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Sammanfattning 
Hallandsåsprojektet har en lång historia, efter misslyckade försök att ta sig igenom berget under 1990-

talet tog Skanska-Vinci HB över projektet 2004. Nu används en sköldad Tunnelborrmaskin (TBM) vid 

namn Åsa som kan hantera den varierande geologin i Hallandsås. TBM:en bygger även ett vattentätt 

betongrör bakom sig. Den nuvarande järnvägen över Hallandsås är enkelspårig, brant och krokig, 

vilket gör att både lasten och hastigheten är begränsad dessutom kan endast fyra tåg i timmen köra 

över Hallandsås. När de två tunnlarna genom Hallandås är färdiga för trafik 2015 ökar kapaciteten till 

24 tåg i timmen och tågen kan då även köra med full last och hastighet. 

Hallandsås är en urbergshorst som bildades för ungefär 70 miljoner år sedan. Rörelserna i berget har 

skapat dåliga zoner i berget som är kraftigt vittrade och mycket vattenbärande. En av dessa zoner är 

Möllebackzonen och för att ta sig igenom denna med TBM:en på ett effektivt sätt har det bestämts att 

måste berget frysas.  

Frysning av jord har använts för stabilisering i över 100 år. Det finns två i huvudsak olika metoder. 

Den äldsta och vanligaste är den indirekta metoden där en saltlösning cirkulerar i frysrör. Den andra 

metoden är den direkta metoden där flytande kväve används som kylmedel. Vid Hallandsåsprojektet 

används den indirekta metoden. I den östra tunneln frystes 125 meter men eftersom området innan 

frysningen nåddes var problemetisk, med mycket vatten och därmed mycket förbehandling från 

TBM:en har det nu beslutats att försöka frysa 200 meter i den västra tunneln. Frysningen utförs i två 

steg; Steg 1 är 85 m och Steg 2 är 125 m, överlappet är 10 m. Genom Steg 1 görs en pilottunnel för att 

kunna borra fryshålen till Steg 2. I detta examensarbete görs beräkningar för att få fram en optimal 

design och frystid för Steg 2. Både frystiden och tiden det tar att borra hålen till frysrören måste tas i 

beaktande. Frystiden beräknas i ett FEM-program som heter JOBFEM (Fredriksson, 1984) och 

borrtiderna beräknas utifrån data från borrentreprenören. 

Totalt har 15 olika designer beräknats. Målet är att nå en frys- och borrtid för Steg 2 på under ett år, 

sex månaders borrning och sex månaders frysning. Pilottunneln kommer att vara 5 meter i diameter 

och det är på grund av det dåliga berget inte möjligt att göra borrkammaren, där borrarbetet utförs, 

avsevärt större för att borra fryshålen till Steg 2. Därför måste hålen i Steg 2 borras i en konisk form 

med olika längder för att hela området ska frysas till radien 7,3 meter vilket är kriteriet för att driva 

tunneln genom Möllebackzonen. Eftersom 125 meter ska borras måste delar av borrningen utföras 

med styrd borrning. Berget som omfattas av Steg 2 har två olika porositeter; de första 60 m har en 

porositet på cirka 15 % och de sista 65 m har en porositet på cirka 3 %. 

Analysen i detta arbete visar att tre skärmar (koner) kommer att behövas för att målet med maximalt 

cirka 6 månaders frysning ska uppnås. Det är viktigt att den andra skärmen på cirka 65 m täcker 

porositetsförändringen som finns i området för att frystiden ska uppnås. Den designen som ger det 

snabbaste resultatet (336 dagar) utifrån både frys och borrtid uppnås då 10 st 125 m hål, 12 st 65 m hål 

samt 10 st 30 m fryshål används. Dessutom bör även ett fryshål användas i mitten av cirkeln så att 

stabilitet framför borrhuvudet (face-stability) uppnås. Eftersom det kommer att vara ont om plats för 

observationshål, där temperaturen kontrolleras under frysprocessen, bör detta observationshål borras 

så att radien 7.3 m följs. Temperaturmätningar görs varje meter för att veta när fryskriterierna är 

uppnådda. Analysen visar också att det inte ska vara några problem att uppnå stabilitet framför 

borrhuvudet då ett fryshål i mitten av cirkeln används och därför behövs inget observationshål där.  
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Summary 
The Hallandsås project has a long history, after failed attempts to finish the tunnels during the 1990s 

Skanska-Vinci HB took over the project in 2004. At present time a shielded Tunnel Boring Machine 

(TBM) called Åsa, which can handle the varied geology at Hallandsås, is used. The TBM also builds a 

watertight lining behind her. The existing railway over Hallandsås is a single track which is windy and 

steep. Due to this both speed and load are limited and on top of that only four trains per hour can pass 

Hallandsås. When the two tunnels are ready for traffic in 2015 the capacity will increase to 24 trains 

per hour, and the trains can drive at full speed and load. 

Hallandsås is a horst and was formed approximately 70 million years ago. The movements in the rock 

have caused poor zones in the rock, which is heavily weathered and carries a lot of water. One of these 

zones is the Mölleback zone and to be able to penetrate this zone with the TBM effectively, it has been 

decided that the rock has to be frozen. 

Artificial ground freezing for stabilization has been used for over 100 years. There are two main 

methods available. The most common and oldest is the indirect method where brine is circulating in 

freezing pipes. The second method is the direct method where liquid nitrogen is used as a cooling 

agent. At the Hallandsås project the indirect method is used. In the eastern tunnel 125 m was frozen, 

but since a lot of problems, with a lot of water and heavy treatment from the TBM were encountered 

before the frozen area was reached, it has now been decided to try to freeze 200 m in the western 

tunnel. The freezing is performed in two steps, Stage 1 is 85 m and Stage 2 is 125 m the overlap is 10 

m. To be able to drill the freezing holes in Stage 2 a pilot tunnel is excavated through Stage 1. In this 

thesis calculations are made to get an optimal design for freezing rime of Stage 2. Both freezing and 

drilling time must be considered. The freezing time is calculated in a FEM-program called JOBFEM 

and the drilling time is calculated from the data from the drilling entrepreneurs.  

In total 15 different designs are considered, the aim is to get a total drill and freezing time under one 

year. The pilot tunnel will be 5 m in diameter and due to the poor conditions it is not possible to 

enlarge the drilling chamber (were the drilling work is carried out) for Stage 2.  The holes in Stage 2 

must therefore be drilled in fans (conical shape formed by the freezing pipes) to freeze the whole 

length to the 7.3 m radius which is the criterion to drive the TBM through Mölleback zone. Since 125 

m is going to be drilled some of the holes must be drilled with steered drilling. The rock mass in Stage 

2 consists of two different porosities, the first 60 m have a porosity of approximately 15% and the last 

65 m have a porosity of approximately 3%.  

The analysis in this thesis shows that three fans will be necessary to reach the goal of approximately 6 

months freezing time. It is important that the second fan of around 65 m covers the porosity change in 

the area to reach the freezing time. The fastest result (336 days) considering both freezing and drilling 

time is reached when 10 pcs. of 125 m long, 12 pcs. 65 m long and 10 pcs. of 30 m long freezing pipes 

are used. In addition a freezing pipe should be installed in the pilot hole (centre of the ring) to reach 

face stability. There will be little space to install observation holes, were the temperature is controlled 

during the freezing process, but at least one hole should be drilled and follow the TBM criteria at a 

radius of 7.3 m. Temperature monitoring is carried out to every meter so it is known when the freezing 

criteria is reached. The calculations also show that when a freezing hole is placed in the pilot hole it 

should not be a problem to reach face stability and therefore, an observation hole is not necessary 

inside the circle. 
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Notations 
 

Greek Symbols  

Symbol Represents Unit 

α Thermal diffusivity m
2
/s 

β heat transfer coefficient for the brine [W/m
2
·K] 

γd dry density [kg/m
3
] or [t/m

3
] 

θ Temperature °C 

λ thermal conductivity [W/m·K] 

λC thermal conductivity casing pipe material [W/m·K] 

λdry thermal conductivity dry material [W/m·K] 

λF thermal conductivity freezing pipe material [W/m·K] 

λg thermal conductivity soil grains [W/m·K] 

λice thermal conductivity ice [W/m·K] 

λo thermal conductivity other rock types (other than quarts) [W/m·K] 

λq thermal conductivity quarts [W/m·K] 

λs thermal conductivity soil/rock [W/m·K] 

λsat thermal conductivity saturated material [W/m·K] 

λw thermal conductivity water [W/m·K] 

σ current deviator stress [MPa] 

σθ reference strength/uniaxial compressive strength at temperature θ [MPa] 

  

 

Roman Symbols  

Symbol Represents Unit 

C heat capacity [kJ/(kg·K)] 

Cair heat capacity air [kJ/(kg·K)] 

Ci heat capacity ice [kJ/(kg·K)] 

Cl heat capacity between 0--2°C [kJ/(kg·K)] 

Cs heat capacity soil [kJ/(kg·K)] 

Cw heat capacity water [kJ/(kg·K)] 

cθ cohesion at temperature θ  

DCi inner diameter of casing pipe [mm] 

DCo outer diameter of casing pipe [mm] 

DFi inner diameter of the freezing pipe [mm] 

DFo outer diameter of freezing pipe [mm] 

E Young's modulus [MPa] 

Ke Kersten number  

l latent heat [MJ/m
3
] 

lw latent heat water [MJ/m
3
] 

mair mass air [kg] 
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mi mass ice [kg] 

ms mass soil [kg] 

mtot mass total [kg] 

mw mass water [kg] 

n porosity  

q quarts content [%] 

Q Power output per m freezing pipe [W] 

Ryc  outer radius of the freezing pipe [m] 

Sr degree of saturation [%] 

ta temperature at distance a [°C] 

tbrine temperature brine [°C] 

wu unfrozen water content [%] 

X factor depending of the heat transfer coefficient [m·K/W] 

  

 

Other  

Symbol Represents  

AGF Artificial Ground Freezing  

GRE Epoxy reinforced glass-fibre material used in the freezing pipes  

MBZ Mölleback zone  

NMZ Northern Marginal Zone  

OP Observation Point  

pcs. pieces  

RC Rock Class  

SGU Swedish Geological Survey  

SMZ Southern Marginal Zone  

TBM Tunnel Boring Machine  

USGS U.S. Geological Survey  
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1 Introduction 

1.1 Background 
There are many geologically challenging zones at the Hallandsås project, the most challenging zone 

being called the Mölleback zone, from here on called MBZ. To be able to penetrate the MBZ with the 

Tunnel Boring Machine (TBM), the ground has to be frozen. This method was successfully used in the 

eastern tunnel and will be used in the western tunnel as well.  In the eastern tunnel 125 m was frozen 

in two stages. However, during the TBM of the south unfrozen part of the MBZ a lot of water was 

encountered before the frozen zone was reached, which caused problems and delays for the TBM. To 

avoid these problems it has been decided to try to freeze 200 m of the MBZ in the western tunnel. The 

freezing is performed in two steps; Stage 1 is 85 m and Stage 2 is 125 m, the overlap is 10 m. 

1.2 Objectives 
The main purpose of this thesis is to get an optimal freezing design for Stage 2 in the west tunnel 

through the MBZ at the Hallandsås project, i.e. to get a thermal profile of the frozen ground and to 

calculate the energy required per meter freezing pipe. The aim including both drilling of freeze holes 

and the freezing operation is to go under 12 months. The main questions to be faced are: 

- What does the optimal design look like? 

- Is it possible to reduce the freezing time, including drilling the holes, by using more holes? 

- How is the freezing time affected, if the pipe dimension is increased? 

- What are the main risks? 

This will be investigated through numerical analysis in the Finite Element program JOBFEM 

(Fredriksson, Groth & Stille H, 1982). Experiences from the east tunnel will be used as a start design 

and after the start designs, other designs will be discussed, calculated and analyzed depending on the 

result for the start designs. The drilling time will be calculated with data from the drilling 

entrepreneur.  

1.3 Method 
The main topic is to calculate and evaluate the freezing designs for Stage 2 in the west tunnel. Stage 1 

in the west tunnel is already designed and not considered in this thesis. Since time is critical both the 

time to drill the holes and the freezing time is evaluated in the calculations. Porosity, thermal 

properties, freezing pipe location and pipe dimension are considered in the calculations. Since freezing 

was carried out in the east tunnel a lot of data and performed analysis are available and can be used in 

the west tunnel, too.   

The thesis also includes a literature study, information about artificial ground freezing, an introduction 

to the Hallandsås project and the geology of Hallandsås. 

1.4 Extent and limitations  
The calculations will be carried out in JOBFEM (Fredriksson, Groth & Stille H, 1982) and it is 

assumed that the program calculates correctly, errors in the calculations are made by the user of the 

program. The reason JOBFEM is used is because of the familiarity with the program within the 

project, and good results for the eastern tunnel. 

Stage 2 is planned to be 125 m, no other lengths are considered in this study. It is thereby assumed that 

there will be enough time to drill all holes to freeze 125 m.  
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1.5 Disposition 
This thesis starts with an introduction to the Hallandsås project and continues with the literature study 

of artificial ground freezing and the geology of Hallandsås. The literature study about artificial ground 

freezing includes general information, frozen ground properties and a little about what to think about 

when designing. The literature study is followed by the freezing design of MBZ, the results, a 

discussion and a conclusion.  
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2 Introduction to the Hallandsås project 
Hallandsås is situated on the border between Skåne and Halland in the south of Sweden. Two tunnels 

are planned; the east tunnel is completed and in the moment of writing the west tunnel is being built. 

When the tunnels are finished they will be the longest railway tunnel in Sweden comprising 8.6 km 

each. The tunnels are an important part of an effective western railway network between Malmoe and 

Gothenburg.  Today there is a single track railway over Hallandsås and the track is curvy and steep. 

The capacity of this track is only 4 trains per hour and due to the curved and steep track both load and 

speed are limited. The tunnels will be ready for traffic in 2015 and will have a capacity of 24 trains per 

hour and enable full speed and load (Skanska, 2011). 

The Hallandsås project has a long history. It started in 1991 when the Swedish government decided 

that a tunnel should be built through Hallandsås. The company Kraftbyggarna started the project in 

1992 with a Tunnel Boring Machine (TBM), called Hallborr. Hallborr was an open hard rock gripper 

TBM designed for hard and dry rock, which unfortunately was the wrong technique. The geology of 

Hallandsås is varied and contains both hard fresh rock and weathered soft rock. There is also plenty of 

water in the rock, which causes a high water inflow. Shortly after Kraftbyggarna started they had to 

abandon Hallborr and in 1993 they started to excavate with conventional blasting technique. Three 

kilometres and two years later Kraftbyggarna had to leave the project due to an economic dispute with 

the Swedish railroad administration (Banverket). In 1996 Skanska took over the project and started to 

excavate with conventional blasting. However, the water inflow was very high and grouting was 

needed, approximately 80 cement based and chemical grouting products were tested- one of these 

products was Rocha Gil. Rocha Gil is a two component chemical grouting product which had worked 

well in other tunnels with a high water inflow. But Rocha Gil was washed out due to the high water 

inflow. This led to contaminated water in the area and the project was stopped again with only one 

third finished. The area was remediated and could in 1998 be declared clean. In 2001 it was decided 

that the tunnel should be finished, this time with a higher water inflow tolerance during the 

construction phase. For that reason a shielded TBM that builds a watertight concrete lining is used to 

build the tunnels. In 2002 Skanska-Vinci HB was contracted, the building permit was given in 2003 

and in 2004 the project could be resumed (Trafikverket, 2011). 

