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improved the connection of several islands to the mainland where ferries were the only alternative [13]. In total, 
there are more than 1200 road tunnels in Norway in the National and county road networks as of 2019. The 
cumulative road tunnel length exceeds 1100 km [14].  
The experience gained over the years in the rock support of Norwegian road tunnels is valuable since these 
tunnels have commonly been designed as drained structures with a single shell rock support [9]. This means 
that the typical waterproof lining followed by a second inner lining of cast-in-place concrete, used in many 
other countries, are avoided in Norway whenever possible. This Norwegian approach involves greater 
responsibility for the rock support installed and greater exposure to the surrounding environment than in many 
other countries. In case water and frost protection are needed, the Norwegian approach incorporates a slender 
inner lining detached from the rock support fastened with radial rock bolts [9]. 

1.3 Objectives and research questions 

This PhD research has four main objectives: 
 

1. To identify the most aggressive environmental conditions and the associated degradations which limit 
the lifespan of rock bolts and steel fiber-reinforced shotcrete. 

2. In those identified degradations where the literature offers proposals for their degradation kinetics, 
predict the level of degradation expected in the future. 

3. To quantify physically and mechanically the different degradation mechanisms in steel fiber-reinforced 
shotcrete. 

4. Based on the experience gained and observations collected, make suggestions that contribute to the 
durability enhancement of rock bolts and steel fiber-reinforced shotcrete. 

 
In order to meet these objectives, the following research questions have been addressed: 

Q1. Have the rock bolts and steel fiber-reinforced shotcrete experienced technological changes motivated 
by durability concerns? 

Q2. What are the aggressive environmental conditions and associated degradation mechanisms reported in 
the literature for rock bolts and steel fiber-reinforced shotcrete in the Norwegian road tunnels? 

Q3. What is the state-of-the-art knowledge about the degradation mechanisms identified? 
Q4. In which cases does the available literature offer proposals to predict the kinetics of these degradations 

in rock bolts and steel fiber-reinforced shotcrete? 
Q5. What are the physical and mechanical consequences of the degradation mechanisms identified? 
Q6. What are the measures that could mitigate or prevent the degradations in the future? 

1.4 Scope and research method 

To meet objective 1, Q1 must be answered so that the target objects to be investigated are clearly identified. 
In practice, it is necessary to know the evolution on durability aspects in the Norwegian regulations for rock 
bolts and steel fiber-reinforced shotcrete. Apart from the regulations, there might be technological milestones 
in the Norwegian tunnelling industry that influenced the durability of these rock support elements. All this 
information is obtained from Norwegian handbooks, guidelines and published papers.  
In addition, objective 1 demands an answer to Q2. A literature review is performed to identify the 
environmental conditions which have triggered the main degradation mechanisms observed in rock bolts and 
steel fiber-reinforced shotcrete installed in Norwegian road tunnels. This task aims to address objective 1, but 
also contributes to objective 4 since the identification of relevant environmental conditions is the detection of 
the sources causing the degradations which could eventually be prevented or mitigated.  
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Fig. 3: Six shotcrete cores extracted in the Hitra tunnel at chainage 3+090 (approximately in the middle of the 
tunnel). The extracted cores are shown in Fig. 33. 
 

 
Fig. 4: Three shotcrete cores already extracted in the Frøya tunnel at chainage 8+070 near the north portal. 
The corresponding extracted cores are shown in paper 3, Fig. 5. 
 
In all the investigated locations, after core extraction, the cores were marked, photographed, and wrapped with 
stretch plastic film to prevent corrosion of steel fibers and further carbonation [19]. On top of the plastic film, 
bubble wrap was used for transportation. The marking included the number assigned to the core and the 
orientation. 
The electrical conductivity and pH of groundwater seepage from the tunnel roof was measured in all the 
investigated locations. The measurement of electrical conductivity was performed to distinguish between 
saline and fresh groundwater exposures. The pH was measured to discard an unforeseen acidic source. In 
addition, the calcium ion concentration was measured in the Frøya and Hitra tunnels, as part of the leaching 
investigations in the shotcrete. Fig. 5 illustrates the technique employed and the instruments used. 
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1.6 Outline of thesis 

This thesis has seven chapters which are described below: 
 

• Chapter 1: Introduction with background, objectives, the scope and research method, the limitations 
and outline of thesis. 

 
• Chapter 2: Results from the literature review: Evolution on durability aspects, understanding of 

degradation mechanisms and corrosion kinetics for rock bolts and steel fiber-reinforced shotcrete.  
 

