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Abstract 
 
Rockdrain - a field and laboratory study of a new 
drainage system for tunnels  
 
An alternative  system for drainage of water leakage in hard rock tunnels is being 
examined in full scale. The study covers an in situ investigation of the system in a railway 
tunnel under construction as well as laboratory tests for the determination of material 
properties and function, together with an LCA/LCC investigation of the system. The 
project will continue for several more years. The present report will present the results to 
date. 
 
Overall, it is concluded that this new system for water drainage exhibits good potential 
performance for use in hard rock tunnels despite the fact that there are still some issues to 
be considered. The present results show the importance of the pumping equipment used 
and that the recommended mix ratios are followed when applying the insulating shotcrete, 
which is a special shotcrete designed to be used together with this drainage system.  
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Summary 
 
An alternative water drainage system for use in rock tunnels called Rockdrain has been 
evaluated in laboratory as well as in a large field test in Kattleberg railroad tunnel. The 
Rockdrain system consists of a channel lattice mounted on the rock support shotcrete, 
covered first by a thin layer of conventional shotcrete and thereafter a special shotcrete 
called Solbruk T. The special shotcrete, Solbruk T, has a low water permeability so the 
water will thus be drained out from the system through the channel lattice. 
 
The complete system has been tested in a full scale application as well as in laboratory. It 
was mounted in a rail tunnel, Kattleberg, at three different locations. In addition to the 
installation in the Kattleberg tunnel, samples with the complete Rockdrain system was 
manufactured on concrete slabs of different size, which were transported to SP and CBI 
for laboratory studies. 
 
During the whole installation phase measurements were made in order to get the 
necessary information for LCA and LCC analysis. Some problems were discovered when 
installing the system, and the main issue was the application of Solbruk T. Solbruk T is a 
special shotcrete, and it cannot be compared with ordinary shotcrete when spraying. For 
instance a screw pump should be used, and not a piston pump. An important conclusion 
from the study is that the mounting instructions must be followed, that the correct type of 
machinery is used and that the personnel involved in the mounting and spraying have the 
necessary skill. 
 
The water draining function was examined in the Kattleberg tunnel as well as in 
laboratory. The results clearly indicates that the performance of the system is good. 
Although, it has not been part of the project to look at the long term behaviour, so 
eventual changes with time has not been studied. 
 
In order to obtain the drainage function the channel lattice must be fixed close to the 
surface. If the distance between the lattice and the backing shotcrete is more than 10 mm, 
the channels will be filled with shotcrete, and thus the drainage function will be lost in 
that point. If this occurs only in some points it would not affect the drainage in large since 
the water can chose other paths within the lattice. 
 
The mechanical characteristics of the Rockdrain system are good. Although, any long 
term behaviour and thus the fatigue due to pressure/suction has not been investigated. 
 
The thermal properties and thus the insulation capability is comparable with light weight 
concrete with similar density (1600 kg/m3). 
 
The Rockdrain system contains only a very limited amount of combustible material (the 
channel lattice) and will thus not contribute to fire. In the case there is requirements on 
fire resistance, polypropylene fibres shall be added to the Solbruk T. An amount of 0.5 
kg/m3 has been shown to be sufficient. 
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Sammanfattning 
 
Ett alternativt dräneringssystem för bergtunnlar kallat Rockdrain har utvärderats i 
laboratorium samt i ett stort fälttest i en järnvägstunnel, Kattleberg norr om Göteborg. 
Rockdrain-systemet består av en kanalnät vilket monteras mot bergförstärkningen. Nätet 
täcks sedan med ett tunt lager konventionell sprutbetong och därefter appliceras 60-100 
mm av en speciell sprutbetong, Solbruk T. Den speciella sprutbetongen, Solbruk T, har en 
låg vattengenomsläpplighet så vattnet kommer därmed tömmas ut från systemet genom 
kanalnätet. 
 
Det kompletta systemet har testats i full skala i järnvägstunneln Kattleberg, såväl som i 
laboratoriet. I fullskalestudien var systemet monterat på tre olika platser . Förutom 
montaget i Kattlebergtunneln, tillverkades prover med det kompletta Rockdrain systemet 
på betongplattor av olika storlek, vilka transporterades till SP och CBI för 
laboratoriestudier . 
 
Under hela installationsfasen gjordes mätningar i syfte att få den information som behövs 
för en LCA/LCC -analys. Vissa problem upptäcktes vid installation av systemet, och då 
framför allt sprutningen av Solbruk T. Solbruk T är en speciell sprutbetong, vilken inte 
kan jämföras med vanlig sprutbetong vid sprutning. Till exempel bör en skruvpump 
användas, och inte en kolvpump. En viktig slutsats av studien är att monterings-
anvisningar måste följas, att rätt typ av maskiner används och att den personal som deltar 
vid montage och sprutning har nödvändig kunskap. 
 
Den dränerande funktionen av Rockdrain undersöktes både i Kattlebergtunneln samt i 
laboratorium. Resultaten visar tydligt att systemets prestanda är bra. Det bör påpekas att 
eventuella långsiktiga förändringar i systemet har inte studerats. 
 
För att erhålla den dränerande funktionen måste nätet monteras nära ytan av 
bergförstärkningen. Om avståndet mellan nätet och det bergförstärkningen är mer än 10 
mm, kommer kanalerna att fyllas med sprutbetong, och sålunda förloras den dränerande 
funktionen i de delar där avståndet är större. Om den dränerade funktionen förloras i 
enstaka mindre delar kommer detta inte att påverka systemet som helhet, då vattnet kan 
ledas genom kanaler som är öppna. 
 
De mekaniska egenskaperna hos Rockdrain systemet är bra. Eventuell utmattning på 
grund av tryck/sug i tunnlar har inte studerats. 
 
De termiska egenskaperna och därmed isoleringsförmåga är jämförbar med lättbetong 
med liknande densitet (1600 kg/m3). 
 
Rockdrain systemet innehåller endast en mycket begränsad mängd brännbart material 
(endast kanalnätet) och kommer således inte att bidra till brand. I det fall det finns krav på 
brandmotstånd skall polypropenfibrer tillsättas Solbruk T. En mängd av 0.5 kg/m3 har 
visat sig vara tillräcklig.  
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Definitions and abbreviations 
 
LCA Life Cycle Analysis 
LCC Life Cycle Cost 
channel lattice Special designed half pipe drainage lattice included in the 

Rockdrain system 
drainage mat Sheet of foamed polyethene math often included in conventional 

drainage system 
pp-fibers Polypropylene fibers 
shotcrete Concrete sprayed on rock or other surface with help of compressed 

air; also called sprayed concrete 
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1 Introduction 
 

1.1 Background 
 
Water leakage in rock tunnels can be a severe problem since it may cause corrosion on 
metallic installations, it can lead to electrical problems if the water reaches electrical 
installations and in cold climates the formation of icicles and slippery road conditions 
during winter. Furthermore dripping water have great influence on durability. Therefore 
leaking water must be drained away from the roof and led by the sides of the tunnel to the 
main drainage. Conventional drainage is built of large foamed polyethene mats mounted 
on steel rods with a distance of a few centimetres to a few decimetres from the tunnel 
rock surface. Leaking water from the tunnel roof and walls will drip on the polythene mat 
and run down along the drain to the bottom of the tunnel. The polyethene mat is sensitive 
to mechanical damage and is also combustible which can be a problem in case of fire, 
especially in a tunnel. The drain mat is therefore covered with shotcrete. 
 
The mounting of the conventional drainage system is laborious and costly. Furthermore 
with the conventional system large amounts of combustible materials are included which 
can be hazardous in case of fire. Therefore there is a demand of more cost effective and 
safe solutions. 
 
Due to construction praxis conventional drainage system is regarded as a tunnel 
installation, and expected life time will be shorter than the structural main bearing system 
in the tunnel. The reason is use of anchoring bolts and the dynamic stress on the 
construction from passing traffic. It is beneficial for calculated life time to find a system 
included in the main bearing system. This can strongly affect results of LCA/LCC 
analysis. 
 
 
1.2 Scope 
 
The aim of the present project was to investigate an alternative drainage system called 
Rockdrain. The study include a range of tests covering establishment of material 
characteristics to full scale performance of the system in a tunnel. The study also include 
a LCA/LCC analysis of the Rockdrain system as well as a conventional drainage system. 
 
The project consisted of four subprojects; 1) installation, 2) laboratory tests at CBI, 3) fire 
test at SP and 4) LCC/LCA. The installation of the Rockdrain system was made in a  
doubletrack railway tunnel, Kattleberg. The tunnel has a width of 13.4 m and a height of 
10.6 m. A service tunnel and a parallel tunnel is being built for maintenance, service work 
and as emergency rescue. In total, some 281 000 m3 of rock was blasted. The tunnel is 
part of the infrastructure project “BanaVäg i Väst”, the expansion of double track railroad 
and four-lane road between Gothenburg and the city of Trollhättan, 80 km north of 
Gothenburg. In addition to the installation in the Kattleberg tunnel different types of test 
specimens for a wide variation of tests were prepared at the installation site. 
 
1.3 Limitations 
 
The present study does not cover all aspects that may be needed to show the applicability 
of the Rockdrain system in all different applications. Although the most important issues 
have been examined for the use of the system in a Swedish rail tunnel. 
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Long term durability is important since the expected life length is long. In the present 
project has only frost resistance been covered. Although other properties such as water 
tightness, compressive strength and water permeability have been determined which can 
have an bearing on the life length. The stability of the system due to altering compressive 
and tensile forces from the air pressure due to traffic has not been examined. Since the 
Rockdrain system is directly attached to the shotcrete supported rock, it is assessed that 
there will not be any failures due to fatigue, especially since adhesion strength is rather 
high. In addition the E-modulus of Solbruk T is lower than the underlying rock support 
shotcrete which decrease the risk of cracking. Since there is only very small amounts of 
combustible materials in the system, and it is covered and protected by incombustible 
material the reaction the fire has not been examined. Although the fire resistance have 
been examined.  
 
1.4 Project organisation and time schedule 
 
The project has been sponsored by the Swedish Transport Administration with Peter 
Lund as project leader. Executive project leader of the project was Lars Boström, SP Fire 
Technology. The project was divided into four subprojects as shown in Figure 1. A 
reference group was coupled to the project with the following participants; Kjell 
Windelhed and Anna Andrén from the Swedish Transport Administration, Tommy 
Elisson, Besab, Lasse Wilson, Veidekke, Lars-Olof Dahlström, NCC Teknik and Patrik 
Hult, Favio. 
 

 
Figure 1. Organization of subprojects. 
 
The project started in the end of 2009, and the plan was to finalize at the end of 2012. 
Although since there has been some unforeseen difficulties during the installation of the 
Rockdrain system in the Kattleberg tunnel, the time schedule had to be prolonged. 

Subproject 1 
Installation 

Tommy Ellison 
Besab 

Peter Lund 
Trafikverket 

André Solberg 
Rockdrain 

Subproject 2 
Tests at CBI 

Cathrine Ewertson 
CBI 

Robert Melander 
CBI 

Subproject 3 
Tests at SP 

Lars Boström 
SP 

Subproject 4 
LCC/LCA 

Håkan Stripple 
IVL 
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2 Description of the drainage systems 
 
2.1 The Rockdrain tunnel drainage system 
 
In this study, two different drainage systems for rock tunnels have been studied and 
compared both from an environmental and an economic point of view. The drainage 
systems, Rockdrain, is a new system that aims at reducing installation work and provide a 
more solid system with fewer components and a longer lifetime. The other system is a 
conventional/standard drainage system that is frequently used today in Swedish rock 
tunnels. In this chapter, a technical description of the two systems is presented. The 
presentation includes a description of the system and of the installation process. 
 
The Rockdrain drainage system consists mainly of three parts; a half pipe polyethene net 
which form the drainage channels inside the conventional shotcrete layer, a 25 mm thick 
shotcrete layer and a 60 mm thick special waterproof shotcrete layer called Solbruk T, see 
Figure 1. The Rockdrain system is mounted on a conventional shotcrete layer which is 
applied on the bare rock surface to provide a smooth surface with good adhesion for the 
drainage channel lattice. The function is relatively simple. When leakage water from the 
rock tunnel walls penetrates the conventional shotcrete layer, a water pressure occurs 
between the rock wall and the waterproof Solbruk T layer. The leakage water is then 
forced into the drainage channels and drained off to a larger drainage channel on the 
bottom of the tunnel. The Solbruk T layer is also isolating to prevent ice formation in the 
drainage system during winter time. 

 
 
Figure 1. Illustrated cross section of the Rockdrain system. (1) Shotcrete min 30 mm. (2) 
Draining pipe lattice. ( 3) Covering shotcrete. ( 4) Solbruk T. ( 5) Flushing unit. 
 
The half pipe channel lattice is mounted directly on the prepared shotcrete layer. The 
channel lattice is delivered in sheets with size 1.2 m x 0.8 m=0.96 m2. The weight of such 
a channel lattice sheet is 450 gram giving 0.45 kg/0.96 m2 = 0.469 kg/m2 Rockdrain 
drainage channel lattice. The channel lattice is made of polyethene. The channel lattice is 
attached to the shotcrete surface with nails. A nail gun is usually used. In Figure 2, a 

 



13 

mounted channel lattice is shown. Small overlaps and gaps can exist between the channel 
lattice sheets due to the shape of the underlying surface. The channel lattice is mounted 
with two persons using a boom lift as shown in Figure 3. 
 

 
Figure 2. Mounted polyethene plastic channel lattice forming the drainage channels in 
the Rockdrain system. 
 

 
Figure 3. Mounting of the channel lattice using a boom lift. 
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The channel lattice is then covered with 25 mm of ordinary shotcrete. The shotcrete was 
delivered with a concrete truck from a concrete station nearby. The transport distance was 
25 km one way. The ordinary shotcrete was applied by a large spraying robot on a heavy 
truck. The spraying robot can run on both diesel and electricity. Electricity is mainly used 
in the tunnel but diesel is also used for example to move the spraying robot truck. The 
spraying operation is very much a standard operation. It is however important to apply the 
shotcrete perpendicular to the channel lattice to prevent clogging the channels. The filling 
of shotcrete into the spraying robot is shown in Figure 4. 
 

 
Figure 4. Filling of ordinary premixed shotcrete in the spraying robot. 
 
After the shotcrete has cured, a 60 mm of Solbruk T shotcrete is applied. This shotcrete is 
applied in two stages (30 mm + 30 mm). Solbruk T is a specially designed cement based 
shotcrete. It is delivered in dry form in large container bags (big bags, 800 kg/bag). 
Solbruk T is delivered with ordinary trucks from the production site (80 km one way). 
The dry Solbruk T is mixed with water to form the Solbruk T shotcrete. A small amount 
of Super plasticizer is also used. In the spraying process, an accelerator is used (water 
glass, sodium silicate Na2SiO3). A typical mixing recipe can be as follows: 
 

• Solbruk T (dry powder in 800 kg big bags): 800 kg 
• Water: 180 litre 
• Super plasticizers 1.5 litre (Polycarboxylatepolymer 40-60 % and water 40-60 %) 
• Accelerator (water glass, sodium silicate Na2SiO3): 4-8 % of cement weight. 

 
The Solbruk T shotcrete is mixed on-site using a shotcrete mixing equipment. The mixer 
is mounted on a truck which also drives the mixer. The mixer needs one person for the 
operation. This person also loads the big bags of Solbruk T into the mixer using a 
medium/small size wheel loader. In this case, the mixed shotcrete is transported with a 
wheel loader to the shotcrete robot using a specially designed bucket. The filling of the 
spraying robot is shown in Figure 5. This transport requires one person. The mixing 
process is not really optimal and can probably be improved for better function and lower 

 



15 

costs. Mixing at a concrete mixing station can also be an alternative for a future 
application. 
 

 
Figure 5. Filling of Solbruk T into the screw pump on the spraying robot. 
 
For the shotcrete spraying operation, a standard spraying robot with screw pump can be 
used. Two persons are needed for the operation of the spraying robot (may be that can be 
reduced to just one person in the future). The spraying of Solbruk T is shown in Figure 6. 
However, the spraying process requires special equipment, knowledge and training. A 
screw pump (test applications in the project have shown that piston pumps does not work 
well with Solbruk T) is required for a smooth operation due to the special properties of 
Solbruk T. This process has been used in the LCA models of the Rockdrain drainage 
method. This process represents a wet spraying method.  
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Figure 6. Shotcreting with Solbruk T. 
 
Solbruk T can also be used with a dry spraying technique. In this process, water is added 
in the spraying nozzle and the mixing process will be simplified. Due to quality of 
hardened Solbruk T and working environment aspects, it is favourable to pre wet the 
Solbruk T dry mix before spraying, especially when polypropylene fibres are added. Pre 
wetting means adding some 20 – 30 litres of water per cubic meter, which can be easily 
done in a continuous screw mixer, before entering the spraying machine. Using the dry 
mix method simplifies the entire application process. Less equipment and fewer persons 
are required. When using the dry mix process risk of separation in the dry mix must be 
considered, especially when transported long way, as well as slightly increased dust in the 
tunnel during spraying. Rebound when spraying, especially when adding polypropylene 
fibres can sometimes cause dusty conditions in the tunnel and affected working 
environment. This technique has also been included in the LCA model as an alternative. 
The spraying robot requires two persons for the operation with both the wet and dry 
technique today. 
 
