moderate 
0.3 – 0.75 High 
> 0.75 Very high 
  

 

At the NTNU/SINTEF laboratory in Norway, numerous samples have been analysed 
for swelling pressure and free swelling. The results from these tests are plotted in 
figure 9. The data as a whole shows no apparent trend. However, samples plotted 
below 1MPa display a slight correlation between the free swelling and swelling 
pressure test results (Mao et. al., 2011).  
 

 
Figure 9. Swelling pressure plotted against  

free swelling (Mao et. al., 2011). 
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Each sample acquired from the drill core contains varying particle sizes. To obtain 
accurate swelling capacities for each sample the desired clay fraction (0.002mm) has 
to be separated from larger particle sizes. Preliminary procedures include sieving and 
sedimentation analysis (implementing Stokes Law). A brief introduction of each initial 
method is explained with further emphasis on the following methods; free swelling, 
oedometer, x-ray diffraction (XRD) and reinforcement calculations. 
 
 
2.1 Laboratory limitations 
 
For optimal results when analysing swelling pressure and computing tunnel 
reinforcement, undisturbed samples are preferred. When disturbed samples are 
used, as is the current case in the following laboratory tests, the results will not 
accurately depict the in situ boundary conditions but can be applied as an index (Mao 
et. al., 2011). According to the same report, there are several fundamental arguments 
behind this: 

 
• A limited amount of material is used during testing (20g) 
• When preparing the sample, the in situ structure and compaction are damaged 
• Tests are conducted using merely the finest particles, representing the highest 

swelling potential 
• Swelling pressure is also dependant on the time interval between blasting and 

installation of rock support (swelling pressure can be minimized if a certain 
amount of swelling is permitted prior to rock support installation) 
 

 
To execute the free swelling, oedometer and XRD tests, the dry clay specimen is 
milled into a fine powder. When performing this, a milling coil is preferable, however 
due to equipment limitations, the sample is milled manually using a porcelain mortar. 
Once completed it is important that no aggregates remain in the milled powder. 
Considering the restriction of laboratory equipment the possibility of varying particle 
sizes has to be taken into account when conducting further experiments and limits 
the accuracy of the test results. If aggregates remain, the specific surface area of the 
particles is reduced and may inhibit full swelling potential (The Cooperative Mineral 
Society, 2015). 

 

2.2 Sample preparation  
 

To attain desired particle size (<0.002mm, fig. 10a & b) a preliminary sorting of each 
sample is conducted using a mechanical sieve. This sorts material into variously 
sized sieves and eliminates particle sizes larger than 0.063mm. Each sieve increases 
in grid size from bottom to top, finest grid being 0.063mm. Material is dispensed into 
the top sieve and mounted onto a shaker and left for 60min. Once time has elapsed 
particles will be separated into the respective sieve with the finest material at the 
bottom. The accumulated fine material (in the bottom most sieve) ranges in size from 
clay (< 0.002mm) to silt (0.002mm-0.06mm) according to Eriksson et. al. (2011).  
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To further segregate silt and clay an additional separation method is needed. A 
sedimentation analysis is conducted using Stoke’s Law to calculate the 
sedimentation rate of coarser particles while allowing finer particles to remain in 
suspension. The material is dispensed into the water and the pre-calculated velocity 
for sedimentation of coarse material is timed (Section 4.1). The following parameters 
are taken into account when calculating Stokes Law:  

 
• The viscosity of water (η) 
• The radius of particles in suspension (r) 
• The density of material (ρp) 
• The density of water (ρf) 
• The gravitation constant (g) 

 
Once time has elapsed the remaining suspended material is removed from the 
cylinder and dried in an oven at 105oC. Several methods can be used to remove 
suspended material from the glass cylinder depending on the laboratory and 
available devices.   
 
 

            
             Figure 6 a). Sample prior to                   b.) Sample after mortaring 
             mortaring, displaying clay                         and sedimentation analysis 
             aggregates                                                (Photo: Clarin& Clark, 2015) 
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2.3 Free swelling 
  
The six clay specimens attained from sieving are further analysed in a free swelling 
experiment. Instructions provided by previous laboratory tests conducted by Statens 
vegvesen are the basis for the method used. However, deviations from these 
guidelines have to be taken into consideration in the absence of sufficient test 
material. According to the laboratory manual 10ml of material respective 40ml 
distilled water are mixed into adequately sized, graded glass cylinders and left to 
sediment. After 1-2 days the clay specimen in each respective glass cylinder will 
show the potential swelling capacity (referred to as ‘wet volume of specimen’ in the 
equation below).         
 The following calculation is conducted to determine the degree of 
swelling (FS) in the sample. FS is the change in volume of the specimen from dry 
volume to wet volume, expressed in per cent. The definition of FS is listed in table 2  
 