• Chapter 3: Description of degradation mechanisms in steel fiber-reinforced shotcrete found from field 
and laboratory investigations performed in this research.  

 
• Chapter 4: Prognosis of the kinetics of different degradation mechanisms in shotcrete in different 

environments. 
 

• Chapter 5: Lessons learnt from sampling in this research, extent of the new findings obtained in this 
research and suggestions for durability enhancement of steel fiber-reinforced shotcrete and rock bolts. 

 
• Chapter 6: Conclusions 

 
• Chapter 7: Further work 

 

1.7 Publications: 

1.7.1 Core publications 

The core papers connected to this PhD research are in short described below: 
 
Paper 1: Corrosion Level of Rock Bolts Exposed to Aggressive Environments in Nordic Road Tunnels  
C.J. Manquehual, P.D. Jakobsen, and A. Bruland,. Published in Rock Mechanics and Rock Engineering journal 
(2021). 
This paper presents a summary of aggressive environmental conditions reported for rock bolts in Nordic Road 
tunnels. It also gives a prognosis of the corrosion kinetics of carbon steel used in Nordic underground works 
for 25, 50 and 100 years along with a discussion regarding the lifespan extension provided by cement mortar, 
hot-dip galvanizing and the duplex system in those environments. 
This paper gives the basis for the prognosis of rock bolt corrosion in the relevant environments for Norwegian 
road tunnels. 

Contribution of main author: Conceptualization, methodology, data curation and elaboration of original draft. 
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Paper 2: Comparison of the condition of steel fiber-reinforced shotcrete with water-glass and alkali-free 
activators after more than 20 years of service in a subsea road tunnel 
C.J. Manquehual, P.D. Jakobsen, K.G. Holter, K.D. Weerdt, T. Danner, and A. Bruland. Published in
Construction and Building Materials journal (2022).
This paper presents field and laboratory investigations of steel fiber-reinforced shotcrete installed in the 
Nordkapp subsea road tunnel. This paper focuses on the durability comparison of shotcrete using water-glass 
and alkali-free accelerators after more than 20 years of exposure to saline groundwater. 
Contribution of main author: Given in the paper. 

Paper 3: Investigation of leaching in steel fiber-reinforced shotcrete exposed to fresh and saline 
groundwater in a subsea road tunnel  
C.J. Manquehual, P.D. Jakobsen, K.G. Holter, K.D. Weerdt, and A. Bruland. Under review in Cement and
Concrete research journal.
This paper presents field and laboratory investigations of steel-fiber reinforced shotcrete in a subsea road tunnel 
constructed between 1998 and 2000 exposed to fresh and saline groundwater. This paper is relevant for this 
research because it compares the condition of shotcrete of the same age and technology exposed to different 
environments. 
Contribution of main author: Given in the manuscript. 

Figs. 8-9 aim to put in context the three core publications, the objectives of this research, the research method 
and the structure of thesis for rock bolts and steel fiber-reinforced shotcrete respectively. 

Fig. 8: Objectives, research method and structure of the thesis for rock bolts. 
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Fig. 9: Objectives, research method and structure of the thesis for steel fiber-reinforced shotcrete. 

In Figs. 8-9, only objective 4 is not described. This latter objective encompasses an analysis of the main results 
of this research. 
In Fig. 9, singularities of the shotcrete layer refer to the contact between the shotcrete layer and the rock, the 
contact between two adjacent shotcrete layers and the shotcrete surface exposed to the traffic room. As already 
mentioned in section 1.4.1, all the drillings extracted from the field tried to cross the shotcrete layer and reach 
the rock in order to recover the whole layer of shotcrete. 