As shown in the technical description above, the Rockdrain system is directly attached to 
the rock surface in the tunnel and thereby becomes a solid integral part of the tunnel 
structure. This results in less movement in the structure and thus a longer life expectancy.  
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2.2 Conventional/standard tunnel drainage system 
 
Compared to the Rockdrain system, conventional drainage systems work in a complete 
different way. Conventional drainage is built of large foamed polyethene mats mounted 
on steel rods with a distance of a few centimetres to a few decimetres from the tunnel 
rock surface. Leaking water from the tunnel walls will drip on the polythene mat and run 
down along the drain to the bottom of the tunnel. The polyethene mat is sensitive to 
mechanical damage and also flammable which can be a problem, especially in a tunnel. 
The drain mat is therefore covered with shotcrete. 
 
The conventional drainage system is mounted on a shotcreted tunnel wall like the 
Rockdrain system. The installation of the conventional system can be divided into several 
process steps. These process steps are described below in chronological order as the 
installation take place. 
 
1. Drilling hole in the rock wall. The diameter of the hole is approximately 35 - 45 mm 
and the depth of the bore hole 1 m. The distance between the holes is 0.7-1.2 m. For the 
drilling work, a single-boom drilling rig is used. The drilling rig is powered by electricity. 
One person is operating the drilling rig. The drilling capacity is estimated to 20 holes per 
hour. 
 
2. Installation of threaded rods. Threaded rods with a length of 1.5 m and a diameter of 16 
mm are mounted in the holes with a cement paste consisting of Portland cement and 
water. The cement paste is injected in the holes with a tube and the threaded rods are 
pressed into the hole. The operation is performed with a boom lift and a cement mixer. 
Two persons are needed for the operation. One stands on the lift and injects cement paste 
into the holes and attaches the threaded rods. The other person is handling the cement 
mixer. The mounting speed is estimated to 20 rods per hour. The mounting of threaded 
rods is shown in Figure 7, the cement paste mixing is shown in Figure 8 and the final 
result of mounted rods is shown in Figure 9. 
 
3. The next step in the working process is the assembly and fixing of the drainage mats on 
the threaded rods. The drainage mats are fixed with different steel materials. This work is 
done by two persons on a lift platform. It is a manual work and the pace of work has been 
estimated to 1 m2 drainage per man-hour. The lift platform is shown in Figure 10 and the 
assembled drainage mats are shown in Figure 11. 
 
4. For mechanical protection of the drainage and for fire protection, the drainage is 
covered with two layers of ordinary shotcrete. The first layer is 60 mm thick and consists 
of standard shotcrete reinforces with steel fibres for mechanical strength and 
polypropylene fibres for fire resistance. The second layer is 20 mm thick and is only 
mixed with polypropylene fibres for fire resistance. 
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Figure 7. Mounting of threaded rods. 
 

 
Figure 8. Mixing of cement paste for fixing of the threaded rods. 
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Figure 9. Mounted threaded rods ready for assembly of the standard drainage. 
 

 
Figure 10. Lift for the assembly process of the standard drainage. 
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Figure 11. Mounted standard drainage ready to be covered with ordinary shotcrete. 
 
In the list below, all materials used for conventional drainage are presented. 
Materials and specifications for a conventional tunnel drainage system: 
 

• One piece of nut to the threaded rod: 34 g 
• Two pieces of large round steel washer: 360 g 
• Steel stripe: 122 g/0.58 m=210 g/m (holder along the longitudinal edge) 
• Holder of steel stripe: 98 g (screw with square washer) 
• Large concrete reinforcing washer/nut: 0.639 kg (diagonal length 0.63 m) 
• Longitudinal holder, rebar ladder tapes: 1.378 kg/0.97 m=1.421 kg/m holder 
• Threaded rod for drill hole in the rock: 1.880 kg/1.5 m=1.253 kg/m threaded rod 
• Drill holes in the rock: 35 - 45 mm diameter and 1 m depth 
• Length of threaded rod: 1.5 m with a diameter of 16 mm 
• Portland cement and water for fixing of the threaded rod in the rock drill hole. 
• Foamed polyethene drainage mat (thickness 50 mm): 192 g per 0.43 m × 0.29 m 

= 1.54 kg/m2 drainage mat 
 
As shown in the technical description above, the conventional drainage system is a 
technical system that is attached to the rock surface by steel rods with a distance of 0.7 – 
1.2 m between the rods. For the rest, the structure is hanging lose from the tunnel wall. 
This can create movements in the structure for example when trains or trucks are passing. 
The construction material is polyethene which are more responsive to mechanical wear 
and aging than pure concrete. This means that one can expect a shorter lifetime for the 
conventional drainage compared to the Rockdrain system. An estimated lifetime of 60 
years has been used for the conventional drainage system compared to 120 years for the 
Rockdrain system in the LCA/LCC analysis. Another aspect that affects the positions is 
that the design requirements concerning lifetime is different for the main construction and 
technical products used in addition to the construction. In this case, the Rockdrain system 
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can be classified as a part of the main construction while conventional drainage can be 
classified as additional technical products. This can probably also affect the expected 
lifetime in a more formal way. However, this is of course all estimations and 
speculations. Traditional drainage with the described construction or similar have been 
installed for just twenty years. Many of them have already shown sign of breakdown and 
some has already been repaired or completed. Future evaluations will show the real 
potential and lifetime of both the systems. 
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3 Evaluation program 
 
3.1 Field tests 
 
3.1.1 Site description 
 
The Kattleberg tunnel is an 1812 m long double track railway tunnel running from north 
to south through two conjoint rocky hills north of Älvängen in Western Sweden. The rock 
it penetrates consists mainly of fine- to medium-grained, mostly schistose gneiss cut 
through by amphibolite dykes and thin pegmatite veins. The tunnel is cut using 
conventional drill and blast techniques and pre-grouted in 24 m long fans with a grout-
hole separation of 2 m. 
 
The ceiling is reinforced with 70 mm steel fiber reinforced shotcrete, while 50 mm steel 
fiber reinforced shotcrete has been used where Rockdrain has been applied. In the third 
section, 50 mm steel fiber reinforced shotcrete has been applied to both walls and the 
ceiling. 
 
The first section of Rockdrain spans a 40 m long tunnel section between 443 km + 660 m 
and 443 km + 700 m (see Figure 12), 90 m in from the northern tunnel heading. The first 
20 m run through an extended crush zone in red-gray gneiss with a Q-index of 2-5, 
transitioning into grey gneiss with thin pegmatite veins and a Q-index of 8-16 after 
approximately half the length of the section. The second location starts at 443 km + 870 
m (see Figure 13) and covers a 20 m long section of the eastern tunnel wall and half of 
the ceiling. The tunnel there runs through grey-red and red gneiss with a Q-index of 3-6. 
A crush zone in the gneiss, with a Q-index of 2, makes up the last 5 m of the ceiling and 
major parts of the walls in this section. Seepage occurs mainly along the major fracture 
lines both in and outside the fracture zone 

 
 
Figure 12. Tunnel rock fracturing in the section 443 km + 660 m to 443 km + 700 m. 
Crushed zone is represented by the latticed hatch. The orange lines indicate pegmatite 
veins. Rockdrain section outlined in red. 
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The second location starts at 443 km + 870 m (see Figure 13) and covers a 20 m long 
section of the eastern tunnel wall and half of the ceiling. The tunnel there runs through 
grey-red and red gneiss with a Q-index of 3-6. A crush zone in the gneiss, with a Q-index 
of 2, makes up the last 5 m of the ceiling and major parts of the walls in this section. 
Seepage occurs mainly along the major fracture lines both in and outside the fracture 
zone. 

 
 
Figure 13. Tunnel rock fracturing in the section between 443 km + 870 m and 443 km + 
890 m. The red rectangle indicates where Rockdrain has been applied. 
 
The third and last section of Rockdrain is located between 444 km + 340 m and 444 km + 
360 m (see Figure 14) where the tunnel cuts through red-gray and gray-red gneiss with a 
Q-index of 8-11 in the first ten meters and 11 in the last half of the section. Also here the 
seepage is confined to the main fracture lines. The Rockdrain system has been applied to 
both walls and the ceiling in this area. 
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Figure 14. Tunnel rock fracturing in the section 444km + 340 m to 444km + 360 m. 
Rockdrain section outlined in red. 
 
 
3.1.2 Mounting of drainage in Kattleberg and collection of 

data for LCC/LCA 
 
The installation of the Rockdrain system in the experimental area in the tunnel at 
Kattleberg was performed by a contractor as a normal industrial application in accordance 
with the installation instructions that were given to the contractor. Some difficulties 
occurred during installation, but these were solved and relatively normal installation 
conditions could be maintained during parts of the production process so that the 
production could be studied. In addition to the technical aspects of production, the 
production was studied preferably from an LCA and LCC perspective. Measurements and 
calculations were made throughout the entire production and many aspects of the 
production process were examined. The aspects studied were mainly energy use, 
machines capacities, production rates (machine hours and man-hours for various 
processing operations), consumption of materials and economic data about production 
(prices on materials, rental costs for machines, staff costs etc.). Some notes regarding the 
work environment were also taken.  
 
The LCA and LCC models are semi-empirical1 models where nominal data for material 
consumption has been used, but these data have been checked against the actual use that 
has been measured in the production. However, the capacity data for the process 
operations were primarily derived from the measured values. Values used in the LCA and 
LCC models shall reflect normal industrial production conditions. Similar measurements 
were also made on the production of standard drainage which also was performed as a 
normal installation in the tunnel at Kattleberg.  
 

1 Both theoretical calculations and measurement data are used and combined to create the best 
possible model for the comparison of the two drainage systems.  
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3.1.3 Laser scanning of material thicknesses 
 
In order to determine the thickness of each layer of the system, as well as to document the 
position of all measurement points in the tunnel laser scanning was used. All areas where 
the Rockdrain system was applied were laser scanned. The scanning was performed after 
each product had been mounted, i.e. after mounting of the channel lattice, after the 
application of normal shotcrete and after application of Solbruk T. Due to the problems 
with the application of Solbruk T, the spraying had to be repeated. The thickness was 
therefore determined by laser scanning after each application. 
 
3.1.4 Leakage tests 
 
The leakage test has been performed twice at the inner test site. The first time was in 
August 2011 and the second time was in October 2011. 
 
During erection of the Rock drain system a system of plastic, porous ducts where 
mounted in the same layer as the channel lattice in the Rockdrain system. With these 
ducts an artificial and thus controlled water leakage can be introduced to the system. 
 
At the time for the artificial water leakage tests it was only possible to locate the duct in 
the top of the tunnel, the tunnel head. The other mounted ducts had been covered by 
shotcrete, and it was not possible to locate them. 
 
To perform the test the following instruments were used; a pressure pump, a pressure 
gauge, a reducer, lawn hose and quick couplings. The lawn hose was coupled to the 
porous duct in the head of the tunnel and to the reducer. The water pressure used was the 
same as in the tunnel system connected to the water from the municipality. The strategy 
was to use an overpressure of approximately one bar. The test was started with a pressure 
of 1.5 bar at the tunnel floor. That resulted in a pressure of about 0.8 bar in the tunnel 
head. After waiting 1.5-2 hours, there was no sign of leakage. Thereafter it was decided to 
increase the pressure to approximately 1.5 to 2.0 bar at the tunnel head. Almost 
immediately after the increase of water pressure a leakage was observed in the tunnel 
head. Shortly thereafter the water was flushing. The spot that was splashing was from the 
first duck hanging down approximately 1 to 1.5 m in the tunnel direction south at the 
inner site and approximately 0.5 to 1 m to the right of the tunnel head in the same 
direction.   
 
3.1.5 Crack measurements 
 
During fall 2013 we will measure cracks at site on an distance of ten meters. The distance 
will be marked and chosen randomly within the test field area. Cracks will be monitored 
and noted in size.  
 
3.1.6 Temperature measurements 
 
Temperature sensors, thermocouple wires of type K, were installed in the tunnel at 
different positions and between the different layers of the Rockdrain system. In addition 
to the measurements in the Rockdrain system also the temperature in the tunnel was 
measured. The temperatures have been logged continuously since the installation of the 
measuring system.  
 
Due to the destruction of the thermocouples during spraying of shotcrete two additional 
thermocouples were mounted after all shotcrete had been applied. These thermocouples 
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were mounted in a drilled hole at the surface of the rock behind the drainage systems. 
One was mounted behind a conventional drainage system and one behind Rockdrain. 
 
3.2 Laboratory tests 
 
3.2.1 Material properties 
 
The material properties of the mortar Solbruk T and the shotcrete cover have been 
measured. Compressive strength, tensile and flexural strength have been tested for the 
material.  The frost resistance of the concrete was determined in accordance with 
SS 13 72 44. In order to determine the permeability to water the specimens were tested in 
accordance with SS-EN 12390-8. Also the density of Solbruk T have been measured. 
 
3.2.2 Performance tests 
 
Different performance tests on Rockdrain system have been tested in the laboratory. To 
assess the effect of installation tolerance on water run-off the lattice was mounted on 
spacers at different heights. On some of the test slabs it was simulating water leaking in to 
a rock tunnel with a permeable water hose. 
 
To determine the adhesion between the different layers a number of different panels were 
prepared with different combinations of the system to get an indication of where the 
weakest interface is. Testing was carried out by testing adhesion strength on drilled cores. 
 
3.2.3 Thermal properties 
 
The thermal properties of the mortar Solbruk T have been measured, specifically heat 
capacity (Cp), thermal conductivity (λ), thermal diffusivity (α), latent heat of reactions 
(ΔH) and the mass loss during heating (TG) using the Transient Plane Source method 
(TPS) and Simultaneous Thermal Analysis (STA), which includes both 
ThermoGravimery (TG) and Differential Scanning Calorimetry (DSC).  
 
3.2.4 Fire resistance 
 
Since the Rockdrain system contain very limited amounts of combustible materials, the 
reaction to fire behaviour was not examined. The Rockdrain system will not contribute to 
fire or fire spread. Although, in some tunnels there can be requirements of the fire 
resistance, i.e. for the load bearing system, and therefore the fire resistance of the system 
was tested. 
 
The fire resistance has been determined in accordance with applicable parts of the 
European standards EN 1363-1 and EN 1363-2. In the tests were the complete system 
tested, except that the backing rock was replaced with concrete elements. 
 
Two separate tests have been carried out. In the first test was Solbruk T without addition 
of polypropylene fibres tested. In the second test eight different test specimens were 
evaluated using different amount of polypropylene fibres and two different application 
techniques, wet and dry spraying. 
 
Both tests were carried out using the hydrocarbon fire curve in accordance with EN 1363-
2, and with a fire exposure during 60 minutes. 
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During the fire exposure was the test specimens observed visually on the fire exposed 
side through windows on the furnace. The observations were made in order to see any 
spalling of the specimens. 
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4 Mounting and application of Rockdrain in 
the Kattleberg tunnel 

 
In this chapter, we shall render a detailed description of the installation of the Rockdrain 
system and its practical implementations. For future applications, it is important to 
carefully describe the installation procedure and the practical experiences gained from 
this work. This research project was intended as an evaluation of an industrial full-scale 
installation of the Rockdrain system in a defined part of an existing tunnel installation. 
The Rockdrain processes, however, differs somewhat from the installation of the standard 
drainage and as for all new processes, there are initial difficulties and some practical 
process knowledge that must be acquired during the installation. Adapted equipment must 
be used, staff must be trained and drilled, and performance methodology and processes 
must be tuned and adjusted. The installation difficulties have in general been solved but 
as with any new process, continuous and rapid improvements occur all the time. 
 
The installation of the Rockdrain system was supposed to be done in accordance with the 
instructions given in chapter 2.1. 
 
Both installing the drainage lattice and spraying concrete was being made by the present 
tunneling contractor. Prior to the execution of the work, information about the Rockdrain 
system and the installation procedures were transferred by representatives for the supplier 
of the Rockdrain system to the tunnel contractors personnel involved on site. The used 
shotcrete operators were experienced in conventional shotcreting, and the conventional 
shotcrete were installed without any difficulties. No specific test installation with the used 
equipment and operators had been done prior to the installation of Solbruk T in the 
tunnel.  
 
The Rockdrain channel lattice was installed section by section started from the ceiling 
center and down to the bottom of the tunnel. The lattice was installed as close to the 
underlying shotcrete on the rock as possible. The maximum distance between surface and 
lattice did not exceed 10 mm and was normally much shorter. A boom lift was used to get 
close to the surface when the lattice was mounted. 
 
The lattice was adjusted to a vertical position. The channels were vertically joined 
together with a small overlap. The lattice was not joined together sideways, but mounted 
with no more than 10 cm distance sideways. A gas powered nail gun, type Hilti X-GHP-
MX 18 – 20 mm, was used to fasten the lattice. It was nailed in 35 – 60 % of the 
attachment points on the lattice depending on the unevenness of the shotcrete supported 
rock surface. The results of the installation work were according to the instructions given 
by the supplier and met the installation requirements. 
 