Skanska-Vinci HB is a joint venture of two large companies, Skanska and Vinci, both being among 

the largest construction companies in the world. The local familiarity and knowledge of Swedish laws 

and regulations comes from Skanska and the expertise of tunnel boring under difficult conditions 

comes from Vinci. Today a TBM called Åsa works her way through Hallandsås. Åsa is a dual mode 

hard rock Mix-Shield TBM and can handle hard fresh rock, soft weathered rock and the high water 

inflow in the tunnel. To make the tunnel safe and watertight a concrete lining is installed. The lining is 

pre-fabricated in a factory in Åstorp, transported to the TBM and put on place by the TBM 12 m 

behind the cutter head. The most challenging part of Hallandsås is the MBZ. For the eastern tunnel 

125 meter was frozen and for the western tunnel 200 m will be frozen (Skanska-Vinci HB,2011).  

The breakthrough for the eastern tunnel was in August 2010, and now a year later, the TBM is 

working its way through the western tunnel. Trafikverket (the Swedish transport administration), 

former Banverket, is the client of the project and decisions regarding the project are taken in close 

cooperation between Trafikverket and Skanska-Vinci HB. 
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3 Artificially frozen ground  

3.1 History 
Artificial ground freezing (AGF) has been used since the mid 1800s. It was during a very cold winter 

when French engineers by accident discovered the advantages of frozen ground. Since then freezing 

has been used as a ground improvement method. The first project using AGF was in Swansea, South 

Wales, in 1862 where a mine shaft was stabilized. The first project in Sweden was the pedestrian 

subway Brunkebergstunneln in 1886. According to Johansson (2009) most documented AGF projects 

have been performed after 1940. The earliest project used the same principle with circulating brine in 

drilled pipes as today but the method has developed both in terms of technique and in the sector of 

application. In the beginning AGF was mainly used to stabilize a wall for excavation. When the 

horizontal boring was possible AGF grew to that sector too. Today AGF can also according to 

Rostmark, Knutsson (2004) be used to dredge contaminated soils. According to Andersland, Ladanyi 

(2004) some typical applications for AGF projects are shafts, deep excavations, tunnels, groundwater 

control and containment of hazardous waste. Before the two-stage reciprocal compressor was 

developed in the 1960s the minimum brine temperature was -20°C, and after that the temperature 

could be reduced to -40°C this decreased the freezing time and increased the stability. During the early 

projects every piece was assembled on site, which led to long time before freezing could start. Today 

engines, compressors, etc in the refrigerating plant are all assembled so they can be transported easily 

and start freezing earlier. With modern technology liquid nitrogen can be used too. It is very fast and is 

therefore mostly used when the water flow is high (2-20 m/day) and for emergency stabilization. 

(Rehnman, 1998) 

3.2 General  
AGF is mainly used as temporary ground improvement method or for temporary sealing. The main 

principle is to convert water/pore water to ice.  When this occurs the stability increases radically and 

the ice will also form an impermeable layer (Rehnman, 1998).  There are, according to Rehnman, 

(1998) two different methods available on the market:  

- Indirect freezing method in a closed system with a brine 

- Direct freezing method with liquid nitrogen at a temperature of -196°C.  

The indirect method is the oldest and the most common method.  An indirect system normally consists 

of a fluid cooler with freon or more commonly used ammonia as a cooling media and a brine 

consisting of calcium chloride CaCl2 or sometimes glycol. The ammonia is circulating in the primary 

cooling coil inside the fluid cooler. The cooler is connected to the closed separate secondary cooling 

coil where the brine is circulating. The brine is pumped out in pipes in the soil/rock and pumped back 

to cool down in the cooler. The brine temperature varies between -20°C to -40°C.  Normally, the 

cooler is driven by electricity but can in some cases also be driven by diesel. Since it is the same kind 

of technique used in all indirect AGF projects the same equipment can be used everywhere. The 

freezing pipe is usually double and consists of one inner and one outer pipe (Rehnman, 1998). The 

brine is then circulating in the pipe, see Figure 3-1.  
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Figure 3-1 How the brine is circulating in the pipe.  

 

When the direct method is used the liquid nitrogen is pumped down in the pipes, when the nitrogen 

gets warmer, i.e take up heat from the surrounding rock, it will evaporate to the atmosphere. The direct 

method is an open system compared to the indirect system, which is closed. The direct method 

requires large amounts of liquid nitrogen which has to be stored on site.  It is expensive to use liquid 

nitrogen but on the other hand simpler since it requires less equipment. This method is therefore used 

for small or emergency projects. Another advantage is the freezing time, the low temperature makes 

the freezing time short and it is normal to use in areas with a water flow up to around 20m/day 

compared to maximum 2 m/day with the conventional indirect method. In one extreme case a water 

flow up to 50 m/day has been frozen, it was possible but very costly. The problem with a high water 

flow is one of the most common reasons why freezing projects are delayed or unsuccessful. For that 

reason, it is always important to consider the water flow in the design (Rehnman, 1998). Table 3-1 

shows a comparison between the indirect and direct method.  

 

Table 3-1 Comparison of freezing with direct method and indirect method (Johansson, 2009) 

S
it

e
 i

n
st

a
ll

a
ti

o
n

 

Quality Direct (LN2) Indirect (brine) 
Electric power Not required Required 

Water for cooling Not required Required 

Refrigeration plant  Not required Required 

Storage tank Required Required 

Circulation pumps Not required Required 

Pipe system for distribution of coolant Supply only Supply and return 

Low temperature material for surface, piped, valves, etcetera Required Not required 

E
x

e
cu

ti
o
n

 o
f 

fr
ee

z
in

g
 Physical condition of coolant Liquid/Vapour Liquid 

Minimum temperature achievable (theoretic) -196°C -34°C MgCl2, -55°C CaCl2 

Reuse of coolant Impracticable Standard 

Control of system Difficult Easy 

Shape of freeze wall Often irregular Regular 

Temperature profile in freeze wall Great differences Small differences 

Frost penetration Fast Slow 

Impact on freeze wall in case of damage to freeze pipe None Thawing effect 

Noise None Little 

 

3.3 Application 
Artificial ground freezing is a ground improvement method that can be used for a wide range of soil or 

rock regardless of structure, permeability and grain size. Unconsolidated, running ground, blocky soil 

or soil with a high water and/or earth pressure can very successfully be frozen. When AGF is planned 

completely saturated conditions are preferable, but, it is possible to freeze soil safely down to 10% 

saturation. AGF is a very good method when stabilizing tunnels with poor material (unconsolidated, 

weathered and/or water bearing zones), tunnels with a small rock cover or in tunnel openings. The 

mechanical properties in frozen rock/soil, temperature and time are equally important as the geological 

properties.  However, it is important to notice that there are technical differences depending on the soil 
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or rock type. It is for instance more complicated to freeze loose clay compared to sand or gravel 

(Rehnman, 1998). This is also why it is important to have good site investigations. The investigations 

are made so that thermal properties, unfrozen and frozen strength etc can be determined. Figure 3-2 

shows how the freezing is affected by the thermal properties and the groundwater flow (Andersland, 

Ladanyi, 2004).  

If AGF is used for a shaft there are a few more things to consider. During the summer months the 

frozen volume at shallow depths can take a conical form due to the warm ground surface. The 

groundwater flow from the bottom of the excavation, if it is a shaft, is also important to consider, ideal 

conditions is an impervious layer at the bottom since it creates a closed bottom condition, which 

eliminates a large water inflow. If an impervious layer is not possible it is called an open bottom 

condition, and cautions have to be taken to control the water movement. (Andersland, Ladanyi, 2004).  

Another important aspect is to consider if there is any contamination in the water or ground. 

Contaminants like oil based products or chlorides will affect the process negatively and will prolong 

the freezing time, this is due to the contaminants’ low freezing temperature. The effects of the 

contaminants must be considered in the design (Rehnman, 1998).  According to Andersland, Ladanyi, 

(2004) contaminants can also cause reduced ice content and a lower strength.  

 
Figure 3-2 The effect due to varying thermal properties and groundwater flow on a freezing pipe (Andersland, 

Ladanyi, 2004) 

3.4 Frozen ground 

3.4.1 Mechanical properties of frozen ground 
The strength of the soil increases considerably when frozen and continues to strengthen as the 

temperature decreases. Soil can in some cases be 100 times stronger frozen than unfrozen, at this stage 

it can be compared with concrete. Ice has, just like concrete, a high compression strength but a low 

tensile strength. This is why circular or elliptic shapes are most suitable for ice walls. When water is 

converted to ice it will expand around 9%. This is the maximum primary expansion, however this 

expansion is usually smaller for frozen soil in practical applications since some of the water is pushed 

away during freezing, this phenomena is found in soils with larger grains. When a frost susceptibility 

soil is frozen there can be a secondary expansion, called frost heave, which causes ice lenses. Frost 

heave is common in silty soils and this can cause a problem for the AGF project.  An increased 
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freezing speed decreases the frost heave (Rehnman, 1998). According to Andersland, Ladanyi, (2004) 

frost heaves up to 150 mm are not uncommon in regions with a moderate winter climate. 

The short time strength in a soil can be 8-12 times higher than the long time strength which gives 

frozen soil typical creep properties. Creep is a time dependent deformation from a constant load. It can 

be divided in three phases: primary, secondary and tertiary, where the creep-rate is decreasing, 

constant or increasing. Creep strength is important to consider when an ice wall is designed. Creep 

deformations are, however, not always used for designing (Rehnman, 1998).  

In an ice construction there will be different temperatures in different zones. The soil closer to the 

freezing pipe will be colder than soil further away from the pipe. As earlier mentioned the strength 

increases with decreasing temperature, soil closer to the freezing pipe has for that reason better 

strengh. The construction is, as a result of these temperature differences, divided in zones where the 

average temperature or a specified temperature for each zone is dimensioning, i.e the whole zone has 

to reach that certain temperature (Rehnman, 1998). 

When the project is completed it is important to consider the melting process. The melting process is 

normally not a problem. The settlements after freezing are connected to the ice lenses, formed during 

the freezing development, in the soil. Since the freezing process is fast it reduces the build-up of ice 

lenses which leads to less water in the soil. In frost susceptibility soils the permeability is low and the 

fed of water is to slow of large scale build up of ice lenses. The frost heave is thereby connected to the 

expansion of the pore water. The melting is normally a fairly slow process since the only contributing 

heat comes from the surrounding soil, and slow melting implies small amounts of water at the same 

time. If the melting process is fast and the drainage is poor it can lead to a lot of water in the soil and 

can lead to a reduced bearing capacity. The melting process can cause problems in some soils and 

under certain conditions. In clay consolidation and micro cracks can occur when melting (Rehnman, 

1998). 

3.4.2 Thermal properties of the frozen ground 
When the temperature in a soil is changing it is necessary to have an understanding of the thermal 

properties of the soil. Thermal properties include thermal conductivity, heat capacity, thermal 

diffusivity, latent heat and thermal expansion. Below a short explanation for these parameters is 

presented. Note that thermal properties vary with temperature. This information is found in 

Andersland, Ladanyi, (2004) 

Thermal Conductivity - heat conduction is a transfer of kinetic energy from molecules in a warm part 

to a cooler part of the soil mass.  

Heat Capacity – is the required amount of heat required to raise the temperature by 1 degree in a 

material, for example a soil sample. 

Thermal Diffusivity - is the ratio between the thermal conductivity (λ), heat capacity (c) and bulk 

density (ρ), α =λ/cρ. 

Latent heat of fusion – is the amount of energy needed when a liquid is converted to solid phase or the 

other way around. The latent heat for water at 0°C is 333.7 kJ/kg. 

Thermal expansion (or contraction) – decreasing air temperature will cause ice covers on water and 

freeze the surface soil.  When the temperature in a material drops it will contract and when the 

temperature rise the material will expand. Thermal expansion and contraction can cause major 

maintenance problem for roads and highways. Long tension cracks in ice is a god example of thermal 

contraction. 
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According to Andersland, Ladanyi, (2004) it is possible to calculate the thermal conductivity 

according to Table 3-2 below. This method is applicable on both to unfrozen and frozen soil.  

 

Table 3-2 Method for calculating the thermal conductivity of mineral soils (Andersland, Ladanyi, 2004)  

 

where γd is the dry density, n the porosity, Sr the degree of saturation, λ is thermal conductivity, wu is 

the unfrozen water content and q is the quarts content. Thermal conductivity for quarts is 7.7 W/m·K 

and for other rock minerals it is set to 2.0 W/m·K 

λs (for crystalline rock) in the table is given by Equation 3-1 from Sundberg (1991): 

      
 

   
   

 [3-1] 

   

Where λq is the thermal conductivity of quarts and λo is the thermal conductivity for other rock 

material.  

λ for sedimentary rock and water saturated soil is given in Equation 3-2 from Sundberg (1991): 

     
    

    [3-2] 

where λw is the thermal conductivity for water, λg the thermal conductivity for the soil grains and n the 

porosity.   

 

The heat capacity (c) for a soil or rock mass is calculated with Equation 3-3: 
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                          [3-3] 

 

where c is the heat capacity, m is mass, s  is soil or rock, w water and i ice. (Andersland, Ladanyi, 

2004) 

Figure 3-3 shows how heat can be transferred in soil. At temperatures below 0°C and up to 25°C 

thermal conductivity is the most common heat flow. The heat capacity is relatively similar for 

different rocks but if the material is porous and has a high water content it will influence the heat 

capacity. A high water content and loosely packed material has the highest heat capacity. The thermal 

conductivity is influenced by the water content and the porosity in the soil or rock. A low porosity 

means a higher thermal conductivity since the grains in the soil is closer to each other. Grains conduct 

heat better than air and water (Sundberg, 1991).  

 
Figure 3-3 The heat flow in soil. (Sundberg, 1991) 

Both heat capacity and thermal conductivity for all soils are influenced by the water content. With 

high water content the contact between the grains is better since the thermal conductivity for water is 

better than for air. Below the groundwater surface the soil is completely saturated and depending on 

the soil type the water content above the ground water level depends on what kind of soil it is. The 

groundwater level depends on the precipitation and varies throughout the year. The porosity also 

influences the heat capacity and the thermal conductivity, a high porosity causes a lower thermal 

conductivity and a higher heat capacity. The porosity for soil can vary between 15% for ground 

moraine and 95% for peat. Porosities types between 5 and 50% are most common for sedimentary 

rock. The porosity for crystalline rock types is usually low, only a few percent. In rock, micro-cracks 

are the main barrier for the thermal conductivity, if the cracks are filled with water the effect is smaller 

than if they are filled with air. This is because the thermal conductivity is better in rock compared to 

water, and better in water compared to air and that is why water and air is a barrier for thermal 

conductivity. Another thing that affects the thermal conductivity is the mineral composition. It affects 

both soil and rock types but is more important to crystalline rock types, due to the thermal 

conductivity of quarts which is significantly higher than for other rock types. Granite is a common 

rock type in Sweden and has a quarts content of 20-40%. The effect of the mineral composition on the 

thermal conductivity declines as the porosity increases. The thermal properties can either be decided 

through measurements or calculations. Measurements are bound to an exact time and place since the 
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groundwater level and temperature varies which will affect the thermal properties. Measurements can 

be done in-situ or in laboratories. Calculations for rock are made with the mineral composition in the 

rock and for soil it is calculated with the mineral composition, pore water and pore gas. One advantage 

with calculations is that it is possible to calculate the changes in temperature and water content. 