1.7.2 Supplemental publications 

Paper 4: Operation & Maintenance Costs of Subsea Road Tunnels in Norway 
C. Manquehual, J. Johansen, P.D. Jakobsen, and B. Nilsen. ITA-AITES World Tunnel Congress, WTC 2020.
This paper presents the annual Operation & Maintenance (O&M) cost of subsea road tunnels based on the raw 
data obtained from the program MOTIV developed by the NPRA.  
This paper explored the role of rock support costs in relation to other O&M costs in subsea road tunnels. 
Contribution of main author: Data processing, methodology and elaboration of original draft. 
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If the equivalent density of 2170 kg/m3 (from the suction porosity value of 25.5%) is applied to Fig. 58, the 
equivalent compressive strength would be 18.5 MPa. The same can be estimated in the Nordkapp tunnel, where 
Fig. 19b in paper 2 provides the relation between compressive strength and shotcrete density in that tunnel. If 
the equivalent density of 2140 kg/m3 is applied to Fig. 19b in paper 2, the resulting compressive strength for a 
suction porosity of 25.5% would be 20.6 MPa in the Nordkapp tunnel. 
The original requirement in the 1990s for shotcrete was C45 for subsea tunnels (see Fig. 11). The equivalent 
C45 strength required for cylindrical cores extracted from the field was 28.8 MPa according to Norwegian 
guidelines at that time [18]. This means that a shotcrete suction porosity of 25.5% indicates a strength reduction 
of 30-36% in relation to the original requirements and up to 60-70% reduction compared to non-degraded 
shotcrete found in the field after 23 years of exposure. Thus, a suction porosity value of 25.5% in the shotcrete 
layer could be considered as a threshold value of serious degradation. However, with this suction porosity 
value, leaching could have not been detected in the Frøya tunnel. A lower threshold value in suction porosity 
in the order of 22.5% could be considered to include leaching. However, shotcrete joints or debris during 
shotcrete application could be confused with shotcrete degradation. 
Finally, it is important to mention that the shotcrete technology in the 1990s, when the investigated tunnels 
were constructed, did not have to fulfill a useful life of 100 years and it is not the same technology as the one 
used today. The major differences between the shotcrete used in the 1990s and the one used today are the 
introduction of blended cement (with approximately 20% fly ash) instead of pure Portland cement, and the 
introduction of a more stringent water-cement ratio below 0.4 in aggressive environments. 
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6 Conclusions  

This thesis has provided insights on the topic of durability of rock bolts and steel fiber-reinforced shotcrete 
installed in Norwegian road tunnels.  
In the case of rock bolts, there has been an evolution regarding the corrosion protection elements for the steel 
rebar from an uncoated rebar fully grouted with cement more than 50 years ago to an epoxy coating on top of 
the hot-dip galvanizing (duplex system) fully grouted with cement approximately 30 years ago.  
Regarding uncoated carbon steel, a probability distribution was deduced for 25, 50 and 100 years of exposure 
based on the good correlation found between the extreme corrosivity level described in international standards 
for the corrosivity of atmospheres and the collected corrosion rates in carbon steel installed in Nordic 
underground structures.  
The contribution in lifespan extension given by cement grout to a rock bolt was disregarded in this research.  
In acidic environments, the contribution of hot-dip galvanizing was also disregarded. In saline environment, 
the lifespan extension given by hot-dip galvanizing is approximately 30 years, but the scatter is large.  
When it comes to the duplex system exposed to a saline environment, the predicted middle value of the loss 
of cross-sectional area is much higher than in an acidic environment. However, mechanical damage in the 
epoxy coating would probably cause a higher corrosion rate in an acidic environment.  
Flowing groundwater with a high content of dissolved oxygen can also be an aggressive environment for rock 
bolts, which is not always emphasized in the literature. Nevertheless, pre-grouting works ahead of the tunnel 
face can be performed during construction to ensure that this environment does not occur. 
The constituents in shotcrete have also evolved in Norway. The steel fiber-reinforced shotcrete with the 
addition of silica fume has been systematically used for more than 40 years. Field and laboratory investigations 
performed in this research focused on: 

• The condition of the singularities of the shotcrete layer (shotcrete layer at the contact with the rock, 
shotcrete joints and shotcrete surface exposed to the traffic room). 

• The technological change approximately 25 years ago in the accelerator type used in the shotcrete 
from water-glass to alkali-free accelerator, where the main concern was the incorporation of sulfur 
content in the latter case. 