The lower section of the lattice, about 30 cm, was protected so that the lower section of 
the channel lattice should not be covered by shotcrete. This secured that the channels in 
the lattice was kept open letting the leakage water flow out of the channels and down into 
the main drainage of the tunnel . 
 
The channel lattice was covered with unreinforced standard shotcrete with added 
accelerator in the form of water glass. This shotcrete was about 20-30 mm thick and did 
just cover the plastic lattice. This shotcrete was being cured by water spraying for some 
5-7 days, however possibly not as regular as intended. Insufficient curing may increase 
the risk for cracks to occur in the shotcrete which cover the lattice and perhaps also in 
Solbruk T. 
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Solbruk T was delivered as a premixed dry mortar in big bags. Water was added in a 
mobile mixer station on site, close to the installation place. The mixing of Solbruk T was 
performed by a specialized concrete mixing firm however the operator was not used to 
mixing light weight concrete of this type. The dry mortar should, according to the 
manual, have been mixed with 180 liters water per big bag for 3 – 4 minutes. The mortar 
was mixed for 4 minutes but some batches for more, up to nearly 15 minutes. It is 
difficult to determine whether this variation in time of mixing affected the quality of the 
mortar. The ready mixed concrete was transported in a tractor bucket and loaded directly 
into the pump on the shotcrete robot. The distance between the mixer station and the 
shotcrete robot was from 200 m and up to about 1000 m. The mortar was therefore not 
activated for some minutes before spraying. When the distance was more than 200 – 300 
meters, the concrete lost some consistency and showed a tendency to separate. How this 
affected the concrete quality after the shotcrete pump is hard to say. As the concrete from 
time to time was difficult to get through the piston pump used on the shotcrete robot, 
some water was added to increase the slump and pump ability. The control of the amount 
of water added was generally not sufficient. The last shotcreting was performed with a 
screw pump, which turned out to work better than the piston pump.  
 
Due to the described problems with the spraying process, the thickness of the Solbruk T 
layer was completed several times to meet specifications in this project. So can the 
properties of the hardened Solbruk T have been affected especially regarding density, 
strength, and insulation effect.  
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5 Results from field tests 
 
5.1 Material characterization 
 
Wet shotcreting of Solbruk T took place at different periods in 2011 and 2012. The 
Swedish Cement and Concrete Research Institute (CBI) visited the site several times to 
determine the properties of fresh Solbruk T. At the first test the mobile concrete mixer 
was located inside the tunnel close to the test site. On later occasions the concrete mixer 
was located outside the tunnel. The samples were taken from the dumper truck bucket 
used to transport the Solbruk T to the spraying equipment. 
 

  
Figure 15. Taking samples and determining properties of fresh Solbruk T in the field. 
 
The temperature, slump, density and hardening time of the fresh Solbruk T were 
measured. Table 1 shows some of the results. The slump range is from 200 to 230 mm, 
while the density has a large spread, from around 1340 kg/m3 to around 1630 kg/m3. All 
results are given in Appendix A. 
 
Table 1. Summary of results for fresh Solbruk T. 

Date Checks on batches 
(number) 

Temperature 
(°C) 

Slump 
(mm) 

Density 
(kg/m3) 

18-01-2011 7 32 to 18 Mean 210 1451–1615 
19-01-2011 5 12 to 25 Mean 220 1344–1546 
20-01-2011 7 18 to 24 Mean 230 1396–1527 
24-01-2011 3 15 to 24 Mean 200 1432 
02-02-2011 3 18 to 21 Mean 230 1442 

 
 
5.2 Scanning 
 
In order to know the thickness of the different parts of the Rockdrain system laser 
scanning techniques were used. The areas of the tunnel were Rockdrain was mounted 
scanning was performed as follows: 

- After the channel lattice had been mounted 
- After the conventional shotcrete had been applied 
- After each spraying of Solbruk T 

 
In Figures 16-17 are maps presented showing the thickness of Solbruk T after the second 
and final spraying. The maps have been calculated from the scanning data. 
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Figure 16. Thickness of Solbruk T after the second spraying. 
 

 
 
Figure 17. Thickness of Solbruk T after final spraying in section 4340-4360 m. 
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5.3 Leakage tests 
 
Mapping of the intensity and position of leakage have been performed before, during and 
after installation of the Rockdrain system. In the sections where Rockdrain is installed, 
the bedrock consists of a gneiss with a flat lying structure with a normal water discharge. 
The tunnel in the relevant sections are pre-grouted with cement and the permanent 
reinforcement consists of bolting and shotcrete. The geological mapping and primary 
water leakage are reported in Appendix B. Figures 18-19 show the estimated leakage 
before and after installation of the Rockdrain system. 
 

 
 
Figure 18. In Stage 1 approx. 20 leakage points were recorded before the installation. 
After installation two leakage points were recorded.  
 
 
 

 
Figure 19. In Stage 2 approx. 32 leakage points were recorded before the installation. 
After installation four leakage points were recorded. 
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5.4 Temperature measurements 
 
After the complete Rockdrain system had been mounted/sprayed in the tunnel it was 
discovered that some of the temperature wires had been completely covered with 
shotcrete and thus not possible to locate. Furthermore, several temperature gauges had 
been destroyed during the spraying of the shotcrete. Another problem was that the 
identification tags on the thermocouple wires showing the placement of each 
thermocouple had also been destroyed, and thus it has not been possible to tell where the 
working thermocouples are located in the system. This clearly show that it is important to 
have personnel present when applying the shotcrete to control that the instrumentation not 
is destroyed. 
 
In order to get some data two thermocouples were mounted in the drainage systems after 
all shotcrete had been applied. A hole was drilled through the systems into the surface of 
the rock. One thermocouple was mounted in the conventional drainage system, i.e. behind 
the PE mat, and one in the Rockdrain system behind the inner layer of shotcrete. 
Temperatures have been logged since February 2012 and the results are shown in Figure 
20. These results indicate that the conventional drainage system used in the present tunnel 
has a better thermal insulation compared to the Rockdrain system. Although there may be 
substantial measurement errors since the thermocouples were drilled into the systems and 
there may be leakage through the drilled holes. 
 

 
 
Figure 20. Temperature at the rock behind the drainage systems. 
 
5.5 Visual inspections 
 
Rockdrain areas were checked visually in June 2013. Only a few places with humidity 
was recorded at the end edges of the tested areas. No visible open cracks could be 
detected. A more detailed inventory of possible cracks will be performed during the 
upcoming fall. 
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6 Results from laboratory tests 
 
6.1 Material parameters 
 
Test panels were wet shotcreted by the contractor on site in Kattleberg, inside the tunnel, 
for laboratory testing. The test panels were delivered to CBI in Borås by the contractor. 
Test panels were wet shotcreted with Solbruk T on four occasions and on one occasion 
panels were wet shotcreted with ordinary shotcrete. The test panels were cured with a 
curing compound after wet shotcreting and then covered with a plastic sheet, see Figure 
21. The individual test results are given in Appendix A. 
 

 
Figure 21. Test panels in tunnel. 
 
6.1.1 Compressive strength 
 
The compressive strength of Solbruk T and the shotcrete cover was determined by cutting 
out 100 mm cubes from the sprayed test panels. The strength was calculated by dividing 
the maximum load that the cubes were able to support by the measured area. Another 
important parameter is the density of the material that varied in different spraying 
occasions. The dry density of the cubes where determined before testing the compressive 
strength. The results show that the strength is dependent on the density: the lower the 
density, the lower the strength. There is also some spread in the strength between the 
various specimens within the same density range. The results are presented in Tables 2-3. 
 
Table 2. Shotcrete – compressive strength. (Average of three specimens.)  
Manufacturing date Age  Density Compressive strength 
  when (kg/m3) (MPa) 

 tested 
(days)  

Mean 
value 

Standard 
dev. 

Mean  
value 

Standard 
dev. 

19-01-2011 28 2190 10 37.5 3.6 
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Table 3. Solbruk T – compressive strength. (Average of three specimens.)  
Manufacturing date Age  Density Compressive strength 

 when (kg/m3) (MPa) 

 tested 
(days)  

Mean 
value 

Standard 
dev. 

Mean 
value 

Standard 
dev. 

19-01-2011 28 1610 10 20.4 0.6 
02-02-2011 36 1606 2 18.4 0.2 
15-08-2011 54 1600 20 23.1 0.7 
15-08-2011 54 1630 10 24.4 0.8 
23-09-2011 67 1420 40 9.5 1.4 
23-09-2011 67 1430 20 13.0 0.7 
23-09-2011 110 1440 0 11.6 0.2 
23-09-2011 110 1450 40 12.7 1.0 
24-02-2012 31 1623 39 24.1 2.8 
24-02-2012 31 1602 16 22.3 0.8 

 
 
6.1.2 Water permeability 
 
The Rockdrain system is based on a shotcrete cover that completely covers the lattice and 
channels the water into the lattice. Solbruk T is intended to be an impermeable layer that 
does not allow water from the rock to penetrate into the tunnel. In order to determine the 
permeability to water the specimens were tested in accordance with SS-EN 12390-8. This 
involves applying water at a pressure of 500 kPa for a period of 72 hours, see Figure 22. 
At the end of the test period the specimens were broken open and the depth of water 
penetration was measured. 
 

  
Figure 22. Testing water penetration. The shotcrete cover is on the left and the Solbruk T 
is on the right. 
 
The results show a penetration of around 25 mm for the shotcrete (mean value of three 
tests in series 1). From the testing of Solbruk T, which was carried out on all four series 
of test panels, it can be seen that the density of Solbruk T has an influence on the depth of 
water penetration into the test specimens, see Table 4. 
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Table 4. Water penetration in Solbruk T. (Mean value of three test specimens.) 
Panel test series / 
manufacturing date 

Density measured 
during compres-
sion test  

Mean penetration 
depth, mm.  

Max. penetration 
depth, mm.  

Series 1 / 19-01-2011 1610 9 12 
10 14 

Series 2 / 22-06-2011 1615 10 13 
Series 3 / 23-09-2011 1435 - 91 
Series 4 / 24-02-2012 1612 - 9 
 
Test of penetration of water under pressure in accordance with SS-EN 12390-8 determine 
the entrainment of water. According to the Swedish regulation BBK the concrete is 
accepted as water resistant in the penetration depth is lower than 50 mm. 
 
6.1.3 Tensile and flexural strength 
 
The tensile strength was determined by testing specimens to failure in a tensile testing 
machine. Testing was carried out on series one for both shotcrete and Solbruk T. The 
tensile strength of the shotcrete was measured to1.3 MPa, while the tensile strength of 
Solbruk T was measured to 0.7 MPa. 
 
The flexural strength was tested on test specimens (100 x 100 x 400 mm) taken from test 
series one by loading the top and bottom edges of the cut test beams. The maximum load 
was recorded and the flexural strength was calculated. The result for shotcrete was 5.2 
MPa and for Solbruk T 4.0 MPa. 
 
6.1.4 Frost resistance 
 
As part of this project we wanted to determine the frost resistance of both the shotcrete 
and Solbruk T. The frost resistance of the concrete was determined in accordance with 
SS 13 72 44. The test method is basically as follows. The test specimens are subjected to 
thermal cycling in a refrigerator with a cycle time of 24 hours, following the temperature 
profile shown in Figure 23. The specimens are removed from the refrigerator after 7, 14, 
28, 42 and 56 cycles. The freezing medium and scaled material from the concrete surface 
are poured/brushed/rinsed off into a container. Any scaled material is then dried and 
weighed. After each measurement, at 7, 14, 28 and 42 cycles, fresh freezing medium 
(brine or deionised water) is poured on to the test specimens before they are put back in 
the refrigerator. Testing is concluded when the specimens have been cycled for 56 days. 
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Figure 23. Boundary curves for temperature taken from SS 13 72 44. 
 
The results from the determination of frost resistance show that Solbruk T show a high 
degree of scaling when testing is carried out on a sawn surface with 3 % NaCl solution, 
see Table 5. The tests were also carried out with deionised water, since this is a train 
tunnel and there will be no de-icing salt inside the tunnel and the surrounding leakage 
water have a low content of chlorides. The results from testing with deionised water 
clearly show less flaking than with NaCl solution, see Table 6. 
 
Table 5. Testing the frost resistance of Solbruk T on a sawn surface with 3% NaCl 
solution.  

Panel test series / 
manufacturing date 

Total weight of scaled material after n±1 cycles (kg/m2) 
(Mean of four individual tests.) Remarks 

 7 14 28 42 56  
1 / 19-01-2011 0.74 1.72 3.33 4.65 4.86 Scaling of mortar 
1 / 02-02-2011 0.77 1.85 3.76 5.58 6.89 Scaling of mortar 
2 / 22-06-2011 0.42 0.63 0.97 1.27 1.51 Scaling of mortar 
3 / 23-09-2011 (1) 1.69 3.07 4.93 5.06 5.19 Scaling of mortar 
3 / 23-09-2011 (2) 1.71 2.73 3.14 3.24 3.39 Scaling of mortar 
4 / 24-02-2012 0.16 0.26 0.36 0.46 0.62 Scaling of mortar 
 
Table 6. Testing the frost resistance of Solbruk T on a sawn surface with deionised water.  

Panel test series / 
manufacturing date 

Total weight of scaled material after n±1 cycles (kg/m2) 
(Mean of four individual tests.) Remarks 

 7 14 28 42 56  
2 / 22-06-2011 0.04 0.05 0.06 0.07 0.07 - 
3 / 23-09-2011 (1) 0.10 0.15 0.19 0.20 0.20 - 
3 / 23-09-2011 (2) 0.05 0.08 0.12 0.17 0.23 - 
4 / 24-02-2012 0.02 0.02 0.03 0.03 0.03 - 
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6.2 Performance tests on Rockdrain system in 
laboratory 

 
6.2.1 Water run-off and tolerance requirements 
Concrete slabs measuring 120 x 80 cm were used as the substrate for the Rockdrain 
system. The contractor installed the lattice and then wet shotcreting layers of shotcrete 
cover and Solbruk T on the slabs. To assess the effect of installation tolerance on water 
run-off, i.e. how close the drainage lattice is in contact with the substrate, the lattice was 
mounted on spacers at different heights. The spacers were made from plastic tube to give 
spacing’s of 0, 5, 10 and 15 mm. On some of the test slabs a permeable water hose was 
mounted level with the drainage lattice, see Figure 24. This was done to simulate water 
leaking into a rock tunnel. 

 

 
Figure 24. Test slab with drainage lattice and permeable water hose. 
 
The slabs were brought into the laboratory and a water hose was connected to the opening 
in the drainage lattice duct on the short side of the concrete slab, or to the permeable 
water hose. Observations were then made immediately after the water was connected to 
the system and at several intervals afterwards, see Figure 25.  
 

  
Figure 25. Testing water transport through the drainage lattice in test panels. 
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For the slabs fitted with spacers at 0 mm (reference slabs) and 5 mm, the water runs 
through the drainage lattice and emerges from the opposite side without any great 
problem. With the spacers at 10 mm it is more difficult for the water to pass from one 
side to the other. When the drainage lattice is mounted on 15 mm spacers the water does 
not pass through the slab since the lattice is blocked by the shotcrete cover. Tests on the 
panels with water injected though the permeable water hose show that the water is led 
into the drainage lattice, which then carries the water through the duct with least 
resistance. 
 
Strips were also cut from the Solbruk T and the shotcrete cover on panels with lattice 
mounted at different distances from the substrate to see how the shotcrete had back-filled 
the ducts. With the spacers at 10 mm the shotcrete had penetrated between the concrete 
slab and the lattice, partially blocking the channels, see Figure 26. The lattice between the 
spacers had been pressed closer to the concrete slab than 10 mm by the pressure of 
spraying. As a result of this there is little opportunity for water to be transported through 
the ducts. 
 

 
Figure 26. A test slab sawn with spacers at 10 mm. 

 
6.2.2 Adhesion between layers 
Panels measuring 120 x 80 cm were wet shotcreted with shotcrete to provide a substrate 
for the Rockdrain system. A number of different panels were then prepared with different 
combinations of the system to get an indication of where the weakest interface, whether 
this is within one of the material layers or between the different material layers. 
 
To determine the adhesion between the different layers, cores with a diameter of around 
65 mm were drilled through all the material layers. It was very difficult to avoid including 
pieces of drainage lattice in the test specimens, see Figure 27. Testing was carried out in 
accordance with CBI method no. 6 “Determination of adhesion strength by testing tensile 
strength”, which is effectively as follows: The cores are prepared and stored in air until 
testing takes place. The adhesion strength is then determined by tensile loading until 
failure in a tensile testing machine. The adhesion strength is calculated as the failure load 
divided by the cross-sectional area. 
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Figure 27. Adhesion strength for complete system, tested cores with failure through 
drainage lattice. 
 
The results, presented in Table 7, show that the drainage lattice is the weak interface. The 
measured adhesion strengths of the two variants that contain drainage lattice are between 
0.6 and 0.9 MPa. In a comparison with the adhesion strength for the combination of 
shotcrete cover and Solbruk T, the strength is around the same level. 
 