(Sundberg, 1991) 

 

3.4.3 Naturally frozen ground 
Frozen soil contains four components and can be called a four component system. It consists of soil 

particles, ice, water and voids. The soil has different grain sizes but all grains have a thin film of 

unfrozen water which is coating most of the mineral grain. The voids in the soil are filled with air, 

water and ice. The mechanical properties can vary from relatively brittle to plastic and the differences 

depend on the unfrozen water content. The temperature of the frozen soil influences the properties of 

the soil, which is why it is important to include this in the field investigations. (Andersland, Ladanyi, 

2004) 

The knowledge of natural frozen ground is good since a lot of activities like mining and oil 

exploitation have been performed in areas of seasonal frost or permafrost. Frozen ground and thawing 

causes problems for these activities and therefore research in the subject was started. The definition of 

frozen ground is quite simply soil or rock with a temperature below 0°C and permafrost is ground of 

any kind which stays under 0°C for several years. Permafrost can be divided in two kinds; 

continuously permafrozen areas and discontinuously permafrozen areas. The annual ground surface 

temperature has to be -3°C or colder for permafrost to exist. The continuous permafrost can be as thick 

as 1 km in arctic regions and the discontinuous permafrost can be everything between 0.1 m thick and 

100 m depending on the location.  Permafrost has an active layer at the ground surface which is a layer 

of seasonally frozen and thawed soil and rock. The thickness of this layer depends on many factors, 

such as the temperature, soil and rock type, water content, snow depth, vegetation, drainage capacity 

and the extension and orientation of ground slopes (Johansson, 2009). Other typical formations 

according to Johansson (2009) in permafrozen soils are: 

- Ice wedges, cracks in the ground filled with water. The water gets there during the warm 

season and freezes during the cold which makes the wedge grow. 

- Pingos, large almost circular hills. The core of the hill consists of ice and it is covered with 

soil, rock and vegetation.  

- Palsa, an elevated area which looks like a hill or plateau. They are formed from ice lenses 

which are 2-3 meters thick. 

- Ground ice is a general term for large amounts of ice under the ground surface. 

- Thermokarst, regional formations such as dams and sinkholes. 

Seasonal frost is found in areas where the temperatures in the ground reach above 0°C during the 

summer and below 0°C during the winter. The southern border for seasonal frost is where the frost 

reaches a minimum depth of 300 mm every tenth year (Johansson, 2009). 

The temperature in a natural frozen soil is hard to influence since it is already frozen. Naturally frozen 

ground can consist of both ice rich soil and ice poor soil. The ice lenses tend to thin out with the depth 

and are normally horizontal. (Johansson, 2009) 

3.4.4 Differences between naturally and artificially frozen ground 

There are several similarities between naturally and artificially frozen ground but also numerous 

differences. A comparison between naturally and artificially frozen ground is shown in Table 3-3. 
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Table 3-3 Differences between naturally and artificially frozen ground (Johansson, 2009).  

Aspect Naturally frozen soil, 

seasonally frozen soil, shallow 

conditions 

Naturally frozen soil, 

permafrozen soil 

Artificially frozen ground 

 

Type of 

ground 

Normally ice rich, low mineral content, 

loose clay silt, sand loose clayey soils. 

Normally ice rich, low mineral 

content, loose silt, sand, loose clayey 
soils. 

Any soil, poor of ice to ice rich. 

Freezing 

process 

1-dimensional freezing, discontinuous. 1-dimensional freezing, permanent 

condition. 

2-dimensional freezing, continous. 

Stress 

condition 

Low stress condition during 

comparatively brief period. 

Low to high stress, permanent 

condition. 

High stress during comparatively 

brief period. 

Minimum 

temperature 
Usually above -15°C. Hardly below -15°C. Naturally 

controlled. Low variation in time. 

Normally below -20°C with 

indirect method and below -160°C 

with direct  method. Varied 

temperature. 

Ice crystals 1/25 to 1/14 size of corresponding ice 

crystals in permafrozen soils. The area is 
less than 1/500 of corresponding ice 

crystal in permafrozen area. 

14 to 25 times larger than 

corresponding ice crystals in 
seasonally frozen soil. The area is up 

to 500 larger than corresponding 

seasonally frozen zones. 

 

Ice lenses Usually horizontal. The thickness and 
the frequency decrease with increasing 

soil depth. 

Usually horizontal. The thickness and 
the frequency decrease with 

increasing soil depth. 

Usually parallel to the freeze tubes. 

Establishing of 

mechanical 

design 

properties 

In frozen state; Undistrubed specimens. 

Field and laboratory tests.  
 

In thawed state; Relevant information 

can be received only/just when the 
frozen. Difficult to make prognosis 

because of unknown formed ice 

structures. 

In the naturally frozen state, 

undisturbed specimens. Field and 
laboratory tests. 

Relevant information cannot be 

achieved until the soil is frozen. 
Obscurely created ice structures 

may raise difficulties. 

 

 

3.5 Dimensioning 
Important dimensioning parameters for the AGF projects to consider are: 

- Purpose of the freezing project 

- Expected loads on and around the ice construction 

- Geological conditions of the ground 

- Risks and effects if failure occurs 

- Temperature and geometry requirements 

- Thermal properties of the material 

- Required time 

Since the soil will change in temperature it is very important to consider these changes in the stress 

and strain calculations. Both load calculations and thermal analyses are necessary. The load 

calculations should include required thickness of the ice and the expected deformations, and the 

thermal analysis must contain expected freezing time, number of pipes, the freezing process and 

temperature gradient. The thermal dimensioning is also very important to get a cost-effective system. 

It is in many ways difficult to calculate the heat flux in rock or soil. The most important parameter is 

the water content, but other aspects must be considered. Two of these properties are: the thermal 

conductivity λ [W/m·K] and heat capacity C [J/ m
3
·K].  

When the water is frozen one can expect a faster freezing process, mainly because of the differences in 

the diffusivity which is 8-12 times higher for ice than water. As the temperature changes the thermal 

properties will change, too. It is according to Sundberg (1991), very important to consider the latent 

heat which leaves the material when it is freezing. According to Sundberg (1991) the energy necessary 
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in the transformation phase can be compared with the energy required to heat the same amount of 

water 80°C. As mentioned earlier possible contaminants and water flow must be considered. Table 3-4 

shows properties of some common materials (Rehnman, 1998). 

 

Table 3-4 Properties of some materials used for AGF projects (Andersland, Ladanyi, 2004). 

Material Density (kg/m3) Heat capacity (kJ/kg°C) Thermal conductivity (W/m·K) 

Air 10°C 1.25 1.00 0.026 

Water 0°C 999.87 4.2177 0.56 

Water 10°C 999.73 4.1922 0.58 

Ice 0°C 900 2.09 2.21 

Ice -40°C 900 2.09 0.08 

Quarts 2 660 0.733 8.4 

Granite  0.8 1.7-4.0 

Limestone 2 640  1.3-5.0 

Polystyrene 30 1.25 0.035 

 

The parameters above and basic relationships are normally used to calculate the number of pipes 

needed and the freezing time necessary (Rehnman, 1998).  

The relative distance between two pipes can be expressed as 2R/2r0 and is important for the growth of 

the ice wall. This distance must not exceed 15. Standard diagrams like Figure 3-4 below can be used 

get a rough estimate about the amount of time necessary for the material to freeze (Rehnman, 1998). 
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Figure 3-4 The relation between freezing pipe dimension and time to freeze. The example (red) in the diagram shows 

indirect method with brine, the freezing pipe radius is 0.05 m and the frozen zone needs to be 0.5 m around each pipe. 

R’=R/r R’=0.5/0.05=10. The freezing time is 9 days according to this method. (Rehnman, 1998) 

The power requirement to freeze soil or rock varies with time and is biggest in the beginning. The 

freezing time is proportional to the energy needed and inversely proportional to the required freezing 

temperature. The energy consumption and freezing time are strongly bound to the water content in the 

soil or rock. In most cases a radial temperature growth from the pipe is assumed (Rehnman, 1998). 

Figure 3-4 shows how an ice construction is formed. 
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Figure 3-5 How an ice construction is formed. Modified after (Johansson, 2009). 

 

3.6 The AGF project 

3.6.1 Installation 

A big part of the AGF project is the installation of the freezing pipes. It is important that the freezing 

pipes are located according to the design. If the distance between the pipes is too big it can prolong the 

freezing time or cause unfrozen areas in the construction since the capacity will be too low for the 

distance. It is, on the other hand, hard to drill holes without deviation. It is for that reason of high 

importance to check the deviation and if necessary drill additional holes. The length of the holes varies 

depending on the situation and project. After installation of the freezing holes it is time to assemble it 

with the rest of the system. If the system is working as planned the freezing process is rather 

undramatic. During the freezing process it is crucial to control the freezing process and the quality of 

the process. Changes can in some cases be necessary. The freezing process can be divided in two 

phases the primary and secondary. The primary phase is the cool down, the process is in the in this 

phase until required temperature and thickness of the ice construction is reached. The secondary phase 

is the maintenance freezing. The second phase is less energy consuming than the primary and is used 

during the excavation and when permanent reinforcement is being placed. Reinforcement like lining 

(both segmental and in-situ), shotcrete, steel arcs and steel/wooden disks are common.  Areas which 

are exposed must be isolated from air, heat and water, since these exposed areas have a larger risk of 

weakening compared to other areas in the ice construction. It can be done with fibreglass blankets 

between polythene blankets or with polystyrene. It is of course important to control the freezing during 

the whole process. Nowadays it is mainly done automatically and if something is wrong the system 

will close without human intervention, if the brine or cooling media is leaking it can have severe 

effects both project wise and environmentally.  If the brine is leaking in the ground the brine will 

decrease the freezing temperature dramatically due to the low freezing temperature. If ammonia is 

leaking it will decrease the effect of the system, or in extreme cases the whole system can fail. To 

control the efficiency of the system the difference (ingoing vs. outgoing) in brine temperature must be 

checked regularly.  The frozen zone should be controlled both during the primary and the secondary 

phase. Both thickness and temperature are controlled and it is done through observation holes which 

are placed in critical areas. Continuous measurements make it possible to make changes if anything is 

wrong. The frozen ground has a strength similar to concrete and it is therefore not possible to dig in 

the frozen ground. If frozen ground is to be excavated it has to be done with a hydraulic hammer, 

blasting, milling or a TBM. Caution has to be taken to the freezing equipment in the surrounding area 

when work is done close to the ice construction (Rehnman, 1998). 
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3.6.2 Environment and working environment 

In general, freezing affects the environment very little; it is quiet, dust and smoke free and it does not 

cause any vibrations. Both the water quality and groundwater level are unaffected and there is nothing 

left of the construction after the work is finished. However, water pipes, sewers and plants nearby the 

ice construction can be affected. The risks are bound to the chemicals used for the cooling media 

(ammonia, freon or liquid nitrogen). Ammonia is poisonous in high concentrations but does not leave 

any carbon footprint. In the freezing system the ammonia is in a closed system and people will not be 

exposed unless the tank breaks. Freon, on the other hand, is not poisonous but affects the ozone layer 

which is why ammonia is more commonly used. One risk with liquid nitrogen is frost bites either from 

direct contact with the nitrogen or from cold metals. Another risk with nitrogen is the oxygen level 

around the working place. The cold nitrogen pushes away the oxygen which is why nitrogen has to be 

used in closed systems in tunnels (Rehnman, 1998). 

3.6.3 Economy 

AGF is expensive, but very safe, and has a high probability to be successful. The costs can be divided 

in three parts: equipment, installation of the system and operation including drilling of the freeze 

holes. The cost for the equipment varies depending on how big the project is. The equipment for 

indirect freezing is more expensive than direct since it requires more equipment. The costs for the 

installation vary depending on the location, project size and availability. The size and number of pipes 

is a major part of the cost for equipment and installation. When the direct method is used the liquid 

nitrogen is a significant part of the cost (Rehnman, 1998). 
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4 Geology of Hallandsås 
Hallandsås is very dominant topographically in the area of north-west Skåne. The north side is very 

steep compared to the south side. Hallandsås is a horst. Horsts are found in fault zones and are caused 

by parallel movements in the crust, see Figue 4-1. Hallandsås is geologically located in the southern 

part of the Fennoscandian Shield (Loberg, 1999).  

 
Figure 4-1 How a horst is formed (USGS, 2011)  

The rock mass consists of Precambrian gneisses with intercalated sheets of Amphibolite.  A younger 

generation of Amphibolite dikes can be found along the tunnel. According to Wikman & Bergström 

(1987) it is hard to decide the age difference of the two amphibolites. There are also some zones of 

Permian dolerite dykes (Sturk, Dudoit, Aurell & Eriksson, 2011). Gneiss is a regional metamorphic 

rock type, it is metamorphosed from granite. Usually it contains quarts, feldspar, amphibole and mica. 

The dominating mineral affects the colour of the gneiss. Amphibolite is a metamorphous rock type, it 

is normally black or dark green. It is usually more or less slaty. It contains the minerals amphibole and 

plagioclase. Dolerite is a magmatic dike rock and it consists of plagioclase, pyroxene and opaque. 

(Loberg, 1999). Figure 4-2 shows a good example of the dolerite dykes and the surrounding Gneiss.  

 
Figure 4-2 Dolorite dykes at Hallandsås (Nilsson, 2011) 

Hallandsås is one of several horsts in Skåne.  All horsts can be detected to the same regional fault 

zone. This fault zone called the Tornquist zone can be followed all the way from the North Sea to the 

Black Sea (Wikman & Bergström, 1987). The northern part of the Tornquist zone can be seen in 

Figure 4-3. 
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Figure 4-3 The Tornquist zone, marked STZ and TTZ on the map (SGU 2011) 

The fracture and fault system in Hallandsås is NW-SE-trending and it was formed during the Cambro-

Silurian period.  It has been active many times since then. The largest and most recent movements 

took place around 70 million years ago. There are three major tectonic zones along the Hallandsås 

tunnel, caused by the uplifting movement, these zones are sub perpendicular to the tunnel and several 

hundred meters wide. These zones are called Northern and Southern Marginal Zones (NMZ and SMZ) 

and can be seen in Figure 4-4. The third zone inside the horst is the MBZ. MBZ is 300 m wide and is 

tectonically complex. It consists of two parts; one which is highly weathered with silty clayey material 

and the second is highly fractured, less weathered but with a lot of water under high pressure.  

 
Figure 4-4 A crosscut of the horst. (Modified from Skanska-Vinci HB, 2011) 

The large deep scale weathering of the crust was formed during the Triassic to Cretaceous period 

when the Fennoscandian Shield was situated at low latitudes. Figure 4-5 shows the geological time 

scale and some mile post for the history of Hallandsås. In the Tornquist zone the weathering reached 

far down. Later on the weathered rock has in general been eroded from the surface but has, in 

Hallandsås and MBZ, due to the block tectonics been preserved. This enhances the heterogeneity of 

the rock mass and result in many challenges along the tunnel (Sturk  et al. 2011).  
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The central part of the horst is also more or less heavily fractured and consists of blocks surrounded by 

weakness zones. Most of the rock mass throughout the tunnel is very faulted, jointed and implies very 

complex and heterogeneous conditions (Sturk  et al. 2011).  

 
Figure 4-5 The geological time scale (Britannica, 2011) and the Hallandsås history.  

4.1 Geological hazards 
Due to the varied geology of Hallandsås there are many geological hazards. Some of the hazards at the 

project are described below. The descriptions are found in Sturk et al., (2011). 

In order to avoid geological hazards it is important to work preventively with these problems 

described below. The TBM design is an important aspect. Earlier failures and experiences at the 

Hallandsås project made the decision for a shielded TBM obvious. The TBM had to be designed for 

high water inflows and a high water pressure. There had to be a strict control of the water inflow and 

as earlier mentioned it had to be possible to excavate both hard and soft rock. Another important 

design aspect was the possibility for pre-treatment by grouting from the TBM. Pre-treatment by 

freezing of the MBZ is seen as the only feasible alternative to penetrate this zone of poor ground. Pre-
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treatment by freezing is not carried out from the TBM. Freezing will, if correctly designed and 

calculated, reduce and control all geological hazards in the project. 