𝑊𝑊𝑊𝑊𝑊𝑊 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑊𝑊 𝑣𝑣𝑜𝑜 𝑠𝑠𝑠𝑠𝑊𝑊𝑠𝑠𝑠𝑠𝑣𝑣𝑊𝑊𝑠𝑠
𝐷𝐷𝐷𝐷𝐷𝐷 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑊𝑊 𝑣𝑣𝑜𝑜 𝑠𝑠𝑠𝑠𝑊𝑊𝑠𝑠𝑠𝑠𝑣𝑣𝑊𝑊𝑠𝑠

× 100 = 𝐹𝐹𝐹𝐹 % 

 
 
Table 2. Definitions of free swelling activity 

 
FS > 150 % 

 
Very active 

FS 120 – 150 % Moderately active  
FS 80 – 120 % Low activity  
FS < 80 % Not active 

 
 

2.4 Oedometer 
  
Laboratory instructions from the Norwegian University of Science and Technology 
(NTNU) (Mao et. al., 2011) are used to conduct the oedometer test (Tables 3 & 4). 
Slight modifications are noted to accommodate for limitations such as differences in 
equipment (Fig. 11a & b).  
 

       
              Figure 11 a). Automatic oedometer      b). Manual oedometer at Bjerking  
               at NTNU laboratory (Mao et. al., 2011)      (Photo: Clarin & Clark, 2015) 
 



13 
 

Table 3. NTNU laboratory instructions (modified) 

  
NTNU laboratory instructions  
 

 
Deviations and comments   

1.  The dry clay material is exposed to 
the relative humidity of the 
laboratory air (40 %) and laboratory 
temperature before it is milled (for 
approximately 15 minutes) into 
powder by use of motorized 
ceramic mortar, and 20 g of the 
prepared powder is packed in a 
20cm2 cylindrical test cell.         

The specimen remained in the drier for 4 
days after which it was milled by hand 
using a ceramic mortar. Due to 
laboratory constrictions the specimen 
was sealed in a plastic ziplock and 
prepared the following day. Only 10g* 
was used in the first test. The following 
two tests were performed on 20g. 
 

2. 
 

The cylindrical test cell is installed 
into the test apparatus  

  

3. 
 

The balance lever is levelled via 
the adjustment screw  

  

4. The dial gauge for measuring the 
height (volume) of the specimen is 
installed  

Oedometer used is manual as opposed 
to automatic 

5. The pressure ring and the dial 
gauge for measuring pressure are 
installed   

N/A  

6. The specimen is compressed at 
2MPa for 24h by applying steel 
disc weights to the balance lever  

  

7. The specimen is unloaded for at 
least 2 h until no height (volume) 
change is registered by the dial 
gauge for the height (volume) of 
the specimen  

  

8. The container is filled with distilled 
water to a depth of approximately 
10mm  

  

9. The specimen volume is kept 
constant and the apparatus 
deformation is compensated with 
continuous adjustments of the 
worm gear connected to the 
pressure ring and balance lever as 
the swelling pressure is mobilised   

The deformation is compensated by 
manually loading steel discs onto the 
balance lever 

     10. The mobilized swelling pressure is 
recorded continuously for 24h or 
until stabilised   

  

 *First test was conducted on 10g as uncertainties regarding the limitation of free weights in the 
laboratory  
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Table 4. Unloading - Complementary to NTNU instructions  

 
1. Note final dial gauge measurement  

 
2. Start unloading weights with a predetermined time interval or until stabilised 

and note change in volume for each time interval  
 
 

3. Continue this procedure until no weights remain or leave a desired pressure 
resistance resembling the potential reinforcement that is anticipated for 
tunnel construction  

 
4. Note final value when no further change is observed  

 
 
 
2.5 X-ray diffraction  
 
To identify the mineral compilation of the sample, x-ray diffraction analysis (XRD) is 
used. XRD is based on the unique inter-atomic spacing of individual minerals.  Each 
mineral type has a specific crystal lattice, which is identified using x-ray wavelengths. 
The concept of XRD analysis works on the principle of reflected light. Different crystal 
lattices reflect x-ray wavelengths differently when light is emitted upon the sample. 
The reflection is recorded and run through a database, which contains reflection 
patterns of known minerals (Poppe et. al., 2001). This provides indicative insight of 
the minerals contained in the sample being analysed.    
 The samples tested in the XRD consist of several particle sizes, each 
tested separately. The primary focus is to gain knowledge of what minerals the finest 
material consists of. This is in turn run through the laboratory database to determine 
the type of mineral. By additionally testing the other particle sizes, results may 
determine if these also contain a certain percentage of clay material.  