Table 7. Adhesion strength and failure type for different combinations of material layers. 
(Mean of 10 individual tests.)   
Combination of material layers Adhesion 

strength 
(MPa) 

Failure 
within layer 
or between 

layers  
• Rock reinforcement – shotcrete 
• Drainage lattice 
• Shotcrete cover 
• Solbruk T  

0.6 
Failure at 
drainage 
lattice 

• Rock reinforcement – shotcrete 
• Drainage lattice 
• Shotcrete cover 

0.9 

Failure at 
drainage 
lattice in 

most cases 
• Shotcrete cover 
• Solbruk T  0.9 Failure in 

Solbruk T 
 
6.3 Thermal properties 
 
6.3.1 Transient Plane Source (TPS) measurements 
 
From a 100 x 100 x 200 mm3 large mortar block of Solbruk T different specimens were 
sawed or knocked off with a hammer. One part of the sample had a different color, 
probably due to storage against a moister surface. Before measurements the specimens 
had been stored for two days at 22 °C and 50 % relative humidity. The Transient Plane 
Source (TPS) measurements were conducted against the lighter edges if not stated 
otherwise. 
 
The TPS experiment were conducted on a Hot Disc TPS 2500 S using etched nickel 
sensors, insulated by Kapton and with two different radii of 6.4 and 14.6 mm. The 
procedure followed the ISO 22007-2 standard on determination of thermal conductivity 
and thermal diffusivity using the TPS method. The sensor was sandwiched between two 
smooth surfaces according to Figure 28. Different output power (from 0.4 to 0.8 W) and 
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measuring times (from 160 to 320 s) were used. Each transient recorded 200 temperature 
points during heating and all measurements were performed at 22 °C. 
 

 
Figure 28. Configuration of TPS sensor and specimen. 
 
The result of the measurements on Solbruk T with a light surface (dry material) is shown 
in Table 8 and on dark surface in Table 9. The “mean error” shown in the table is an 
estimate of how well assumptions of the calculations are fulfilled. It is the mean error 
between measured temperature increase during transient and the theoretical expression 
calculated from the result. 
 
Table 8. Results of TPS measurements on dry surface. 

P 
(W) 

tmeas 
(s) 

Sensor 
radius 
(mm) 

Points in 
analysis 

λ 
(W/mK) 

α 
(mm2/s) 

Cp 
(MJ/m3K) 

Mean 
error (K) 

0.8 320 14.6 117-186 0.79 0.42 1.86 3·10-5 
0.8 320 14.6 100-186 0.79 0.43 1.83 7·10-5 
0.8 320 14.6 100-200 0.79 0.43 1.85 1·10-4 
0.8 320 14.6 100-165 0.79 0.44 1.80 5·10-5 
0.7 160 6.4 60-125 0.82 0.49 1.69 4·10-4 
0.4 160 6.4 27-84 0.81 0.52 1.54 1·10-4 

 
Table 9. Results of TPS measurements on dark surface. 

P 
(W) 

tmeas 
(s) 

Sensor 
radius 
(mm) 

Points in 
analysis 

λ 
(W/mK) 

α 
(mm2/s) 

Cp 
(MJ/m3K) 

Mean 
error (K) 

0.7 320 14.6 80-180 0.89 0.38 2.35 2·10-4 
0.7 320 14.6 100-180 0.89 0.36 2.49 1·10-4 
0.7 320 14.6 117-200 0.89 0.35 2.56 6·10-5 
0.7 320 14.6 117-186 0.89 0.35 2.53 5·10-5 
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The higher specific heat of the darker specimens indicate that it is higher moisture that 
contributes to the different color (since water has a very high specific heat). When 
calculating a mean of the above results we focus only on the dry samples and weigh the 
results with the inverse of the mean error. In Table 10 are the mean results presented from 
the measurements on the dry material. 
 
Table 10. Average results of TPS measurements on dry Solbruk T. 

λ (W/mK) α (mm2/s) Cp (MJ/m3K) 
0.79 0.44 1.80 

 
6.3.2 Thermo Gravimetry (TGA) and Differential Scanning 

Calorimetry (DSC) measurements 
 
The DSC and TGA measurements were performed on a simultaneous thermal analyzer 
STA F3 Jupiter from Netzsch. Cylindrical platinum pans of 6 mm diameter and 7 mm 
height were used as sample holder and reference. One batch of 108.9 mg sample was 
analyzed during heating at 1 K/min from 30 °C to 900 °C. Thereafter the same material 
was re-measured, now with an initial weight of 87.4 mg. The data was analyzed subject to 
prior calibration runs using the same temperature scheme for an empty sample pan and 
one containing a sapphire reference material. 
 
A second batch (99.4 mg) was also analyzed using two temperature scans of 5 K/min 
from 30 to 1100 °C followed by a single scan using 1 K/min (from 30 to 900 °C). 
Equivalent calibration runs were also performed as in the previous batch. All 
measurements were performed in a flow of dry nitrogen gas at a constant rate of 50 
ml/min. The density of the specimen was calculated by measuring the volume of the 
whole mortar block and weighing it on a balance. 
 
Finally, a larger batch of 3.42 g was measured in thermo gravimetric mode only, to 
identify the mass loss during heating (5 K/min) of a larger specimen.  
 
Figure 29 shows the heat capacity measured at 1 K/min and calculated by analyzing heat 
flow to the specimen in comparison with that to a standard sapphire reference material.  
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Figure 29. Heat capacity of first batch for two consecutive heating cycles. Also in the 
figure is the heat capacity as measured from TPS (the green dot). 
 
The heat capacity shows highly non-monotonic behavior and very large values during 
first heating cycle due to the consumption of energy to evaporate water from the 
specimen. This non-monotonic behavior is not present during second heating cycle. The 
values obtained from TPS (translated from volumetric values via the density) agrees well 
with DSC measurements considering that TPS measurements were performed on mortar 
previously unexposed to high temperatures (virgin). At 300 °C and above the heat 
capacity of virgin mortar corresponds well to the previously heated.  
 
The heat flow and the gravimetric analysis from the second batch is shown in Figure 30.  
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Figure 30. The heat flow and mass loss of batch 2 (99.4 mg), heated at a rate of 5 K/min. 
Additionally, the mass loss for batch 3 (3.4 g) is also shown. 
 
The processes occurring over the heating runs are interpreted in the following manner 
based on previous experience from ordinary Portland cement [1]: 
 
At first heating free water evaporates easily below 100 °C by exposure to the dry gas. The 
enthalpy of vaporization of moisture up to 200 °C is 2400 J/g of vaporized gas. This is 
just a little higher than tabulated heat of vaporization for pure water (2250 J/g) which is 
expected since some water is associated in calcium silicate hydrates [2]. This free and 
loosely associated water constitute about 15-20 % of the total mass. At 400 – 460 °C we 
notice the dehydroxylation of calcium hydroxide, Ca(OH)2 → CaO + H2O, with a loss of 
water corresponding to about 1-2 % of the total mass content. This process has an 
endothermic heat of vaporization of about 25 J/g (based on the initial mass of the 
sample). Both the loss of water and the dehydroxylation are completely absent in the 
second heating cycle. 
 
At roughly 580 °C the α-β quartz phase transition occurs with a heat of transition of 1.5 
J/g. No mass loss corresponds to this transition and it occurs with same intensity for the 
second heating cycle. At 650 to 750 °C the decarbonation of calcium carbonate 
(CaCO3 → Ca + CO2) releases carbon dioxide of about 4 % of the total mass. Table 2 
summarizes the processes. 
 
At 1000 °C the residual mass corresponds to about 77-78 % of the initial one. No 
difference was obtained concerning the α-β quartz transition enthalpy. Thus, the small 
differences between batch 1 and 2 lies in the differences originating from the limited 
sample size. Therefore, the mass loss scan of batch 3 (3.4 g) should serve as the correct 
reference. 
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6.4 Fire resistance 
 
The Rockdrain system has been tested in order to determine the fire resistance. Two tests 
have been performed in order to examine the difference of different compositions of the 
outermost layer, i.e. the Solbruk T. The differences of Solbruk T have been the method of 
application, dry or wet spraying, and the amount of polypropylene fibres. 
 
In the first test was Solbruk T without addition of polypropylene fibres examined. Two 
test specimens were prepared with a fire exposed area of 3000 x 1200 mm2 each. The test 
specimens were placed on top of a floor (horizontal) furnace as a roof and thus exposed 
from below. The specimens were exposed to a fire in accordance with the hydrocarbon 
fire curve, EN 1363-2, during 60 minutes. 
 
Both specimens spalled severely during the fire test. Specimen 1 started to spall after 15 
minutes, and specimen 2 after 30 minutes. The spalling then continued during the rest of 
the fire test. In Figures 31-32 are the two specimens shown after the fire test. 
 

  
Figure 31. Test specimen 1 after the fire test. 
 

  
Figure 32. Test specimen 2 after the fire test. 
 
Due to the failure (spalling) it was decided to use polypropylene fibres in the Solbruk T, 
and to perform a second fire test. For the second fire test eight test specimens were 
prepared, each with a fire exposed surface of 1500 x 1200 mm2. 
 
The Rockdrain system was mounted on concrete slabs with the dimensions 3600 x 1200 x 
200 mm3. The drainage channel lattice was nailed to the backing material, in this case 
concrete slabs. On top of the channel lattice was a conventional shotcrete applied with a 
thickness of approximately 20 mm. On top of the shotcrete is a special shotcrete 
designated Solbruk T applied. In the present test was a layer with a thickness of 100 mm 
applied.  
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In the test were four concrete slabs used. On the slabs was the channel lattice and the 
conventional shotcrete applied. The final Solbruk T was only applied on half of the length 
in order to apply two different types of Solbruk T on each concrete slab (the size of each 
specimen is thus 1.8 x 1.2 x 0.32 m). The difference between the Solbruk T was the 
amount of polypropylene fibers used in the mix and the type of application, see table 
below. The polypropylene fibers used were designated Crackstop 6 mm. The fiber 
diameter is 32 μm, and the fibers were delivered by Sika. 
 
Some pieces of Solbruk T were taken from each test specimen at the of fire unexposed 
corners. Two samples were taken from each specimen. The moisture content and the 
dry density (after drying at 105 ºC) were measured on each sample. The results, which 
are mean of two tests, are presented in the Table 11 below. 
 
Table 11. Characteristics of the test specimens. 
Specimen 

name 
Amount of poly-

propylene fibers (kg/m3) 
Type of 

application 
Dry density 

(kg/m3) 
Moisture 

content (%) 
A 0.0 Wet spraying 1391 16.3 
B 0.15 Wet spraying 1393 19.3 
C 0.30 Wet spraying 1300 17.9 
D 0.60 Wet spraying 1353 18.6 
E 0.0 Dry spraying 1758 13.6 
F 0.15 Dry spraying - - 
G 0.30 Dry spraying 1518 15.2 
H 0.60 Dry spraying 1611 13.5 

 
During the fire test the concrete slabs with the mounted specimens were placed on a 
horizontal furnace, i.e. acting as a roof, see Figure 33.  No external load was applied to 
the specimens. The whole sprayed area except the outermost 300 mm at each end of 
the slabs were exposed to the fire.  
 

 
Figure 33. Concrete slabs placed on the horizontal furnace. The sprayed areas are on 
the underside fazing the fire. 
 
The fire exposed surface was visually observed during the fire test in order to see 
eventual spalling. The observations made during the test are presented in the Table 12. 
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Table 12. Observations during the second fire test  
 
Time 
min:s 
 

Observations (concerns the fire exposed side if nothing else is stated) 
Placement on the test specimens on the furnace (seen from above): 
 

A C 
E F 
D B 
H G 

  
0:00 Test starts 
2:30 Specimen E: Spalling start 
3:00 Specimen F: Spalling start 
3:20 Specimens G and H: Spalling start 
14:30 Specimen A: Spalling start 
18:00 Specimens E and H: The drainage channel lattice behind Solbruk T is burning 
19:00 Specimen F: The drainage channel lattice behind Solbruk T is burning 
22:30 Specimens E and F: Almost all Solbruk T has spalled off 
25:30 Specimen B: Spalling start 
61:00 The fire test is terminated and the burners are turned off. 
 
After the fire test the specimens were removed from the furnace and the fire exposed 
surface was examined. The results are presented in Table 13. 
 
Table 13. Observations after the fire test. 
Specimen 
name 

Amount of poly-
propylene fibers 
(kg/m3) 

Type of 
application 

Observations 

A 0.0 Wet spraying Minor spalling 
B 0.15 Wet spraying Spalling 
C 0.30 Wet spraying No spalling 
D 0.60 Wet spraying No spalling 
E 0.0 Dry spraying All Solbruk T has spalled off 
F 0.15 Dry spraying All Solbruk T has spalled off 
G 0.30 Dry spraying Almost all Solbruk T has spalled off 
H 0.60 Dry spraying All Solbruk T has spalled off 
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7 LCC/LCA 
 
7.1 Model description 
 
7.1.1 General methodology 
 
Production of different products, materials, and services is often very complex and may 
involve many different activities in the society such as extraction of raw materials, 
construction of buildings, power generation and transports etc. Due to this complexity, it 
can be difficult to calculate emissions and energy consumption in a relevant way for an 
entire production system. The complexity may increase when various production systems 
are compared, or when different process changes have to be evaluated and assessed.  
 
A system is a unit that consists of different parts working together. By applying a system 
perspective, i.e. taking the entire system into account, one can get a better and more 
accurate picture of the production system and one can for example avoid sub 
optimization. For example, when evaluating materials in terms of energy and 
environmental aspects it is important not to evaluate only the production process of the 
material but also ensure that the environmental load does not increase due to e.g. 
increased maintenance and operation activities. Analysing production systems rather than 
individual production processes make higher demands on the methodology and the 
implementation. A logical and structured methodology and a well thought-out analysis 
are required. Computer based calculations and models are also required.  
 
For this type of system analysis, the most common method is Life Cycle Assessment 
(LCA). The LCA method offers a fully developed and standardized method with 
available computer software platforms. This method is also the base for certified 
Environmental Product Declarations (EPD). In the next chapter, a short presentation of 
the LCA method is shown. LCA is a comprehensive tool comprising many different 
environmental aspects. Even if an analysis has a focus on just a few of these aspects (such 
as CO2, carbon footprint), an LCA analysis can and should be used to keep track of e.g. 
eventual side effects of different CO2 reduction measures.  
 
An economic evaluation can be performed in many different ways and can include many 
different aspects of the economy. In general, an economic calculation and evaluation of a 
product or process include the same type of methodological aspects as for the system 
analysis. Also for the economic analysis, it is important to have a system perspective i.e. 
to include all costs during the lifetime (or calculation period where the lifetime is difficult 
to define) of the product or process. For this type of analyses, the Life Cycle Cost (LCC) 
methodology has been developed.  
 
In this study, Life Cycle Assessment (LCA) and Life Cycle Cost (LCC) methodology has 
been chosen for the analysis of the drainage systems. An overview of the methodology is 
given in chapter 7.1.2 and 7.1.3 below.  
 
A useful principle for infrastructure analyses has been to divide the activities in three 
groups: Construction, Maintenance and Operation. This method has been used also for 
this study. A calculation period is set to 60 years. All activities from construction start to 
the following 60 years are included in the calculations. The potential uptake of CO2 
during lifetime of the product is also shown. The full CO2 uptake potential (~20 % of 
maximum uptake) is shown in all figures for all concrete use even if the uptake period 
can cover a longer period than 60 years but the uptake shown in the figures will not 
include CO2 uptake during the concrete waste phase. The maintenance and operation 
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calculations are calculated per year for each activity. A yearly share of 
maintenance/operation is added to the result even if the actual activity does not occur 
until after a certain number of years. This means that the results are comparable 
independent of the lifetime for the different products or processes.  
 
It can of course be difficult to estimate technical data (e.g. transport work, electric power 
production) for such a long time but the aim of the calculation period is not to give a clear 
picture of the development over the next 60 years. The aim of the calculation period is 
instead to create a balance between construction, maintenance and operation of the 
product. The calculation period is set to a time-period close to the lifetime of the product 
(or an economic calculation period). In this way, one can receive a balanced picture for 
the influence of construction, maintenance and operation. This also implies that technical 
data of today can be used in the calculations in absence of technical data during the next 
60 years.  
 
7.1.2 Life Cycle Assessment (LCA) 
 
A system analysis is a tool that allows a product to be analysed through its entire life 
cycle, from raw material extraction and production, via the material’s use to waste 
handling and recycling. The most common tool for system analysis is the Life Cycle 
Assessment (LCA) methodology. The LCA methodology is described in, for example, the 
standards EN ISO 14040:2006 and 14044:2006 . In a life cycle assessment, a 
mathematical model of the system is designed. This model is of course a representation of 
the real system, including various approximations and assumptions. The results from the 
model are then of course also dependent on the values and assumptions in the model and 
the model results are valid for these values and assumptions. The LCA methodology 
allows us to study complex systems, where interactions between different parts of the 
system exist, to provide as complete a picture as possible of the environmental impacts 
of, for example, a product.  
 