4.1.1 Water 

Water in the rock mass may be considered as a hazard when the water inflow is very high, or if the 

water quality affects the construction elements negatively. High water inflow is not an unusual 

problem in the project. 

In Sweden it is the Environmental Court that regulates the maximum acceptable water inflow for all 

tunnel projects during the construction phase. All activities influencing the groundwater need to apply 

for this kind of permission. At Hallandsås this application was a long and difficult process but at last 

the client was given a permission to excavate the tunnel on a number of conditions. The most 

important condition was that a total of maximum 100 l/s can be discharged from the groundwater for 

the whole tunnel system. The discharge is measured over an average of 30 days. As earlier mentioned 

this problem is partly controlled with a watertight concrete lining that is put on place 12 m behind the 

tunnel front.  The conditions at Hallandsås must be seen as unique in a number of aspects, such as the 

hydraulic conductivity of the rock mass is very high (k=10
-4 

m/s) and that the rock mass has a very 

high storage capacity. The combination of large structures which makes it possible for groundwater to 

be transported over long distances and fine narrow cracks which can hold a lot of water is one of the 

reasons why there is so much water. On top of that there are several sensitive areas on the surface, 

some of them are Natura 2000 classified.  Hallandsås is divided into several aquifers and they are to 

some extent related to the tectonic blocks. Generally, there is more water in the north part. The most 

extreme water inflow experienced in the east tunnel was 400 l/s. The water inflow governs the tunnel 

excavation and the tunnelling cycle is carefully planned in order not to exceed the water permit of 100 

l/s over 30 days and not to exceed the instant inflow to the TBM of 250 l/s. The water control is 

therefore well planned in order to have an efficient production. The water inflow and optimizing the 

drive of the TBM is one of the main challenges in the project (Sturk et al. 2011). Figure 4-6 shows 

what the water inflow can look like at the tunnel face.  

 
Figure 4-6 Water inflow from a hole at the cutter head (Nilsson , 2011) 
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4.1.2 Blocks/Wedges 

Loose wedges are caused by interrelated fractures and joints. They differ in shape and size and the 

stability is governed by joint orientation and joint condition. This problem can exist in many different 

rock masses. 

Blocks and wedges can be a problem in all hard rock tunnelling and it is normally solved with rock 

bolting and shotcrete. This solution is however not possible at Hallandsås, due to the TBM. The 

problem has been solved with the lining which is constructed to carry a load of large blocks. This 

means that blocks and wedges are not really a problem as long as the failures happen behind the cutter 

head. If there is block instability over the cutter head it can cause problems with blockage and 

excessive wear. Block instabilities were expected in the periphery and the roof when the rock mass is 

poor. There are fracturing both in the gneiss and the amphibolite. The joint conditions vary from good 

to rough undulating and stepped joints to fully slickensided continuous and planar joints. Normally the 

joint conditions are less favourable in the amphibolite, and therefore, the block problems are worse in 

amphibolites. When the TBM has to penetrate a blocky ground the cutter head has to work in a 

crushing way more than a cutting. This results in reduced progress rate and severe damages to the 

cutter head. Some of the reasons for the blocky ground problem are, low stress, low joint strength and 

unfavourable joint orientation (Sturk. et al. 2011). 

4.1.3 Ravelling/Running ground 

Ravelling ground/Slaking is a time dependent loss of strength or loosening of the rock mass. It can 

reduce the stand up time considerable. This hazard is related to the excavation works. It can cause 

large collapses but can be stopped or slowed down by shotcrete. Running ground is a material (soil or 

rock) that runs into the tunnel. This hazard is less devastating than flowing ground since no flowing 

water is involved. If this hazard happens the material will come to rest at the face at an angle 

corresponding of internal friction for the material. 

The ravelling and running ground can be found in the weathered rock mass, especially around SMZ, 

NMZ and MBZ. Running ground has led to collapses both during this contract and the previous ones. 

The behaviour for ravelling ground is that the strength of the weathered rock decreases rapidly which 

in the end leads to instability of large areas in the tunnel or wall. The ravelling is more related to the 

degree of weathering than of the rock type, therefore ravelling ground can be found in both 

amphibolite and gneiss. The stand up time can vary from one hour to several days depending on how 

weathered the rock is.  The best way to avoid this is to shotcrete but as earlier mentioned this cannot 

be done at the TBM. The only way to get through these areas is to continue to excavate. This, 

however, requires a stand up time of at least a few hours. Running and ravelling ground are related at 

this project, at least considering the weathered rock mass. Running ground appears when the frictional 

part of the weathering products takes precedence. Running ground has been experienced but is not as 

common as ravelling ground (Sturk et al. 2011). 

 

4.1.4 Flowing ground 

Flowing ground is unconsolidated soil and water saturated rock flowing into the tunnel. The amount of 

material can be very big and the damage event can go on for a long time. It is probably the worst 

hazard and is often beside sandy silty formations associated with larger fault zones, thrust zones or 

crushed zones.  

Flowing ground is the worst tunnelling hazard in this project. MBZ is especially exposed for this kind 

of failure due to the highly weathered rock in combination with highly preamble water bearing rock. 

The risk of flowing ground is the main reason to freeze the MBZ. There are certain conditions that 

have to be fulfilled for flowing ground to occur. These conditions are: 
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- Rock/soil with low or no cohesion. 

- Excess of water, the material must have a high hydraulic conductivity and the water inflow 

must be large. 

- High water pressure. 

These conditions almost only exist in the MBZ. The MBZ has the highest degree of weathering, has a 

high permeability and is highly water bearing. It is however important to notice that highly weathered 

rock transport very little water due to the often high clay content. As a consequence of this flowing 

ground is trigged by water from less weathered zones (Sturk et al. 2011). 
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5 Freezing design of the Mölleback zone 

5.1 Experiences from the eastern tunnel 
Already during the development of the TBM the geological hazards were considered. The TBM was 

designed to: 

- Be able to have strict control of the water inflow 

- Handle high water inflow along the total length of the tunnel 

- Stand a static water pressure of 10 bars (1MPa) and sometimes up to 15 bars (1.5 MPa) 

- Excavate hard and abrasive rock mass 

- Excavate zones of soft rock and poor rock conditions 

Pre-treatment of the rock mass is, and has always been, a part of the plan. In the eastern tunnel the pre-

treatment methods were grouting and freezing. The main pre-treatment method has been pre-grouting. 

This is mainly done to control the water inflow, but also to reduce the risk of flowing ground. Pre-

grouting from the TBM has been necessary over long sections along the tunnel. The grouting fans are 

35 m long and overlap each other with 10 m. Pre-grouting has been shown to be both good and cost-

effective to control the water inflow and keep the 30 day average of 100 l/s. But pre-treatment by 

grouting is not enough in the MBZ and 125 m was stabilized through artificial ground freezing. The 

TBM was not even in theory designed to handle the difficult conditions in the MBZ due to the risk of 

flowing ground over long sections, at least 20 m (Sturk et al. 2011). The main design criterion was to 

freeze 2 m outside the TBM-radius to a temperature of -2°C. The TBM radius is 5.3 m and the TBM 

criteria was therefore set to -2°C at a radius of 7.3 m. This was shown to be sufficient to control the 

water inflow and stability during the TBM excavation and this criterion will be kept for the west 

tunnel. (Sturk & Stille B, 2008) 

In the eastern tunnel 125 m of the 300 m long MBZ was frozen and an additional 140 m was pre-

grouted. The thermal calculations made in JOBFEM (Fredriksson, Groth & Stille H, 1982) 

corresponded very well to the actual result. The pre-treatment was done in three stages. The first stage 

consisted of 16 freezing pipes drilled 99 m into the rock. When the zone was frozen a pilot tunnel was 

excavated. The pilot tunnel made it possible to reach the next stages. Stage 2 consisted of 19 freezing 

pipes each of them 26 m long. The third stage was cement grouting, 10 holes of 140 m was drilled and 

grouted. These holes were drilled at the same place as the freezing holes for Stage 2. The freezing 

design for the eastern tunnel is visually described in Figure 5-1. Steered drilling with a Mud-Motor 

system was used to drill the freezing holes. The maximum deviation was set to 0.5 m both horizontally 

and vertically and to reach this a guiding system equipped with a magnetic field was used. The 

diameter of the drilled holes was 160 mm (Sturk & Stille B, 2008). After the drilling was performed in 

the eastern tunnel an “as built” model was made. An “as built” model is the theoretical design as it is 

built, i.e. hole deviation etc is included in this model and calculated again with these conditions. One 

of the biggest reason to create an “as built” model is because of the hole deviation, another reason is to 

see if the model is still time and cost effective. There is always a deviation when drilling and if this is 

big it might be a problem to reach the TBM criteria in zones where the distance between the freezing 

holes is long. 
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Figure 5-1 The freezing design in the east tunnel (Skanska-Vinci HB, 2011). 

The rock conditions in the MBZ are well known from all the tests carried out before, during and after 

the work of the eastern tunnel, this knowledge can now be used in the design calculations for the 

western tunnel (Pilebro & Stille B, 2004). According to Pilebro & Stille B, (2004) some of the 

investigations carried out in the east tunnel were: 

- Core drilling 

- Geological investigations and laboratory tests 

- Geohydrological investigations 

- Attempts to get samples of frozen soil 

- Surveying of the drilled holes 

- Temperature monitoring. 

There were many tests performed due to the freezing work in the east tunnel. Before the work for 

the eastern tunnel started several different laboratory tests were made to determine the properties 

of the unfrozen and frozen ground. Tests performed were uniaxial compressive strength tests, 

creep tests and triaxial tests. Even though major efforts were made to get undisturbed samples it 

did not succeed. Disturbed re-compacted samples with 100% saturation were used instead. The 

worst material from the drill core was used in the tests. The results from the laboratory tests are 

seen as conservative due to the usage of re-compacted material and the use of worst material 

found. In order to try to better determine the in-situ conditions High Pressure Dilatometer tests 

were carried out and evaluated. Results for the creep model were formulated to work with 

JOBFEM. The creep properties were assessed, based on an overall evaluation of test results, 

through curve fitting and the model adjusts the creep rate to a certain time and after it is seen as a 

constant rate, this was done for the east tunnel and the same data is used for the west tunnel. (Sturk 

& Stille B, 2008) 
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During the freezing and excavation of the pilot tunnel convergence monitoring prismas were installed 

after every blasting round to keep track of the deformations. In addition Distometer tests were carried 

out to determine the load on the shotcrete lining. Pressure cells were also installed in the shotcrete 

lining. 

The design philosophy was based on the observational method. The client approved all parts of the 

design carried out by the contractor. A system with “tollgates” was used, this means that the design 

and execution had to be planned in series. An activity cannot, for example, be started until the design 

was reviewed and approved. On top of that this process was reviewed regularly by several independent 

experts. The actual behaviour was always reviewed and compared with the expected behaviour. In 

case of deviations pre-planned activities was implemented. 

The TBM drive through the frozen zone in the eastern tunnel was carried out without major incidents 

and worked according to plan. Before the frozen zone was reached a maintenance stop was made to 

avoid mechanical or electrical breakdowns (Sturk et al. 2011). The frozen section with the lowest 

mechanical properties no instabilities neither in the face nor the periphery were observed. This can be 

compared other sections with similar rock quality along the tunnel were instabilities have been 

observed and pre-treatment by heavy grouting instead of freezing has been used. (Sturk, Stille B, 

2008) 

Even though the design was good and the TBM pace was satisfying in the frozen area the MBZ caused 

problems in the pre-grouted area before the frozen area was reached. To decrease the risk for 

geological hazards (described earlier) during the TBM and since the freezing in the east was so 

successful it is now decided to try to freeze 200 m of the MBZ.  

5.2 Design alternatives 
When it was decided to freeze 200 m of the MBZ there were four different alternatives discussed 

regarding the performance of the freezing and how to do it in a safe and effective way. Only two of 

these are seen as feasible alternatives and these two alternatives are presented below. The geology is 

seen as more weathered compared to the east tunnel. Experience shows that a Mud-Motor increase the 

risk of collapses compared to Wassara drilling this is mainly due to the water flushing with the Mud-

Motor. Both Mud-Motor and Wassara are drilling methods. Wassara drilling will be used for holes 

shorter than 50 m and holes for  longer holes the Mud-Motor will be used. Wassara is un-steered 

drilling and Mud-motor is steered drilling, both methods use drilling under high water pressure. Mud-

motor uses a magnetic field to keep the holes within the maximum deviation. After the drilling is 

finished the freezing pipes are installed with Wassara Hammer system (Aurell, 2011). 

Based on discussion within the project and analysis of technical and time programme aspects it has 

been decided that Alternative 1 is the most feasible alternative for the west tunnel (Sturk, 2011). This 

is also the only length considered in the calculations. But, if little time is available, Alternative 2 could 

still be an option. Only alternative 1 is considered in the calculations. 

Alternative 1, steered drilling from north. Steered and un-steered drilling is carried out from the north. 

Stage 1 is 85 m long and during the freezing process a pilot tunnel is excavated so Stage 2 can be 

carried out. For Stage 2 the holes will be drilled from the end of the frozen pilot tunnel, see Figure 5-2. 

The pilot tunnel diameter is planned to be 5 m, a larger diameter is not seen as feasible due to the 

geology in MBZ, except in the end of the pilot tunnel where the diameter will be 6 m to make room 

for the drilling operation. Stage 2 consists of three fans 125, 65 and 35 m long. Based on the 

experiences from the east tunnel it is suggested to use 16 holes plus an additional pipe in the pilot hole 

for the long fan and 8 in holes in each of the other two fans for Stage 2. Time is however one main risk 

with this alternative (Aurell, 2011). 
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Alternative 2, un-steered drilling from north. Includes two stages, for Stage 2, 65 m will be drilled un-

steered from the end of the pilot tunnel. Stage 1 and the pilot tunnel will be the same as in Alternative 

1. Since the total frozen length is only 140 m in this alternative the remaining has to be grouted from 

the TBM.  For this alternative, 2 fans are used with 16 Pcs. 65 m long holes and 8 Pcs. 35 m long 

holes. The main risks with this alternative are that the TBM can get stuck due to a too short frozen 

zone and that the TBM progress will be to slow due to the grouting process from the TBM (Aurell, 

2011).  

It should, however, be noticed that it is not known how long it is possible to drill steered drilling, the 

length of the holes depends on the geological conditions, time availability and the possibility to insert 

GRE freeze pipes. A picture of what the excavated material from the eastern tunnel at the like can be 

seen in Figure 5-2. If the geological conditions are poor, there can be a problem with collapsing holes 

and, therefore, it can be hard to insert the freezing pipes. The possible maximum drilling length is also 

connected to the time available for grouting the drilled holes. If more grouting can be carried out, a 

longer distance can be drilled. The un-steered drilling should be carried out first since it is not possible 

to steer the holes and thereby, avoid other already drilled and equipped holes. When the un-steered 

holes are drilled they can be surveyed. When the Mud-Motor is used it is steered to avoid already 

drilled holes and to keep the hole deviation within the maximum limit.  It is also important that the 

freezing is completed when the TBM reach the MBZ. A frozen zone reduces the risk for the TBM 

during excavation. If the freezing is uncompleted heavy grouting from the TBM is necessary. This 

operation is very slow and reasonable stable conditions are necessary. It is, for, example not possible 

to do treatments with collapsing ground conditions. Treatments from the TBM will not stabilize the 

rock mass considerable but it will take away the water bearing capacity in the rock. Excavating 

through unfrozen ground in Stage 2 will be very time consuming. But, experiences from the east 

tunnel show that recovery after a flowing ground condition is possible (Aurell, 2011). 
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Figure 5-2 Porosity and planned work according to alternative 1 for the west tunnel as well the work carried out in 

the east tunnel. The two stages in the west tunnel are marked, as well as the starting points for the freezing in both 

tunnels (Modified from Aurell O., 2011) The picture also shows the excavated material from the eastern tunnel at the 

pilot tunnel breakthrough. 
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The quality of the rock though the first 60 m in the eastern tunnel was very good. It is, therefore, 

possible to move forward the starting point of the freezing 50 m in the western tunnel, see Figure 5-2. 