When conducting the XRD analyses a small amount of material is 
needed. This material is mixed with a few drops of ethanol and smeared onto a silica 
test holder. Ethanol is used to produce an even surface and shouldn’t disturb the 
reflected light. Any excess ethanol is dried under a light before testing is commenced. 
The test holder is placed into the XRD apparatus, which is pre-programme to desired 
parameters. The pre-programming comprises the starting angle of incident light and 
the duration of analysis. The longer the duration of analysis the more accurate the 
results become, however due to time constraints the time for each test is limited to 
15-20mins. Previous diffractograms published by USGS show a low starting angle of 
incident, as clay minerals tend to have low reflection angles.  
    Ethylene glycol is used to 
distinguish a shift in spacing between lattice planes, represented on the diffractogram 
x-axis (Poppe et. al., 2001). 
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2.6 Reinforcement  
 
2.6.1 Q-system 
 
The Q-system is produced by NGI for estimating rock mass quality and reinforcement 
dependent on the prior as well as tunnel geometry. The Q-value is calculated using 
the following six parameters, each determined using the table 1-6 in appendix 4: 
 

Q=
RQD

Jn
×

Jr

Ja
×

Jw

SRF
 

 
 

• RQD is a parameter presenting the degree of jointing and is often based on 
drill core samples. The parameter is defined by the sum of intact rock longer 
than 10cm as percentage of the total length (Deere, 1969): 
 

RQD=
Σ of pieces > 10cm 

total core length
×100 

   
 

• Jn describes the number of joint sets which are defined by systematical 
jointing in the rock mass oppose to joints occurring randomly.  
 

• Jr is determined by both small and large scale features of the joint surface and 
refer to the degree of friction caused by these features. 

 
• Ja describes whether the joints have fillings or not. The thickness and strength 

of the filling influence the degree of friction. 
 

• Jw is determined on the degree of inflow and pressure represented by water in 
the tunnel. Water may favor movement between rock by reducing friction and 
rock strength.   
 

• SRF measures rock strength versus stress initiated due to excavation. Since 
deformation in the rock mass may take time to occur, the SRF value may be 
inaccurate if determined close in time to excavation.  

 
The Q-system is empirical and is developed to suggest guidelines for permanent 
reinforcement. The recommended support can be read in the Q-chart (Appendix 4) 
and is based on the Q-value, the safety requirements and dimensions of the tunnel.  
For poor competent bedrock reinforced ribs of sprayed concrete (RRS) are 
recommended. This reinforcement consists of rock bolts, steel bars and sprayed 
concrete. Depending on the quality of the bedrock and the span of the tunnel, 
thickness and rib spacing differs (Norges Geotekniske Institutt, 2013). 
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2.6.2 Shotcrete 
 
Construction of shotcrete to withstand the total swelling pressure is based on the 
equation below (Stille & Nord, 1990) where the load (q) is recognized as the 
measured swelling pressure. The equation can be used when the load has an even 
distribution (Banverket, 2005).   
 

𝑊𝑊𝑐𝑐 =  
𝑞𝑞 × 𝐵𝐵2

8 × 𝑜𝑜 × 𝑜𝑜𝑠𝑠𝑠𝑠𝑓𝑓 
tc = Shotcrete thickness 
q = Load (swelling pressure) 
B = Span of tunnel 
f = Vault height 
fccd = Dimensioned compressive strength 
 

Because of the weakness zones distribution shotcrete for both tunnel roof and walls 
are calculated. Values for vault height are arbitrary whereby a higher value is 
calculated for the tunnel roof as opposed to the walls, based on discussions with Lars 
Maersk-Hansen (2015-05-14), a 0.5m and 0.2m vault height for roof and wall 
respectively. For safety measures a commonly used factor of 1.2 is multiplied by 
shotcrete thickness (personal communication with L. Maersk-Hansen, 15th May 
2015).      
 When swelling clay minerals are found in joints and fault zones as 
opposed to entire lengths of the tunnel, a method designed by Broms and Henier 
(1979) can be employed. This method includes leaving a certain amount of 
accommodating space between the swelling clay minerals and shotcrete and filling 
this space with rockwool. Alternatively, a volume of the clay minerals can be dug out 
and subsequently filled with rockwool, leaving a larger void for swelling to take place. 