• The condition differences in the shotcrete exposed to fresh and saline groundwater.  
In total, four Norwegian road tunnels constructed in the 1990s were inspected. Three of them were subsea 
tunnels and the remaining tunnel is onshore. The most serious degradations were found in singularities of the 
shotcrete layer, that is to say, at its contact with the rock, between two adjacent shotcrete layers and the 
shotcrete surface exposed to the traffic room. 
Thaumasite sulfate attack was found in the shotcrete layer at the contact with the rock in several neighboring 
cores in the Hitra subsea tunnel. In these cores, there was an evident degraded layer of about two centimeters, 
but suction porosity and density results indicate that the degraded zone compromises approximately half of the 
shotcrete layer.  
A comparison between chloride ingress in the shotcrete layer from the traffic room and shotcrete suction 
porosity near the rock indicates that the upper bound to prevent chloride ingress is at approximately 21% in 
suction porosity. This suction porosity value could become a threshold value as quality control during 
construction. 
Carbonation and magnesium attacks in the Frøya tunnel and ettringite enrichment in the Nordkapp tunnel were 
found in shotcrete joints. In addition, the portlandite content in shotcrete joints was in all cases lower than in 
the adjacent shotcrete. Current regulations in Norwegian road tunnels state a minimum shotcrete thickness of 
8 cm. Based on what was observed, it seems reasonable that this thickness is achieved in one operation. 
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�.0-20�80-�����/��0.����S�-��02.�0�.��-2!�'%$ ,!�BC.�.1�62����������C.������21.��0-20��(�0���.������C-��.�.��0.(.���/-��.�5-�������.������-(/2.���((.��.�����-���2����0�-0�����2�����!�w-12xQ��$""H,���77.����?<!��F,������C.�Q��.��0�����0��0�.�.��.7�-�-���������-�7�1.��0��0.���-��������-��-0��y:�0�(/-����������C.��.7�-�-�����Q��.��0����������-�3�w���2-���0.(.����zw>,�(���-�)0��0�.�.��-(/2.�����.����2����0�-0���-��-0Q�(.-���.������C.�2-���-���3�.]/��.�������-7�-���5-�.����-(/2.�����(.�7.�������2����0�-0��,�-���{�5��7�5-�.���0��0�2-���7�-0���0�5-�.������C.�2-���-���3,����7�1.�����Z�7!�$%!A����-7�-���5-�.�4��C.��.7�-�-�����Q��.��0��-�.�/��/��6����-2�����C.��<�-�.�����������(.4�-���.�0���.�����?<!��F,4�-����C.��.7�-�-�����Q��.��0�����{�5��7�5-�.��-�.�-//��]�(-�.23�2��.-��5��C���(.!�A������(/���-������C�7C2�7C��-��5.22��C-���C.���2����0�-0���0��0.���-�����������C�0-�.�����<���.�C�7C4��.��2�6��7����.]��.(.23�-0���0���2��������/R�$,!�A���C.��-(.��3/.����(���-���C�5�����Z�7!�$%4�G-5-��.��-2!��'%%F,����.�1.���.72�7��2.��.7�-�-�����Q��.��0��-��.��"%��-3��5��C�-�2�5.����2����0�-0���0��0.���-������%!%9�(�2)2,�-���-�2.���-0���0���2�������/R�',!�O3�0�����.���7�-��-���2���7������C�0Q�.���|}�.<�-2����$'!F�((4�Z�7!�$%�����0-�.���C-���C.�7������C�0Q6�.���(-3�/���.0���C.��.�-�����.��{�5��7�7�����5-�.��������23�=&F�(���C�!�A���C.�0-�.������-7�-���-0���0�5-�.�4��C.�/��~.0�.��2��.�/-��.]�.���������(��.��C-��$=�3.-��!

�F,�������
�h�̀����w���-��2��3��������������������C.�-0��-2�0����������./�C�.]/.0�.�����0-�������..2�.]/��.������C.�-77�.���1.�.�1����(.�����.�0���.������C����.�.-�0C�����'F4�F%4�-���$%%�3.-��



����������	�
�����������������������������������	���
�	��
�
���	
�����	�������� 

����

!�"

#$%��&'()*+�,-)(�./0(1'-21�34�52067-8�9:+;:1-<-1=>?�@AB�CD@BEF@GEBH�IBJBEFC�KB?BL@I�MN�GID?O�AM@PQDR�OFCJF?DSD?O�NME�I@BBC�TMEEMIDM?�REM@BT@DM?�FEB�QBITEDKBQU�V�IGWWFEX�DI�ODJB?�FI�NMCCMYIZ[�\AB�SD?T�TMF@D?O�FT@I�FI�F�KFEEDBE�@M�M]XOB?�F?Q�WMDI@GEBH�YADTA�FEB�EBFT@F?@I�?BBQBQ�NME�I@BBC�TMEEMIDM?�̂_FEYD?�B@�FCU�̀aabcU[�dD?T�REMJDQBI�TF@AMQDT�REM@BT@DM?U�dD?T�AFI�F�CMYBE�BCBTP@EMTABWDTFC�RM@B?@DFC�@AF?�TFEKM?�I@BBC�D?�@AB�OFCJF?DT�
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È
ZXk

l3,.m
0;W0)3
,+3.
-;22)8
6 G+,U3C
?a8)A)-0,;.
LNO
cDj
Z]