In the western tunnel Stage 1 is 85 m long and Stage 2 is 125 m long, the overlap is 10 m these stages 

are visually described in Figure 5-2. It is also possible to see the extent of the freezing pipe fans in 

Figure 5-2. It is preferable to have stable conditions where the drilling work takes place, and that is the 

reason why 10 m, of good rock conditions, is saved at the starting point, and, the reason to the overlap 

between the stages (Sturk & Aurell, 2011). 

5.3 JOBFEM 
JOBFEM (Fredriksson, Groth & Stille H, 1982) is developed at the Royal Institute of Technology 

(KTH) by Anders Fredriksson and was initially mainly used for geotechnical problems; later on the 

program was developed to include thermal calculations (Johansson, 2009).  

The program has, at the Hallandsås project, shown good results compared to the real outcome. 

JOBFEM is, at this project, a 2-dimensional model with modules for heat flow and creep. For the 

calculations at the project an elastic-viscous material model is used. This means that the model 

behaves elastically below 0°C. It is also calculated with creep function. The creep function depends on 

the deviatoric stress, temperature and time after loading. The model, used for the projet, is axial 

symmetric and only one half of the circle is considered, in this case the right half is used (Pilebro & 

Stille B, 2011). 
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6 Design of Stage 2, west tunnel 
Only calculations for Stage 2 in considered in this thesis. The design for Stage 1 is finished and the 

freezing has, in the moment of writing, already started.  

6.1 Design parameters 
The design parameters are many for this project. The parameters for the western tunnel are: 

- Geology and porosity in the area 

- The number of fans necessary 

- The geometry of the fans 

- The number of freezing holes required 

- Porosity, calculations carried out with 3%, 15% and 30%  

- How much time there is before the TBM enter the MBZ  

- Freezing pipe material 

The rock conditions in MBZ is very poor. In stage 1 the rock is completely weathered and has a 

porosity of 30%. In Stage 2 there are two different zones, the mixed zone with a porosity of 15% and 

the unweathered zone with 3% porosity. The different zones can be seen in Figure 5-2. Porosity is 

described as Vp/V were Vp is the void volume and V is the total volume found in Bernspång, (2003).  

It is safer to insert temporary steel casing and freezing pipes during the installation of the pipes but 

causes problems if they are lost in the rock. Today it is not considered feasible to use steel pipes, due 

to the risk of losing them in the rock (Aurell O., 2011). GRE is an epoxy reinforced glass-fibre 

material. GRE-pipes have more insulation properties compared to steel, which make the freezing 

process slower. GRE pipes are harder to install but the TBM can drill through them, which is the 

biggest reason to use GRE. Since the holes will be inside the TBM-radius the pipes must either be 

taken away before the TBM reach the area or the TBM as to be able to excavate the pipes. This is the 

main reason why GRE-pipes were chosen. (Pilebro & Stille B, 2004).  The GRE-pipes are installed 

according to Figure 6-1.  

 
Figure 6-1 Installation of GRE-pipes. Step 1 installation of casing pipe, Step 2 grouting between rock and casing pipe, 

Step 3 installation of freezing pipe, Step 4 Grouting between casing and freezing pipe. Number 5 and 6 in the picture 

shows where the grouting and air hoses are located Modified from (Aurell, 2011). 
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The reason one casing pipe and one freezing pipe is the risk of leaking. If a pipe is leaking the brine 

will prolong the freezing process, since it has a low freezing temperature. 

 

6.2 Start designs 
Two different fan designs are considered as a start; one with three fans and another with two fans. The 

radius of the fans as well as the number of holes can change depending on the results from the 

calculations in the start designs. If for example the freezing process is too slow the number of holes 

must be increased, or the other way around. In the designs different cross sections are considered, it is 

important to consider the time aspect in the different sections. The ideal would be to get all sections 

completed at the same time and obtain the criteria’s fulfilled right before the TBM reaches the area. 

The start design is the two first options and to be able to separate the different designs the three-fan 

option is called Design 1 and the two-fan option is called Design 2. The time for the freezing of Stage 

2 is limited to the TBM’s time schedule, in the moment of writing there is approximately 15.5 months 

available between the pilot tunnel excavation until the TBM reaches the MBZ. It is also calculated that 

the drilling of 32 holes takes approximately six months. It is planned that the TBM will reach the 

frozen area in June 2013. The freezing of Stage 1 started in November 2011, and the excavation of the 

pilot tunnel will start in March 2012. The excavation will take approximately two months. This leaves 

12 months for drilling and freezing of Stage 2, where 6 months is set for drilling and 6 months for 

freezing. 

Another aspect of the design is the -2°C isotherm. This isotherm has to be at radius of 7.3 m or larger 

i.e. 2 m outside the TBM radius. When the -2°C isotherm is reached at the TBM criteria is fulfilled. It 

is also important to have face stability to avoid the flowing ground conditions. If the core is unfrozen 

and there is a failure this can, in the worst case, be spread to the frozen ground and cause a major 

failure. Calculations are carried out in the most critical cross sections i.e. where the distance between 

the holes are big or the distance to the -2°C isotherm is large. For the calculations GRE-pipes are used, 

since this is seen as the most feasible alternative. 

 

6.2.1 Design  
Design 1 has three fans and four cross sections, in this design 16 pcs. 125 m, 8 pcs. 70 m holes and 8 

pcs. 30 m long holes are considered. Design 1, from the side is seen in Figure 6-2. The porosity is set 

to 15% in cross section 192+532 and 192+552, and 3 % in cross section 192+592 and 192+644. The 

change between 15% and 3% porosity is around section 192+580. This is valid for all designs. 

 
Figure 6-2 Design 1 seen from the side.  The vertical lines are the cross sections examined. The start radius is 2 m for 

the long fan and 2.5 m for the two other fans.  

The critical distance between the -2°C isotherm at r=7.3 m and the freezing pipe is set to ~3 m. For the 

design above the critical radius of the freezing pipes is set to ~4.5 m. The end radius of the two longest 

fans in Design 1 is 6 m, the short fan end radius is 7 m. The reason it is 7 m is because it cannot be 
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larger due to the freezing pipes from Stage 1, and if it is smaller it is hard to reach a radius of ~4.5 m 

at the critical cross section 192+532. The start radius for the long fan is 2 m and the two other has a 

start radius of 2.5 m. The freezing pipes are evenly distributed over the circle. The cross sections for 

Design 1 can be seen in Figure 6-3. 

 
Figure 6-3 Cross sections for Design 1. OP is the Observation Points used for the thermal calculations in JOBFEM. 

There are 5 observation points in each cross section at r=1 m, r=5.3 m, r=6.3, r=7.3 m and r=8.3 m. PWR is the 

freezing hole examined for the power output calculations, and the number at origo indicates the cross section. 

6.2.2 Design 2 
Design 1 requires many holes it will require a longer drilling time. Design 2 has only two fans with 16 

pcs. 125 m holes and 8 pcs, 70 m long holes and can be seen from the side in Figure 6-4. This design 

will decrease the drilling time, but, increase the freezing time at cross section 192+532 compared to 

Design 1. This is due to the long distance to the TBM criteria. The start radius for the long fan is 2 m 

and for the other fan has a start radius of 2.5 m. The end radius for the long fan is 6 m and 8 m for the 

other fan.  

 
Figure 6-4 Design 2 seen from the side.  The vertical lines are the cross sections examined. The start radius for the 

long fan is 2 m and 2.5 m for the other fan. The end radius is 6 and 8 m. 

The critical radius is just as in Design 1, set to ~4.5 m and the most critical section will be when the 

third fan is in Design 1 since the distance to the TBM criteria is long. The cross sections for Design 2 

can be seen in Figure 6-5. 

 
Figure 6-5  The cross section for the start designs. Design 2. OP is the Observation Points used for the thermal 

calculations in JOBFEM. There are 5 observation points in each cross section at r=1 m, r=5.3 m, r=6.3, r=7.3 m and 
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r=8.3 m. PWR is the freezing hole examined in the power output calculations and the number at origo indicates the 

cross section. 

The reason these designs are considered as a start, is because with 16 freezing holes the distance 

between the freezing holes is still acceptable when the radius of the pipes is 6 m, and after that the 

calculations show whether this design is feasible or not. The freezing process is bound to the porosity; 

low porosity equals a faster freezing process.  

6.3 Data 
The data used in the calculations for the different designs are taken from calculation notes by Pilebro 

& Stille B (2011) and have been used the eastern tunnel. The data can be seen in Table 6-2. RC stands 

for Rock Class. The rock classes are special for this project and are described in Table 6-1. RQD is a 

measurement for the quality of the rock mass, where 100 is un-fractured and 0 is highly 

fractured/crushed in Nordlund, Rådberg & Sjöberg (1998). 

Table 6-1 Rock classes in Hallandsås (Handling 2-8, Arbetshandling) 

Rock Class RQD [%] Block size [cm] Weathering 

1 75-100 >60 W1(unweathered) 

2 50-75 20-60 W1 

3 25-50 5-20 W1 

4 0-25 0-5 W1 

5 25-50 5-20 W2 

6 0-25 0-5 W2 

7a 25-50 5-20 W3 

7 0-25 0-5 W3 

8 25-50 5-20 W4 

9 0-25 0-5 W4 

10 0-25 0-5 W5 (completely weathered) 

 

 

Table 6-2 Mechanical properties for the MBZ (Pilebro & Stille B, 2011) 

Data  

Overburden (from centre of tunnel) 144 m 

Groundwater level (from centre of tunnel) 141 m 

Lateral stress coefficient K0 1 (for MBZ area) 

Friction angle (Unfrozen) 23.5° (RC10) 

Cohesion (Unfrozen) 300 kPa (RC10) 

Young’s modulus (Unfrozen) 600 MPa (RC10) 

Poisson’s number (Unfrozen) 0.2 

Dilation angle (Unfrozen) 0° (RC10) 

Density (Unfrozen) 2.6 t/m3 (RC10) 

Poisson’s number (Frozen)  0.2 

Friction angle (Frozen) 23.5° (RC10) 

Dilation angle (Frozen) 0° (RC10) 

 

There are also some mechanical properties for the frozen ground that differ depending on the 

temperature.  These properties are calculated in equation 6-1, 6-2, 6-3 and 6-4 below. Note that these 

formulas are only valid when the temperature is below 0°C (Pilebro & Stille B, 2011). 

Young’s modulus: 

              [6-1] 
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where θ is the absolute value of the temperature θ (°C). The formula is evaluated from creep tests after 

1 min with a load of 1.75 MPa load. However based on laboratory test-results, it was decided to 

consider Young’s modulus as constant to the value 600 MPa.  

 

Uniaxial compressive strength:  

               [6-2] 

 

where θ is the absolute value of the temperature θ. 

Creep rate: 

 
  

  
 

         

    
 [6-3] 

 

where σ is the current deviator stress and σθ is the deviator stress at failure at the temperature θ, t is the 

time in minutes after loading. This expression is valid for t<tp=12.45(σθ/ σ)
10.586

 after this the creep is 

constant.  

Cohesion: 

    
          

     
 [6-4] 

 

Where φ is the friction angle and σθ is the uniaxial compressive strength at the temperature θ. 

The thermal properties can vary very much depending on the temperature of the soil, in the frozen area 

of MBZ an average temperature is used for evaluating the thermal properties. These properties can be 

seen in Table 6-3 and 6-4 and are calculated with Equation 3-3, 6-5, 6-6 from Sundberg, (1991).  

   

The heat capacity for rock and soil: 

                    [6-5] 

 

where Cg the heat capacity for the grains, Cw is the heat capacity for water, n the porosity and Sr the 

water saturation. For crystalline rock the porosity (n) can be set to zero.  

Latent heat: 

           [6-6] 
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Where l is the latent heat and lw the latent heat for water n and Sr as in the above description. In the 

JOBFEM calculations for the Hallandsås project, the latent heat and the heat capacity is calculated 

together in the interval 0°C to -2°C. This calculation is done through Equation 6-7 (JOB-FEM 

program). The reason this is done in an interval is because all the water does not freeze at the same 

time, most of the water is, however, assumed to be frozen when the temperature is below -2°C, i.e. 

most of the transformation from water to ice is expected in this interval (Stille, 2012).  

    
           

 
  [6-7] 

 

 

Table 6-3 Thermal properties for MBZ (Pilebro & Stille B, 2011) 

 Value Comment 

Quarts content 20 % Average value for gneiss (0.2 used in 

calculations) 

Thermal conductivity quarts 7.7 (W/m·K)  

Thermal conductivity other rock minerals 2.4 (W/m·K) Average value 

Thermal conductivity rock mass 3.03 (W/m·K)  

Thermal conductivity water 0.565 (W/m·K) Average value +5°C 

Thermal conductivity ice 2.32 (W/m·K) Average value -10°C 

Thermal conductivity steel 45 (W/m·K)  

Latent heat water 333.5 (MJ/m3)  

Density rock 2600 (kg/m3)  

Density water 999.91 (kg/m3) Average value +5°C 

Density ice 918.7 (kg/m3) Average value -10°C 

Heat capacity rock 0.831 (kJ/kg·K)  

Heat capacity water 4.203 (kJ/kg·K) Average value +5°C 

Heat capacity ice 1.996 (kJ/kg·K) Average value -10°C 

Heat capacity ice at 0°C 2.039 (kJ/kg·K)  

Degree of water saturation 100% 1 (used in calculations) 

Porosity 30, 15 and 3% 0.3, 0.15 and 0.03 (used in calculations) 

Temperature in rock +9°C Original temperature 

Temperature in freezing pipe -33°C Average brine temperature, 2°C temperature 

loss in Stage 1. 

Heat transfer coefficient 100 (W/m2·K) Approximate value, varies with flow speed, 

temperature, brine type, pipe dimensions etc. 

 

The temperature in the freezing pipe is set to -33°C the whole freezing time. One assumption taken 

here is that Stage 1 will be connected in series to Stage 2 and the same brine is used. The heat transfer 

coefficient is a value used when the heat transfer of the freezing pipe is calculated. 

It is decided to use 3% porosity for the unweathered zone, 15% porosity in the mixed zone and 30% 

porosity in the completely weathered zone, see Figure 5-2. This has been decided in the project and is 

based on experiences from the eastern tunnel. The completely weathered zone is mainly located in 

Stage 1. There are also properties which differ depending on the porosity such as heat capacity, latent 

heat and thermal conductivity. These properties are shown in Table 6-3. The values are calculated in a 

document (Materialdata) connected to the program JOBFEM with help of the equations given above. 

  



Ground freezing of weathered rock in the Mölleback zone at the Hallandsås project 

Calculations for optimal freezing design   

 

43 

 

 

 

Table 6-4 Thermal properties depending on the porosity of the rock.   

Heat capacity > 0°C  

          30% porosity  2.773 MJ/m3 

          15% porosity 2.466 MJ/m3 

          3% porosity 2.221 MJ/m3 

Heat capacity < 0°C  

          30% porosity 2.062 MJ/m3 

          15% porosity 2.111 MJ/m3 

          3% porosity 2.150 MJ/m3 

Latent heat over temperature interval 0°C to -2°C  

          30% porosity 37.79 MJ/m3 

          15% porosity 27.48 MJ/m3 

          3% porosity 7.22 MJ/m3 

Thermal conductivity > 0°C  

          30% porosity 1.831 W/(m·K) 

          15% porosity 2. 355 W/(m·K) 

          3 % porosity 2.881 W/(m·K) 

Thermal conductivity > 0°C  

         30% porosity 2.797 W/(m·K) 

         15% porosity 2.911 W/(m·K) 

         3% porosity 3.006 W/(m·K) 

 

All calculations are made in JOBFEM and all calculations in each cross section are divided into five 

time parts. The first part is 123 days, the second 98 days, the third 73 days, the fourth 48 days and 

lastly the fifth is 23 days. Altogether 365 days for the freezing. The average brine temperature leaving 

the cooler is set to -35°C for Stage 1. Experiences from the east tunnel show that this temperature is 

reasonable for a long term average (Pilebro & Stille B, 2011). The transport to Stage 2 causes a 

temperature loss of 2°C i.e. the average temperature in the pipes for Stage 2 will be -33°C.  