 

4. Results 
 
4.1 Sample preparation: Stokes law 
 

𝑣𝑣 = 2
9

× 𝑟𝑟2𝑔𝑔(𝜌𝜌𝑝𝑝−𝜌𝜌𝑓𝑓)
η

   
 
𝑣𝑣 = 2

9
× 0.0022×981(2.6−1)

0.01
  

 
𝑣𝑣 = 0.13952 𝑠𝑠𝑣𝑣/𝑠𝑠 
 

r = 0.002 cm 
g = 981 cm/s 
ρp = 2.6 g/cm3 
ρf = 1.0 g/cm3 
η = 0.01 s/cm2 

 
𝑠𝑠𝑊𝑊𝑓𝑓𝑠𝑠𝑣𝑣𝑊𝑊𝑠𝑠𝑊𝑊𝑠𝑠𝑊𝑊𝑠𝑠𝑣𝑣𝑠𝑠 𝑓𝑓𝑠𝑠𝑠𝑠𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑊𝑊

𝑣𝑣
= 𝑠𝑠𝑊𝑊𝑓𝑓𝑠𝑠𝑣𝑣𝑊𝑊𝑠𝑠𝑊𝑊𝑠𝑠𝑊𝑊𝑠𝑠𝑣𝑣𝑠𝑠 𝑊𝑊𝑠𝑠𝑣𝑣𝑊𝑊 

 
20

0.13952
= 143.349 𝑠𝑠 =  2 min 23 𝑠𝑠 

 
 
Sedimentation distance = 20 cm 
v = 0.13952 
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4.2 Free swelling  
 
Table 5. Free swelling tests conducted on particle size 125µm 

 
Box 
number 

 
Water 
volume 
(ml) 

 
Dry 
volume  
(ml) 
 

 
Wet volume 
(ml) 

 
ΔVolume 
(ml) 

 
FS (%) 

 
FS 

 
14 

 
20 

 
3.0 

 
4.0 

 
1.0 

 
133.33 

 
Moderate 

24 20 4.0 4.5 0.50 112.50 Moderate 
26 a 20 6.5 9.0 2.50 138.46 Moderate 
26 b 20 8.0 11.0 3.0 137.50 Moderate 
27 40 11.0 13.0 2.0 118.18 Moderate 
28 40 8.0 16.0 8.0 200.00 Very active 

 
 

Table 6. Free swelling tests conducted on samples from box number 28 

 
Box 
number 

 
Particle 
size 
(µm) 
 

 
Water 
volume 
(ml) 

 
Dry 
volume 
(ml) 

 
Wet 
volume 
(ml) 
 

 
ΔVolume 
(ml) 

 
FS 
(%) 

 
FS 

 
28 

 
20  

 
20 

 
5.0 

 
11.8 

 
6.8 

 
236.00 

 
Very active 

28 63 20 5.0 8.8 3.1 176.00 Very active 
 

 
 

4.3 Oedometer  
 
Loading of the sample (Paragraphs 7-9, section 2.4) resulted in approximately equal 
values in swelling pressure (Table 7).  
Additionally, an increase in time for the sample to reach its potential swelling capacity 
is noted with each subsequent test (Table 7). 
 
Table 7. Compression and swelling pressure results 

 
Test 
number 
 

 
Weight (g) 

 
Height preceding 
consolidation (mm) 

 
Total load 
(kPa) 

 
Time to reach 
total load (min) 

 
1 

 
10.0 

 
2.837 

 
155 

 
101 

2 20.0 6.407 155 168 
3 20.0 7.686 150 180 
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The swelling pressure attained using an oedometer show slight discrepancies 
depending on the weights that are unloaded (Fig. 12). A correlation is seen between 
155KPa-80KPa, and deviations between 80KPa-0KPa. A trend can be observed 
regarding weights unloaded followed by an increase in volume. For an in-depth study 
of data obtained from the oedometer test see appendix 2. 
 The swelling pressure decreases to approximately half its value when 
allowing the clay to swell initially circa 1% (Fig. 12).  
 

 
Figure 12. Oedometer test results obtained from unloading sample  

 

The red star presents the results from the oedometer and free swelling tests plotted 
against samples previously tested by NTNU (Fig. 13).  

 

 
Figure 13. Swelling pressure versus free  
swelling (Modified after Mao et. al., 2011) 
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4.4 XRD 
 
No apparent deviations can be distinguished between the graphs when the sample is 
tested untreated, with water and with ethylene glycol respectively (Fig. 14). 

 

 
Figure 14. Diffractogram of sample untreated and exposed to ethylene glycol and water 
respectively 

  
The sample shows a positive correlation to the quartz reference (Fig. 15). 
Identification of the clay mineral producing the swelling could not be confirmed (for 
further studies on the XRD-analysis see appendix 3).   
 