+-6.1*
7389321:).
,)W3,0
 120),-).
12-+
*,).,188).
 W+,)5+8)0
H3812)
7,+;2.U3-),

OO
]175\
EZ

LO



����� ������	
����
�����
��

���

������������������ !���"#$%�����&'��(��)*+,�-�"#$�����$!�.'���/01�234�56789:;�;582:97�:<�=8>874=�:9�89�8;:=:;�49?:659>492@�234�A:9;�;582:97�:<�4BC5<4=@�89=�23464�D:EE�952�F4�89G�8==:H2:598E�C6524;2:59�156�234�<I665I9=:97�4C5BG�;582:97�JK9I=H<49�89=�L56<7649�MNOPQR�S4?46234E4<<@�:2�38<�F449�64C5624=�2382�I9=8>874=�56789:;�;582:97<�;89�C65?:=4�4B;4EE492�64<:<289;4�878:9<2�8;:=<�JTUEE46�42�8ER�MNOPQR�K35=8:6�42�8ER�JMNOVQ�>48<I64=�234�;5665<:59�6824�51�>:E=�<244E�D:23�89=�D:235I2�4C5BG�;582:97�:9�8;:=:;�89=�<8E:94�49?:659>492<�8<�<35D9�:9�L:7R�OORL:7I64�OO�;E486EG�<35D<�234�;5926:FI2:59�51�234�4C5BG�;582:97�25�234�64=I;2:59�:9�234�;5665<:59�6824�:9�8;:=:;�49?:H659>492<R�W34�3:73�;5665<:59�E4?4E�5F<46?4=@�C862:;IE86EG�156�235<4�>48<I64>492<�D:23�4BC5<4=�<244E@�:<�64E824=�25�234�<3562�4BC5<I64�2:>4�51�59EG�X�3@�=I6:97�D3:;3�2:>4�234�5B:=4�YE>�<2862<�25�156>R�W34�C46156>89;4�51�234�4C5BGH;5824=�<244E�:9�<8E:94�89=�8;:=:;�<5EI2:59<�:<�8E<5�<35D9�:9�L:7R�OOR�Z3:E4�234�;5665<:59�6824�64=I;2:59�51�234�4C5BGH;5824=�<244E�:9�234�8;:=:;�49?:659>492<�:<�8CC65B:>824EG�V[\�59�8?46874@�234�4];:49;G�51�234�4C5BGH;5824=�<244E�:9�<8E:94�<5EI2:59<�:<�59EG�[M\R5̂C5?:_�42�8ER�JMNNXQ�24<24=�234�;5665<:59�F438?:56�51�>:E=�<244E�D:23�89=�D:235I2�4C5BG�;582:97�I<:97�4E4;265H;34>:;8E�:>C4=89;4�<C4;265<;5CG�J̀0aQ�:9�NRO�>5EbE�<IEH1I6:;�8;:=�<5EI2:59R�c8<4=�59�234�;5665<:59�;I66492�=49<:2G�=4246>:94=�:9�48;3�<8>CE4@�234�4dI:?8E492�;5665<:59�6824�:<�OOXN�e>bG486�156�234�4BC5<4=�<244E@�D3:E4�OfV�e>bG486�:<�234�4dI:?8E492�;5665<:59�6824�156�234�4C5BGH;5824=�<244E�81246�XNN�3�51�4BC5<I64R�W382�:<@�89�gP\�:>C65?4>492�:9�;5665<:59�6824�64=I;2:59�D8<�8;3:4?4=�D:23�234�4C5BG�;582:97R�W3:<�64<IE2�:<�;59<:<2492�D:23�L:7R�OO�156�4C5BG�;582:97�C6524;2:59�:9�8;:=:;�49?:659>492<R�������.$/��h-+�#��!���i��(��(��)*+,�-�"#$�����$!�.'���/cE:<246:97�51�234�4C5BG�;582:97�:9�F5E2�8;;4<<56:4<�38<�F449�64C5624=�:9�<IF<48�2I994E<�Jj97<28=�MNOMQR�k9�:EEI<2682:59�:<�7:?49�:9�L:7R�OMR�09�<5>4�;8<4<@�<244E�;5665<:59�D8<�15I9=�F43:9=�234�C5D=46�;582:97R