The power output (Q), is the energy necessary to freeze the rock, in JOBFEM is calculated with 

Equation 6-8 below: 

 
    

           

     

              
 

   
 

 
[6-8] 

 

where tbrine the brine temperature, ta the temperature at the distance a, λrock is the thermal conductivity 

of the rock, a is the distance from centre of the freezing pipe and Ryc is the outer radius of the freezing 

pipe.  

X is a factor dependent of the heat transfer coefficient for the brine, heat capacity in the walls and ice 

between pipe and rock. The equation for X is given in Equation 6-9 below (JOBFEM-program).  

   
 

     
 

 

    
   

   

   
 

 

      
   

   

   
 

 

    
   

   

   
 [6-9] 

 

where β is the heat transfer coefficient for the brine, DFi is the inner diameter of the freezing pipe, λF is 

the thermal conductivity of the freezing pipe material, DFy is the outer diameter of the freezing pipe, 
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λice is the thermal conductivity of the ice, DCi is the inner diameter of the casing pipe, λC is the thermal 

conductivity for the material of the casing pipe and lastly DCo is the outer diameter of the casing pipe. 

The data used in the calculations can be seen in Table 6-5 below (JOBFEM-program). 

Table 6-5 Data for the freezing pipes. 

 Data 

Brine temperature tbrine -33°C 

Outer radius of casing pipe Ryc 59 mm 

X 0.469 (m·K/W) 

β 100 (W/m2·K) 

Inner diameter freezing pipe DFi 80 mm 

Thermal conductivity freezing pipe λF 0.33 W/(m·K) 

Outer diameter freezing pipe DFo 89.8 mm 

Inner diameter casing pipe DCi 108.1 mm 

Thermal conductivity casing pipe λC 0.33 W/(m·K) 

Outer diameter casing pipe DCo 117.8 mm 

 

It is not only the freezing time that is important in the design, the drilling time is crucial, too. In Table 

6-6 the drilling data is presented. Since this data is from a company and this information can be 

sensitive only the operations necessary to perform the work and the total time is declared in this 

presentation. For the calculations the all given data from the drilling entrepreneur, for the different 

operations is used. The data given from the drilling entreprenur is calculated from Design 1 and then 

back calculated to obtain the drilling time/m for other designs. 

Table 6-6 Data used to calculate the drilling time (Data from drilling entrepreneur)  

Kind of work Performance 

Mobilization and installation in the pilot tunnel - 

Core drilling and installation standpipe + preventer - 

“Wassara”-drilling - 

Re-drilling with “Wassara” - 

Grouting operation - 

Insert GRE-casing - 

Insert freeze pipes - 

Remove standpipes - 

Installation and survey pilot hole - 

Steered drilling with “Mudmotor” incl PH - 

Re-drilling with Mudmotor - 

Time needed in total 180 days 

 

The procedure to install the pipes is as follows: 

- Un-steered drilling of the short fan (30 m) grouting to 35 m 

- Streerd drilling of the long fan (125 m), grouting after 50 and 90 m 

- Steered drilling of the medium fan (70 m), no grouting 
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7 Results 
There are five different observation points (OP) in the thermal calculations. The observation points are 

located at r=1 m or 2,5 m, r=5.3 m, r=6.3 m, r=7.3 m and r=8.3 m the location of the observation holes 

are presented in Figure 6-3, 6-5 and in Appendix 1. The observation point at 7.3 m is chosen since it is 

the TBM criteria. The observation point at 1, 5.3 and 6.3 m are used to see that face stability is 

reached. The observation point at 8.3 is used to have knowledge of the freezing development outside 

the TBM criteria. However, the most interesting result in the designs is to see when the TBM criterion 

is fulfilled. It is the most interesting result since the excavation with the TBM is a lot faster when no 

pre-treatment from the TBM is necessary. In this chapter the time to reach the TBM criteria is 

presented for the different designs. A presentation of the temperature development in all observation 

points is presented in Appendix 2.  

There are two cross sections in the longest fan. Cross section 192+644 is examined to see that face 

stability is reached and cross section 192+592 is examined since the distance to the TBM criteria is 

long, see Figure 6-2 and 6-4. Since time is very critical it is important to think about the drilling time 

for the different options. The expected drilling time is calculated for each design. 

To describe the number of holes in the design it is explained with the number of holes in the rings in 

each fan starting with the longest (long-medium-short), for example if 16 long, 8 medium and 8 short 

holes are in the design it will be described as (16-8-8). There is also an additional 125 m long freezing 

pipe in the pilot hole in all designs.  If no radius is specified the end radius is 6 m for the two longest 

fans and 7 m for the short fan, see Figure 6-2 and 6-4. 

7.1 Design 1 and 2 
The cross sections at 192+644 and 192+592 are the same for both Design 1 and 2. Design 1 has 16 

long holes, 8 medium holes and 8 short holes (16-8-8). Design 2 has 16 long holes and 8 medium 

holes (16-8). The locations of the cross sections are presented in Figure 6-2 and 6-4 and the cross 

sections are presented in Figure 6-3 and 6-5. The thermal results for Design 1 and 2 can be seen in 

Table 7-1. 

Table 7-1 Freezing time to reach the TBM criteria. 

Design Number of holes 192+532 192+552 192+592 192+644 

Design 1 16-8-8 199 206 116 64 

Design 2 16-8 313 - 116 64 

 

Considering that time is one of the most important aspects Design 1 has a clear advantage compared to 

Design 2. Cross section 192+644 and 192+592 are the same for both designs. The major disadvantage 

with design 2 is the time necessary to reach the TBM criteria. The disadvantage with Design 1 is the 

uneven temperature development in the different cross sections, i.e. in some of the cross sections the 

freezing development is a lot faster than in others. As seen in Table 7-1 the maximum freezing time to 

reach the TBM criteria is 116 days in the long fan, but a lot longer in the two other fans. With another 

design, the freezing time in the different fans can be more even. Another reason for the uneven result 

is the porosity change at ~192+580, since, as earlier mentioned, a higher porosity equals a longer 

freezing time.   

7.2 Optimizing the freezing design 
To make the freezing development more even other designs must be considered and calculated. As an 

example, cross sections 192+552 and 192+532 in Design 1 the freezing time is too long and the 

number of freezing holes of 70 m and 30 m must be increased. In cross section 192+562 and 192+644 
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in Design 1 the freezing time is well below the target and the number of freezing pipes can be 

decreased. A decreased number of freezing pipes in the long fan saves drilling meters and thereby time 

and money can be saved. Designs with different end radius of the fans and the different number of 

freezing pipes will be tested, see Appendix 1. Other parameters in the designs are the same. The target 

is to have a freezing time of approximately 180 days in all cross sections.  

7.2.1 Two-fan option designs 
The two fan-option is, in Design 2, as seen in Table 7-1, not even close to a freezing time of 180 days 

at cross section 192+532 and a two fan option might not even be possible unless the time saved 

drilling extra holes for the third fan equals the extra freezing time. Two other two-fan options are 

considered. Design 3 is a two fan option with 12 pcs 125 m long holes and 16 pcs 70 m long holes and 

Design 4 has an increased radius to 8 m and 12 holes of each length. The freezing pipes are evenly 

distributed over the circles. The designs from the side can be seen in Figure 7-1 and 7-2 and  the cross 

sections can be seen in Appendix 1.  The freezing time when the TBM criteria is fulfilled is presented 

in Table 7-2 and a complete presentation of the temperature development in the different designs can 

be seen in Appendix 2.  

 

Figure 7-1 Design 2 and 3 seen from the side 

 
Figure 7-2 Design 4 seen from the side  

 

Table 7-2 The freezing time for Design 3 and 4 at r=7.3 

Design Number of holes 192+532 192+587 192+592 192+644 

Design 3 12-16 248 - 159 105 

Design 4 12-12 r=8 302 162 - 89 

  

The freezing time for cross section 192+532 in the two-fan options are, as seen in Table 7-2, long, way 

over the aim of 180 days. A lot of time must be saved on the drilling time if any of the two fan option 

designs should be seen feasible. 
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7.2.2 Three-fan option designs 
Since the freezing time is too long for the two-fan options a three-fan option is needed to get an 

optimal design. To get the optimal design a number of different three-fan options will be tested. Figure 

7-3 and 7-4 shows the three-fan option designs from the side. The freezing pipes are evenly distributed 

over the circle, see Appendix 1. 

 
Figure 7-3 Three-fan option design, used for Design 1, 5, 6, 7, 9, 10, 11 and 12 

 
Figure7-4 Design 8 seen from the side. 

In Design 1, as earlier mentioned, the freezing time at cross section 192+592 is much shorter 

compared to cross sections 192+532 and 192+552, therefore the number of freezing pipes can be 

decreased in the long fan and must be increased in the two other fans. The number of freezing pipes in 

Design 5 is estimated from the results in Design 1. When Design 5 is calculated the results are used to 

make Design 6. For all calculations the latest design is used to improve and get a better design. The 

freezing time to reach the TBM criteria for the different options is presented in Table 7-3 and a 

complete presentation of the temperature development can be seen in Appendix 2.  

Table 7-3 The freezing time for the different three-fan options at r=7.3 

Design Number of holes 192+532 192+552 192+587 192+592 192+644 

Design 5 12-12-8 202 181 - 162 107 

Design 6 10-12-12 166 186 - 168 120 

Design 7 12-12-10 176 181 - 159 105 

Design 8  12-12-8 r=8 183 187 162 - 89 

Design 9 10-12-10 177 186 - 168 120 

 

The designs in the table above are very similar to each other and they all reach a freezing time around 

180 days. The design with the fastest result is Design 7, but since the results are so similar it is 

important to calculate the drilling time for the designs. When this is done the most time effective 

design including both drilling and freezing can be determined.   

7.2.3 Design for 5 months freezing time 
Since time is critical it is also interesting to see if there is a realistic way to reach 150 days freezing 

time. The procedure is the same as for Design 5 to Design 9. The design from the side can be seen in 
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Figure 7-3 and the freezing pipes are, as in the other designs, evenly distributed over the circle, and 

can be seen in Appendix 1. The results for the freezing time to reach the TBM criteria are presented in 

Table 7-4 and a total presentation of the temperature development can be seen in Appendix 2. 

Table 7-4 The freezing time for Design 10, 11 and 12 at r=7.3 

Design  Number of holes 192+532 192+552 192+592 192+644 

Design 10 14-12-10 170 177 127 74 

Design 11 14-14-12 163 170 127 74 

Design 12 14-18-16 144 148 127 74 

 

It is, as seen in Table 7-4,  possible to reach a freezing time of 150 days with Design 12, but the 

number of holes is increased radically and to know if a 5 month freezing time is feasible the drilling 

time has to be calculated. 

7.2.4 Design for curved holes 
Since steered drilling, with Mud-Motor, will used it might be an option to drill curved holes, see 

Figure 7-5.  

 
Figure 7-5 Design 13, 14 and 15 using curved holes seen from the side 

The method with curved holes was used in the east tunnel, but the drilling of the curved holes took a 

very long time and therefore not, in the beginning, seen as an alternative for the west tunnel. But since 

the two-fan options are not possible the curved drilling might be an option again, if it is seen as 

possible to drill and time is saved on that alternative. It might, however, be a problem with just one fan 

over the porosity change at section 192+580, see Figure 5-2. The result for Design 13-15 can be seen 

in Table 7-5. In Design 15 10 freezing pipes are drilled to 125 m, after that 10 more holes are drilled to 

cover the part with 15% porosity. 

 

Table 7-5 The results for curved hole design, at r=7.3 

Design Number of holes 192+532 192+557 192+570 192+464 

Design 13 12-12 curved 181 273 190 105 

Design 14 16-12 curved 175 199 115 64 

Design 15 10-10-10 curved 204 191 86 120 

 

There will be a problem to reach 180 days freezing time with any of the designs in Table 7-5 above. 

The total number of freezing pipes are almost the same as in the designs with straight holes and since 

the drilling time is longer for the curved holes it is not likely that Design 13-15 will be an alternative. 

The drilling time will, however, be calculated. 

7.2.5 Drilling time   
The next step is to calculate the drilling time for the different designs. This is done with the data from 

Table 6-6. The cross section with the longest freezing time is chosen and a total time can be 
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calculated. The result of these calculations is presented in Table 7-6. It is estimated that it will take 3 

times longer to drill the holes in the curve, compared to straight holes. The expected length of the 

curve is approximately 30 m. 

 

Table 7-6 The total time required for the different designs 

Design Number of holes Drilling time Freezing time Total time 

Design 1 16-8-8 177 206 383 

Design 2 16-8 161 313 474 

Design 3 12-16 165 248 413 

Design 4 12-12 r=8 145 302 447 

Design 5 12-12-8 147 202 349 

Design 6 10-12-12 157 186 343 

Design 7 12-12-10 160 181 341 

Design 8 12-12-8 r=8 160 187 347 

Design 9 10-12-10 153 186 339 

Design 10 14-12-10 182 177 359 

Design 11 14-14-12 195 170 365 

Design 12 14-18-16 219 148 367 

Design 13 12-12 curved 148 273 421 

Design 14 16-12 curved  185 199 385 

Design 15 10-10-10 curved  178 204 382 

 

As seen in Table 7-6 the fastest drilling alternative is Design 4 but since the number of holes is small 

the freezing time is long. On the other hand the fastest freezing time is found when Design 12 is used, 

but, due to the large amount of freezing holes the total freezing and drilling time is long, too. The 

fastest alternative considering both drilling and freezing is when Design 9 is used. In this design 10 

pcs. 125 m long holes, 12 pcs 70 m holes and 10 pcs 30 m long holes is used. 

7.2.6 Possibilities 
There are some possibilities that are interesting that can decrease the freezing time. These possibilities 

are presented below. 

If the rock conditions are good, the pipe dimension of the freezing pipes can be increased. In the 

designs above a freezing pipe dimension 80 mm in diameter is used. The increased freezing pipe is 

108 mm in diameter and is in detail described in Table 7-7.  Since there is only one year available for 

the drilling and freezing only the three fastest (Design 6, 7 and 9) options will be considered for this 

possibility. The results for the larger freezing pipes are shown in Table 7-8, the drilling time will be 

the same for both alternatives.  
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Table 7-7 Data for the larger freezing pipes. 

 Data 

Outer radius of casing pipe Ryc 79 mm 

X 0.422 (m·K/W) 

β 100 (W/m2·K) 

Inner diameter freezing pipe DFi 108 mm 

Thermal conductivity freezing pipe λF 0.33 W/(m·K) 

Outer diameter freezing pipe DFo 117.8 mm 

Inner diameter casing pipe DCi 108 mm 

Thermal conductivity casing pipe λC 45 W/(m·K) 

Outer diameter casing pipe DCo 158 mm 

 

 

 

Table 7-8 the results for 108 mm freezing pipes at r=7.3. The comparasion is done in the slowest cross section 

Design  Number of holes 192+532 192+552 192+592 192+644 Time saved compared to 

table 7-3 

Design 6 10-12-12 170 176 156 109 10 days 

Design 7 12-12-10 168 172 148 95 9 days 

Design 9 10-12-10 166 176 156 109 10 days 

  

As seen in Table 7-8 above time can be saved when a freezing pipe with a larger dimension is used. 