An LCA is usually made in three steps with an additional interpretation step, see ISO 
standard. In the goal and scope definition, the model and process layout are defined. The 
functional unit is also specified. The functional unit is the measure of performance that 
the system delivers. In the Life Cycle Inventory analysis (LCI), the material and energy 
flows are quantified. Each sub-process has its own performance unit and several in- and 
out-flows. The processes are then linked together to form the mathematical system being 
analysed. The final result of the model is the sum of all in- and out-flows calculated per 
functional unit for the entire system. The life cycle impact assessment (LCIA) is defined 
as the phase of life cycle assessment aimed at understanding and evaluating the 
magnitude and significance of the potential environmental impacts for a product system 
throughout the life cycle of the product. The impact assessment is performed in 
consecutive steps including classification, characterization, normalization and weighting. 
The LCIA phase also provides information for the life cycle interpretation phase, where 
the final environmental interpretation is made. In this study, only classification and 
characterization have been included in the impact assessment part. Here, the same 
classification and characterization scheme as proposed in the EPD system  have been 
used.  
 
7.1.3 Life Cycle Cost (LCC) 
 
An economic evaluation can be performed in many different ways and can include many 
different aspects of the economy. The aim of Life Cycle Cost (LCC) is to include all costs 
during the entire life cycle of the product. This will result in a more accurate description 
of the entire cost for a product or process than just an analysis of the purchase price. In 
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general, an economic calculation and evaluation of a product or process include the same 
type of methodological issues as for the system analysis. Also for the economic analysis, 
it is important to have a system perspective i.e. to include all costs during the lifetime (or 
calculation period where the lifetime is difficult to define) of the product or process. 
Thus, the entire system must be taken into account and the analysis must include the 
entire life cycle of the product or process. In many cases, the underlying background data 
is the same for LCA and LCC. It can therefore be convenient to include the LCC 
calculations in the LCA model. In this project, we have combined the two models into 
one common model.  
 
A difference for example between costs and emissions or energy use is that a cost in a 
given position in the process flowchart includes all upstream cost. All parts in the 
upstream flowchart have been paid so the cost in a given position is thus the sum of all 
upstream costs. A consequence is thus that the economic details of the upstream costs are 
lost because upstream costs are not included in the model. This also implies that it is very 
important for the resolution of the cost how the cost is calculated in the flow sheet.  
 
It is also important to define the types of costs that are included and how they are 
presented. In this case, we have chosen to include only internal costs. External costs (also 
called externalities) are not included in the model. Internal costs are ordinary costs which 
are paid by the different parts in a business transaction. Examples of such costs are 
material costs, labour costs, energy costs etc. External costs are costs that are not 
normally paid by the parties in a business deal, but by external parties. Examples of such 
costs are costs for pollution damage, health costs, cost for waste handling etc. The bearers 
of external costs can be either particular individuals or society at large. External costs are 
in many cases difficult to quantify both physically and in monetary terms. Sometimes, the 
external costs can be of a non-monetary type. This makes it difficult to work with 
external costs and uncertainties can be substantial. However, external costs can be of 
great importance.  
 
In the model calculations, the market price for the different activities has been used. This 
includes normal tax levels paid by the different parties on the market. VAT has not been 
included in the price. All prices are given at the price level of today. No inflation has been 
assumed. To achieve a better overview of the different costs, the costs have been divided 
into the following groups: material costs, machine cost, labour cost, transport cost and 
total costs.  
 
The purpose of the LCC analysis is to show the total economic burden for the society of a 
product or a process. An interesting question is how future costs will be calculated and 
what that cost will represent. In the project we have chosen to work with present values 
with zero inflation. For the construction phase, the costs are already collected in present 
values. For operation and maintenance (investments) costs in the future, there is a 
question about how these costs shall be calculated. Traditionally in economic investment 
calculation, costs are made equal by a calculation method transferring the costs to a 
specific and equal time period using a chosen discount rate (interest rate). A common 
method is the present value method but several methods exist and are designed for 
different applications. The choice of interest rate (cost of capital) is usually very sensitive 
for the calculations and can easily dominate the analysis. However, in this case we are not 
interested in the effect of an alternative investment of the capital or the cost of capital. 
Infrastructure projects are financed by the society and the interesting aspect in this case is 
the relative burden (expressed in economic terms) for the society of the installation. This 
relative burden can of course change because of the interest rate (or more exactly of the 
growth/development of the society) but the exact effect from this on the installation is 
difficult to say.  
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As an example of the consequences of using the present value method for a future 
investment, the present value for a future infrastructure investment of 10 million Euros to 
be made 0 to 200 years in the future and with an interest rate of 5 % is presented in Figure 
34. As shown in the figure, the present value (the estimated cost for the future 
investment) decreases very rapidly with time. As a consequence one can conclude that a 
new investment of a bridge (or future maintenance) will be much cheaper in the future 
and if one just wait 100 years the cost will be only 76 045 € and 200 years in the future 
the cost have dropped to only 578 €. This is of course very unlikely and will give a very 
twisted picture of future investments. For the decision process of an investment, this 
situation can result in poor decisions based on questionable grounds. For this reason, the 
present value method has not been used for the LCC example model in this study. 
Instead, today’s price level has been used also for the future investments.  
 
There are also other aspects for the future that is more important and that cannot be 
handled by the present value method. Example of this is the relative cost of energy, 
material resources and labour costs. This will probably change a lot in the future but how 
is difficult to say. For these reasons, we have decided not to use the present value method 
i.e. not to take capital cost into account. Instead we present the cost for the future 
investment directly in today’s value. This means that we assume that the society in the 
future is the same as today and that no economic growth has occurred that change the 
relative ratio between the society and the production of the infrastructure products.  
 
The estimation of the different costs in the model is an important work. Different methods 
can be used and in this case we have tried to use actual costs for purchase of materials 
and rental of machines. Labour cost has been measured on site based on time studies for 
the different processes. Transport cost has been calculated based on standard prices for 
used transports. Cost calculation is always a sensitive issue and it is therefore important 
that the data used are of high quality. To provide cost data for a process or product is 
therefore relatively time consuming especially if the data collection shall include detailed 
time studies.  
 

 
Figure 34. The figure shows the effect on a cost calculation of a future investment when 
using the Present value method compared to the real cost for the investment in today’s 
price level. The future investment is 10 million Euros and the discount rate is 5 %. 
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7.2 Sensitivity analysis 
 
Sometimes it might be interesting to know how the performance of a certain parameter, 
such as CO2 emission, changes upon a change in the input data for the model. You may 
also want to know which parameters are most important for the result and how a change 
in these parameters affects the result. In a sensitivity analysis, one analyze a model based 
on a relationship between output and input in the model.  
 
The different result figures in this report show relatively well which aspects are most 
important for a particular result. You can use these figures to get an idea of how 
variations in the input data affect the final result by studying the different parts that build 
up the final result. The figures give a good overview of a particular aspect (e.g. total cost 
or energy use).  
 
In addition to such analyses, direct sensitivity analyses have been made of two model 
results (CO2 fossil fuel emissions and total cost). For each of these results, the computer 
model has selected all of the equations that have an impact on the results and added a 
variation of ±10 % to the input data and run the model 8000 times with different 
randomly selected values within the variation range of ±10 %. The results from the 
simulation calculations are then presented in a frequency diagram. These diagrams can be 
found in Figure 35 and Figure 36. As shown by the calculations, there is a fairly good 
agreement between the input and output variation and deviations are moderate. This 
indicates a relatively robust mathematical model. However, this says nothing about 
whether a variation of ±10 % reflects a real variation.  
 
 

 
Figure 35. Results from a sensitivity analysis of CO2 fossil emissions from the Rockdrain 
model.  
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Figure 36. Results from a sensitivity analysis of the total cost per m2 in the Rockdrain 
model.  
 
An equivalent sensitivity analysis was also performed of the conventional tunnel drainage 
system. 
 
The results from the simulation calculations are shown in the frequency diagrams  in 
Figure 37 and Figure 38. As shown by the calculations, there is a fairly good agreement 
between the input and output variation and deviations are moderate. This indicates a 
relatively robust mathematical model. However, this says nothing about whether a 
variation of ±10 % reflects a real variation.  
 

 
Figure 37. Results from a sensitivity analysis of CO2 fossil emissions from the model of 
the conventional drainage system.  
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Figure 38. Results from a sensitivity analysis of the total cost per m2 in the model of the 
conventional drainage system. 
 
7.3 Results 
 
In this chapter, the two drainage methods are compared and the results are analysed and 
discussed. The energy use is essential for all type of processes and a comparison can be 
found in Figure 39. As shown in the figure, the total use of primary energy is 1421 MJ/m2 
drainage during 60 years for the conventional drainage compared to 814 MJ/m2 for the 
Rockdrain system. This is an energy reduction of 43 %. A part of this reduction (~291 
MJ/m2) can be referred to the expected longer lifetime for the Rockdrain system. 
However, if the Rockdrain system meets all the technical expectations and requirements, 
this is expected to be a real energy reduction. Other reasons for the energy difference are 
of course differences in the process but also the reduced need for inspections and for 
tunnel excavation. If only the construction part is considered, the energy use for the 
conventional system is 663 MJ/m2 (construction plus additional tunnel excavation) 
compared to 516 MJ/m2 for Rockdrain. This is an energy reduction of 22.3 %. The 
maintenance, which in this case is estimated with the new construction after the lifetime, 
is reduced from 714 MJ/m2 to 276 MJ/m2. This is an energy reduction of 61.3 %. As 
shown above, a part of this reduction depends on the expected longer lifetime for the 
Rockdrain system. 
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Figure 39. The figure shows a comparative energy analysis between the Rockdrain 
system and a conventional drainage system. The analysis is based on primary energy 
resource use in MJ/m2 installed drainage during 60 years. The figure shows the energy 
use for the entire system and divided into construction, maintenance and operation for 
both the drainage systems. Both non-renewable and renewable energy resources are 
included. The additional tunnel excavation for the conventional system is also included. 
 
The difference in global warming potential (GWP) for the two systems is shown in Figure 
40. If the CO2 uptake is taken into account, the net GWP for the entire systems will be 
114 kg CO2 eq./m2 drainage during 60 years for the conventional drainage and 78.8 kg 
CO2 eq./m2 for the Rockdrain system. This is a reduction of 31 %. The reduction effect 
due to the increased lifetime for the Rockdrain system is ~32 kg CO2 eq./m2. Note that the 
potential CO2 uptake is included also for the maintenance even if that uptake mainly will 
occur after the 60 years. GWP for the construction phase for the two systems are equal, 
56.2 kg CO2 eq./m2. GWP for maintenance is higher for the conventional system 
compared to the Rockdrain system, mainly due to the lifetime effect. The CO2 balance for 
the two systems depends mainly on the material use and to a minor part also on the 
process (e.g. machine use). 
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Figure 40. The figure shows a comparative analysis of global warming potential (GWP) 
between the Rockdrain system and a conventional drainage system. The figure shows 
GWP (kg CO2 eq. per m2 drainage during 60 years) for the entire system and divided into 
construction, maintenance and operation for both the drainage systems. The additional 
tunnel driving for the conventional system is also included. 
 
The difference in costs between the two systems is obviously of great interest. It should 
be noted that the reliability and the technical quality of the systems also play a big role 
when it often can be very costly and cause huge problems to repair the system during 
operation or to renew the systems before the expected lifetime. These aspects have been 
difficult to judge in this project and have therefore been omitted. Likewise, the effect of 
preventive installation of tunnel drainage has neither been taken into account. If larger 
areas can be treated as a preventive measure by a simpler and less costly system, this 
could mean that costly additional measures can be avoided. 
 
Figure 41 shows the combined LCC results for the two systems. The entire cost for the 
conventional system (450 Euro/m2 drainage and 60 years) is significantly higher 
compared to the Rockdrain system (201 Euro/m2 drainage and 60 years). The 
construction cost has been calculated to 198 Euro/m2 (construction plus additional tunnel 
excavation) for the conventional system and 119 Euro/m2 for Rockdrain. This is a cost 
reduction of 40 %. The cost for maintenance is calculated to 215 Euro/m2 for the 
conventional system and 64.4 Euro/m2 for Rockdrain, a cost reduction of 70 %. 
Approximately 66 Euro/m2 (44 %) of the cost reduction can be referred to the difference 
in lifetime for the two systems. The cost for the additional tunnel excavation is small, 
approximately 5.3 % of the cost for the conventional drainage. The cost for operation is 
also lower for the Rockdrain system due to decreased inspection activities. The cost 
reduction in operation is calculated to 18.2 Euro/m2 during 60 years. It is however worth 
to notice that it is very difficult to predict and cover all the different activities in 
maintenance and operation during 60 years. The calculation model used for these 
calculations is relatively simple and based on a few activities. Most likely, the model will 
underestimate the activities. However, the conventional system consists of a more 
complex and less solid construction which can result in more maintenance and operation 
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activities compared to the Rockdrain system, provided however, that the Rockdrain 
system meets the technical requirements and expectations. Further technical evaluations 
of the Rockdrain system will show its true potential. 
 

 
Figure 41. The figure shows a comparative analysis of the life cycle costs (LCC) between 
the Rockdrain system and a conventional drainage system. The figure shows LCC in Euro 
per m2 drainage during 60 years for the entire system and divided into construction, 
maintenance and operation for both the drainage systems. The additional tunnel driving 
for the conventional system is also included. 
 
7.4 Comparative installation study at the tunnel in 

Hallandsås 
 
To obtain additional reference material about the installation of the Rockdrain system, a 
test surface with the Rockdrain system has been installed in the tunnel at Hallandsås in 
south Sweden. The installation work of the drainage system has been followed both from 
an LCA and LCC perspective. The installation work at the Hallandsås was then compared 
with the installation in the tunnel at Kattleberg. Three different work operations in the 
tunnel have been followed.  
 

1. Application of the drainage lattice. 
2. Application of water permeable shotcrete (regular shotcrete) on the drainage 

lattice.  
3. Application of Solbruk T. 

 
Application of the drainage lattice 
The mounting of the drainage channel lattice was done during a total period of about 3 
weeks due to shift changes in the staff and that it was important to use the same personnel 
for the entire assembly. Therefore, the work took a relatively long time. This time period 
also included the training of personnel. The research project followed the mounting work 
but was not on site all the time. Time reporting was handled by the company that did the 
work. During the mounting process, there were some minor technical problems for 

 



58 

example with the nail guns and the work was also delayed by other work in the tunnel. It 
has therefore been difficult to accurately calculate the amount of hours actually worked 
and thus also the mounting rate. A questionable time reporting was also provided by the 
installation company. A total area of 690 m2 was covered with the drainage channel 
lattice.  
 
The estimated effective working time result in the following mounting rate: 
690/150 = 4.6 m2/man-hour 
690/75 = 9.2 m2/hour and 2 persons 
 
This can be compared with the values obtained during the installation in the tunnel at 
Kattleberg: 
 
Installation rate of the channel lattice per man-hour: 6.25 m2/man-hour 
Installation rate of the channel lattice per 2 persons: 12.5 m2/hour with 2 persons 
 
As shown above, the mounting rate was somewhat higher during the installation in 
Kattleberg but the uncertainties are large so it is difficult to draw any firm conclusions 
concerning the mounting rate. The tunnel rock surface was much more uneven in the 
tunnel at Hallandsås compared to the conditions in Kattleberg where the mounting was 
done on a relatively smooth rock surface covered with shotcrete.  
 
Application of shotcrete on the drainage lattice 
After installation of the channel lattice, ordinary water permeable shotcrete is applied. 
This process is not different from normal application of shotcrete. Some caution may be 
required to prevent the channel lattice from damages. For the application of shotcrete on 
the 690 m2 Rockdrain area, 20 m3 of shotcrete was used. Reported application time was 
18 hours. This gives an application rate of about 690 m2/18 hours = 38 m2/hour or 20 
m3/18 hours = 1.1 m3 shotcrete/hour. This is a relatively low application rate and may be 
caused by several smaller application areas and therefore, time was required to move the 
spraying equipment. Normal application rate can be 50 m3 of shotcrete per 8 hour shift 
(6.25 m3/hour).  
 
Application of waterresistant shotcrete (Solbruk T) 
The spraying of the less permeable Solbruk T, which is the outermost layer in the 
Rockdrain system, caused some inexplicable difficulties during the installation at the 
tunnel in Kattleberg. An important goal for the installation in the tunnel at Hallandsås was 
thus to perform a very controlled shotcrete spraying where all operations were carried out 
according to the instructions, which of course always should be the normal case.  
 
The reason for the installation difficulties at the tunnel in Kattleberg has not been possible 
to clarify completely but some causes can be identified, such as: technical reasons (poor 
mixing control, shotcrete pump “piston pump”, poor operation handling of the spraying 
equipment such as poor machine settings), low level of knowledge and skills of the 
executors of the spraying process, lack of interest or intentional obstruction of the 
Rockdrain system. Whatever the reason, these are serious problems that result in 
significant production problems which must be avoided in future applications.  
 
The installation in the tunnel at Hallandsås began with a series of administrative 
difficulties which caused considerable disruption before work could begin, and also split 
the installation work into two phases. The team that carried out the spraying of Solbruk T 
was very experienced and had the knowledge and motivation necessary to carry out high 
quality work. The technical execution was carried out according to plan with accurate 
weighing of concrete contents and a screw pump for the shotcrete was used. The screw 
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pump provides a uniform spray. The application is a bit slower than traditional wet 
spraying but is more controlled, which is required to achieve a good final product. 
 