 
Figure 15. Diffractogram showing the sample compared to a quartz reference 
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4.5 Reinforcement 
 

4.5.1 The Q-system 
 
The classification of the weakness zone (Table 8) is based on appendix 4 and the Q-
value calculated below. 
 

Table 8. Classification of weakness zone according to the Q-system 

 
Parameter 

 
Classification 

 
Value 
 

 
RQD 

 
A 

 
10 

Jn J 20 
Jr cH 1 
Ja cP 20 
Jw A 10 
SRF dO 5 

 
 

According to the Q-chart (Appendix 4) the zone classifies as exceptionally poor rock 
quality. According the same chart reinforcement measurements used in such areas 
include RRS III (estimated for a 10 meter tunnel span), shotcrete with a thickness of 
25cm and rock bolts with a maximum spacing of 1m. The RRS spacing (c/c) from 
centre to centre is 1.7m and double layers of steel bars (D), 6 respectively 4 in each 
layer, with a diameter of 20mm. The rib thickness is estimated to 55 cm.  

 
4.5.2 Shotcrete 
 

𝑊𝑊𝑐𝑐 =  
𝑞𝑞 × 𝐵𝐵2

8 × 𝑜𝑜 × 𝑜𝑜𝑠𝑠𝑠𝑠𝑓𝑓 
 
B = 8m 
fccd = 16 000kPa  

 
Thickness for roof shotcrete (for total swelling pressure); 
 

𝑊𝑊𝑐𝑐 =  155×82

8×0.5×16000
 = 0.16m 

 
𝑊𝑊𝑐𝑐 = 0.16 × 1.2 = 0.19m 

f = 0.5m 
q = 155kPa 
 
Safety factor = 1.2 

 
 

            Q=
RQD

Jn
×

Jr

Ja
×

Jw

SRF
 

 

       Q= 10
20

× 1
20

× 1
5
 = 0.005 
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Thickness for wall shotcrete (for total swelling pressure and allowance of 1% swelling 
respectively); 
 

𝑊𝑊𝑐𝑐 =  155×82

8×0.2×16000
 = 0.39m 

 
𝑊𝑊𝑐𝑐 = 0.39 × 1.2 = 0.47𝑣𝑣 

 

f = 0.2m 
q = 155kPa 
 
Safety factor = 1.2 

 
𝑊𝑊𝑐𝑐 =  80×82

8×0.2×16000
 = 0.20m 

 
𝑊𝑊𝑐𝑐 = 0.20 × 1.2 = 0.24𝑣𝑣 

f = 0.2m 
q = 80kPa 
 
Safety factor = 1.2 

 
 