The comparison with Table 7-3 is done in the slowest cross section, i.e. the cross section that needs the 

longest time to fulfil the TBM criteria. 

Another possibility is to decrease the brine temperature, if there is no temperature loss or if the 

temperature is lower it will decrease the freezing time. Table 7-9 shows what happens with the 

freezing time in Design 9 if the brine temperature is decreased, Design 9 is chosen since it is the 

design with the fastest freezing time.  

 

Table 7-9 the results with decreased brine temperature. The comparison with table 7-3 is made in the slowest cross 

section. 

Design Number of holes 192+532 192+552 192+592 192+644 Time saved compared 

to Table 7-3 

Design 9 10-12-10  (-35°C) 167 174 157 111 12 days 

Design 9 10-12-10  (-39°C) 147 155 139 97 31 days 

 

The results given in Table 7-9 shows that time can be saved if a lower brine temperature is used. The 

comparison with Table 7-3 is done in the slowest cross section, i.e. the cross section that needs the 

longest time to fulfil the TBM criteria. 

The last possibility calculated is to decrease the length of the second fan. The length is decided from 

the critical distance from the freezing pipe to the TBM criteria. If the second fan is reduced from 70 m 

to 65 m the freezing time will be increased with 18 days at cross section 192+587 for Design 9. The 

cross section examined is changed since the holes are shorter. But since around 60 m of drilling is 

saved, the freezing and drilling time is reduced by 3 days. The results for the thermal calculations can 
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be seen in Table 7-10. The main difference in this alternative is that the critical radius, which is set to 

4.5 m in the original design is now set to 4.15 at cross section 192+587. 

Table 7-10 the results for Design 9 when the second fan is reduced from 70 to 65 m 

Design  Number of holes 192+532 192+552 192+587 192+644 Compared to 

Table 7-3 

Design 9  10-12-10 177 186 174 120 same 

Design 9 108 

mm  

10-12-10 166 176 174 109 same 

 

No freezing time is lost in this alternative but 3 days can be saved on the drilling since 60 m will be 

saved, this is calculated from the drilling data from the drilling entrepreneur. 

7.3 Power output 
The freezing plant has a certain capacity, it is important that the chosen design is possible due to the 

freezing plant capacity. The power output in Table 7-11 shows the peak output and the maintenance 

output of the different holes. A total presentation can be seen in Appendix 3. Since the cross sections 

are located at different locations in the different designs the cross sections are in this table named 

Cross section 1-4 where Cross section 1 is closest to the pilot tunnel. The observed freezing pipes are 

marked PWR and can be seen in Appendix 1. Since there is more than one observed freezing pipe in 

cross section 1 and 2 the highest power output for each cross section is presented. The power output is 

calculated in W/m. 

Table 7-11 shows the result from the power output calculations (W/m). 

Design  Number of holes Cross section 1 Cross section 2 Cross section 3 Cross section 4 

  Peak Maintenance Peak Maintenance Peak Maintenance Peak Maintenance 

Design 1 16-8-8 170 40 170 40 160 35 160 40 

Design 2 16-8 175 40 - - 160 35 160 40 

Design 3 12-16 175 25 - - 160 45 160 60 

Design 4  12-12 r=8 170 35 - - 160 45 160 60 

Design 5 12-12-8 170 40 170 40 160 45 160 60 

Design 6 10-12-12 170 35 170 40 160 50 160 60 

Design 7 12-12-10 170 35 170 40 160 45 160 60 

Design 8 12-12-8 r=8 170 40 140 40 160 45 150 65 

Design 9 10-12-10 170 40 170 40 160 50 160 60 

Design 10  14-12-10 170 40 170 40 160 40 160 45 

Design 11 14-14-12 170 20 170 35 160 40 160 45 

Design 12 14-18-16 170 10 170 30 160 40 160 45 

Design 13 12-12 curved 170 40 170 50 165 60 160 60 

Design 14 16-12 curved 170 35 170 40 165 50 160 40 

Design 15  10-10-10 curved 170 40 170 35 165 40 160 60 

Design 6 108 mm FP 190 35 190 40 180 50 180 60 

Design 7 108 mm FP 190 35 190 40 180 45 180 55 

Design 9 108 mm FP 190 35 190 40 180 45 180 55 

 

There are 3 machines working in the freezing plant, each one of them has a capacity of approximately 

280 kW (Sturk & Stille B, 2008). This is seen as more than enough to handle the capacity necessary if 

compared to the results in Table 7-11. 

7.4 Risks 
It has been challenging to drill the freezing holes and insert the freezing pipes for Stage 1. Many of the 

problems are associated with poor ground conditions. The main risk scenarios according to Pilebro & 

Stille B, 2006 are: 
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- Variation in porosity, a higher porosity equals a longer freezing time 

- Loss of a freeze pipe, both in the ring and the pilot freezing hole 

- An increase of the brine temperature 

For the risk assessment Design 9 is chosen for the calculations. The results are shown in Table 7-12. 

 

Table 7-12 the freezing time for different risks with Design 9 

Risk 192+532 192+552 192+592 192+644 

Increase of brine temperature (-20°C) 345 359 348 253 

Loss of freezing hole   220 266 263 255 

Loss of pilot hole at r=7.3 m 178 189 180 125 

Loss of pilot hole at r =1 m 31 57 83 157 

Variation in porosity (15 %) 177 186 289 219 

Variation in porosity (30 %) 223 228 349 268 

  

An increased brine temperature will increase the freezing time but this risk is not connected to the rock 

condition and therefore a little smaller than the other risks. Calculations regarding loss of freezing pipe 

are really 3 cases were one pipe in the outermost fan is lost, see Figure 7-6, were the lost holes are 

marked red. The reason a pipe in the outermost fan is chosen is because it will affect the freezing 

development the most. Loss of the freezing pipe in the pilot hole is calculated to see if it can be a 

problem to reach face stability if it lost. As can be seen in Table 7-12 there will not be a problem in 

192+532, 192+552 and 192+592 but since the observation point is at the radius 1 m it can be a 

problem to get face stability at cross section 192+644. The reason it is not a problem in the other 

section is because there many freezing pipe and the distance to origo is, at the most, 4.5 m. A variation 

in porosity (higher porosity), as seen in Table 7-12, affects the freezing process negatively. The 

freezing time in Design 9 186 days, see Table 7-3. 

 
Figure 7-6 location of the lost freezing holes (marked red), the number in the middle indicates the cross section. 

7.5 Colour plots 
The fastest alternative is Design 9 when the second fan is 65 m. Colour plots are drawn to get a better 

understanding of the freezing process. In Figure 7-7 to 7-11 below the result is shown after 50, 100, 

150, 180 and 200 days. The colour plot software is not available in the JOBFEM program and to get 

the colour plots some of the calculation files have to be sent to Anders Fredriksson who developed the 

program. 
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Figure 7-7 The result after 50 days for Design 9 when the second fan is 65 m. (Modified Fredriksson A, 2011)  

As seen in Figure 7-7 face-stability is reached at cross section 192+532, 192+552 and 192+587 after 

only 50 days. The main reason for this result is the freezing pipes co-operates in the area. Since the 

area inside the circle is limited the temperature will drop fast there. 

 
Figure 7-8 The result after 100 days for Design 9 when the second fan is 65 m. (Modified Fredriksson A, 2011) 

As seen in Figure 7-8 face stability is reached in cross section 192+644 too. One can also see that the 

temperature has dropped outside the circle compared to Figure 7-5. 

 
Figure 7-9 The result after 150 days for Design 9 when the second fan is 65 m. (Modified Fredriksson A, 2011) 
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In Figure 7-9 after 150 days, face stability at cross section 192+644 is reached, this means that it will 

be no problem to reach face stability with this design.  The -2°C isotherm is also getting closer to 7.3 

m at cross section 192+587.  

 
Figure 7-10 The result after 180 days for Design 9 when the second fan is 65 m. (Modified Fredriksson A, 2011) 

After 180 days, seen in Figure 7-10, the TBM criterion is reached in cross section 192+532, 192+587 

and 192+644. Cross section 192+552 is not far away from the TBM criteria now.  

 
Figure 7-11 The result after 200 days for Design 9 when the second fan is 65 m. (Modified Fredriksson A, 2011) 

 After 200 days the TBM criteria is reached in all cross sections examined in this design, see Figure 7-

11. 

7.6 Observation holes 
Observation holes are needed since it is necessary to know when the -2°C isotherm is reached at the 

TBM criteria. It is according to the thermal calculations, seen in Appendix 1 and the colour plots in 

chapter 7-5, not a problem to reach face stability in 180 days. Therefore, it is not as necessary to have 

an observation hole at the tunnel face compared to an observation hole following the TBM-criteria.  

Since there will be many freezing holes in the start point of Stage 2 it might be hard to fit observation 

holes, but at least one observation hole should be installed and follow the TBM criteria at the radius 

7.3 m. Figure 7-12 shows the position of the freezing pipe in terms of the distance to the pilot hole. 

The observation hole can be placed anywhere on the circle, depending on the rock conditions, but the 

distance to the pilot hole will be the same. 
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Observation holes are not to be confused with observation points. Observation holes are drilled holes 

were measurements are taken during the freezing. Observation points are the calculation points used in 

JOBFEM. 

 

 
Figure 7-12 Position of freezing pipe (green).
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8 Discussion 
According to the calculations carried out the best alternative is, as presented in chapter 7, Design 9 

with 65 m long holes in the second fan. Drilling is both expensive and time consuming and as seen in 

Design 12 no time is saved if a freezing time of 5 instead of 6 months is reached. There is no problem 

to freeze 3% porosity with 10 long holes but it is important to know where the porosity change is 

located. Calculations shows that when the porosity is increased from 3% to 15% the freezing time is 

also increased considerable. This is why the medium fan must cover the observed porosity change 

otherwise the -2°C isotherm will not be reached within the 180 days. Most of the analysis regarding 

the results can be seen below the table handling the actual designs (chapter 7).   

A lot of the data used in the calculations were used for the calculations in the east tunnel design as 

well as in Stage 1 in the west tunnel. Since the result in JOBFEM corresponded well to the actual 

result in the east tunnel the data, from the writer’s point of view, seen as reliable, but the real outcome 

should of course be measured during the cool down. 

It is not known exactly where the porosity change in Stage 2 is located. This can be a problem, but, the 

65 m fan will, in the calculations, cover the expected porosity change with 7 m and hopefully enough. 

Another problem can be that the average porosity is used in the calculations, and most likely there will 

be a porosity variation in both the mixed zone (15% porosity) and the unweathered zone (3%porosity). 

If the porosity is lower than the average it will not be a problem, but, if the porosity is higher on long 

stretches it can be a problem, since the freezing time will be prolonged. This is also a reason why 

observation holes are necessary.  

In the calculations it is assumed that Stage 1 and Stage 2 are connected in series and the start 

temperature is therefore set to -33°C in the calculations. This assumption is somehow reasonable but 

perhaps a higher start temperature of the brine is necessary if more brine needs to be added in the 

freezing plant. If the Stages are not connected in series a higher start temperature is necessary, too. 

Another  reason to have a higher start temperature is to get a smaller peak power output. A higher start 

temperature will, of course, prolong the freezing time.  

The calculations in JOBFEM are carried out in many different steps where many errors can be done by 

the user. The first step is obviously to decide the design such as the pipe radius and the distance 

between them. When this is done, the coordinates are calculated, assuming (0,0) is at the pilot hole. 

The coordinates are not used in the program and must therefore be converted to nodes, this is done by 

hand in a programmed Excel document and later on manually transferred to the calculation files. This 

procedure is the same for both the freezing pipes and the observation holes. The same process is done 

with the porosity and the pipe dimensions. This data is inserted in five different files for the 

calculations for Stage 2. After the computer has finalised the calculations the results has to be 

transferred and opened in an Excel document. To avoid calculations mistakes the numbers inserted in 

JOBFEM is checked more than once. JOBFEM calculates in half circles and sometimes holes are 

placed on the border it has been calculated that these holes contribute a little too much. The main task 

in this thesis was to get an optimal freezing design and to test different designs in JOBFEM. No other 

comparable calculations, for Stage 2 has been performed. This is a weakness in the analysis. It would 

be good to have something to compare with to see that the result is reasonable.    

The radius at the cross sections is theoretic, and after the drilling is performed an ”as built” model 

should be carried out. The drilling time is only estimated from the drilling data given from the drilling 

entrepreneur from Design 1. It is mainly calculated to get a rough estimate about the time needed. This 

can be a problem, if the data given from the drilling entrepreneur is not exact. The calculations are, 
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however, carried out the same way for all designs, which means that the drilling times should be 

relative to each other. The drilling time for the curved holes is assumed to be three times longer. This 

data is just an approximate value based on experiences from the eastern tunnel, another experience 

also shows that it is harder to drill curved holes. Since it is harder to drill, takes longer time to drill and 

the data is more vague, the drilling time for the curved holes is uncertain. On top of that the freezing 

time for the curved holes is longer, which makes this alternative even more unfavourable.  

Steered and curved holes are, needed for the observation hole (or holes if it is decided to have more 

than one). Having an observation hole following the radius of 7.3 m is the most effective way to 

control that the TBM criteria is fulfilled. One problem with this is that there will be no temperature 

measurements at 7.3 m before the observation hole reaches that radius. The start radius of the 

observation hole will be around 2.5 m and it is not possible to start further out due to the size if the 

drilling chamber and due to the freezing holes from Stage 1.  It is also important to consider the 

freezing holes in Stage 2 in the surrounding, collision with freezing pipes are undesirable.   
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9 Conclusions 
The main objective with this thesis is to get an optimal freezing design for Stage 2 for MBZ in the 

western tunnel at the Hallandsås project. According to the calculations carried out the optimal design 

is Design 9 with 10 Pcs. 125 m long holes, 12 Pcs. 65 m long holes and 10 Pcs. 30 m long holes. With 

this design it will take 186 days before the whole area has reached the -2°C isotherm. It is not from a 

freezing perspective the fastest, but, when the estimated drilling time is included this design is the 

most feasible with 336 days. 

If the rock conditions are good and it is possible to insert a larger freezing pipe 10 days can saved. The 

main reason that not more time is saved on a bigger freezing pipe dimension is the thickness of the 

pipe walls, since the pipe walls has insulating properties. There should also be a freezing pipe in the 

pilot hole to reach face stability. The calculations are also conservative regarding the freeze 

temperature, in the eastern tunnel the brine was colder than calculated and thereby the freezing time 

was shorter than expected. But since a longer distance is frozen it is better to overestimate the 

temperature losses. 

The most important to check with observation holes is at r=7.3 m, so that the TBM criteria is fulfilled 

and therefore a curved hole is most suitable. Where the observation hole is placed depends on the rock 

conditions.  

The calculations have also shown that if the porosity is higher than expected the freezing process will 

be longer and to reach a freezing time around 6 months the design has to be changed. At the expected 

porosity change a safety margin of more than 5 m is used, this should be enough.    

It is also shown that it is not time-saving to go for a freezing time of 150 days since the drilling time 

will take too much extra time. 

The calculations also show that no time is saved on the alternative with curved holes, the main reason 

for this is because the porosity change and due to this the same amount of holes is necessary. If it 

would be unweathered conditions with 3% porosity it is more likely that this alternative would work. 

The main risks are to lose freezing holes due to poor ground conditions and as mentioned earlier that 

the porosity is different than expected. The drilling will be performed so that a freezing pipe diameter 

of 108 mm can be used, but it is not a disaster if 80 mm has to be used instead. 