The production worked now without any problems. The quality of the shotcrete product 
in the tunnel was also excellent with a very smooth and even surface. From this 
installation, one can most likely conclude that the difficulties involved in the installation 
at Kattleberg can be attributed to external problems not directly related to Solbruk T or to 
the Rockdrain system. Competence, motivation and correct equipment are also essential 
to achieve a good final result. In this test area, the overall application rate has been 
estimated at about 4 m3/h. On the walls, which constituted the main part of the test area, a 
shotcrete thickness of 70 mm was applied in one layer, and the rebound was practically 
nil. This to compare with the Kattleberg test where Solbruk T was applied in two layers 
(30mm + 30 mm) and the rebound rate was significantly higher.  
 
The Solbruk T was found to have very good adhesion to the substrate, and the adhesion 
was rated as equal to or better than "regular" shotcrete. A test area of approximately 68 
m2 (approx. 75 m2 sprayed surface) was applied in Phase 1 and the total consumed 
Solbruk T was about 7.3 m3. Excluding estimated spraying losses and produced test 
samples, about 6.7 m3 Solbruk T was used. In total, the entire work took 2 hours and 15 
minutes. Estimated effective spraying capacity was about 4 m3/h, which is slightly lower 
than the value used in the model for a large normal industrial application which has been 
estimated at 6.25 m3/h.  
 
Application of Solbruk T on Phase 2 of the test area at the tunnel in Hallandsås was 
carried out some weeks later. Due to technical and economic reasons, the application was 
not performed by the same installation team and with different equipment. The same 
mixing equipment was used but with a different spraying robot. In this case, only a large 
piston pump was available. No concrete additives were used, only water was added to 
Solbruk T. The staff was not trained for this new process. There were many doubts about 
this installation, but at the same time, the situation meant that a new procedure was tested, 
which could provide additional information for the research project. However, the 
installation failed completely and the spraying robot with the piston pump was not able to 
pump and spray Solbruk T. This shows clearly the importance of correct equipment and a 
trained staff. The contrast to Phase 1, where an almost perfect result was achieved, was 
obvious. No further installation of Phase 2 was made in the research project.  
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8 Discussion 
 
The Rockdrain system has a potential as an alternative to the conventional drainage 
system. The main advantages are the reduced costs and impact on the environment as 
well as safety since it reduces the amount of combustible materials considerably, 
improved work environment and better drainage performance due to the possibility to 
drain larger tunnel areas. A lower estimated maintenance and a considerable longer 
lifetime may also be in favour for the Rockdrain system.  
 
8.1 Material properties of Solbruk T 
 
8.1.1 Compressive strength 
 
The compressive strength was determined in accordance with SS-EN 12390-3:2009. The 
results varied between 10 and 24 MPa. There are two groups of results according to 
compressive strength; the lower group with results between 10 to 13 MPa and the higher 
group with results between 18 and 24 MPa. A reason for this large scatter is that the 
density for Solbruk T is lower, approximately1400 kg/m3, for the lower result group. The 
density for batches with a higher result of compressive strength was approximately 1600 
kg/m3. The spread in the results is large. It might be because of different mixes of Solbruk 
T and the samples ages at testing. We also see that the density of Solbruk T is of major 
impact of the strength. We are not able to correct the values for the age of the sample 
because strength development curves for Solbruk T are not available. 
 
The tensile and flexural strength are not relevant methods for testing Solbruk T. 
 
The shotcrete should be manufactured in class I, the most strict class. This has not been 
done and could be the explanation to the large scatter. 
 
8.1.2 Density 
 
The density was determined for both fresh and hardened Solbruk T. The fresh density was 
measured at site in Kattleberget through measure the weight of a known volume. The 
hardened density is in accordance with SS-EN 12390-7:2009 on laboratory. The fresh 
density varied between 1340 – 1615 kg/m3. While the hardened varied between 1420 – 
1630 kg/m3. This is an indication that the mix of Solbruk T varied between the different 
test occasions. When correctly mixed and installed concrete density should be in the 
range of 1620 + 20 kg/m³. 
 
8.1.3 Water permeability 
 
The water permeability was determined in accordance with SS-EN 12390-8:2009. The 
density of Solbruk T has an influence of the water permeability, a high density about 
1600 kg/m3, gives a low depth of water penetration into the test specimens and the 
opposite with a low density. If this is a linear relationship or not is not possible to tell. 
 
According to the measurements Solbruk T is rather tight and the tightness get tighter 
when the density increases. In the measurements the penetration of water in one test was 
as low as 8 mm and that can be regarded as rather tight and the density was over 1600 
kg/m3. As a remark the tightness was as high as 123 mm for a mix with  a density just 
abow1400 kg/m3. Compared to shotcrete, the permeability of Solbruk T is a factor of 
three lower.  
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The requirements stated in the technical description are watertight concrete but it shall be 
named resistance to water entrainment, referred to BBK 04, 7.2.5  and then to SS-EN 13 
70 03. 
 
 According to SS-EN 13 70 03 the requirements are: 

- vctekv < 0.60 and 
- weight of water in concrete max 0.5 times the total weight of cement, additives 

and aggregates with a grain size <  0.25 mm. 
- During the tests it have been hard to determine the right vct but if calculated from 

values given by the concrete manufacturer the vct is around 0.30 
 
8.1.4 The frost resistance 
 
In train tunnels, is there usually no demand on the surface layer to be frost resistance 
against deicing with salt (NaCl). Sometimes the surrounding leakage water in the tunnel 
may have a high content of chlorides, and thus a salt-frost resistance should be 
formulated. In the project the frost resistance was determined in accordance with SS 13 
72 44, with 3 % NaCl solution or deionised water. Testing of the salt-frost resistance, 
with 3 % NaCl, gave the results that Solbruk T have very low scaling resistance, > 1.00 
kg/m3. The testing with deionised water gave clearly less scaling, results lower than 0.25 
kg/m3. This test result indicates that Solbruk T is not applicable in the lower parts of a 
road tunnels where salt (NaCl) is used for deicing.  
 
 
8.2 Thermal properties 
 
In Table 14 is a summary of results on thermal conductivity, diffusivity and capacity 
presented and Table 15 shows a summary of the processes occurring during the first 
heating cycle. 
 
Table 14. Summary of thermal conductivity, diffusivity and capacity. 

T (°C) λ (W/mK) α (mm2/s) Cp (MJ/m3K) Cp (kJ/kgK) 
Room temp. 0.79 0.44 1.8 1.2 

200 - - 2.6 1.7 
400 - - 3.0 2.0 
600 - - 3.5 2.3 
800 - - 3.7 2.4 

 
Table 15. Summary of the processes occurring during the first heating cycle. 

T (°C) Process Mass 
loss (%) 

Transition 
enthalpy (J/g) Reversible 

50-200 Vaporization of free and loosely 
associated H2O 15-20 2400 No 

400-460 Ca(OH)2 → CaO + H2O 1-2 25 No 
580 α-β quartz transition - 1.5 Yes 

650-750 CaCO3 → Ca + CO2 4 35-40 No 
 
The thermal properties, conductivity, diffusivity and capacity is of the same order and 
comparable with lightweight aggregate concrete with similar density. 
 
  

 



62 

8.3 Fire resistance 
 
The fire resistance of a product or building element is a measure on the time the 
product/element keeps its function regarding load bearing capacity and fire spread 
through the element. When looking on the fire resistance it is assumed that it is a fully 
developed fire, and any eventual contribution to the fire from the product/element is not 
considered. When looking on the combustibility and fire spread due to materials it is the 
reaction to fire tests that are used. Since the Rockdrain system only include very small 
amounts of combustible materials the reaction to fire tests has not been of importance, 
and thus not included in the study. In many cases regarding tunnels there is no 
requirement on the fire resistance, but in some cases there can be requirements. For 
instance submerged tunnels or tunnels where you have other structures/buildings above 
the tunnel.  
 
The fire resistance of the complete system was tested two times. The tests were 
performed in accordance with European standards regarding fire exposure and 
instrumentation. The so-called hydrocarbon fire curve in accordance with EN 1363-2 was 
used, and the duration of the fire exposure was 60 minutes.  
 
The difference between the two tests was that polypropylene fibres were added into the 
Solbruk T in the second fire test as well as both wet and dry sprayed Solbruk T were 
tested. The Solbruk T used in all other tests did not have any addition of polypropylene 
fibres, and how the fibres may influence on other properties of the system has not been 
included in the present study. 
 
Without addition of polypropylene fibres there is a great risk for spalling of Solbruk T 
when exposed to fire. With an addition of at least 0.5 kg polypropylene fibres per m3 
Solbruk T, no spalling was observed in the fire test for wet sprayed Solbruk T. 
 
When dry spraying of Solbruk T was applied, the samples spalled severely even though 
polypropylene fibres were added. One reason can be that the fibres do no stick to the 
Solbruk T when spraying, but stays in the air. Another reason can be that a too small 
amount of water was added in the nozzle when Solbruk T was dry sprayed. 
 
 
8.4 Adhesion between layers 
 
The tests were carried out in accordance with CBI method no. 6 “Determination of 
adhesion strength by testing tensile strength”. The measured adhesion strengths of the two 
different variants that contain drainage lattice are between 0.6 and 0.9 MPa. In 
accordance with the Technical description for the Kattleberg tunnel 2010-03-15 the 
requirement shall be  at least 1.0 MPa between shotcrete layers. 
 
The results show that the drainage lattice is a weak interface and that Solbruk T do not 
reach the requirements. 
 
“Betonghandboken  -Arbetsutförande, projektering och byggande” chapter 24.6, which 
refers to “BRO 94” do  recommend that the requirement on adhesion between layers shall 
be set  according to 1.0 MPa between old concrete and shotcrete. However the Norwegian 
standard says 1.0-2.0 MPa for concrete and shotcrete and 0.5-1.0 MPa for rock and 
shotcrete. 
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BBK states that the adhesion between rock and shotcrete should at least reach the tensile 
strength according to the recommendations on the construction drawing and the adhesion 
between two layers of shotcrete shall at least be 1.0 MPa. 
 
 
8.5 Drainage function 
 
8.5.1 Water permeability 
 
When testing the water permeability in the laboratory with a “leaking hose” embedded in 
Solbruk T no leakage was discovered. Although, in the tests made in the Kattleberg 
tunnel with an embedded “leaking hose” with a water pressure above 1 MPa in the 
rooftop  some leakage could be observed shortly after starting the test. The leakage 
stopped  shortly after the pressure was lowered. If the leakage was from cracks or other 
types of defects is hard to say. 
 
8.5.2 Water run-off and tolerance requirements 
 
Within our tests, we concluded that a distance more than 10 mm between the underlying 
shotcrete and the drainage lattice make that the system will not perform as intended. As 
the tunnel is supported with shotcrete prior to mounting the drainage lattice, the 
roughness of the roof and walls is much smoother than the newly blasted. The shotcrete 
supported tunnel in Kattleberg can probably recall a typical unevenness for blasted 
tunnels. The drainage lattice was nailed in 35 – 60 % of the attachment points on the 
lattice, which seems to be sufficient for this kind of tunnel. The intensity of nailing points 
must of course be adjusted for local ruggedness. 
 
 
8.6 Environment and economy 
 
The environmental (LCA) and economic (LCC) performance of the two drainage systems 
have been calculated, analysed and compared. The analyses shows many advantages for 
the new Rockdrain system compared to the conventional drainage system.  
 
The energy use is essential for all type of processes. The total use of primary energy is 
1400 MJ/m2 drainage during 60 years for the conventional drainage compared to 820 
MJ/m2 for the Rockdrain system. This is an energy reduction of 43 %. A part of this 
reduction (~290 MJ/m2) can be referred to the expected longer lifetime for the Rockdrain 
system. 
 
If the CO2 uptake is taken into account, the net GWP for the entire systems will be 110 kg 
CO2 eq./m2 drainage during 60 years for the conventional drainage and 79 kg CO2 eq./m2 
for the Rockdrain system. This is a reduction of 31 %. The reduction effect due to the 
increased lifetime for the Rockdrain system is ~32 kg CO2 eq./m2.  
 
The entire life cycle cost for the conventional system (450 Euro/m2 drainage and 60 
years) is significantly higher compared to the Rockdrain system (200 Euro/m2 drainage 
and 60 years). This is an overall cost reduction of 55 %. The construction cost has been 
calculated to 200 Euro/m2 (construction plus additional tunnel excavation) for the 
conventional system and 120 Euro/m2 for Rockdrain system. This is a cost reduction of 
40 %. 
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The technical long term properties of the Rockdrain system are still relatively untested, 
but so far, technical tests show very promising results. Provided that the Rockdrain 
system also meets the technical requirements, the Rockdrain system must be regarded as 
a very good alternative to the current tunnel drainage system. Future industrial 
applications of the Rockdrain system will show its true potential. 
 
 
8.7 Mounting of the system 
 
Due the rhomboid formation the channel lattice is fairly easy to form on rough surface. 
As the distance between supported rock and channel lattice must be held at a maximum of 
10 mm, there can sometimes be hard to mount it vertically and regular. The problem is 
sometimes solved by cutting channel lattices or joint fragments of channel lattices. 
Sometimes separate couplings with fitting laps could ease mounting and enhance result. 
 
The channel lattice is produced in 1,2 m long mats. It is of great importance to connect 
the channels vertical which seems to be labour intensive, especially when the rock surface 
is rough. Therefore it can possibly be profitable to produce longer mats. 
 
 
Details included in the Rockdrain system is low weight, compact and smooth compared 
to conventional drainage systems, which enables easy workable mounting. What can be 
strenuous for labour in the long run is handling the nailing equipment. It would be 
beneficial for workability and work environment to find an alternative low weight 
equipment. It is also a good idea to change job between members of the working team to 
avoid strain and stress. 
 
As mounting accuracy is of great importance for the systems function, personnel must be 
trained and approved before installing the Rockdrain system. 
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9 Conclusion 
 
An alternative system for water drainage in rock tunnels, Rockdrain, have been examined, 
and to some extent compared with a conventional drainage system, i.e. regarding 
LCC/LCA. 
 
The Rockdrain system was mounted in full scale in the Kattleberg tunnel, a railway 
tunnel north of Göteborg, as well as on concrete slabs to be used for laboratory tests. All 
manufacturing of test specimens was made in Kattleberg, and thereafter transported to 
SP/CBI in Borås. 
 
The mounting of the drainage lattice worked well and it was possible to mount 12.5 m2/h 
by two men. In order to have a good drainage the lattice must be fixed close to the 
surface, with a maximum distance of 10 mm.  
 
The spraying of Solbruk T, i.e. the insulating and watertight outer layer of the Rockdrain 
system was more difficult. Since the Solbruk T is a very different product compared to 
conventional shotcrete, the requirements on quality control and equipment is different.  
The mechanical properties of Solbruk T were measured in laboratory. In one of the 
batches with specimens, spraying at one occasion, the density was considerably lower 
than expected and subsequently also the mechanical properties. The reason for this is not 
fully clear, although it most certainly has to do with the procedure of applying the 
Solbruk T. When correctly applied the mechanical properties of Solbruk T is satisfying. 
 
The thermal properties of Solbruk T is comparable with other lightweight concrete 
products with similar density. 
 
Solbruk T has enough frost resistance for application in railway tunnels. In road tunnels 
where deicing salts is used, the system must be protected. 
 
The water leakage through Solbruk T was tested in the Kattleberg tunnel as well as in the 
laboratory. The tests performed in the laboratory did not show any leakage, but in the 
tests in the Kattleberg tunnel some leakage could be observed when a water pressure of 1 
MPa was applied. The leakage stopped when the pressure was decreased. 
 
The Rockdrain system does not contain any substantial volumes of combustible materials 
and will thus not contribute to fire. In some cases there can be requirements on fire 
resistance in the tunnel, i.e. requirements on the load bearing capacity of the structure. To 
obtain a fire resistant system polypropylene fibres must be added to Solbruk T. A 
minimum of 0.5 kg fibres per m3 Solbruk T is recommended. The fibres shall have a 
diameter less than 40 μm and a length less than 10 mm. Solbruk T must be wet sprayed. 
When dry spraying the risk for fire spalling is great, even if polypropylene fibres are 
used. 
 
The environmental (LCA) and economic (LCC) performance of the two drainage systems 
have been calculated, analysed and compared. The analyses shows many advantages for 
the new Rockdrain system compared to the conventional drainage system, i.e. an energy 
reduction of 43 % and an overall cost reduction of 55 %.  
 
The technical long term properties of the Rockdrain system are still relatively untested, 
but so far, technical tests show very promising results. Provided that the Rockdrain 
system also meets the technical requirements, the Rockdrain system must be regarded as 
a very good alternative to the current tunnel drainage system. Future industrial 
applications of the Rockdrain system will show its true potential. 
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Appendix A: Determination of material parameters 
 
 
1 Objective 
 
To determine material parameters for Solbruk T and shotcrete cover in the laboratory. 
 