5. Discussion 
 

The focus of this bachelor thesis is to analyse the swelling potential of a clay sample 
from the Söderström fault system with the intention of discussing appropriate 
reinforcement in the case of future tunnel projects.   
 Free swelling and oedometer tests have been carried out to determine 
the potential swelling capacity and swelling pressure. Results from both tests 
respectively indicate that adequate reinforcement is required if tunnel projects are 
carried out through the area in question.   
 Six samples consisting of particle size 125µm, were selected from the 
drill core and tested, using the free swelling method. Results showed a varied 
swelling capacity for each sample. According to Statens Vegvesens classification 
system, 5 of the 6 samples demonstrate a moderate swelling capacity meanwhile the 
6th sample deviated, showing a very active swelling capacity. This sample was further 
tested after separation of particle sizes 63 and 20µm. Both fractions show a very 
active swelling potential, however the potential differed between the two. The results 
from 20µm are 236% and 63µm 176% (Table 6). This signifies a differing swell 
capacity depending on the particle size. As previously mentioned, the higher activity 
is most likely due to more intensive interaction between particles with a larger surface 
area and water. This could also be a possible reason behind the prominent drill core 
loss found in box 28, indicating that the material flushed away consisted of finer 
particles and interacted more actively with the drilling water as opposed to the 
remaining material. Therefore, the lost material may have had a higher swelling 
potential. If this is the case, the following oedometer test result may express a lower 
than accurate swell pressure.     
 The oedometer results show a moderate swelling pressure according to 
NTNU (Table 1). As previously stated moderately swelling pressure can in 
combination with other factors cause damage. This has to be taken into account 
when constructing tunnels. According to the chart displaying each oedometer result 
(Fig. 12), the swelling pressure decreases to approximately half its value when 
allowing the clay to swell circa 1%. Less reinforcement is needed to stabilize the 
tunnel when a slight swelling is tolerated. This in turn leads to less expenses being 
spent on rock support.     
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 Depending on vault height different thickness of shotcrete is necessary 
(Section 4.5.2). Calculations show that the thickness needed for tunnel roof is 16cm 
and 39cm for tunnel walls to withstand 155kPa swelling pressure.  
 However if 1% swelling is initially allowed in tunnel walls, swelling 
pressure is decreased to 80kPa and shotcrete thickness reduces to 20cm. Assuming 
10m of clay surrounding the tunnel causes swelling pressure, 10 cm have to be 
excavated to allow for a 1% swelling. The 10cm void is filled with rockwool forming a 
surface for shotcrete to be applied. This halves the amount of shotcrete needed to 
support the tunnel, which also decreases construction expenses.  
 These are two reinforcement methods that take swelling pressure into 
account and can possibly be used for future tunneling projects in the vicinity of the 
Söderström fault system. When constructing tunnels it is of paramount importance 
that reinforcement is considered for the entirety of the tunnel. Logging the bedrock in 
drill cores may result in a high Q-value whereas when weakness zones are taken into 
account the Q-value drops significantly. If reinforcement is applied to the entire tunnel 
according to the low Q value, budgets may well be exceeded and tunnel 
constructions become very expensive. However, if reinforcement requirements are 
based solely on bedrock quality, areas exhibiting weaknesses, such as swelling clay 
become a safety hazard.    
 According to the chart (Appendix 4), the Q-value calculated for the 
weakness zone is classified as ‘very poor’. This means that severe reinforcement is 
required to stabilize the tunnel. However, this classification value should only be 
applied to the weakness zone and not the entire tunnel. When using the Q-method, 
attention has to be paid to varying bedrock. When comparing this method to the 
shotcrete method a less rigid reinforcement is needed. Both methods require 
approximately 25-40cm of shotcrete, however the Q-method states that several 
reinforced ribs are also necessary to stabilize the tunnel. To further decrease the 
necessary reinforcement requirements, an excavation of a determined height or 
depth can be conducted to allow initial swelling of clay. This limits the essential 
shotcrete thickness to 20cm. Each individual tunnel and every weakness zone found 
within a tunnel has to be evaluated separately. In some cases a combination of 
reinforcement methods may be the ultimate answer when constructing a safe and 
sturdy tunnel and may cut reinforcement expenses significantly. The most suitable 
method is further dependent on different factors such as, the intention of usage. Even 
though tunnels are reinforced cave-ins still occur, as seen in previous cases such as 
Gidböle and Hanekleiv (see section 1.3.1). The Hanekleiv tunnel had a shotcrete 
reinforcement totaling 25cm as well as rock bolts, and Gidböle exhibited a 20cm 
mesh reinforced shotcrete. Both tunnels failed several years after construction was 
completed. Numerous other factors have to be taken into account along with the type 
of material found in the weakness zone. An important feature that largely influences 
the likelihood of cave-ins is the angle at which the tunnel traverses the weakness 
zone. Historic events have shown that when weakness zones containing swelling 
clay run vertically through the tunnel, collapses are increasingly probable 
(Draganovic & Johansson, 2010). This is a factor that has to be taken into account if 
tunnels are built in the Slussen area as all tunnels will traverse the weakness zone at 
a more or less a 90 degree angle.      
 The next important factor to be considered is that of potential erosion. 
Hanekleiv and Gidböle both displayed a moderately active swelling pressure. Both 
tunnels were reinforced accordingly yet failed due to cracks in the shotcrete. The 
sample analysed in this report also displays a moderate swelling pressure, whereby 
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similar reinforcement measurements have been calculated. Past experience can be 
helpful when future tunnels are built to minimize failures.  
As Brekke (1965) stated, both external and internal factors play an important role in 
the mobilisation of swelling (Section 1.3). A critical external factor is water 
accessibility. Therefore, the intended usage of future tunnels that traverse the clay 
zone is vital, considering whether the tunnel is water bearing or not. Consequently, 
hydrogeological surveys are recommended.    
 The third external factor brought up by Brekke (1965), describes 
accommodation criteria. When excavating tunnels through zones containing swelling 
clay, the accommodation criteria is fulfilled, enabling clay expansion. No counter 
pressure from the former surrounding bedrock will any longer support and withhold 
the expansion of the clay. To accommodate for this, a possible solution is to 
construct reinforcement for the total swelling pressure. However, it should be 
emphasised that the amount of material used in the oedometer test to obtain the 
swelling pressure, is less than the material in situ and may reflect a reduced swelling 
pressure. Also, as discussed earlier, the material used can possibly be of a less 
aggressive swelling character than the material flushed away by the drilling water, 
and therefore the measured swelling pressure may be underestimated. Constructing 
a shotcrete reinforcement able to withstand a high swelling pressure may be difficult 
as a considerable thickness is needed.    
 Whether the clay will swell or not is also dependent on the characteristics 
of the material, i.e. internal factors. The ability to adsorb water molecules and ions 
(further discussed in 1.4.2) is reduced as the specific surface area decreases. 
Aggregates may remain in the sample after mortaring, which could possibly have 
affected the results.      
 The swelling clay minerals could not be identified using the XRD 
analysis. It is highly likely this is due to a random orientation of the clay minerals. In a 
conversation on 1st June 2015 E. Jonsson (Sveriges Geologiska Undersökning) 
confirmed that for optimal results, the clay minerals should exhibit a preferred 
orientation for the XRD to correctly identify different types of minerals.   
 An additional internal factor possibly affecting each result is the quantity 
of adsorbed water at the beginning of each swelling measurement. Table 7 displays 
an increase in time before each sample reaches its total load. Considering the 
possible fact that each sample contains a greater volume of adsorbed water with 
each subsequent test, the swelling process can be assumed to take longer. This 
could also affect sample preparation. As can be seen in table 7, the height after 
consolidation increases with each additional test. A higher volume of adsorbed water 
could possibly inhibit an equal amount of compression. As previously stated in 
section 1.4.2, several thousands of MPa are required to eliminate adsorbed water. 