02�:<�D4EE�l95D9�2382�4C5BG�;582:97<�864�:<�?46G�<49<:2:?4�25�=8>874�=I6:97�389=E:97�89=�2689<C56282:59�JT899:97�OVV[m�a87no<�42�8ER�MNONQR�k�64C562�=4<;6:F4=�234�<42IC�51�F5E2�;5665<:59�64<486;3�:9�234�j<E5p56=�2I994E�JKE4>42<6I=�MNO[Q@�D3:;3�;59<:=464=�C8:924=�78E?89:A4=�<244E�F5E2<@�5F<46?4=�I9:9249=4=�<;682;34<�89=�:>CI6:2:4<�:9�234�4C5BG�;582:97�81246�956>8E�389=E:97�89=�F41564�234�24<2�<28624=R�q4<486;3�:9�234�TI<lr�89=�s<Cr�2I994E<�8E<5�:9;EI=4=�234�15EE5DHIC�51�4C5BGH;5824=�89=�352H=:C�78E?89:A4=�F5E2<R�092492:598E�=8>874�25�234�;582:97�26:77464=�8=34<:59�E5<<�51�234�4C5BG�;582:97�81246�g�G486<�:9�<5>4�<8>CE4<�Ja4=46H35E>�89=�̂83?46l�MNOVQR�S4?46234E4<<@�=ICE4B�<G<24>�;582H:97<�D:235I2�C644B:<2:97�=8>874�25�234�64F86<�<35D4=�95�=4246:5682:59�81246�234�<8>4�2:>4�C46:5=�:9�234�;5924B2�51�8�;3E56:=4H6:;3�49?:659>492Rt��uvwxywwvz{W34�C868>4246�|5D:97�765I9=D8246�;59=:2:59<�8CC486<�25�F4�>564�64E4?892�2389�C64?:5I<EG�;59<:=464=�:9�234�;E8<<:Y;8H2:59�51�8dI45I<�;5665<:?4�49?:659>492<R�q4>86l8FE4�4B8>HCE4<�864�}:428<@�~8Il4E:@�89=�q49<26r>�2I994E<�:9�L:7R�X@�D3464�;5665<:59�6824<�>442�234�4B264>4�;5665<:?:2G�E4?4E����D:235I2�234�765I9=D8246�38?:97�8�E5D�C~�56�8�3:73�<8E:9:2GR�09�234<4�2I994E<@�234�<244E�D8<�4BC5<4=�25�=6:CC:97�765I9=HD8246R�09�23:<�64786=@�234�I9:156>�;5665<:59�6824<�59�<244E�;8I<4=�FG�|5D:97�765I9=D8246�:9�<5>4�kI<268E:89�>:94<�<2I=:4=�FG�}:EE84<;I<8�42�8ER�JMNNPQ�7:?4<�;5665<:59�6824<�2382�;89�F4�;824756:A4=�8<�4B264>4�;5665<:?:2G�E4?4E���R�W34�64dI:64>492�25�648;3�23:<�;5665<:?:2G�E4?4E�:9�234<4�>:94<�:<�|5D:97�765I9=D8246�D:23�8�=:<<5E?4=�5BG749�;592492�4B;44=:97���>7bER�02�:<�:>C562892�25�3:73E:732�8<�D4EE�2382�234�18<24<2�l:942:;<�51�=4768=82:59�:9�>56286�:>>46<4=�:9�<IE1IH6:;�8;:=�<35D9�:9�L:7R�ON�:<�64E824=�25�|5D:97�D8246R�09�352H=:C�78E?89:A:97@�:2�:<�;E8:>4=�2382�59EG�NRX�>b<�:<�495I73�25�64>5?4�234�5B:=4�YE>�=4C5<:24=�59�234�A:9;�<I618;4�JW35>8<�OVPgQR�qI99:97�D8246�;89�8E<5�;8I<4�765I2�=414;2<�FG�=8>H87:97�234�;4>492�765I2�:9�:2<�CE8<2:;�<2874�JŜ qk�OVVVQR�W3I<@�234�C868>4246�|5D:97�765I9=D8246�;59=:2:59<�:<�8�l4G�?86:8FE4�2382�<35IE=�4BCE:;:2EG�F4�>492:594=�:9�89G�C65C5<4=�����������5665<:59�6824<�51�>:E=�<244E�:>>46<4=�:9�=:�46492�8dI45I<�<5EI2:59<�156�Y?4�35I6<�82��N����D:23�89=�D:235I2�4C5BG�;582:97�JK35=8:6�42�8ER�MNOVQ
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âa_à]\