2 Scope of testing 
 
Test panels were wet shotcreted by the contractor for testing in the laboratory on four 
occasions. The Swedish Cement and Concrete Research Institute (CBI) were only present 
on one of the four occasions when test panels were made. CBI does not know which 
formulas were used for making the shotcrete cover and Solbruk T on each occasion. 
 
3 Test methods 
 
Plywood test panels with bevelled edges were prepared at CBI in Borås in accordance 
with SS-EN 14488-1:2005 “Testing sprayed concrete – Part 1: Sampling fresh and 
hardened concrete”, then delivered to the tunnel. The contractor wet sprayed the shotcrete 
cover followed by Solbruk T. The panels were membrane-cured after spraying, and then 
covered with plastic sheet, according to the contractor. The panels were stored in the 
tunnel until they could be transported to CBI in Borås. 
 
After arrival at CBI in Borås the test panels were stored in the laboratory until they were 
ready for cutting. The test panels were then cut into the specimen sizes required for each 
of the test methods. Cores were also drilled out of the test panels for determining tensile 
strength. 
 
The compressive strength was determined in accordance with SS-EN 12390-3:2009 
“Testing hardened concrete – Part 3: Compressive strength of test specimens”. This 
involves loading the test specimens to failure in a press at a rate of 0.6 MPa/s. The 
maximum load that the test specimens are subjected to is recorded and the compressive 
strength of the concrete is then calculated. The test specimens were cubic in shape with a 
side length of 100 mm. 
 
The density was determined in accordance with SS-EN 12390-7:2009 “Testing hardened 
concrete – Part 7: Density”. This was carried out at the same time as the determination of 
compressive strength.  
 
The water permeability was determined in accordance with SS-EN 12390-8:2009 
“Testing hardened concrete – Part 8: Water penetration under pressure”. This involves 
subjecting the surface of the test specimen to water at a pressure of 500 ± 50 kPa for 
72 ± 2 hours. The test specimen was then broken open and the depth of water penetration 
was measured.  
 
The tensile strength was determined in accordance with CBI method no. 6 
“Determination of adhesion strength by testing tensile strength”. The tensile strength was 
determined by loading a test specimen in tension until failure in a tensile testing machine. 
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The flexural strength was determined in accordance with SS-EN 12390-5:2009 “Testing 
hardened concrete – Part 5: Flexural strength of test specimens”. Test specimens 
measuring 100 x 100 x 400 mm were subjected to loading at the top and bottom edges of 
the beam. The maximum load was recorded and the flexural strength then calculated.  
 
The frost resistance was determined in accordance with SS 13 72 44, revision 4, 
procedure IA or IB, which involves testing a sawn surface with 3% NaCl solution or 
deionised water. The surface has an area of 225 cm2, i.e. a side length of 15 cm. Testing 
was carried out for 56 cycles. One cycle takes 24 hours and the temperature is reduced 
from +20°C to –20°C over a 12-hour period, held constant at –20°C for 4 hours, then 
increased to +20°C over an 8-hour period. The freeze cycles are specified in the standard. 
 
4 Test results 
 
4.1 First series of test panels 
 
Date of manufacture: 19-01-2011 and 02-02-2011 
Arrived at CBI, Borås: 11-02-2011 and 18-02-2011 
 
4.1.1 Compressive strength 
 
Shotcrete cover 
Date of manufacture: 19-01-2011 
Date of testing: 16-02-2011 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
17-8 28 2190 339 33.4 - 
17-9 28 2200 409 40.3 - 
17-10 28 2190 392 38.8 - 
Mean value: - 2190 - 37.5 - 
Standard dev.: - 10 - 3.6 - 
 
Solbruk T 
Date of manufacture: 19-01-2011 
Date of testing: 16-02-2011 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
21-8 28 1610 198 20.0 - 
21-9 28 1610 200 20.1 - 
21-10 28 1630 210 21.0 - 
Mean value: - 1610 - 20.4 - 
Standard dev.: - 10 - 0.56 - 
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Solbruk T 
Date of manufacture: 02-02-2011 
Date of testing: 03-03-2011 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
24-8 36 1606 185 18.5 - 
24-9 36 1608 186 18.6 - 
24-10 36 1605 183 18.2 - 
Mean value: - 1606 - 18.4 - 
Standard dev.: - 2 - 0.20 - 
 
4.1.2 Water permeability 
 
Shotcrete cover  
Date of manufacture: 19-01-2011 
Date of testing: 15–18-02-2011 
Test specimen Age at  Penetration depth Remarks 
Marking start 

(days) 
Max. depth 

(mm) 
Mean depth 

(mm) 
 

17 – 5 27 33 27 - 
17 – 6 27 29 21 - 
17 – 7 27 32 26 - 
Mean value: - 31 25 - 
 
Solbruk T 
Date of manufacture: 19-01-2011 
Date of testing: 15–18-02-2011 
Test specimen Age at  Penetration depth Remarks 
Marking start 

(days) 
Max. depth 

(mm) 
Mean depth 

(mm) 
 

21 – 5 27 8 6 - 
21 – 6 27 11 8 - 
21 – 7 27 17 12 - 
Mean value: - 12 9 - 
 
Solbruk T 
Date of manufacture: 02-02-2011 
Date of testing: 01–04-03-2011 
Test specimen Age at  Penetration depth Remarks 
Marking start 

(days) 
Max. depth 

(mm) 
Mean depth 

(mm) 
 

24 – 5 34 14 12 - 
24 – 6 34 16 10 - 
24 – 7 34 11 8 - 
Mean value: - 14 10 - 
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4.1.3 Tensile strength 
 
Shotcrete cover 
Date of manufacture: 19-01-2011 
Date of testing: 16-02-2011    
Test specimen Diameter Area Failure 

load 
Tensile strength Remarks 

Marking  (mm)  (mm2) (N) (MPa)  
18-14 64.2 3237 3434 1.06 - 
18-15 64.2 3237 5433 1.68 - 
18-16 64.2 3237 3542 1.09 - 
Mean value: - - - 1.28 - 
Standard dev.: - - - 0.35 - 
 
Solbruk T 
Date of manufacture: 19-01-2011 
Date of testing: 16-02-2011 
Test specimen Diameter Area Failure 

load 
Tensile strength Remarks 

Marking  (mm)  (mm2) (N) (MPa)  
22-14 64.2 3237 2570 0.79 - 
22-15 64.2 3237 2481 0.77 - 
22-16 64.2 3237 2319 0.72 - 
Mean value: - - - 0.76 - 
Standard dev.: - - - 0.04 - 
 
Solbruk T 
Date of manufacture: 02-02-2011 
Date of testing: 03-03-2011 
Test specimen Diameter Area Failure 

load 
Tensile strength Remarks 

Marking  (mm)  (mm2) (N) (MPa)  
23-14 64.2 3237 2090 0.65 - 
23-15 64.2 3237 1676 0.52 - 
23-16 64.2 3237 1894 0.59 - 
Mean value: - - - 0.58 - 
Standard dev.: - - - 0.06 - 
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4.1.4 Flexural strength 
 
Shotcrete cover 
Date of manufacture: 19-01-2011 
Date of testing: 16-02-2011    
Test specimen Length Width Weight Weight Wet 

density 
Failure 

load 
Flexural 
strength 

Marking  (mm)  (mm) (mm) (kg) (kg/m3) (kN) (MPa) 
18-11 400.5 99.8 100.7 9.13 2269 11.7 5.2 
18-12 400.7 100.6 100.0 9.13 2265 11.2 5.0 
18-13 400.0 100.2 99.4 9.00 2260 11.6 5.3 

Mean value: - - - - 2265 - 5.2 
Standard dev.: - - - - 5 - 0.2 
 
Solbruk T  
Date of manufacture: 19-01-2011 
Date of testing: 16-02-2011    
Test specimen Length Width Weight Weight Wet 

density 
Failure 

load 
Flexural 
strength 

Marking  (mm)  (mm) (mm) (kg) (kg/m3) (kN) (MPa) 
22-11 400.8 100.2 100.1 6.65 1653 9.6 4.3 
22-12 400.7 100.1 99.5 6.64 1665 8.7 3.9 
22-13 400.2 100.6 99.4 6.64 1659 9.5 4.3 

Mean value: - - - - 1659 - 4.2 
Standard dev.: - - - - 6 - 0.2 
 
Solbruk T  
Date of manufacture: 19-01-2011 
Date of testing: 16-02-2011    
Test specimen Length Width Weight Weight Wet 

density 
Failure 

load 
Flexural 
strength 

Marking  (mm)  (mm) (mm) (kg) (kg/m3) (kN) (MPa) 
23-11 400.2 100.8 99.6 6.63 1650 8.72 3.9 
23-12 399.8 100.1 99.3 6.54 1646 8.69 4.0 
23-13 400.2 100.3 99.7 6.60 1651 8.40 3.8 

Mean value: - - - - 1649 - 3.9 
Standard dev.: - - - - 3 - 0.1 
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4.1.5 Frost resistance 
 
Shotcrete cover 
Frost resistance of sawn surface with 3% NaCl solution.  

Date of manufacture: 19-01-2011 
Start date: 21-02-2011  
Total weight of scaled material after n±1 cycles (kg/m2)   
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
171 0.55 0.78 0.97 1.09 1.16 Scaling of concrete 
172 0.71 1.00 1.24 1.31 1.37 Scaling of concrete 
173 0.50 0.75 1.11 1.22 1.34 Scaling of concrete 
174 0.71 1.05 1.36 1.39 1.40 Scaling of concrete 
Mean value: 0.62 0.90 1.17 1.25 1.32 - 
 
Solbruk T 
Frost resistance of sawn surface with 3% NaCl solution.  

Date of manufacture: 19-01-2011 
Start date: 21-02-2011  
Total weight of scaled material after n±1 cycles (kg/m2)  
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
211 0.49 0.85 0.97 0.99 1.00 Scaling of mortar 
212 0.76 1.91 3.99 5.79 5.91 Scaling of mortar 
213 0.70 1.66 3.57 5.32 5.56 Scaling of mortar 
214 0.99 2.46 4.79 6.52 6.97 Scaling of mortar 
Mean value: 0.74 1.72 3.33 4.65 4.86 - 
 
Solbruk T 
Frost resistance of sawn surface with 3% NaCl solution.  

Date of manufacture: 02-02-2011 
Start date: 10-03-2011  
Total weight of scaled material after n±1 cycles (kg/m2) 
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
241 0.61 1.59 4.58 7.20 9.10 Scaling of mortar 
242 0.86 1.82 1.93 2.22 2.96 Scaling of mortar 
243 1.08 2.69 5.24 7.00 8.64 Scaling of mortar 
244 0.53 1.31 3.30 5.91 6.88 Scaling of mortar 
Mean value: 0.77 1.85 3.76 5.58 6.89 - 
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4.2 Second series of test panels 
 
Date of manufacture: 22-06-2011 
Arrived at CBI, Borås: 08-07-2011 and 15-07-2011 
 
4.2.1 Compressive strength 
 
Solbruk T 
Date of testing: 15-08-2011 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
12-8 54 1610 238 23.3 - 
12-9 54 1580 230 22.4 - 
12-10 54 1600 240 23.7 - 
Mean value: - 1600 - 23.1 - 
Standard dev.: - 20 - 0.7 - 
 
Solbruk T 
Date of testing: 15-08-2011 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
15-8 54 1640 238 23.6 - 
15-9 54 1640 254 25.2 - 
15-10 54 1620 245 24.4 - 
Mean value: - 1630 - 24.4 - 
Standard dev.: - 10 - 0.8 - 
  
4.2.2 Water permeability 
 
Solbruk T 
Date of testing: 23–25-08-2011 
Test specimen Age at  Penetration depth Remarks 
Marking start 

(days) 
Max. depth 

(mm) 
Mean depth 

(mm) 
 

12 – 5 - 17 10 - 
12 – 6 - 9 7 - 
12 – 7 - 14 12 - 
Mean value: - 13 10 - 
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4.2.3 Frost resistance 
 
Solbruk T 
Frost resistance of sawn surface with 3% NaCl solution.  

Date of manufacture: 22-06-2011 
Start date: 05-09-2011  
Total weight of scaled material after n±1 cycles (kg/m2) 
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
12-1 0.34 0.61 1.02 1.06 1.14 Scaling of mortar 
12-2 0.39 0.54 0.76 1.14 1.18 Scaling of mortar 
12-3 0.52 0.68 1.04 1.36 1.62 Scaling of mortar 
12-4 0.44 0.63 1.05 1.50 2.09 Scaling of mortar 
Mean value: 0.42 0.63 0.97 1.27 1.51 - 
 
Solbruk T 
Frost resistance of sawn surface with deionised water.  

Date of manufacture: 22-06-2011 
Start date: 05-09-2011 
Total weight of scaled material after n±1 cycles (kg/m2)  
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
14-1 0.03 0.04 0.05 0.05 0.05 - 
14-2 0.05 0.06 0.08 0.10 0.12 - 
14-3 0.04 0.05 0.06 0.06 0.06 - 
14-4 0.03 0.04 0.05 0.06 0.06 - 
Mean value: 0.04 0.05 0.06 0.07 0.07 - 
 
Solbruk T 
Frost resistance of top surface with 3% NaCl solution.  

Date of manufacture: 22-06-2011 
Start date: 05-09-2011  
Total weight of scaled material after n±1 cycles (kg/m2)  
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
13-1 1.26 1.91 2.22 2.24 2.27 Scaling of mortar 
13-2 0.74 1.46 3.07 3.74 4.27 Scaling of mortar 
13-3 1.05 2.28 5.32 7.22 8.00 Scaling of mortar 
13-4 1.08 2.23 4.63 6.44 6.69 Scaling of mortar 
Mean value: 1.03 1.97 3.81 4.91 5.31 - 
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Solbruk T 
Frost resistance of top surface with deionised water.  

Date of manufacture: 22-06-2011 
Start date: 05-09-2011  
Total weight of scaled material after n±1 cycles (kg/m2)  
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
13-5 0.12 0.28 1.41 4.97 6.52 Scaling of mortar 
13-6 0.24 0.41 0.71 0.85 0.92 Scaling of mortar 
13-7 0.13 0.20 0.32 0.48 0.55 Scaling of mortar 
13-8 0.13 0.21 0.42 0.83 1.07 Scaling of mortar 
Mean value: 0.16 0.28 0.71 1.78 2.27 - 
 
4.3 Third series of test panels 
 
Date of manufacture: 23-09-2011 
 
4.3.1 Compressive strength 
 
Solbruk T 
Date of testing: 29-11-2011 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
1:1 67 1380 89 8.6 - 
1:2 67 1420 89 8.7 - 
1:3 67 1460 115 11.1 - 
Mean value: - 1420 - 9.5 - 
Standard dev.: - 40 - 1.4 - 
 
Solbruk T 
Date of testing: 29-11-2011 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
2:1 67 1410 128 12.4 - 
2:2 67 1440 131 12.7 - 
2:3 67 1450 142 13.8 - 
Mean value: - 1430 - 13.0 - 
Standard dev.: - 20 - 0.7 - 
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Solbruk T 
Date of testing: 09-01-2012 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
2-1 110 1440 115 11.4 - 
2-2 110 1440 117 11.7 - 
2-3 110 1430 118 11.8 - 
Mean value: - 1440 - 11.6 - 
Standard dev.: - 0 - 0.2 - 
 
Solbruk T 
Date of testing: 09-01-2012 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
3-1 110 1490 138 13.8 - 
3-2 110 1410 126 12.6 - 
3-3 110 1440 118 11.8 - 
Mean value: - 1450 - 12.7 - 
Standard dev.: - 40 - 1.0 - 
 
4.3.2 Water permeability 
 
Solbruk T  
Date of testing: 28-11-2012–12-01-2012 
Test specimen Age at  Penetration depth Remarks 
Marking start 

(days) 
Max. 
depth 
(mm) 

Mean depth 
(mm) 

 

2:4 23/9 66 123 - - 
2:5 23/9 66 57 - - 
2:6 23/9 66 93 - - 
Mean value: - 91 - - 
 
4.3.3 Frost resistance 
 
Solbruk T 
Frost resistance of sawn surface with 3% NaCl solution.  

Date of manufacture: 23-09-2011 
Start date: 09-12-2011  
Total weight of scaled material after n±1 cycles (kg/m2) 
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
1-4 1.85 3.36 5.51 5.60 5.65 Scaling of mortar 
1-5 1.95 3.58 6.58 6.66 6.85 Scaling of mortar 
1-6 1.27 2.27 2.70 2.93 3.06 Scaling of mortar 
Mean value: 1.69 3.07 4.93 5.06 5.19 - 
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Solbruk T 
Frost resistance of sawn surface with deionised water.  

Date of manufacture: 23-09-2011 
Start date: 09-12-2011  
Total weight of scaled material after n±1 cycles (kg/m2) 
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
1-7 0.06 0.09 0.11 0.11 0.12 - 
1-8 0.13 0.19 0.23 0.23 0.24 - 
1-9 0.10 0.16 0.23 0.24 0.25 - 
Mean value: 0.10 0.15 0.19 0.20 0.20 - 
 
Solbruk T 
Frost resistance of sawn surface with 3% NaCl solution.  