 

5.1 Limitations 
 

Several limitations have to be taken into account when conclusions are drawn from 
the results. First and foremost, the tested material is restricted due to drill core loss 
leading to the same material being analysed repetitively. This could possibly skew 
the results if the material is fundamentally changed from sample preparation and 
repetitive testing.      
 For more in-depth research, further testing on the sample could be 
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performed to determine whether results will vary as a consequence of repetitive 
usage. This is of relevance as the in situ sample may well have been exposed to 
varying conditions.      
 Further limitations that may influence the results are the use and 
availability of laboratory equipment. An automated oedometer has been used on 
previous tests conducted by NTNU. This eliminates human error, leading to more 
accurate results. In the current study, human potential errors include loading of free 
weights and that assessments were carried out visually.  
 The weights are limited to 5, 10 and 20KPa and a judgment call has to 
be made as to which weight will inhibit volume change, yet not compress the sample. 
According to laboratory instructions increasing the weighted load should inhibit a shift 
in clay volume. When performed manually, a volume change is inevitable, as an 
increase in volume has to be observed before weights are loaded. This may have an 
adverse effect on the results and decrease the mobilised swelling pressure. The 
oedometer used by NTNU, automatically constrains volume change, eliminating 
human error.     
 According to NTNU’s methodology, measurements are carried out for a 
duration of 24 hours. Due to time constraints each oedometer test in the current 
study is analysed until arbitrary stabilisation. This may imply that the tests were 
suspended before maximum swelling pressure was reached.   
 Distilled water was used when conducting all of the tests, which may 
have influenced the results as the water on location (Slussen) contains various 
chemical compounds. The net charge in the crystal lattice of clay will attract and bond 
potential ions in the water, influencing swelling potential.   

 

6. Conclusions 
 
Based on the free swelling results, 1 out of the 6 samples proved to have a very 
active swelling potential. By further analysis, conducted using an oedometer, this 
sample displayed a swelling pressure of 155kPa defined as moderately active. 
According to these results special considerations has to be accounted for when 
future tunnelling projects commence. Using the obtained swelling pressure three 
reinforcement methods have been described. Primarily a shotcrete thickness is 
constructed for the entire swelling pressure. The entire clay section can be reinforced 
according to this method or to limit the expense and thickness of shotcrete another 
method can be considered; this method includes excavating a certain amount of clay 
allowing for a slight swelling to occur decreasing swelling pressure. As a result less 
shotcrete is needed to support the tunnel. The third reinforcement considered is 
estimated implementing the Q-system resulting in extensive support using RRS, rock 
bolts and shotcrete. When future tunnels are constructed through the Söderström 
fault further analysis of the in situ material is recommended.  
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9. Appendix

Appendix 1. Sample properties 

Box number Depth (m) Weight 
(g) 

Dry volume 
(ml) 

14 72.8 3,79 3 
24 123-124 4,45 4 
26 a 137-137.25 7,56 6,50 
26 b 137.25-137.50 10,42 8 
27 143 9,27 11 
28 148-151 9,21 8 
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Appendix 2. Unloading oedometer test results  
 

Test 1 25/03/2015       
 
Total 
load 
(kPa) 

 
Unloaded 
weight 
(kPa) 

 
Time 
passed 
after 
unloading 
(min) 
 

 
Δ 
Height  
(mm) 

 
ΣΔ 
Height  
(mm) 