Ground freezing of weathered rock in the Mölleback zone at the Hallandsås project 

Calculations for optimal freezing design   

 

59 

 

 

 

10 References 

10.1 Published references  
Andersland, Ladanyi, 2004, Frozen ground engineering, Second edition, John Wiley & Sons, Inc., 

Hoboken, New Jersey, USA 

Bernspång, 2003, Formelsamling för Samhällsbyggare, Luleå Tekniska Universitet, Luleå 

Fredriksson, Groth & Stille H, 1982, FEM-analys av bergtekniska problem med JOBFEM, Stiftelsen 

Bergteknisk forskning, BeFo och institutionen för jord och bergmekanik, KTH. Nr 307:1/82, 

Stockholm   

Johansson, 2009, Artificial ground freezing in clayey soils, Kungliga Tekniska Högskolan, Stockholm, 

Sweden 

Loberg, 1999, Geologi Mineral processer och Sveriges berggrund, sjätte upplagan, Norsteds 

akademsika förlag, Stockholm, Sweden 

Nordlund, Rådberg & Sjöberg, 1998, Bergmekanikens grunder, Upplaga 1.5 

Sundberg, 1991, Termiska egenskaper i jord och berg, Information 12, SGI, Linköping, Sverige 

Rehnman, 1998, Tillämpad Jordförstärkning, Rapport 3043, Avd för Jord och Bergteknik, 

Institutionen för Anläggning och Miljö, Kungliga Tekniska Högskolan, Stockholm, Sweden 

Rostmark, Knutsson, jan 2004, Sanera förorenade sediment med frysmuddring, Bygg och Teknik, sid 

71-75, Volym 96 

Skanska-Vinchi HB, 2011, How we are building the tunnel through Hallandsås 

Sturk, Dudoit, Aurell, Eriksson, 2011, Summary of the first TBM drive at the Hallandsas project, 

Rapid Excavation and Tunnelling Conference Proceedings, San Francisco  

Sturk & Stille B, October 2008, Advanced Ground Freezing at the Hallandsås project, Sweden, 

Geomechanik und Tunnelbau, page 512-517, 1 Jahrgang, Heft 5 

Wikman & Bergström, 1987, Beskrivning till berggrundskartan Halmstad SV, Sveriges geologiska 

undersökning, Uppsala, Sweden 

 

10.2 Un-published references and personal communication 
Aurell O, 2011, Extension of the planned 85 m of freezing of the Western MBZ, Hallandsås 

Aurell O, 2011, Figure 5-2 and 6-1, Skanska-Vinci HB 

Fredriksson A, 2011, Figure 7-7, 7-8, 7-9, 7-10 and 7-11, Sweco 

Handling 2-8, Projekt Hallandsås, Arbetshandling avtal för tunnelentreprenad 

Nilsson, Figure 4-2 and 4-6, 2011, Skanska-Vinci 



 

References 

 

60 

 

 

Pilebro & Stille B, 2004, Study of pipe material influence on frost zone expansion, Calculation note 

CN-ST-1512, Skanska Teknik AB  

Pilebro & Stille B, 2004, Synthesis report frozen ground, Technical note TN-ST-1559, Skanska 

Teknik AB 

Pilebro & Stille B, 2006, Sensitivity analysis – MBZ, Technical note TN-ST-1511, Skanska Teknik AB 

Pilebro & Stille B 2011, Coupled thermal mechanical calculation MBZ, Calculation note CN-ST-

1555, Skanska Teknik AB  

Stille B, 2012, Personal communication 

Sturk & Aurell, 2011, Prersonal communication 

10.3 Electronic references 
www.britannica.com/bps/media-view/1650/1/0/0 
 Britannica, 2011-09-01 

 

http://www.skanska.se/sv/Projekt/Visa-projekt/?pid=1190&lang=sv-se 

Skanska, Hallandsås, Förslöv, Skåne 2011-08-30 

http://www.sgu.se/sgu/sv/produkter-tjanster/nyheter/nyheter-2008/Jordskalv-i-Skane.html 

 Sveriges geologiska undersökning, 2011-08-31 

 

(http://www.trafikverket.se/Privat/Projekt/Skane/Hallandsas/)  

Trafikverket ,2011-08-30 

 

http://www.trafikverket.se/Privat/Projekt/Skane/Hallandsas/Bakgrund/Projekthistorik/ 

Trafikverket.se, Hallandsås projekthistorik, 2011-08-30 

 

http://earthquake.usgs.gov/learn/animations/animation.php?flash_title=Horst+and+Graben+Flash+Ani

mation&flash_file=horstandgraben&flash_width=380&flash_height=210 

USGS, 2011-08-31 

 

http://www.britannica.com/bps/media-view/1650/1/0/0
http://www.sgu.se/sgu/sv/produkter-tjanster/nyheter/nyheter-2008/Jordskalv-i-Skane.html
http://www.trafikverket.se/Privat/Projekt/Skane/Hallandsas/
http://www.trafikverket.se/Privat/Projekt/Skane/Hallandsas/Bakgrund/Projekthistorik/
http://earthquake.usgs.gov/learn/animations/animation.php?flash_title=Horst+and+Graben+Flash+Animation&flash_file=horstandgraben&flash_width=380&flash_height=210
http://earthquake.usgs.gov/learn/animations/animation.php?flash_title=Horst+and+Graben+Flash+Animation&flash_file=horstandgraben&flash_width=380&flash_height=210


Ground freezing of weathered rock in the Mölleback zone at the Hallandsås project 

Calculations for optimal freezing design   

 

61 

 

 

 

11 Appendix 1 Overview of the cross sections 

11.1 Cross sections 
In all Designs the freezing holes are evenly distributed over the circle. OP is the observation points, 

these are located on a line at a radius of 1, 5.3, 6.3, 7.3 and 8.3 m from origo. PWR is the freezing 

holes examined in the power output calculations.  
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12 Appendix 2 Temperature development diagrams 
In some cases the designs are similar to each other for example are the results at cross section 192+644 

and 192+592 with 12 holes and r=6 the same and therefore only presented once. See diagram 

description to know which design it belongs to. 

12.1 Design 1 

 
Diagram 12-1 shows the temperature development for cross section 192+644 for Design 1 and 2. With this alternative 

the -2°C isotherm at r=7.3m will be reached after only 64 days. 

 

 
Diagram 12-2 shows the temperature development for cross section 192+592 for Design 1 and 2. With this alternative 

the -2°C isotherm at r=7.3 will be reached after 116 days. 
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Diagram 12-3 shows the temperature development for cross section 192+552 for Design 1. With this alternative the -

2°C isotherm at r=7.3 m will be reached after 206 days. 

 
Diagram 12-4 The temperature development for cross section 192+532 for Design 1. With this alternative the -2°C 

isotherm r=7.3 m will be reached after 199 days. 
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12.2 Design 2 

 
Diagram 12-5 The temperature development for cross section 192+532 for Design 2. With this alternative the -2°C 

isotherm r=7.3 m will be reached after 313 days. 

 

 

12.3 Design 3, 12-16 

 
Diagram 12-6 The temperature development for cross section 192+644 for Design 3, 5, 7 and 13 
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Diagram 12-7 The temperature development for cross section 192+592 for Design 3, 5 and 7 

 
Diagram 12-8 The temperature development for cross section 192+532 for Design 3. 
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12.4 Design 4, 12-12 r=8 

 
Diagram 12-9 The temperature development for cross section 192+644 for Design 4 and 8 

 
Diagram 12-10 The temperature development for cross section 192+592 for Design 4 and 8 
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Diagram 12-11 The temperature development for cross section 192+532 for Design 4. 

 

 

 

12.5 Design 5, 12-12-8 

 
Diagram 12-12 The temperature development for cross section 192+552 for Design 5 and 7. 
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Diagram 12-13 The temperature development for cross section 192+532 for Design 5. 

 

12.6 Design 6, 10-12-12 

 
Diagram 12-14 The temperature development for cross section 192+644 for Design 6, 9 and 15. 
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Diagram 12-15 The temperature development for cross section 192+592 for Design 6 and 9. 

 

Diagram 12-16 The temperature development for cross section 192+552 for Design 6. 

 
Diagram 12-17 The temperature development for cross section 192+532 for Design 6. 
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12.7 Design 7, 12-12-10 

 
Diagram 12-18 The temperature development for cross section 192+532 for Design 7. 

12.8 Design 8, 12-12-8 r=8 

 
Diagram 12-19 The temperature development for cross section 192+552 for Design 8. 
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Diagram 12-20 The temperature development for cross section 192+532 for Design 8. 

12.9 Design 9, 10-12-10 

 
Diagram 12-21 The temperature development for cross section 192+552 for Design 9. 
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Diagram 12-22 The temperature development for cross section 192+532 for Design 9 

12.10 Design 10, 14-12-10 

 
Diagram 12-23 The temperature development for cross section 192+644 for Design 10, 11 and 12. 
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Diagram 12-24 The temperature development for cross section 192+592 for Design 10, 11 and 12. 

 
Diagram 12-25 The temperature development for cross section 192+552 for Design 10 

 
Diagram 12-26 The temperature development for cross section 192+532 for Design 10. 
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12.11 Design 11, 14-14-12 

 
Diagram 12-27 The temperature development for cross section 192+552 for Design 11. 

 
Diagram 12-28 The temperature development for cross section 192+532 for Design 11. 
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12.12 Design 12, 14-18-16 

 
Diagram 12-29 The temperature development for cross section 192+552 for Design 12. 

 
Diagram 12-30 The temperature development for cross section 192+532 for Design 12. 
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12.13 Design 13, 12-12 curved 

 
Diagram 12-31 The temperature development for cross section 192+570 for Design 13. 

 
Diagram 12-32 The temperature development for cross section 192+557 for Design 13. 

 
Diagram 12-33 The temperature development for cross section 192+532 for Design 13.  
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12.14 Design 14, 16-12 curved 
Cross section 192+644 is presented in Diagram 1 and 2 in the report. 

 
Diagram 12-34 The temperature development for cross section 192+570 for Design 14. 

 
Diagram 12-35 The temperature development for cross section 192+557 for Design 14. 
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Diagram 12-36 The temperature development for cross section 192+532 for Design 14 

12.15 Design 15 10-10-10 curved 

 
Diagram 12-37 The temperature development for cross section 192+644 for Design 15. 

 
Diagram 12-38 The temperature development for cross section 192+552 for Design 15. 



 

Appendix 2 Temperature development diagrams 

 

82 

 

 

 
Diagram 12-39 The temperature development for cross section 192+532 for Design 15. 

12.16 Possibilities 

12.16.1 108 freezing pipes 10-12-10 

 
Diagram 12-40 The temperature development for cross section 192+644 for Design 9 with 108 mm freezing pipe 

 
Diagram 12-41 The temperature development for cross section 192+592 for Design 9 with 108 mm freezing pipe  
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Diagram 12-42 The temperature development for cross section 192+552 for Design 9 with 108 mm freezing pipe 

 
Diagram 12-43 The temperature development for cross section 192+532 for Design 9 with 108 mm freezing pipe 

 

12.16.2 108 freezing pipes 10-12-12 
Cross section 192+644, 592 and 552 are the same as Design 9. 
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Diagram 12-44 The temperature development for cross section 192+532 for Design 6 with 108 mm freezing pipes. 

12.16.3 108 freezing pipes 12-12-10 

 
Diagram 12-45 The temperature development for cross section 192+644 for Design 7 with 108 mm freezing pipes. 



Ground freezing of weathered rock in the Mölleback zone at the Hallandsås project 

Calculations for optimal freezing design   

 

85 

 

 

 
Diagram 12-46 The temperature development for cross section 192+592 for Design 7 with 108 mm freezing pipes 

 
Diagram 12-47 The temperature development for cross section 192+552 for Design 7 with 108 mm freezing pipes 
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Diagram 12-48 The temperature development for cross section 192+532 for Design 7 with 108 mm freezing pipes 
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13 Appendix 3 Power output diagrams 

13.1 Design 1 16-8-8 

 
Diagram 13-1 Power output for Design 1, 14 at cross section 192+644 

 
Diagram 13-2 Power output for Design 1 at cross section 192+592 

 
Diagram 13-3 Power output for Design 1 at cross section 192+552 
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Diagram 13-4 Power output for Design 1 at cross section 192+532 

13.2 Design 2 16-8 
The result for cross section 192+644 and 192+592 is the same as for Design 1, and there is no cross 

section at 192+552. 

 
Diagram 13-5 Power output for Design 2 at cross section 192+532 

13.3 Design 3 12-16 

 
Diagram 13-6 Power output for Design 2, 5, 7 at cross section 192+644 
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Diagram 13-7 Power output for Design 2, 5, 7 at cross section 192+592 

 
Diagram 13-8 Power output for Design 3 at cross section 192+532 

13.4 Design 4 12-12 r=8 

 
Diagram 13-9 Power output for Design 4, 8 at cross section 192+644 
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Diagram 13-10 Power output for Design 4, 8 at cross section 192+587. 

 
Diagram 13-11 Power output for Design 4 at cross section 192+532 

13.5 Design 5 12-12-8 

 
Diagram 13-12 Power output for Design 5, 7 at cross section 192+552 
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Diagram 13-13 Power output for Design 5 at cross section 192+532 

13.6 Design 6 10-12-12 

 
Diagram 13-14 Power output for Design 6, 9, 15 at cross section 192+644 

 
Diagram 13-15 Power output for Design 6, 9 at cross section 192+592 
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Diagram 13-16 Power output for Design 6 at cross section 192+552 

 
Diagram 13-17 Power output for Design 6 at cross section 192+532 

13.7 Design 7 12-12-10 

 
Diagram 13-18 Power output for Design 7 at cross section 192+532 
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13.8 Design 8 12-12-8 r=8 

 
Diagram 13-19 Power output for Design 8 at cross section 192+552 

 
Diagram 13-20 Power output for Design 8 at cross section 192+532 

13.9 Design 9 10-12-10 

 
Diagram 13-21 Power output for Design 9 at cross section 192+552 
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Diagram 13-22 Power output for Design 9 at cross section 192+532 

13.10 Design 10 14-12-10 

 
Diagram 13-23 Power output for Design 10, 11, 12 at cross section 192+644 

 
Diagram 13-24 Power output for Design 10, 11, 12 at cross section 192+592 
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Diagram 13-25 Power output for Design 10 at cross section 192+552 

 
Diagram 13-26 Power output for Design 10 at cross section 192+532  

13.11 Design 11 14-14-12 

 
Diagram 13-27 Power output for Design 11 at cross section 192+552 
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Diagram 13-28 Power output for Design 11 at cross section 192+532 

13.12 Design 12 14-18-16 

 
Diagram 13-29 Power output for Design 12 at cross section 192+552 

 
Diagram 13-30 Power output for Design 13 at cross section 192+532 



Ground freezing of weathered rock in the Mölleback zone at the Hallandsås project 

Calculations for optimal freezing design   

 

97 

 

 

13.13 Design 13 12-12 Curved 

 
Diagram 13-31 Power output for Design 13 at cross section 192+644 

 
Diagram 13-32 Power output for Design 13 at cross section 192+570 

 
Diagram 13-33 Power output for Design 13 at cross section 192+552 
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Diagram 13-34 Power output for Design 13 at cross section 192+532 

13.14 Design 14 16-12 Curved 

 
Diagram 13-35 Power output for Design 14 at cross section 192+570 

 
Diagram 13-36 Power output for Design 14 at cross section 192+552 
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Diagram 13-37 Power output for Design 14 at cross section 192+532 

13.15 Design 15 10-10-10 Curved 

 
Diagram 13-38 Power output for Design 15 at cross section 192+570 

 
Diagram 13-39 Power output for Design 15 at cross section 192+552 
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Diagram 13-40 Power output for Design 15 at cross section 192+532 

 