??Db??????bD??@G?@E@??@E

?#BBB ?#@BB ?#?BB ?#FBBHcE@B
@@@?@F

dVORMLSNTRLVVe#TMUVQWQVMOTNQKVXRYNLKQVLVfghijklm#nomp(&�#5#(;�!$��,#)&(3#�-�#q(&,8!**#� ���"#9-�&�#!"8!"$r)&��#!%%�"�&!�(&#9!'# '�,s#t!u#>-("�#'-(�%&���#%(&�2#t;u#,��'$�+#()#'���"#v;�&r&�$�)(&%�,#'-(�%&���2#t%u#' %�$(�#*(&('$�+#&�' "�'0#
jklm#nwmx�!�$'�$%!"#!�!"+'$'#&�"!��,#�(#' %�$(�#*(&('$�+#��'�#&�' "�'s#t!u#' %�$(�#*(&('$�+#&�' "�'#/&( *�,#;+#�-�#=(��'#9-�&�#'-(�%&���#%(&�'#9�&�#�.�&!%��,#tx��#:!;"�#7u2#!�,#t;u#%(&&�"!�$(�#;��9���#' %�$(�#*(&('$�+#!�,#'-(�%&���#,��'$�+#;&(8��#,(9�#)(&#�-�#,$))�&���#=(��'0#

yz#{|}~��#�|������|�#��#|�z##################################################################################################################################################################################################################



���������	��
����	�	���
���	
����������������

��

���� !" #� $�%&�# �% ' ()*�%+*,+(�#���)&�&�-�.&� ()*%�&���/ �# . ���")%� �)( �����%�)0* �1/ ���/ �2/�* %%��/)��3456�78895�: -)($&�-��/ �$&%�(&0+�&����,�%+*,+(�#��# ��()�&��;�&��&%�&."�(�)������. ��&����/)�����)�.&��(� !� ���<�� �3�)*%��#���)&� $�/&-/ (�%+*,+(�&�=� �%&�& %�� )(��/ �%/��#( � �%+(,)# �)$>�&�&�-��/ �#)(0��)�&���<�� �?%  �@&-5�A0�)�$�@&-5�3B#C5�D/&%��0% (')�&���&$ ��&E $�&��0��/��+�� *�<�� %�%+-- %�%��/)���/ ( �&%�)�� !�()�%�+(# ��,�%+*,+(�#�.&�-�,(�.��/ ��(),E#�(��.5�D/+%;��/ �%/��#( � �1&�/�)*F)*&=,(  �0)% $�)## * ()��(�&�%�)** $�&��)�%+0% )�(�)$��+�� *�/)%��/(  �"�� ��&)*�%�+(# %��,�%+*,+(5�@(�.��/ �)## * ()��(�&�% *,;�,(�.��/ �.)(&� �-(�+�$1)� (�)�$�,(�.��/ ��(),E#�(��.5�G&�/�( -)($�����/ �*)�� (�#)% ;�)&(�"�**+�&���)�)*H%&%�&���(),E#�

�+�� *%�$ %#(&0 %�%+*,+(�$&�!&$ �IJB�)%�)�#�..���-)%� .&�� $�0H�' /&=#* %�7K3;KB9;�1/&#/�&%�%�*+0* �&��1)� (5�D/&%�&%��/ �"(�0)0* � !"*)�)�&���,�(�1/)��1)%��0% (' $�� )(��/ ��(),E#�(��.�&���/ ��/(  �#�( %�1/ ( �L=M:@�)�)*H%&%�1)%� ! #+� $5�D/ �%�+(# %��,�%+*,+(�#�.0&� $�1&�/�)�/H$()+*&#�-()$& ����/)��.&-/��"(�.�� �* )#/&�-�#)��#( )� �)��)--( %%&' �&�� ()#�&���,�(��/ �%/��#( � 5�D/ �)')&*)0&*&�H��,�N);�O*�)�$�I&�&��%�&���/ �"�( �%�*+�&���- � ()� $�0H��/ �* )#/&�-��,�/H$()� $�# . ���"/)% %�,)#&*&�)� ��/ �,�(.)�&����,�% #=��$)(H� !")�%&' �.&� ()*%�+�$ (�)�� !� (�)*�%�+(# ��,�%+*,)� �73P;BB95�J���/ ���/ (�/)�$;��/ �/&-/ (�&%��/ �"�(�%&�H�&���/ �#��#( � �#)+% $�0H�* )#/&�-;��/ � )%& (�&%�,�(�)--( %%&' �&��%����" � �()� �,)(�/ (�&�����/ �#��#( � 5�Q���+(�;��/ �#()#F&�-�- � ()� $�0H�%+*,)� �)��)#F�#)��)*%��"(�.�� �,+(�/ (�&�-( %%��,�)--( %%&' �&��%�&���/ �#��#( � �)�$�"(�.�� �* )#/&�-5�N��%&$ (&�-��/)��)�/&-/ (�1)� (=# . ���()�&��* )$%����)�/&-/ (�%+#=�&���"�(�%&�H�7KR9;��/ ( �&%�)��&�$&#)�&����/)��$+(&�-�#��%�(+#�&����/ �1)� (�#��$&�&��%�0 �1  ��<�� %�3�)�$�B�1 ( �$&,, ( ���0)% $�����/ �*�#)*�%+#�&���"�(�%&�H�. )%+( $�� )(��/ �(�#F�&���/ % ��1��<�� %5�G/&* �%+#�&���"�(�%&�H�( %+*�%�� )(��/ �(�#F�&��<�� �3�1 ( �B453S�)�$�B45AS�?%)."* %�3�)�$�K�&��@&-%5�B4=B3�( %" #�&' *HC;��/ �%+#�&���"�(�%&�H�. )%+( . ���� )(��/ �(�#F�&��<�� �B�-)' �BR5KS�?%)."* �38�&��@&-5�BBC5�Q��#��� #�&���1&�/��/ % �E�$&�-%;��/ ( �1)%����%+*,+(�)�$�#/*�(&� �&�-( %%�,(�.��/ �(�#F�&��<�� �3�?@&-5�A0�)�$�@&-5�3B#�,�(�%+*,+(�)�$�@&-5�A$�)�$�@&-5�3B-�,�(�#/*�(&� C;�1/&* ��/ ( �1)%�%+*,+(�)�$�#/*�(&� �&�-( %%�&��<�� �B�?@&-5�3B$�,�(�%+*,+(�)�$�@&-5�3B/�,�(�#/*�(&� C5�T)-� %&+.�1)%�&$ ��&E $�0H�L=M:@�)�)*H%&%�� )(��/ �%/��#( � �%+(,)# � !"�% $�����/ ��(),E#�(��.�&��#�( %�R�)�$�B� !�()#� $�,(�.�<�� �3�?@&-5�A#�)�$�@&-5�3B �( %" #�&' *HC5�U�� ��,��/ �M:V�)�)*H% %�&���/ �)( )�&$ ��&E $�0(+#&� 5�D/ ��(&-&���,��/ �.)-� %&+.�#��� ���#�.&�-�,(�.��/ ��(),E#�(��.�&%�+�F��1�5�O�"�%%&0* �%�+(# ��,�.)-� %&+.�#�+*$�0 �T-N*B�+% $�)%�$&#&�-�%)*�%5�W�1 ' (;��/ ( �&%���� '&$ �# �,(�.��/ �
XYZ[�\][̂ NI�%�( �-�/�( %+*�%��' (�$ �%&�H��,�%�  *�E0 (=( &�,�(# $�%/��#( � �),� (�&.. (%&�-��/ �%)."* %�&��1)� (�,�(�% ' ��$)H%5�I)."* %�1&�/�/ &-/�=��=�$&). � (�()�&���,�3�1 ( �#�(( #� $�0H�@&-5�65�

XYZ[�\_[I+..)(H��,��0% (')�&��%�&���/ �U�($F)""�%+0% )�(�)$��+�� *5�?)C�I+*,+(�&�-( %%�)�$�$&%�(&0+�&���)*��-��/ �#�( ;�?0C�%+#�&���"�(�%&�H�$&%�(&0+�&���)*��-��/ �#�( ;�)�$�?#C�#/*�(&� �)�$�.)-� %&+.�&�-( %% %5�
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rs"tuvwxy"zu{|}x~}u�"x�"u�s""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""





��������	
���������		����	���	�����	��������	�	����
��	������	�����
�����	
���
������	������ !"��#
�$�	��
�%�&�����
��'
(	��'
)���	�%�*+��,�	(�
���-���	�%�.
���/���
��,	�0		���%�.�

��1	�2���
��%�34����567�!�!�8��9��6��&	4	���
���&����	�	�:	�	
����1����
�
;<;=>�???�

This paper is awaiting publication and is not included in NTNU Open





��������	
������������
����
�������������
�����������
����������� �!"#"#$�%&�'()*�����+�
,���-����������.�/�
��.�,���
�-�.�,�� �.�0���
�-�12��3�
/���������
�-�456����7&8��*'�9��:�1���

���;�����,
�<�=>=<�?��@���������
�����;�
��-�@���ABAB-����� ���C�
DEDFG�HI�





�����������	
����������	��
��������������������������
������������� !"!�# $% &�'()*+),-()�'+),&+.�/!"!01-!�23452�/!0�5656�� �

�

789:;<=>?�@�A;=?<9?;?B9�C>D<D�>E�FGHD9;�I>;J�KG??9LD�=?�M>:N;O���'P�/!)Q +R !"2�ST�S(R!)1+)5�UTVT�S!W(X1+)2���YT�Z-"1+)[�\]�̂�
������	_��̀à��b���à
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