 
Height 

 
Height 
(%) 

 
ΣΔ 
Height  
(%) 

 
155.00 

 
0.00 

 
0.00 

 
0.0000 

 
0 

 
2.837 

 
100.000% 

 
0.00% 

130.00 -25.00 20.00 0.0020 0.0020 2.839 100.070% 0.07% 
95.00 -35.00 20.00 0.0200 0.0220 2.859 100.775% 0.78% 
65.00 -30.00 20.00 0.0200 0.0420 2.879 101.480% 1.48% 
25.00 -40.00 20.00 0.0950 0.1370 2.974 104.829% 4.83% 
0.00 -25.00 50.00 0.2450 0.3820 3.219 113.465% 13.46% 

        
 
Test 2 30/03/2015       
 
Total 
load 
(kPa) 

 
Unloaded 
weight 
(kPa) 

 
Time 
passed 
after 
unloading 
(min) 
 

 
Δ 
Height  
(mm) 

 
ΣΔ 
Height  
(mm) 

 
Height 

 
Height 
(%) 

 
ΣΔ 
Height  
(%) 

 
155.00 

 
0.00 

 
0.00 

 
0.0000 

  
         0 

 
6.407 

 
100.000% 

 
0.00% 

135.00 -20.00 30.00 0.0100 0.0100 6.417 100.156% 0.16% 
115.00 -20.00 30.00 0.0100 0.0200 6.427 100.312% 0.31% 

95.00 -20.00 30.00 0.0100 0.0300 6.437 100.468% 0.47% 
75.00 -20.00 30.00 0.0350 0.0650 6.472 101.015% 1.01% 
65.00 -10.00 30.00 0.0250 0.0900 6.497 101.405% 1.40% 
55.00 -10.00 30.00 0.0200 0.1100 6.517 101.717% 1.72% 
45.00 -10.00 30.00 0.0200 0.1300 6.537 102.029% 2.03% 
35.00 -10.00 30.00 0.0400 0.1700 6.577 102.653% 2.65% 
30.00 -5.00 15.00 0.0200 0.1900 6.597 102.966% 2.97% 
25.00 -5.00 15.00 0.0100 0.2000 6.607 103.122% 3.12% 
20.00 -5.00 15.00 0.0200 0.2200 6.627 103.434% 3.43% 
15.00 -5.00 15.00 0.0200 0.2400 6.647 103.746% 3.75% 
10.00 -5.00 15.00 0.0300 0.2700 6.677 104.214% 4.21% 
5.00 -5.00 15.00 0.0900 0.3600 6.767 105.619% 5.62% 
0.00 -5.00 15.00 0.0950 0.4550 6.862 107.102% 7.10% 
0.00 0.00 45.00 0.0650 0.5200 6.927 108.116% 8.12% 
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Test 3 02/04/2015       
 
Total 
load 
(kPa) 

 
Unloaded 
weight 
(kPa) 

 
Time 
passed 
after 
unloading 
(min) 
 

 
Δ 
Height  
(mm) 

 
ΣΔ 
Height  
(mm) 

 
Height 

 
Height 
(%) 

 
ΣΔ 
Height  
(%) 

 
150.00 

 
0.00 

 
0.00 

 
0.0000 

  
         0 

 
7.686 

 
100.000% 

 
0.00% 

130.00 -20.00 30.00 0.0050 0.0050 7.691 100.065% 0.07% 
110.00 -20.00 30.00 0.0150 0.0200 7.706 100.260% 0.26% 
100.00 -10.00 120.00 0.0150 0.0350 7.721 100.455% 0.46% 

90.00 -10.00 30.00 0.0050 0.0400 7.726 100.520% 0.52% 
80.00 -10.00 30.00 0.0070 0.0470 7.733 100.612% 0.61% 
75.00 -5.00 15.00 0.0030 0.0500 7.736 100.651% 0.65% 
70.00 -5.00 15.00 0.0050 0.0550 7.741 100.716% 0.72% 
65.00 -5.00 15.00 0.0020 0.0570 7.743 100.742% 0.74% 
60.00 -5.00 15.00 0.0070 0.0640 7.750 100.833% 0.83% 
55.00 -5.00 15.00 0.0020 0.0660 7.752 100.859% 0.86% 
50.00 -5.00 18h 40 

min  
0.0480 0.1140 7.800 101.483% 1.48% 

50.00 0.00 95h 10 
min 

0.0230 0.1370 7.823 101.782% 1.78% 
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Appendix 3. XRD diffractograms 
3.1 

 
3.2 
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3.3 
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Appendix 4. Q-system – chart and parameters 

From Norges Geotekniske Institutt (2013). 
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