Date of manufacture: 23-09-2011 
Start date: 12-01-2012  
Total weight of scaled material after n±1 cycles (kg/m2) 
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
24 1.49 1.67 2.19 2.22 2.24 Scaling of mortar, dry 
25 1.66 2.88 3.52 3.75 3.95 Scaling of mortar, dry 
26 1.97 3.64 3.72 3.76 3.98 Scaling of mortar, dry 
Mean value: 1.71 2.73 3.14 3.24 3.39 - 
 
Solbruk T 
Frost resistance of sawn surface with deionised water.  

Date of manufacture: 23-09-2011 
Start date: 12-01-2012 
Total weight of scaled material after n±1 cycles (kg/m2) 
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
34 0.04 0.06 0.06* 0.08* 0.08* * Dry/Damp 
35 0.04 0.08 0.16 0.31 0.43 * Dry/Damp 
36 0.06 0.11 0.12* 0.13* 0.16* * Dry/Damp 
Mean value: 0.05 0.08 0.12 0.17 0.23 - 
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4.4 Fourth series of test panels 
 
Date of manufacture: 24-02-2012 
 
4.4.1 Compressive strength 
 
Solbruk T 
Date of testing: 26-03-2012 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
2:1 31 1642 267 26.2 - 
2:2 31 1648 258 25.3 - 
2:3 31 1578 214 20.9 - 
Mean value: - 1623 - 24.1 - 
Standard dev.: - 39 - 2.8 - 
 
Solbruk T 
Date of testing: 26-03-2012 
Test specimen Age Density Failure 

load 
Compressive 

strength 
Remarks 

Marking (days) (kg/m3) (kN) (MPa)  
5:1 31 1610 219 21.5 - 
5:2 31 1614 235 23.0 - 
5:3 31 1584 230 22.5 - 
Mean value: - 1602 - 22.3 - 
Standard dev.: - 16 - 0.8 - 
 
4.4.2 Water permeability 
 
Solbruk T 
Date of testing: 26–29-03-2012 
Test specimen Age at  Penetration depth Remarks 
Marking start 

(days) 
Max. depth 

(mm) 
Mean depth 

(mm) 
 

2:1 31 9 - - 
2:2 31 9 - - 
2:3 31 - - Cracked on mounting 
Mean value: - 9 - - 
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4.4.3 Frost resistance 
 
Solbruk T 
Frost resistance of sawn surface with 3% NaCl solution.  

Date of manufacture: 24-02-2012 
Start date: 02-04-2012  
Total weight of scaled material after n±1 cycles (kg/m2) 
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
1-4 0.14 0.24 0.32 0.38 0.56 Scaling of concrete 
1-5 0.15 0.23 0.30 0.38 0.51 Scaling of concrete 
1-6 0.18 0.32 0.46 0.62 0.80 Scaling of concrete 
Mean value: 0.16 0.26 0.36 0.46 0.62 - 
 
Solbruk T 
Frost resistance of sawn surface with deionised water. 

Date of manufacture: 24-02-2012 
Start date: 02-04-2012 
Total weight of scaled material after n±1 cycles (kg/m2) 
Test specimen Number of cycles (n±1) Remarks 
Marking 7 14 28 42 56  
1-7 0.02 0.02 0.02 0.02 0.03 - 
1-8 0.03 0.04 0.04 0.05 0.05 - 
1-9 0.01 0.01 0.02 0.02 0.02 - 
Mean value: 0.02 0.02 0.03 0.03 0.03 - 
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Appendix B: Performance of Rockdrain system 
 
 
1 Objective 
 
To determine the performance of the Rockdrain system in the laboratory. Testing of the 
system with regard to water run-off, tolerance requirements and adhesion between layers. 
 
2 Scope of testing 
 
The performance of the Rockdrain system was examined by looking at the way that water 
is transported through the drainage lattice.  
 
2.1 Water run-off and tolerance requirements 
Concrete slabs measuring 120 x 80 cm (EU pallet) were manufactured by SP Fire 
Technology to provide a substrate for the Rockdrain system. The slabs were transported 
to Kattleberg to allow mounting and spraying of the system, which was carried out by the 
contractor. The contractor’s task was to mount the drainage lattice on the slab. To assess 
the effect of tolerance variations on how closely the drainage lattice comes in contact 
with the substrate the lattice was mounted on spacers at different heights. The spacers 
were made from plastic tube. On some of the test slabs a permeable water hose was 
mounted level with the drainage lattice by staff from CBI, see Figure 1. 

 

 
Figure 1. Test slab with drainage lattice and permeable water hose. 
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2.2 Adhesion between layers 
 
EU pallets (120 x 80 cm) with a plywood facing were used as a base to wet shotcrete a 
substrate of shotcrete of the same type used for rock reinforcement in the tunnel.  
CBI was not involved in the various stages of this work. CBI does not know which 
formulas were used for manufacturing the rock reinforcement, shotcrete cover or Solbruk 
T on each occasion. 
 
2.2.1 Test slabs, series 1 
 
Preparations were made in the tunnel in Kattleberg in January 2011 by mounting the 
lattice and wet shotcreting the rock reinforcement for the various systems. The final wet 
shotcreting with Solbruk T took place on 19-01-2011 and 02-02-2011. All the slabs were 
sent to SP/CBI Borås. On arrival it was found that several of the slabs did not meet the 
specifications given in Table 1. For example the test panels had been wet shotcreted with 
fibre-reinforced shotcrete instead of shotcrete cover, and the flushing hose was missing. 
The test panels with 25 mm spacers were excluded from testing because of difficulties in 
attaching the lattice to the underlying concrete slab. It was decided that a new series of 
test panels/substrates should be prepared and sent to the tunnel in Kattleberg so that new 
slabs could be made in accordance with the specification in table 1.  
 
2.2.2 Test slabs, series 2 
 
A new series of test panels were prepared and delivered to the tunnel in Kattleberg, for 
application of the Rockdrain system by the contractor as specified in Table 1. Preparation 
of the test slabs was carried out on 22-06-2011 and they were then sent to CBI, where 
they arrived on 08-07-2011 and 15-07-2011. 
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Table 1. Specification for test slabs with Rockdrain system. 
Test 
no. 

Arrival date 
CBI Type of test Material 

0 15-07-2011 
Tolerance requirements for 
installing drainage lattice 

No spacer = 0 mm 

Concrete slab 
Drainage lattice 
Shotcrete cover 

Solbruk T 

1 15-07-2011 
Tolerance requirements for 
installing drainage lattice 

5 mm from concrete surface  

Concrete slab 
Drainage lattice 
Shotcrete cover 

Solbruk T 

2 15-07-2011 
Tolerance requirements for 
installing drainage lattice 

10 mm from concrete surface 

Concrete slab 
Drainage lattice 
Shotcrete cover 

Solbruk T 

3 15-07-2011 
Tolerance requirements for 
installing drainage lattice 

15 mm from concrete surface 

Concrete slab 
Drainage lattice 
Shotcrete cover 

Solbruk T 

4 15-07-2011 
Tolerance requirements for 
installing drainage lattice 

20 mm from concrete surface 

Concrete slab 
Drainage lattice 
Shotcrete cover 

Solbruk T  

5 15-07-2011 Water run-off  

Concrete slab 
Drainage lattice 

Covering water hose – vertical 
Shotcrete cover  

Solbruk T 

6 15-07-2011 Water run-off 

Concrete slab 
Drainage lattice 

Covering water hose – vertical 
Shotcrete cover  

Solbruk T 

7 15-07-2011 Water run-off 

Concrete slab 
Drainage lattice 

Covering water hose + flushing 
device 

Shotcrete cover  
Solbruk T 

8 08-07-2011 Water run-off 

Concrete slab 
Drainage lattice 
Flushing device 
Shotcrete cover  

Solbruk T 

9 08-07-2011 Testing adhesion between 
layers 

Rock reinforcement 
Drainage lattice 
Shotcrete cover  

Solbruk T 

10 08-07-2011 Testing adhesion between 
layers 

Rock reinforcement 
Drainage lattice 
Shotcrete cover 

11 08-07-2011 Testing adhesion between 
layers 

Shotcrete cover 
Solbruk T 
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3 Test procedure 
 
3.1 Tolerance requirements for installing drainage lattice 
 
The slabs were brought into the laboratory and supported at different angles with the aid 
of a gantry crane. A water hose was connected to the opening in the drainage lattice duct 
on the short side of the concrete slab. Observations were made immediately after the 
water was connected and for a number of days afterwards. In some cases it was necessary 
to cut the short sides of the slabs cleanly in order to connect the water hose and to make 
observations, since the Solbruk T had been wet shotcreted over the edges. Strips were 
also cut from the panels with lattice mounted on spacers over the substrate to see how the 
shotcrete had back-filled the ducts. 
 
3.2 Water run-off 
 
The procedure was the same as for determining the tolerance requirements for installing 
drainage lattice.  
 
3.2.1 Adhesion between layers 
 
To determine the adhesion between the different layers, cores with a diameter of around 
65 mm were drilled through all the material layers. The aim was to include as little of the 
drainage lattice as possible, which was very difficult to achieve. Core drilling was carried 
out with a water-cooled drill. In some cases it was not possible to remove the cores in a 
single piece. 
 
Testing was carried out in accordance with CBI method no. 6 “Determination of adhesion 
strength by testing tensile strength”, which is effectively as follows: The cores are cut and 
ground at both ends to a suitable length, preferably 2 x d where d is the core diameter. 
The aim is to place the adhesion zone in the centre of the test specimen. The test 
specimens were stored in air until they could be tested. The adhesion strength was 
determined by tensile loading the test specimens until failure in a tensile testing machine. 
The adhesion strength was calculated as the failure load divided by the cross-sectional 
area. 
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4 Test results 
 
4.1 Tolerance requirements for installing drainage lattice 
 
4.1.1 Test no. 0 – no spacer (reference) 
 
Start: 14-11-2011 
Finish: 16-11-2011 
Water passed easily through the ducts in the drainage lattice. The test panel was 
suspended with Solbruk T facing downwards. There was no penetration of water through 
the Solbruk T. 
 
4.1.2 Test no. 1 – 5 mm spacer 
 
Start: 16-11-2011 
Finish: 18-11-2011 
Water passed slightly less easily through the ducts than for slab no. 0 – no spacer. The 
test panel was suspended with Solbruk T facing downwards. There was no penetration of 
water through the Solbruk T. 
 

 
 
4.1.3 Test no. 2 – 10 mm spacer 
 
Start: 18-11-2011 
Finish: 25-11-2011 
The test panel was suspended with Solbruk T facing downwards. There was no 
penetration of water through the Solbruk T. The water was fed in to the short side of the 
test panel. Initially the water ran out of the nearby ducts on the same side of the panel as 
it was fed in. The test panel was removed and the overhanging Solbruk T was cut cleanly 
from the side of the panel opposite that where the water was fed in. The water supply was 
connected again and after some delay the water began running from two ducts. 
On the side of the panel that had been cut it could be seen that the ducts were more or less 
filled by the shotcrete cover. The test panel was removed and numerous transverse strips 
were cut out to see how “free” the ducts were of the shotcrete cover. With the spacers set 
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at 10 mm the shotcrete cover had penetrated between the concrete slab and the lattice, 
blocking the ducts. Between the spacers, the lattice had been pressed closer to the 
concrete slab than 10 mm by the pressure of spraying the permeable shotcrete. This 
allowed the water to be transported through the ducts. 
 
4.1.4 Test no. 3 – 15 mm spacer 
 
Start: 25-11-2011 
Finish: 30-11-2011 
The water was fed in to the short side of the test panel through a single duct. The other 
ducts were sealed by the shotcrete cover. The water was only able to penetrate all the way 
through the duct system at one point. Very little water came out on the other side. 
 
4.1.5 Test no. 4 – 20 mm spacer 
 
Start: 18-11-2011 
Finish: 25-11-2011 
The water was fed in to the short side of the test panel through a single duct. The other 
ducts were sealed by the shotcrete cover. No visible water emerged from the opposite 
side. 

 
 

4.2 Water run-off 
 
4.2.1 Test no. 5 – covering water hose – vertical 
 
Start: 11-11-2011 
Finish: 14-11-2011 
The water was fed in through the permeable water hose and ran out easily through the 
ducts in the drainage lattice on both short sides. The test panel was suspended with 
Solbruk T facing downwards. There was no penetration of water through the Solbruk T. 
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4.2.2 Test no. 6 – covering water hose 

 
Start: 09-11-2011 
Finish: 11-11-2011 
The water was fed in through the permeable water hose and ran out easily through the 
ducts in the drainage lattice on both short sides. The test panel was suspended with 
Solbruk T facing downwards. There was no penetration of water through the Solbruk T. 
The flushing hose lay at an angle on the slab and could not be used because of incorrect 
spraying. 
 
4.2.3 Test no. 7 – covering water hose + duct for flushing system 
 
Start: 07-12-2011 
Finish: 22-12-2011 
The water was fed in through the permeable water hose and ran out easily through the 
ducts in the drainage lattice on both short sides. The test panel was suspended with 
Solbruk T facing downwards. There was no penetration of water through the Solbruk T. 
The water was connected to the flushing hose. No water emerged from the ducts around 
the slab. The slab was removed and the overhanging Solbruk T was cut away from one 
short side. The water was reconnected to the flushing hose but the result was the same: no 
water emerged from the ducts around the slab. It is likely that the flushing hose was 
damaged during spraying and lies at an angle. 
 
4.2.4 Test no. 8 – duct for flushing system 
 
Start: 02-01-2012 
Finish: 03-01-2012 
The water was connected to the flushing hose. The flushing hose leads the water through 
the hose and into the duct system. The water ran out through the ducts in the test slab 
without any problem. 
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4.3 Testing adhesion between layers 
 
4.3.1 Test no. 9  
 
Consisting of: 

• Rock reinforcement – shotcrete 
• Drainage lattice 
• Shotcrete cover 
• Solbruk T  

 
Date of manufacture: 22-06-2011 
Test date: 11-11-2011    
Test specimen Diameter Area Failure 

load 
Adhesion 
strength 

Remarks 

Marking  (mm)  (mm2) (N) (MPa)  
9-1 64.5 3267 241 0.07 Failure at drainage lattice 
9-2 64.5 3267 3847 1.18 Failure at drainage lattice 
9-3 64.5 3267 2062 0.63 Failure at drainage lattice 
9-4 64.5 3267 1725 0.53 Failure at drainage lattice 
9-5 - - - - Failure during coring 
9-6 64.5 3267 1159 0.35 Failure at drainage lattice 
9-7 64.5 3267 1267 0.39 Failure at drainage lattice 
9-8 64.5 3267 1730 0.53 Failure at drainage lattice 
9-9 64.5 3267 3430 1.05 Failure at drainage lattice 
9-10 64.5 3267 2380 0.73 Failure at drainage lattice 
Mean value: - - - 0.61 - 
Standard dev.: - - - 0.35 - 
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4.3.2 Test no. 10  
 
Consisting of: 

• Rock reinforcement – shotcrete 
• Drainage lattice 
• Shotcrete cover 

 
Date of manufacture: 22-06-2011 
Test date: 15-11-2011    
Test specimen Diameter Area Failure 

load 
Adhesion 
strength 

Remarks 

Marking  (mm)  mm2) (N) (MPa)  
10-1 64.5 3267 959 0.29 Failure at drainage lattice 
10-2 64.5 3267 1123 0.34 Failure in permeable shotcrete 
10-3 64.5 3267 1392 0.43 Failure at drainage lattice 
10-4 - - - - Failure during coring 
10-5 64.5 3267 4970 1.52 Failure in permeable shotcrete 
10-6 64.5 3267 4639 1.42 Failure at drainage lattice 
10-7 64.5 3267 3910 1.20 Failure at drainage lattice 
10-8 64.5 3267 1704 0.52 Failure at drainage lattice 
10-9 64.5 3267 4970 1.52 Failure in permeable shotcrete 
10-10 64.5 3267 1502 0.46 Failure at drainage lattice 
Mean value: - - - 0.86 - 
Standard dev.: - - - 0.54 - 
 
4.3.3 Test no. 11  
 
Consisting of: 

• Shotcrete cover 
• Solbruk T 

 
Date of manufacture: 22-06-2011 
Test date: 17-11-2011    
Test specimen Diameter Area Failure 

load 
Adhesion 
strength 

Remarks 

Marking  (mm)  (mm2) (N) (MPa)  
11-1 64.5 3267 1776 0.54 Failure in Solbruk T 
11-2 64.5 3267 2369 0.73 Failure in Solbruk T 

11-3 64.5 3267 2216 0.68 Failure in permeable 
shotcrete 

11-4 64.5 3267 3723 1.14 Failure in Solbruk T 
11-5 64.5 3267 3222 0.99 Failure in Solbruk T 
11-6 64.5 3267 3235 0.99 Failure in Solbruk T 
11-7 64.5 3267 3466 1.06 Failure in Solbruk T 
11-8 64.5 3267 2941 0.90 Failure in Solbruk T 
11-9 64.5 3267 3464 1.06 Failure in Solbruk T 
Mean value: - - - 0.90 - 
Standard dev.: - - - 0.20 - 
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